“This is because one does not think without becoming something else, something that does
not think - an animal, a molecule, a particle...”

“Every sensation is a question, even if the only answer is silence”

-Gilles Deleuze and Felix Guattari, What is Philosophy?

“I see from one point, but in my existence I am looked at from all sides”

-Jacques Lacan, Four Fundamentals of Psychoanalysis

“Nature loves to hide”

-Martin Heidegger quoting Heraclitus

“ ... la patence scientifique. Sans cet interet, cette patience serait souffrance. Avec cet interet,
cette patience est un vie spirituelle” [... scientific patience. Without this interest, this patience
would be suffering. With this interest, this patience is a spiritual life.]

-Gaston Bachelard, La Formation de I'Esprit Scientifique

“Wo es war, soll ich werden” [Where it was, I shall come into being]

- Sigmund Freud
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“... the seeker after knowledge forces his spirit to recognize things against the inclination of
the spirit, and often enough also against the wishes of his heart... and thus acts as an artist... of

cruelty.”

-Friedrich Nietzsche, Beyond Good and Evil, p.159
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ABSTRACT

CD8 is a transmembrane dimeric glycoprotein (CD8aa. or CD8ap) expressed by a
subpopulation of cytotoxic T cells (CTL). Responses of CTL stimulated through the T cell

receptor (TCR) can be enhanced by CD8 binding to MHC class 1.

In contrast to mouse NK cells and macrophages, human and rat NK cells and rat
macrophages express CD8. The expression of CD8 by human macrophages or monocytes

had not been adequately examined. I present strong evidence that human monocytes express

CD8a., but not CD8p.

O-glycosylation and palmitoylation of CD8 affects its ability to co-stimulate CTL through
TCR. I found that CD8 on monocytes can be differentiated from CD8 on T cells by binding

of a single anti-CD8a mAb, and by 2-D electrophoresis. Some of these differences between
CD8a. on monocytes and T cells are independent of sialylation, suggesting a novel difference

in CD8a. between cell types.

A motif in macrophage migration inhibitory factor (MIF) resembling MHC class I was
serendipitously discovered while studying the binding of CD8 to rat MHC class I. MIF
similarity to MHC class I was defined by sequence analysis and binding of anti MHC
antibodies to MIF and MIF-derived peptides. MIF weakly inhibited binding of MHC class I
to NK cells. Some activities of MIF such as inhibition of NK cell cytotoxicity and chemotaxis

may be accounted for by MIF binding to select receptors for MHC class 1.

CD8 can enhance inflammatory responses or induce apoptosis of NK cells and

macrophages. However, how these effects were regulated, since the CD8 ligand, MHC class 1,
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is ubiquitously expressed by most cells was unknown. I suggest CD8 may be regulated by and

co-stimulate cells through receptors that use signaling proteins similar to TCR, like linker for
activation of T cells (LAT). FcyR is a family of receptors, found on human monocytes and

other cells that uses similar signaling mechanisms to TCR. CD8 enhanced monocyte TNF

release and signaling through LAT, when monocytes were co-stimulated with immune-
complexes, likely in an FcyR-dependent manner. This evidence predicts for the first time that

CD8 can enhance responses of receptors other than TCR, like FcyR.
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1. INTRODUCTION
11 Prologue:

Most of the studies in this thesis are composed of a characterization of the expression,
propetties and function of CD8 on human monocytes. A vast body of evidence spanning
nearly three decades has characterized the structure and modifications of CD8 on T cells and
determined that CD8 has an important influence on T cell development and activation of T
cell-mediated cytotoxicity through the TCR. Convincing evidence demonstrates CD8 is
expressed by mouse dendntic cells, rat macrophages and rat and human NK cells, but which
cell types express CD8 depends on whether rat, mouse or human species are examined.
Mouse monocytes do not express CD8, but the possibility that human monocytes expressed

CD8 had not been rigorously tested.

With an important role in activation of T cells and potentially other cells CD8 might be
subject to regulation through expression, physical modification, or inter-molecular interactions.
Differences in the addition of sialic acid to O-glycosyl structures on CD8, and CDS$
palmitoylation have been previously shown to regulate the ability of CD8 to activate T cells.
Experiments here suggest by two means that CD8 expressed by monocytes can be
differentiated from CD8 expressed by T cells, in ways unrelated to sialic acid. Modifications of
CD8 specific to monocytes may allow the adaptation of CD8 to its situation on monocytes,

and hint at a wider heterogeneity of CD8 than currently appreciated.

Many of the functions of CD8 in signaling and cell activation are thought to be limited to T
cells, making it difficult to imagine what the function of CD8 on monocytes, for example,
might be. Accordingly, minimal data has been published on CD8’s signaling, ligand-binding,

and potential co-operation with receptors on dendritic cells, NK cells and monocytes. In this
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thesis I have performed studies to demonstrate the expression of CD8 on human monocytes,
and to elucidate if and how CD8 may co-operate with other receptors, like FcR, to activate
monocytes. Data presented here suggests new models of CD8 expression, molecular

heterogeneity, and co-operation with partner receptors.

Finally, in studying CD8 interaction with MHC class I, novel observations were made that
suggest that a small motif that resembles MHC class I may be found in macrophage migration
inhibitory factor (MIF). An MHC class I-like motif and function could account for several
functions previously attributed to MIF, and present an example of the complexity that emerges

when multiple functions are associated with separate regions of one protein.

12. Overview of CD§ Function in Cytotoxic T cells
To approach questions of the expression and function of CD8 on monocytes, the primary

topic of this thesis, it will be necessary to first survey relevant aspects of CD8 leamed from its

role in activation of cytotoxic T cells (CTL) through the T cell receptor (TCR).

CDS is a dimeric' glycoprotein. Each CD8 monomer, CD8a or CD8 consists of an Ig -V
like domain, an extended O-glycosylated stalk region, and a single-pass transmembrane
domain that extends into a cytoplasmic region (Figure 1-1). In ex uw cells dimers of CD8ac

and CD8a, but not CD8BP have been described [1].

1 The two subunits of CD8, CD8a. and CD8[3 are separately transcribed and translated from different genes [201]. CDS8, 1o
current knowledge is always expressed as a dimer, of CD8ac or CD8af3, and potentially CD8BB (in human only) [1].
Throughout this thesis I will refer to CD8a, CD8B, CD8ua, CD8af, or CD8BB to designate properties specifically
attributed to the aforementioned subunit or dimer combination of CD8. When “CD8” is used as a term this will refer to
properties attributable to all forms of CD8, or properties that cannot or have not been differentially ascribed to CD8a,
(D8, or a specific dimer.
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The Ig domains of CD8 bind MHC class I at a site distant from the TCR-binding site [2;3].
If CD8 is present TCR binds more MHC class I loaded with agonistic peptides [4]. This may
be due to CD8 and TCR binding the same MHC class I-peptide complex as the co-receptor

model proposes, or to CD8 promoting interactions of T cells and target cells, or soluble MHC

class I that otherwise promote TCR binding to MHC class I.

The intracellular region of CD8 binds to the src kinase Ick and may associate with linker for
activation of T cells (LAT) [5;6]. CD8c, Lck and LAT dramatically impact T cell development
both during positive and negative selection processes [7-10]. More specifically, the interaction

of CD8a with Ick is important for T cell development as mutated Ick mutated that will not

bind CD8, or mutated CD8 mutated that will not bind Ick severely perturbs T cell positive and

negative selection [11;12].

The abilities of CD8 to bind the same ligand as TCR, namely MHC class I, and to initiate
intracellular signaling promote T cell activation through TCR (reviewed in [13;14]). CD8 can
enhance, sometimes dramatically, CTL cytokine release and cytotoxicity [15-17]. As such, a
lack of CD8 aggravates pathology ensuing from infection with intracellular pathogens and
tumorogenesis [16;18-21]. However, interactions of high affinity TCR with MHC class I
loaded with specific peptides or a high dose of MHC class I-peptide can generate T cell
activation without CD8 [22;23]. Thus TCR may bind MHC class I, recruit Ick and LAT, and
proceed through T cell activation, without CD8. However, # 1w most TCR probably have

low affinity for MHG peptide and depend on CD8 for CTL activation (e.g. [24]).

There is more than one stage of T cell activation, at which CD8 may be bound to and

potentially recruit Ick and LAT (Figure 1-2). CD45 initially dephosphorylates Ick (potentially
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bound to CD8). Lck then phosphorylates two sites on CD3¢ that allows recruitment and
activation of ZAP-70 [25]. ZAP-70 phosphorylates LAT (potentially associated with CDS8,
Figure 1-2, reviewed in [26]). LAT can centre a scaffolding network of intracellular signaling
complexes by recruiting Grb2, SLP-76, and phospholipase Cy (PLCy) that will activate or
strongly influence calcium flux, cytoskeletal re-organization, proliferation and gene

transcription.

13. Expression of CD8 Among Cell Types
CD8 contributes to T cell activation through several functions including MHC class I
binding and signaling through Ick and LAT. As will be discussed later, CD8 may perform
some or all of these functions on monocytes, macrophages, NK cells and dendritic cells. First,
it will be necessary to better understand the different types of cells that can express CDS,
because in some cases CD8 protein is adsorbed or retrieved from other sources by cells that
do not synthesize CD8. In these cases CD8 may not be functional, and therefore be of little

interest besides as a potential source of error in cell typing.

1.3.1. Cdl Types That Express CD8 Vary A crass Mammalian Species
While CD8 is expressed on a variety of immune cell types in rats and humans, CD8
expression appears to be limited to T cells and dendritic cells in mice. These differences
among species in cells that express CD8 may belie broader differences among species in CDS8,
TCR, or other receptors and their signaling mechanisms. To understand the function of CD8
itself, or CD8+ cells in studies that use either gene knockout models or anti-CD8 antibody
ww to indiscriminately deplete CD8+ cells, it will be necessary to understand differences

among species in which cell types express CD8. Depending on the species, CD8 on
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macrophages, monocytes, dendritic cells and NK cells may contribute to effects in these

experiments that are, at times simplistically, attributed to T cells.

CD8 is expressed as dimers of CD8aot and CD8aff. Human CD8a is required for CD8
homodimers or heterodimers to reach the cell surface [27], with one potential exception raised
below [1]. ‘Therefore CD8a expression will be discussed as a surrogate for any CDS8

expression in this section. In the following section the different dimer combinations of CD8

on each cell type will be discussed.

1.3.1.1. A Subpopulation of T cells and Dendritic Cells Express CD8o. in Rats,
Mice and Humans
The expression of CD8 at high levels on a subpopulation of T cells makes it easily
detectable. CD8 1s also detected on a subpopulation of dendritic cells in rat [28;29], mouse
[30), and human [31). The discovery of the expression of CD8 by dendnitic cells was delayed
due to their late characterization and the difficulty in procuring these cells. Convincing studies
using mice deficient in T cells and transplanted chimeric dendritic cells demonstrated that
mouse dendritic cells from spleen and thymus synthesize CD8a, rather than acquire mRNA or

protein from phagocytosis of apoptotic T cells, or from the T cell membrane [30].

1.3.1.2. NK Cells Express CD8a. only in Rat and Human, Not Mouse

In some species CD8 is expressed on NK cells, monocytes and macrophages; perhaps the

low level of CD8 expression on these cells led to its more recent description. Interestingly,
current evidence suggests CD8a. protein is detected on NK cells in rat [32;33] and human [34-

37], but not in mouse [36] (Table 1-1, Part I). Purified human NK cells re-synthesize CD8

after its proteolytic cleavage from the cell surface [35], but similar studies have not been done
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in rat. Thus, a careful description of the expression of CD8 on NK cells that would exclude
soluble CD8 being adsorbed, bound to MHC class I on NK cells, or acquired with membrane

of CD8+ cells rather than being synthesized is lacking to the author’s knowledge. This is

relevant as NK cells are known to acquire membrane fragments from target cells [38].

1.3.1.3. Rat But Not Mouse Monocytes and Macrophages Appear to Express

CD8

Mouse CD8a + dendritic cells may originate from either lymphoid or myeloid cells [39-42),
suggesting both lymphoid and myeloid lineages of progenitors can express CD8. Rat alveolar
and peritoneal macrophages and a macrophage cell line contain CD8c and CD8f mRNA, and
the respective proteins are present on the cell surface, demonstrating that myeloid cells can
produce CD8o themselves, and not only acquire it from other CD8+ cells [43;44]. Rat
monocytes are bound by anti-CD8a mAb [45] and F(ab), fragments thereof [46] suggesting
they have CD8a. protein on their surface. It is not certain that rat monocytes synthesize CD8

protein on their surfaces, or acquire it from other cells.

CD8a protein is found at low levels on mouse splenic macrophages, even in T cell deficient
mice [30], although macrophages may acquire CD8 from CD8+ dendritic cells in this system.
While CD80c mRINA was detected in mouse alveolar macrophages picked as single cells by
morphological criteria, CD8a protein was not detected on these cells (Genevieve Nault,
thesis). Furthermore, mouse monocytes do not appear to express CD8a [47]. Thus, no

convincing evidence demonstrates mouse monocytes or macrophages express CD8a., and the

majority of evidence suggests they do not (Table 1-1, Part I).
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1.3.1.4. No Conclusive Evidence Exists to Demonstrate Whether Human
Monocytes or Macrophages Express CD8
Several groups have found that CD8c mAb bind the surface of human macrophages [48-
50], but in the past these studies often suffered from lack of isotype antibody controls,
essential when working with Fc region of Immunoglobulin-Receptor (FcR)-+ macrophages,
and did not demonstrate that CD8 was synthesized by macrophages. Similarly, expression of
high levels of CD8a by a subpopulation of human monocytes was recently described by two
laboratories [51;52]. While isotype controls for anti-CD8a mAb were included in one paper in

Journal of Medical Virology [52], no isotype control antibodies were shown or discussed for
flow cytometry, and no RT-PCR for CD8 mRNA was performed in the other publication in

Blood [51].

Unfortunately, thorough studies to establish the synthesis of CD8 including RT-PCR, or
pulse-chase analysis and binding of multiple anti-CD8 F(ab)2 monoclonal antibodies have only
been performed on rat macrophages (CD8+)[44;53], and mouse monocytes and macrophages
(CD8-, Genevieve Nault, unpublished data) [47]. Due to the frequent lack of isotype control
anubodies or information about the synthesis of CD8a, it was impossible to draw conclusions
about the expression of CD8a. by human monocytes and macrophages when the work in this
thesis commenced. One of the primary aims of this thesis was to examine whether human

monocytes synthesize functional CD8 themselves or acquire non-functional CD8 from

secondary sources.
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1.3.2. Expression of Dimer Combinations of CD8cx and CD8S V aries A mong Cell Thpes and
Specis

There are differences between rat, mouse, and human in which cell types express CD8a and
CD8pB (summarized in Table 1-1, part I and II). Perhaps both CD8oo and CD8afl dimers
exist as an adaptation of CD8 functions to specific roles in TCR activation, or activation of
other cells. CD8ow is induced on some activated CD4 + and CD8+ T cells prone to develop
into memory T cells [54]. CD8ow is also expressed on NK cells [35] and mouse dendnitic cells
[30]. CD8a and CD8P are expressed by a subpopulation of T cells in rat, mouse and human
as well as on T cells in lower vertebrates including fish, birds, and amphibians [55-59]. A
consensus has been built that CD8p allows optimal co-operation of CD8 with af TCR, largely
based on the presumption that CD8ap dimers are expressed exclusively on af TCR T cells
[60-65]. Unfortunately, this consensus ignores the fact that CD8ap is expressed and enhances
immune responses on macrophages [44], and mast cells [53] in rats and y8 T cells in mammals
and avians [57;66-68]. This suggests CD8af is not restricted to functioning through a specific
physical interaction with the o TCR as has been suggested [63;65;69;70). The expression of
CD80af on cells other than afp TCR T cells has not been thoroughly investigated in humans.
Accordingly, we examined whether CD8aff is found on human monocytes. First
understanding which cell types express CD8ao and CD8atf8 among species will help elucidate

specific and differential roles of CD8cia and CD8af3 in activation of cells.

CD8af heterodimers may also be found on some myeloid populations (below). CD8p has

been described on CD3-/TCRoB-/TCRyS8- bone marrow veto cells, that may be NK cells or

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



myeloid cells [71]. CD8p was detected on mouse thymic dendruc cells, albeit at lower levels
than CD8a (presumably CD8ap and CD8cwat dimers are present) [72;73]. However mRNA
for CD8B was not detected in thymic dendritic cells, and CD8f protein detected on thymic

dendritic cells probably derives from T cells [73]. If CD8B is acquired by dendritic cells with a

piece of membrane from other cells it could retain binding and signaling functionality on
dendritic cells for a few hours.

In contrast to mouse dendritic cells, rat macrophages synthesize CD8 protein. CDS8p
mRNA and protein was detected in a rat macrophage cell line, free from a source of

contaminating CD8 from T cells, NK cells or dendritic cells [53]. Ex ww rat macrophages,
monocytes and mast cells have CD8p protein at the plasma membrane and CD$B mRNA
[44;51;74]. CD8o. was present at higher levels than CD8p on rat macrophages and mast cells
[44;74]. Taken together, some rat myeloid cells express CD8a and CD8p, suggesting CD8oB

heterodimers are found alongside CD8co. homodimers on these cells.

When CD8a and CD8p are transfected into CD8- cells more CD8a is detected than CD8P
[1;62], suggesting a large proportion of CD8ac. dimers are expressed, alongside a limited
number of CD8uf heterodimers. Similarly, studies on ec uww T cells suggests that both
CD8ao and CD8afy dimers are expressed on most T cells [34], or T cells exhibiting lesser
responses to equivalent stimulation [75]. This suggests the expression of more CD8a than
CD8p on rat macrophages and mast cells [44;53;74] may be a physiological occurence. In

sum, while evidence suggests dendritic cells (at least in mouse) do not express CDS8B,
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reasonable evidence supports the contention that rat macrophages, monocytes and mast cells

synthesize CD8p and may have CD8a.p heterodimers.

In mouse, CD8 can be expressed as CD8ao. homodimers or CD8alp heterodimers, but not
as CD8BB homodimers [1;76]. However, in human, CD8B homodimers have been observed
in one [1], but not all studies [27] of cell lines transfected with CD8B. Human CDSBB
homodimers have not been observed on ex uw cells or untransfected cell lines. One group
claims to have found CD8BB homodimers on 40% of human blood v TCR T cells [68]. A
subpopulation of y8 T cells were bound by anti-CD8B clone 2ST8.5H7, but not an ant-CD8a.
mAb [68]. Evidence suggests that ant-CD8 mAb clone 2ST8.5H7 binds an epitope
depending on co-expression of CD8c and CD8p [77]. Therefore masking of the epitope for
the anti-CD8c mAb on CD8af3 may explain the proposed expression of CD8fB homodimers

[68]). The unequivocal discovery of CD8BB homodimers on normal human cells awaits.

In addition to the complexity of CD8 dimer expression across species and cell types, both
CD8a and CD8P may be alternatively spliced. Altemative splicing of CD8a and CD8p also
varies across species (Table 1-2). While in mouse alternative splicing of CD8a produces a
membrane-bound form lacking most of the cytoplasmic domain (CD8«’), in humans a
secreted form of CD8a is produced (CD8a”) [78-80]. Mouse CD8a’ is found in higher
abundance on thymocytes than peripheral T cells [78], whereas in humans CD8a.” is secreted
at higher levels in activated T cells [79;80]. Up to seven different transcripts of CD8 exist in

human with different lengths of cytoplasmic domain; half of them are secreted. These CD8B

transcripts are differentially expressed in the thymus and periphery [81;82]. In comparison

10
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only two mRINA species are observed for mouse CD8B with three polyadenylation signals

(Table 1-2) [76;83;84]. The use of alternatively spliced forms of CD8a and CD8 in different
cell types and species is poorly understood, but will be required knowledge to dissect how
CD8a. and CD8p are adapted and regulated to differentially modulate cell activation and

functions.

Several other differences in CD8 among rat, mouse and human species are known (Table 1-

2) and will be discussed in more detail in the discussion (Chapter 6).

14. Binding to MHC Class I is Fundamental to the Ability of CD8 to Promote Cell
Activation

CD3, as a transmembrane, signaling receptor interprets the extracellular environment into
intracellular responses. CD8 binding to MHC class I appears to be essential for elicitation of
subsequent intracellular signaling. For example, dimunition of CD8 binding severely ablates
intracellular phosphorylation of £ chain and LAT, downstream results of recruitment and
activation of CD8-associated Ick [24;85-89]. 'The ability of CD8 to bind MHC class I may be
its fundamental requirement to influence cellular responses. Even without the ability to signal
through Ick or LAT CD8 enhances T cell activation, whether the TCR binds MHC class I or
MHC class II [90-92]. Thus, even if CD8 has no signaling function, and binds MHC class I,
while TCR recognizes MHC class II, CD8 retains the capacity (albeit reduced) to promote T
cell activation. This suggests CD8 may enhance monocyte and macrophage responses by
promoting intercellular interactions alone. Indeed, CD8 may bind cellular ligands other than
MHC class I and promote cell activation. Carcinoembryonic antigen (CEA), is a highly diverse
and glycosylated protein family that can form a complex on the cell surface with CD1d and

bind CD8 [93-97]. The region of CD8 that binds CEA and MHC class I may be distinct, and
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CD8 binding to CEA depends on glycosylation of CEA [95]. CEA is upregulated in many
cancers [97], where it may modulate responses of CTL, macrophages or NK cells to tumor

cells by binding CDS8.

Given the fundamental ability to bind MHC class I or CEA, CD8 may utilize various
mechanisms to activate T cells, NK cells or monocytes. These mechanisms include signaling

through Ick, LAT, and association with lipid rafts, or receptors like TCR.

1.4.1. CD8a Binds a Corserved Region of MHC Class I Proteins
To analyze the function of CD8 and for other studies in this thesis an overview of MHC
class I is required. 'Tens of proteins with varying degrees of sequence and structural
conservation have a tertiary structure dertved from or resembling MHC class I. Components

of MHC class I structure are used by different proteins in processes from immunity to iron
transport and coagulation [98;99]. 'The MHC class I-fold consists of a1 and a2 domains,
formed by two a-helices perched on a B-sheet (Figure 1-3). Endogenous or pathogen derived
peptides of 8-15 amino acids are loaded in a groove formed by the two a-helices of the ala2
domains in the classical immune system MHC class I molecules (Figure 1-3, left). In other
proteins with an MHC class I-fold the inter-helical groove may bind lipids [100;101] or may be
to narrow to allow binding of any molecule [102]. In most but not all [99;103], MHC class I
family members, an immunoglobulin superfamily domain, the a3 domain, sits under the a1
and a2 domains and extends into the transmembrane and cytoplasmic regions (Figure 1-3,
nght). Finally, p2-microglobulin (B2m) associates non-covalently with MHC class 1, excepting

some non-classical MHC class 1.
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'The Ig domains of CD8 primarily contact a loop conserved in the a3 domain of MHC class
I (Figure 1-3, right; Figure 1-4, left)[2;104]. CD8 binds both classical MHC class I (in human
HLA-A, B and O that exhibit extensive polymorphism within a species, and some non-
classical, or more conserved, MHC class I, such as HLA-G, CD1d, and in the mouse TL
[94;95;105;106] with an affinity that varies about 2.5 fold [105]. CD8 has a significantly
reduced binding affinity for some non-classical MHC class I proteins like HLA-E, and a few
classical MHC class I proteins not found in all subjects [105]). Classical MHC class I is
expressed on most cell types except red blood cells, while non-classical MHC class I are often
restricted 1n expression to a particular tissue, inflammatory or carcinogenic environment.
Thus, classical and non-classical MHC class I ligands for CD8 are ubiquitously expressed.
Some non-classical MHC class I proteins like mouse Retinoic acid early inducible protein 1
(Rae1)p and H60 [107] and human endothelial receptor for protein C (EPCR) [99] lack the
entire domain containing the CD8-binding site of classical MHC class I. Other non-classical
MHC class I molecules like MHC class I polypeptide related sequence (MIC)-A, MIGB, and

Zn-o-2-glycoprotein (ZAG) are not believed to bind CD8 [108;109].

1.4.2. CD8a: on Rat Macrophages Maay Not Bind MHC Class I
The binding of MHC class I to CD8 on monocytes, dendritic cells and NK cells has never
been examined directly before the studies in this thesis. Given that CD8 binding to MHC
class I may have distinct affinity or avidity on each cell type and stage of activation, these other
cell types may offer productive models to discover further variations in CD8 binding to MHC
class I. Some studies have suggested CD8 binding to MHC class I is important for CD$
function on NK cells. NK cell effects elicited by cross-linking anti-CD8 mAb could be

reproduced with soluble MHC class I [110], or eliminated when MHC class I-/- cells were
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used [111]. However, other evidence suggests CD8 expressed by macrophages and mast cells

may have a novel structure or molecular associations that modulate its binding to MHC class 1.
When three anti-CD8 mAb were used to detect CD8a. on rat macrophages and mast cells a
single anti-CD8c. mAb (clone G28) did not bind these cells, or bound at significantly lower
levels (DG, unpublished)[44;74]. Others have confirmed the relative paucity of binding of
anti-CD8a mAb (clone G28) to rat macrophages compared to another anti-CD8a. mAb (OX-
8) [112]). Clone G28 is immunoglobulin isotype IgG,, which exhibits stronger background
binding to FcR at least in human [113]. Thus, despite the use of irrelevant immunoglobulin
isotype controls, higher background binding of IgG,, isotype mAb may have obscured the
actual binding of anti-CD8a clone G28 to CD8a on macrophages and mast cells. Ant-CD8o
clone G28 binds the immunoglobulin-like domain of CD8a that binds MHC class 1 [33]. This
raises the possibility that CD8c on rat macrophages or mast cells may have a novel structure
or intermolecular associations that prevents CD8 binding to MHC class I, or changes its

affinity or avidity of binding to MHC class I. 'Thus, it was important to verify the ability of

CD8 on rat macrophages and human monocytes to bind MHC class 1.

1.4.3. Variations in the A ffinity and Avidity of CD8 Binding to MHC Class I May Influence
its Function on Monooytes and Other Cells
Whether monocytes express CD8awat or CD8atf they may have a similar ability to bind
MHC class I. Structural and mutational analyses suggest CD8cot and CD8ap dimers may
have slightly different contacts with MHC class I [3]. Nonetheless CD8ac and CD8o8
binding affinity/avidity for MHC class I are similar in many situations, whether they are

expressed intact on a cell or in a recombinant form lacking the stalk region [61;114;115].

14
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However the affinity and avidity of CD8ao and CD8af binding to MHC class I changes in
several circumstances depending on the ligands involved, and the glycosylation of CD8 in a
given cell type. Importanty, the affinity/avidity of CD8 binding to MHC class I correlates

with the enhancement of T cell activation by CD8 in physiological settings and experimental
models [85;86;116-118]. The apparent inability of anti-rat CD8c mAb clone G28 to bind rat

macrophages may serve as an indicator of one of these changes that affect CD8 binding to
MHC class I. These changes may influence CDS8 in its operation according to cell type and

inflammatory environment.

1.4.3.1. CD8aa Binds Non-Classical MHC Class I Molecule TL with Higher
Affinity than Other MHC Class I
One exception to the postulate that CD8ac and CD8af bind identically to MHC class I is
CD8ao binding to the mouse non-classical MHC class I molecule TL. TL is expressed on gut
epithelial cells, dendritic cells and activated T cells [54]. CD8oo binds TL with 10-fold higher
affinity (12 pM) than CD8a binds TL or other MHC class I [54;114]. Like CD8aot T cells,

the interactions of CD8aio. monocytes or dendritic cells with activated T cells and epithelial

cells may be enhanced by TL. No human homolog of TL is known [96].

1.4.3.2. Sialylation of CD8 Enhances its Binding to MHC Class I Tetramers
Another exception to the proposal that CD8ao and CD8af binds identically to MHC class
I involves the lack of sialylation by alpha2,3 sialyltransferase of CD8a [119] and CD8pB on
immature thymocytes. This lack of sialylation allows CD8ap to bind MHC class I tetramers
with a higher avidity than CD8awat, and without the TCR [60;116;117;120]. Similarly after

stimulation of mature T cells, but not T cell clones, CD8 binding to MHC class I tetramers
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was downregulated in a sialic acid dependent manner [121]. The effect of changes in
sialylation of CD8 on MHC class I binding has only been measured with tetramers of MHC
class I. Measured changes in MHC class I binding may be avidity effects, related to CD8
clustering for example, rather than a change in CD8-MHC class I binding affinity [122].
Expression of glycosylating enzymes, sialyltransferases among them, is distinctive to each cell
type and its activation status. Thus, differential glycosylation of CD8 on monocytes may

enable it to interact with MHC class I in ways distinct from CD8 on T cells.

Sialylation of human CD8 on thymocytes appears to parallel that of mouse. In human,
immature thymocytes have little alpha2,6 or alpha2,3- sialyltransferase compared to mature
thymocytes and this explains the binding of an alpha2,6 sialic acid specific lectin (Maackia
amurensis agglutinin) to mature but not immature thymocytes [123;124]. Thus sialylation of
human CD8 may also control binding of immature thymocytes to MHC class I as in mouse.
In opposition to mouse T cells [121], activation of human T cells may decrease sialylation of
CD8 and enhance binding of CD8 to MHC class I. Stimulation of human T cells through
CD3 or IL-2 decreases alpha2,6 sialyltransferase activity and robustly induces betal,6 GlcNAc-
transferase [125]. These glycosylation enzymes compete for the same structure, and therefore
activation of human T cells may result in decreased sialylation of proteins including CD8 [125],
and therefore increased CD8-MHC class I binding avidity [116;117]. Glycosylation of mouse
and human CD8 appears to be modified in ways that depend on development and activation
state of T cells. Studying the sialylation of CD8 on human monocytes may help elucidate

differences in CD8 interactions with MHC class I among cell types that associate with
functional differences.
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1.4.3.3. Adhesion of CD8 to MHC Class I Is Altered After Cell Activation

In contrast to mature peripheral T cells where TCR activation decreases binding of CD8 to
MHC class I in a partly sialic acid-dependent manner [121], TCR activation in T cell clones
enhances CD8 adhesion to MHC class I, in a way unrelated to sialylaton [126]. Constitutive
adhesion of T cells through CD8 to MHC class I attached to a solid surface is undetectable
with T cell clones [127]. After activation of T cell clones through the TCR, adhesion of CD8
to MHC class I is detectable - indicating a higher affinity or avidity interaction [4;126]. This
“activated adhesion” of CD8 T cell clones can induce CTL cytotoxicity [128], similar to LFA-1
[129]. ‘The affinity and avidity of integrins are enhanced via several means after cell activation
[130] Activated adhesion of CD8 may also depend on affinity and avidity changes [86].
Activated adhesion of CD8 requires phosphatidyl inositol-3 kinase (PI3K) activity and
cytoskeletal rearrangement [131;132] suggesting membrane rearrangement or clustering of
CD8 results in enhanced avidity of CD8. Movement of CD8 into or out of lipid rafts may
regulate CD8 clustering and activated adhesion of CD8, as for integrins [130). It is possible
other receptors that use signaling mechanisms similar to TCR, like FcR on monocytes, may
also enhance CD8 adhesion to MHC class L.

1.4.3.4. Activation of Mature T cells Dampens Binding to MHC class I
Potentially Through Conformational Changes in CD8
In addition to avidity effects that are sialic acid-dependent and independent, conformational
changes in CD8 may change its binding affinity for MHC class I. When T cell binding to
MHC class I tetramers was reduced after TCR activation, binding to MHC class I tetramers

could not be re-mnstated to pre-activation levels by removal of sialic acid alone [121]. Ant-

CD8a mAb 53-6.7 is believed to induce conformational changes in CD8 and thereby enhance
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binding to MHC class I tetramers [121;133]. Addition of this ant-CD8c mAb re-instated
binding of MHC class I tetramers to pre-activation levels [121]. Thus changes in avidity (e.g.
sialylation) and affinity (potential conformational effects reversed by anti-CD8 mAb 53-6.7)
may decrease CD8 binding to MHC class I tetramers after activation of mature T celks.
Monoclonal antibodies are large proteins with flexible binding sites for antigen. Monoclonal
antibodies can cause conformation changes in their ligands, perform enzymatic reactions such
as oxygen radical formation [134], or interfere with spatially-distant interactions by steric
hindrance. It will be helpful to discover how a select few anti-CD8x mAb can enhance

binding of CD8 to MHC class I tetramers [1].

Interestingly, data generated with MHC class I mutated in the CD8 binding site rather than
ant-CD80. mAb, also hints that a conformational change in CD8 may regulate binding to
MHC class I [86;135]. After activation of T cell clones through TCR, binding of CD8 to
MHC class I depended in part on different amino acids in MHC class I [86;135]. Potential
conformational changes of CD8 may be transient and dependent on the extra- or intra-cellular
environment, making detailed analysis of structure, binding sites and affinity an arduous task.
Use of anti-CD8a. mAb [133] and mutants of CD8 and MHC class I [86;133;135] to detect
and study changes in CD8 conformation in various cell types appears to be the most practical

option at present.

The ability of CD8 to activate cell signaling appears to depend on, and be regulated by the
affinity and avidity of initial binding to MHC class I [117;118]. Thus, it was important to study

factors that may affect binding of MHC class I to CD8 on human monocytes, such as
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expression of CD8acx versus CD8aB dimers, sialylation of CD8, and the involvement of CD8

in “activated adhesion”. Such studies were performed in this thesis.

15. CD8 Interactions with Intracellular Signaling Molecules
(D8 binds to MHC class I, thereby enhancing intercellular adhesion and potentally
promoting binding of TCR or other receptors to their ligands. CD8 independent of LAT or
Ick still promotes T cell activation, presumably by binding MHC class I [92]. Upon binding
MHC class I, the effect of CD8 on cell activation may vary depending on whether Ick, LAT, or
neither is bound to the cytoplasmic domain of CD8. Later, I will discuss at least one means

that may regulate whether CD8 binds Ick, LAT or neither protein.

When expressed on monocytes, macrophages and dendritic cells CD8 may not signal
through both Ick and LAT. One obstacle to a wider appreciation of the function of CD8 on
macrophages, dendritic cells and monocytes is the presumed lack of Ick [136;137] and LAT
[138] in these cells. Without cytoplasmic signaling molecules to signal through and no TCR to
act as a co-receptor, the mechanism by which CD8 activates myeloid cells is not easily
visualized. Thus, I will first analyze evidence that CD8 activates signaling through Ick and
LAT. Subsequently I will outline evidence suggesting how CD8 can signal in NK cells that
have many of the same signaling molecules as T cells, and monocytes, macrophages and
dendritic cells, that are thought to lack both Ick and LAT. This will take us to the point where

we can postulate how CD8 may function on cells other than T cells.

1.5.1. In T clls CD8cx Binds Lk

The cytoplasmic domain and transmembrane regions of CD8c and CD8p share the closest

conservation among regions of CD8 [139]. CD8 binding to Ick has been demonstrated by
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immunoprecipitation, site-directed mutagenesis, and x-ray crystallography [5;140]. The
cytoplasmic domain of CD8a binds Ick [141;142] using a zinc-clasp, composed of two
cysteines from CD8a, two cysteines from Ick and a zinc ion [5]. Because of this CD8 binding

to Ick can be disrupted by cation chelators and depends on free cysteines.

1.5.2. CD8a May Associate Direatly or Indirectly with LAT

CD8a co-immunoprecipitates with LAT, and has been proposed to bind LAT [6;60].
However, others have not observed CD8 association with LAT in T cell clones [61]. LAT may
bind directly to activated Ick [143], and therefore only indirectly to CD8a. Existing data
demonstrates that LAT association with CD8 is dependent on the Ick binding site in CD8 [6].
If Ick binding to CD8a is disrupted, LAT would not co-immunoprecipitate with Ick and
CD8a.. In the presence of excess Ick, LAT did not co-immunoprecipitate with CD8 [6]. 'This
could be interpreted as excess Ick competing with CD8-associated-Ick for LAT. In support of
CD8a directly binding LAT, LAT association with CD8a. may not be proportional to Ick
association with CD8at: more LAT co-immunoprecipitates with CD8a. than CD4, while the
inverse is true of Ick [6]. Whether the association of LAT with CD8a. is direct will require
analysis in Ick-deficient cells and with recombinant proteins #2 wpo. At this point effects of

CD8 on or through LAT could be interpreted as indirect effects mediated by CD8 binding to
Ick.

However if CD8 binds directly to LAT, evidence suggests Ick and LAT bind the same
region of CD8, 2 membrane-proximal CxC motif, and compete for binding to CD8 [6]. CD8
function would thus be partly regulated through relative availability and competition of Ick and

LAT for CDS8a.
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16. CD8 Does Not Affect NK Cell Cytotoxicity Alone But May Co-Activate
Cytotoxicity with FcR or Other Receptors
Several groups have attempted to activate CD8 on NK cells without co-activation. In these
studies the Fc region of ant-CD8o mAb binds FcR on target cells in NK cell killing assays,
and excess anti-CD8a mAb is removed. It should be emphasized that in these studies the Fc

component of anti-CD8c. mAb is masked when it binds FcR on a target cell, and thus is not

available to bind FcR on NK cells. As such, CD8a. and FcR would not be cross-linked or co-
activated. In these experiments no cytotoxicity is induced through CD8 ligation alone, whereas
cytotoxicity is induced by ligation of CD16 or CD69 [111;144;145]. CD8 function on T cells,
at least for the induction of CTL-mediated cytotoxicity, requires co-activation through a
second receptor, the TCR. Because of this, CD8 may not signal alone on NK cells. CD8 may

require co-activation of NK cells through another receptor (Figure 1-5, Table 1-3).

As NK cells and T cells express many of the same signaling proteins, CD8 may co-activate
NK cell receptors analogously to its co-activation of TCR responses on T cells. However,
CD8 probably does not co-activate all receptors that activate NK cell killing as anti-CD8a
mADb does not inhibit NK cell cytotoxicity when used in a way that inhibits CTL cytotoxicity

[35]. NK cell receptors may contain an ITAM in their cytoplasmic domain or be attached to
signaling mechanisms including DAP10/12, CD3( or common y chain. Analogously to CD8
co-activation of TCR responses in T cells, CD8 may selectively co-activate NK cell receptors
that use Ick or LAT and CD3(. CD16, CD32, two low affinity FcyRs and FcuR for IgM
[146], expressed by many NK cells signal through Syk [146], ZAP-70 [146], CD3¢ [147], Ick

[148-150], and probably LAT [151], and thus use most of the signaling components associated

with CD8-dependent signaling in T cells (Table1-3, Figure 1-5). In fact, CD8 on NK cells co-
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immunoprecipitates Ick and CD3¢ [141]. Consequently it is plausible that CD8 could amplify

NK cell activation through several FcR (Figure 1-5).

17. On Myeloid Cells CD8a May Signal Via Common y chain, Syk and LAT

NK cells are known to express Ick, LAT, and CD3( and thus are, in theory, capable of
signaling through CD8 in the same way as T cells, after co-activation through a second
receptor (Figure 1-5). A major unanswered question is what proteins CD8 binds intracellularly
in CD8+ monocytes, macrophages and dendrtic cells, as these cells are presumed to not
express Ick [137;152], LAT [153] or CD3(. However, some data suggests Ick and LAT may be
expressed by monocytes and other myeloid cells (see below), suggesting CD8 may signal
through the same proteins in both monocytes and T cells. Alternatively, other data suggests

that if Ick is not expressed in monocytes, macrophages and dendritic cells, CD8 may signal via
LAT alone.

CD8a binds Ick [5]. Lck phosphorylates CD3¢ recruiting ZAP-70 which then can
phosphorylate LAT. CD3( is thus an important part of CD8 mediated signaling through Ick
and LAT. CD3C expression is thought to be restricted to T cells and NK cells. However,
(D3¢ is part of a family of proteins generated by ancestral duplication, that includes common
¥ chain [154]. CD3{ and common v chain conserve their exon-intron organization [154;155]
and have signaling regions exhibiting 44% homology [156]). Common y chain can substitute
for CD3& to promote the expression of TCR on immature T cells and CD8a.+ intestinal T cell
subpopulations [157;158]. CD3¢ and common y chain both function with FcR [159] [160],

NKp30, and NKp46 [161] in NK cells, FceRI in mast cells [162] and the TCR in some v T
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cells [163] (Table 1-3). Most importantly, common 7y chain can substitute for CD3€ in T cell
activation through TCR [164], suggesting, as shown elsewhere [151], that common ¥y chain
operates adequately with TCR signaling pathways like Ick and LAT. In fact in some mature

effector T cells Syk and common y chain replace ZAP-70 and CD3( in TCR signaling [165].
CD8 on monocytes, NK cells, and dendritic cells may signal in conjunction with common y

chain associated receptors as well as CD3¢ associated receptors (Figure 1-6).

ZAP-70 associates with CD3( and is an important upstream component of TCR-CDS8
signaling. While ZAP-70 is restricted to T cells and NK cells, the ZAP-70 homolog Syk is
found in monocytes, dendritic cells, mast cells, NK cells and some T cells. ZAP-70 can be
more or less functionally replaced by Syk [166;167], suggesting Syk and ZAP-70 are similarly
activated by upstream signaling through TCR and potentially CD8 or CD4, and will similarly
propagate responses. Evidence suggests signaling pathways that CD8 activates in
macrophages depend on Syk kinase. For example, ant-CD8a mAb induced TNF release
from rat macrophages was attenuated by inhibition of Syk kinase using anti-sense RNA or
piceatannol [44;53]. Thus, CD8 signaling may be Syk-dependent in cells that do not express

ZAP-70.

The src kinase Ick is considered a lymphocyte specific protein [136;137]. However others
have found that a variety of monocyte/ macrophage-(like) cells express Ick, including the
human monocytic cell line THP-1 [168], dendrtic cells (Shannon Turley, personal
communication), Schwann cells [169] and microglia [170]. In much the same way LAT is
thought to be expressed in T cells, NK cells, and interestingly in CD8+ mast cells, but not in

other myeloid cells [138]. However others found that the monocyte cell line THP-1 uses LAT
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to signal through FeyR chain, and LAT-deficient mouse macrophages had diminished FcyR-
mediated responses [151]. Thus, LAT and Ick expression in CD8+ monocytes, macrophages,
or dendntic cells warrants re-examination. LAT and Ick may be expressed in monocytes and
macrophages at reduced levels or only when these cells are differentiated under certain

conditions, perhaps at particular locations in the body.

If the signaling molecules that CD8 functions through (CD3 chains, Ick, LAT, ZAP-70) in T
cells are not found, even at low levels, in monocytes and macrophages, how might CD8 induce
cell activation? Rat macrophage release of TINF and IL-1f was attenuated with the inhibitor
of src family tyrosine kinases PP1. However, this does not define which src kinase is involved
in rat macrophage responses mediated by CD8. (D4 and CD8 bind through a similar
mechanism to Ick [5]. Others found that Ick kinase activity did not precipitate with CD4 from
rat macrophages [141], suggesting CD8 on rat macrophages does not bind Ick. Sequence
analysis gives no insight into what other src kinase could bind CD8 in macrophages,
monocytes or dendritic cells. Src kinases are highly divergent in the N-terminal region, and the
motif in Ick that binds CD8 is not conserved in another known src kinase. CD4 on
monocytes was recently shown to co-immunoprecipitate with src kinase hck [171]. Hek is an
important signaling component of monocyte activation through high and low affinity FeyR
[172-175], signaling pathways that may involve CD8 on monocytes according to this thesis.
The binding of Ick to CD8 depends on the unique N-terminus of Ick [5] that does not appear

to have homology to hck. As a result, it is likely that if CD8 binds hck it is indirectly, or

through a mechanism dissimilar from Ick.

CD8 may bind LAT [6], but the region of LAT that interacts with CD8 has not been

charactenized. It 1s possible that CD8 could bind other adaptor molecules, such as NTAL in

24

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



addition to LAT in myeloid cells. In an interesting study, three proteins of 35, 45 and 55 kDa
co-immunoprecipitated with CD4 from a human monocyte cell line (THP-1) [176]. The 35
and 55 kDa proteins may be LAT (36-40 kDa) and Ick (or hck) (56-60 kDa) as these proteins

have been described in THP-1 and bind CD4 [151;168].

If CD8 co-signals with receptors other than TCR in monocytes, macrophages and dendritic
cells, it may do so using LAT alone rather than Ick and LAT. When expressed in T cells, Syk,
unlike ZAP-70 does not require Ick to become activated after TCR stimulation [167]. Thus if
CD8 co-activates Syk-dependent receptors in monocytes, Ick may not be required. What is
more, Syk can phosphorylate and activate LAT [177;178], suggesting CD8 could participate in
responses after initial pnming of a Syk-dependent receptor. LAT is required for signaling
through several common vy chain linked receptors such as FcyR [151;179], FceRI on mast cells
[180], ILT1 (and potentially other ILT family receptors) [151;181), and gpVI [182-184] (Table
1-3). 'The activating receptor for MHC class I, PIR-A requires the common 7y chain for its
mntracellular signaling, suggesting it may also signal through Syk and LAT [185] (Table 1-3).
Thus CD8 may be able to function with Syk/common y chain-dependent receptors as with
ZAP-70/CD3&-dependent receptors, like TCR (Figure 1-6). CD8 may partner with several
receptors to co-activate cells (Table 1-3) including FcR, ILT1, PIR-A, NKp30, and NKp46
(Table 1-3, Figure 1-6). As a model system to test some of these postulates, studies were

performed in this thesis to examine the ability of CD8 to co-activate monocyte responses

through FcR and LAT.

It is possible CD8 co-signaling function may extend to DAP10/12 associated receptors that

use Syk such as SIRPP [186] and integrins. In one intriguing isoform of human CD8B mRNA,
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two transmembrane regions are predicted (accession: NP 742097.1) [187]. 'The second

transmembrane region contains two lysine residues that in the context of other receptors
mnteract with immune-activating adaptor molecules like DAP10/12 {188] and common v chain.
If this CD8B mRINA is translated CD8afy may have the ability to activate cells independently
by linking LAT/Ick to DAP10/12 or common y chain and Syk. Alternatively, human CD8pB
dimers containing this two transmembrane isoform of CD8, expressed on an unidentified cell

type, may instigate responses through DAP10/12 or common y chain and Syk.

18. Summary and Aims of Thesis Research

In this brief section I will summarize the evidence and rationale that determined the research

performed in this thesis.

Evidence suggested CD8 expressed by rat macrophages may significantly contribute to
pathology of several diseases through production of pro-inflammatory mediators. However,
as mouse monocytes and macrophages appeared to be CD8a -ve the relevance of
observations made in rats to human health was uncertain. ‘Thus, the first aim of this thesis was

to determine whether CD8 was expressed by human monocytes or macrophages. Human

monocytes were chosen as a model to examine CD8 expression.

The second aim of this thesis was to uncover how CD8-mediated release of pro-

inflammatory mediators by monocytes might be regulated. Given that TCR and FcyR share
analogous and overlapping signaling mechanisms and that CD8 + rat monocytes were found in

significant numbers in several diseases whose severity depended on FcyR a model of how CD8
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might co-activate FcyR responses was developed. The ability of CD8 ligation to enhance FcyR

responses of monocytes was tested.

A third aim of this thesis was to identify the intracellular molecules CD8 signals via in
monocytes. Notably, monocytes are not widely appreciated to express Ick or LAT which are
the only known intracellular signaling partners of CD8. Literature suggested LAT was the
most likely candidate for CD8-mediated signaling in monocytes; therefore phosphorylation of

LAT was measured after activation of CD8-dependent responses in monocytes.

As a fourth aim of this thesis, several approaches were taken to discover potential novel
forms of CD8 protein on monocytes. Some literature hinted that CD8 on monocytes,
macrophages and T cells may differ, however whether these differences in CD8 were due to
post-translational modification, alternative splicing, inter-molecular associations, or even
conformational changes was uncertain. 2-D electrophoresis of CD8 on monocytes and T cells
was performed. Sialylation of CD8, which is known to influence CD8 function and T cell

activation, was studied on monocytes. Much work was devoted to purifying and identifying by
mass spectrometry proteins recognized by ant-CD8a mAb that had a higher Mr than

expected for CD8a.

The ability of CD8 to bind MHC class I is regulated by several means in several situations
and some evidence suggested that the MHC class I binding region of a potentially novel form
of CD8a. on rat macrophages might be inaccessible and thus not bind MHC class I. ‘Thus as

the fifth aim, the ability of CD8 on rat macrophages and human monocytes to bind MHC

class I was tested.
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A sixth aim of this thesis evolved from experiments performed for aim five (above) that
suggested the cytokine macrophage migration inhibitory factor (MIF) may have some
structural similarity to MHC class I. My attention was piqued by reports that demonstrated
MHC class I-like functions for MIF, such as inhibition of NK cell killing. The sixth aim was
thus to determine the extent and structural location of similarity between MIF and MHC class
I and subsequently to determine if this similarity could account for MHC class I-like functions

of MIF.
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19. Tables

T T Mast Dendritic
op o NKcell | Monocyte | Macrophage
cell cell cell cell
+[34-
Human | +++ +++ 37 °(P) [51;52] | ? (P)[48-50] | +[189] +++[31]
Mouse +++ +++ - [36] - [47] ? (P) [30] ? +++[30]
*(P)
Rat +++ +++ | +[32;33] +[44] +[74] +++[28;29]
[51;190]
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Table 1-1, Part I. Expression of CD8a among cell types and species. Expression of
CD8 is denoted by a + symbol where evidence of synthesis of CD8 by the cell type in the
given species is available. Number of + symbols denotes relative level of protein on cell
surface. (P) denotes situations where protein has been shown on the cell surface, but there is
no evidence that the protein is synthesized by the cell. NK cell and monocyte expression of
CD8a. is highlighted to emphasize the apparent differences among species in the expression of
CD8a on these cells.




af T cell | 8 T cell | NKcell | Monocyte | Macrophage | Mastcell | Dendritic cell
Human | +++ 2P)[68] | -[34] ? ? +[189] ?
Mouse +++ +++[67] - - 2 [30] ? - [30]
Rat +++ +++[66] | +[33] 2(P) [51] + [44] +[74] ?

Table 1-1, Part II. Expression of CD8B among cell types and species. Although CD8
homodimers may be expressed in humans (Devine et al. J. Immexd. 164: 833), this has not
been described in untransfected cells: therefore listing of CD8p implies expression of CD8a3
heterodimers. Expression of CD8 is denoted by a + symbol where evidence of synthesis of
CDS8 by the cell type in the given species is available. Number of + symbols denotes relative

level of protein on cell surface. (P) denotes situations where protein has been shown on the

cell surface, but there is no evidence that the protein is synthesized by the cell. The respective

CDS8 chain is expressed on a subpopulation of cells except macrophages where a homogenous

population of cells appears to express low levels of CD8p.
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TL High Alu DNA Hyper-
Affinity Syk Repeats in | sensitivity Sites
Ligand | Expressed CD8a, Controlling C[-)ifa CD8p CDSBP | (D8
for in Tcells | Enhancer, CDsa, Splicing | Splicing | Dimers | Exons
‘CDSoo. Promoter Expression
H
u Secreted
m - +[191;192] +[193] [36;193;194] 5-7 [81;82] +[1] 6
a [79:80]
n
:\)II Membran
u +[54] - [191;192] - [194] e bound 2[83;84] -[1] 5
S [78]
e
R
a - - > >
t

Table 1-2. Other known differences among species in CD8 and CD8$-associated
signaling mechanisms and ligands.
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ST Association Induced
Signaling| Signaling | Signaling with CD8 on| . Fit  |Potential
through | through |throughyOr the Cell Binding/| TCR
Lck LAT ¢ chain Surface Slow On- | Ancestry
Rate
TCR + + + + + +
+ +
CD16 | 1148,150] [151;179;195] L 146:147:160]
CD32 | +[149] + [146]
CDeé4 +[151;195] +
FepuM +[146]
ILT1 + +[181]
FceR1 +[180] 1[162]
Nkp30/46 +[161]
Ly49 +[196]
MHC Signal through .
Class I Syk [197-199]
CD81 +
CD36 ?
CRTAM ? +[200]
SIRPB + + [200]

Table 1-3. CD8 may co-activate responses of several receptors besides TCR. CD8
may enhance cell activation by signaling with several receptors. If a receptor is noted to

signal through y or & chain, it assumedly also uses Syk or ZAP-70, and should have the
potential to signal through Ick or LAT, provided these latter two are available in the cell of
interest. CD8 may promote binding of some receptors that have a slow on-rate to their

ligands.
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1.10. Figures

Ig-V domain

O-glycosylation —*

Extended Stalk region

Plasma Membrane

-

Cytoplasmic region

Figure 1-1. Overview of CDB structure. CD8« or CD88 may be expressed as CD8aa or
CD8ag dimers. The general structure and glycosylation of CD8a and CD88 are similar.
Amount and type of O-glycosylation is expected to vary among cell types.
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Figure 1-2. CD8c bound to Ick and CDBa associated with LAT are
involved at distinct temporal stages of T cell activation.
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View of a1 and a2 domains B.View of CD8axt binding site on HLA-A2
and peptide binding groove

CD8aa
v Ameme Binding
2 Site

Figure 1-3. Representative structure of MHC class | showing
peptide binding groove and CD8ca.c. binding site. (A) Peptide (highlighted
in yellow) binds in groove formed by « helices from a1 and a2 domains, sitting ontop of a

sheet. Each TCR may contact slightly varied parts of o helices and peptide. (B) Main
CD8a binding site in the o3 domain of MHC class | is highlighted in yellow. Peptide remains
highlighted in yellow as in (A) to provide orientation. Shown is crystal structure of human
MHC class | HLA-A2 bound to CD8act (PDB: IAKJ) and TCR bound to HLA-A2 (PBD: 1BD2)
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TCR
al and a2
domains
MHC
Class | «3 CD&m_binding
domain site

Figure 1-4. Representative structure of MHC class | showing

binding sites and orlentation of CD8aa and TCR. Notice the different
orientations TCR and CD8ac. adopt to bind MHC class |. (A) A CD8act dimer bound to
MHC class | (PBD: 1AKJ). Main CD8aca contact residues on MHC class | are highlighted in
yellow as in Figure 2. {B) TCR bound to MHC class |. Peptide and CD8uc binding site are

highlighted in yellow.
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7 Target cell / - Target cell /

Figure 1-58. NK cell activation through FcR uses the same

sighaling mechanisms that CD8a complements and co-activates
in T cells. CD8 recruits ick or LAT to proximal TCR signaling involving CD3¢, and ZAP-

70. In NK cells, the proteins that CD8-complements and co-activates in TCR signaling,

CD3¢ and ZAP-70, are used in FcR signalling. CD8 may co-activate NK cell signaling
through FcR.
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HL HL AL L

& ' 7

Figure 1-6. CD8axx on monocytes and dendritic cells may co-

activate FcR-initiated responses. Evidence discussed in the text suggests CD8
associated with LAT, may participate in signaling through FcR in monocytes, macrophages
and dendritic cells. Lck may not be expressed in monocytes, but evidence suggests
replacement of ZAP-70 with Syk may obviate the need for Ick.
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2.1 Introduction
CD8a:is a surface glycoprotein typically associated with a subpopulation of cytotoxic T cells
(CTL) [189]. An alternatively spliced form of human CD8« (secreted CD8¢;, sCD80) without
the transmembrane region can be secreted from T cells [190;191]. On T cells CD8a occurs as
a homo- or hetero-dimer, orx or 08 [192], and participates in CTL responses. The cytoplasmic
domain of CD8q binds the src kinase Ick [193] and potentially the adaptor protein Linker for
Activation of T cells (LAT) [194] to enhance CTL activation through TCR.

CD8 enhances T cell responses 10-100 fold when it activates T cells with a MHC class 1
binding TCR, but only 2-9 fold when it activates T cells with a MHC class II binding TCR
[195-197]. This suggests that even without classical co-receptor activity wherein CD8c. may
bind the same MHC class I as TCR, CD8 can enhance responses 2-9 fold by participating in
activation of intracellular signaling and other adhesion affects. CD8 is recruited to the site of
TCR activation even if it cannot bind MHC class I [198;199], further emphasizing that CD8

does not need to bind the same ligand as TCR to participate in cellular responses.

CD8 on T cells co-activates responses initiated by TCR, but no such co-activating role has

been described for CD8 on other CD8+ cells like dendritic cells [200], NK cells [192;201],
mast cells [202] or macrophages [203]. Interestingly, the Fcy chain, a component of several

FcR can substitute for CD3E in T cell activation through TCR, suggesting it operates
adequately with TCR and CD8 signaling pathways involving Ick and LAT. In fact in some

mature effector T cells, Syk and Fcy replace ZAP-70 and CD3( in TCR signaling [204].

Accordingly, CD8 may co-activate responses through y chain-linked receptors like FcR.

76

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The cell types that express CD8a differ among mice, rats and humans. While human [201]
and rat NK cells express CD8¢, mouse NK cells do not [205]. Rat M¢ and monocytes
express CD8c and CD83 [203;206), however, our efforts and those of others to detect CD8a
protein on mouse monocytes and Mo have been unsuccessful [207;208]. Two recent studies
identified binding of anti-CD8o mAb at high levels to a small percentage of human monocytes
during immune responses [206;209]. Neither study queried whether lower levels of CD8a
were found on these cells, only one study used isotype mAb to control for binding of anti-
CD8o mAb, and neither study demonstrated that monocytes synthesize CD8a, or that CD8a
on these cells was functional. A portion of CD8a. and all the CD8p found on mouse dendritic
cells is derived from T cells [210]. As such, CD8a observed on human monocytes in the two
studies cited above may be acquired as soluble CD8a. released from CD8+ T cells [211], or
with membrane from CD8+ T cells [212], in which case CD8a. may be incapable of inducing

intracellular signaling and monocyte activation.

CD8+ cells are determinative components of some diseases, as for example, depletion of
CD8o+ cells with mAb in rat models ameliorates spondyloarthritis [213] and
glomerulonephrits [214]. CD8a+ monocytes and macrophages (Mo) have been observed in
these rat models [213;215], and TNF is an important mediator of the pathology [216-218]. We
established that cross-linking CD8« on rat Mg using mAb induced TNF, IL-183 and nitric
oxide production and markedly activated Mo for anti-microbial activity [219;220]. CD8+

monocytes in rat have enhanced cytotoxic functions compared to CD8- monocytes [221;222],

although the role of CD8 in this cytotoxicity was not examined. If CD8 is expressed on
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monocytes and Mo, these cells may account, at least in part, for functions previously attributed

to CD8+ T cells.

In this report, we establish using several methods and six mAb that human monocytes
express CD8a.. We provide evidence that CD8c on monocytes mediates binding to MHC

class I and co-operatively promotes monocyte activation, TNF release and LAT

phosphorylation through FcR dependent mechanisms.
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2.2, Matenials, and Methods

2.2.1. Antibodies

Isotype control antibodies were mouse IgG, and IgG,, (Sigma, St. Louis, MO), IgG,,-FITC,
and -PE, (Caltag, Burlingame, CA). Anti-CD8c mAb used were: D9 and 32-M4 (Santa Cruz,
Santa Cruz, CA) LT8 (Serotec, Raleigh, NO), B9.11 (Beckman-Coulter Canada Inc.,
Mississauga, ON), and Nu-Ts/c (Nicherei Corp., Tokyo, Japan). Polyclonal anti-human
CD8o Ab (H160) was obtained from Santa Cruz. Anu-CD8a mAb 51.1 (gift of Dr. D.
Burshtyn, University of Alberta) and OK'T8, and anti-rat MHC class I mAb OX18 (European
Collection of Cell Cultures, Salisbury, UK) were purified from hybridoma supernatant by
protein G affinity chromatography. Anti-CD8f- antibodies were obtained from Beckman-
Immunotech (clone 2ST8.5H7-PE, Mississauga, Canada) and Serotec (clone 5F2). Ant-CD3-
FITC and anti-CD14-FITC/PE were obtained from Caltag. Ant-mouse Ig-FITC (STAR70)
was obtained from Serotec. Anti-CD69 mAb and matching isotype control were obtained

from BD Biosciences. Anti-mouse Ig-HRP was purchased from Pierce (Rockford, IL).

2.2.2. Coll recowery and cultrre
The promonocytic cell line THP-1 [223] was maintained in American Type Culture
Collection recommended media (RPMI 1640 medium, 2 mM L-glutamine, 1.5 g/L sodium
bicarbonate, 4.5 g/L glucose, 10 mM HEPES, 1.0 mM sodium pyruvate 0.05 mM 2-
mercaptoethanol, and 10% fetal bovine serum [FBS]). CIL clones [68] were a gift of Dr.
Chris Bleackley (University of Alberta).
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Human blood (100 mL) was collected into heparanized tubes. Red blood cells were
sedimented by addition of 7 mL 6% dextran (Sigma) in RPMI 1640 per 35 mL blood (0.5 h,
room temperature). White blood cells and plasma were underlayed with Ficoll-Paque Plus
(Amersham Biosciences, Oakville, ON, Canada) and centrifuged (room temperature, 25 min,
200 g) without brake. The interface layer was removed and washed three times in PBS to
obtain blood mononuclear cells (PBMC). Monocytes were enriched by three methods.
Greater than 80% enriched monocytes were obtained from a Percoll gradient [224] for studies
of monocyte activation. Monocytes enriched by Percoll were further purified (>99%) by ant-
CD14-PE flow sorting for western blot and RT-PCR analysis. Macrophages were
differentiated from adherent monocytes (1 h, 37 ) with 500 ng/mL GM-CSF (Biosource,
Camarillo, CA) for 3 d.

Human bronchoalveolar lavage (BAL) cells were collected at the University of Alberta
Hospital by Dr. Wong with informed consent of patients. Ethics approval was granted by the
University of Alberta/Capital Health Research Ethics Board. BAL samples were from patients
with preliminary diagnoses of sarcoidosis (2), pulmonary nodules, bilateral infiltrates and

lingula squamous cancer.

2.2.3. Flowcytonetry
Cells were kept on ice throughout experiments. Non-specific mAb binding to cells was

minimized with 5% milk, 0.1% bovine serum albumin (BSA) in PBS. In some experiments
human Ig (50 pg/ml, Bethyl Laboratories Inc., Montgomery, TX) was used to minimize
binding of mAb to FcR. Cells were treated with 10 pg/mL isotype mAb or anti-CD8a. mAb,

washed three times and incubated with anti-mouse Ig-FITC Ab (1/100, STAR7O0, Serotec).
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Anu-CD8B mAb 2ST8.5H directly conjugated to PE was used at 10 pg/mlL and compared
to IgG2a-PE. Cells were washed three times and incubated with 1/10 normal mouse serum

and before addition of anti-CD14-FI'TC (1/50).

To analyse the contribution of high affinity FcyRI to anti-CD8ca mAb binding to monocytes,
PBMC were pre-incubated for 30 min with anti-CDé4 mAb clone 10.1 (10 pg/mL,
BioLegend, San Diego, CA), which blocks binding of Ig to CDé64 [225]. Cells were washed
and incubated with IgG2a-PE (10 pg/ml, BD Biosciences) or 32-M4-PE (10 pg/mL, Santa

Cruz). Cells were washed and data was collected on a FACScan.

All flow cytometry analysis was performed with WinMDI and CellQuest Pro (BD
Biosciences) programs. Monocytes were gated by characteristic FSC/SSC scatter and high
expression of CD14. AM were selected by large FSC/SSC values and autofluorescence in F1.2
channel as described [69].

2.2.4. Confocdl Microsaopy

PBMC were adhered to poly-L-lysine coated coverslips for 0.5 h, fixed with 4%
paraformaldehyde (10 min) and permeabilized with 0.1% triton-X-100 in PBS (10 min). Cells
were blocked (10% FBS, 3% BSA, 30 min) before staining with anti-CD8o mAb (10 ug/mL).
Cells were washed three times (5 min, 2 mL PBS) between each reagent. Cells were
sequentially incubated with anti-mouse-Ig-thodamine red (Molecular Probes, Eugene, OR),
1/10 normal mouse serum and anti-CD14-FITC or anti-CD3-FITC (Caltag). Images were
obtained using an Olympus FV1000 confocal microscope (Carsen Group, Markham, ON)
with Fluoview software.
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2.2.5. RT-PCR
Total RNA was isolated using the Qiagen RNeasy kit. RNA was reverse-transcribed with
Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA) using oligo(dT) as primers.
Thereafter, PCR was performed in 20 pl reactions with primer pairs (25 uM) below. Intron-

spanning primers of the sequence 5-TTTCGGOCGAGATACGTCTAACCCTGTGG3’ and

5-TTTAGCOCTOOOCCTTTGTAAAACGGGCOG-3’ were used to generate a CD8a cDNA

fragment of 379 bp [70]. Intron-spanning primers generating a 209 bp product for CD8p
were 5-GGTGAAGAGGTGGAACAGGA-3’ and 5-CTTGAGGGTGGACTTCITGG-3".
Intron-spanning primers for LAT generating a 532 bp product were 5™
GTATOCAAGGGGCATCCAGTT-3’ and 5-CCICTTOCTCCACTTCCICIG-3’. A B-
actin cDNA fragment of 326 bp was produced using intron-spanning primers of sequence 5
GGC ATC CTC ACC CTG AAG TA-3’ and 5-AGG GCA TAC CCC TCG TAG AT-3’.
PCR amplification was performed for 35 cycles of 1 min at 94 C, 1 min at 60 C and 2 min at 72
C and a final cycle of 72 Cfor 10 min to complete polymerization. PCR products were run on
a 1.5% agarose gel containing ethidium bromide. Intron-spanning primers were used and
samples were treated with 84 U/puL DNase I before RT-PCR to avoid interference of

contaminating DNA in purified RINA.
Samples used to amplify CD8a mRINA were also amplified with intron-spanning CD3¢ RT-
PCR prmers (5 - GCACAGTTGCCGATTACAGA - 3 and 5 -

GCOCACGTCICTTGTCCAAA - 3, 293 base pair product) for 50 cycles, performed as

above.
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2.2.6. 2-D electrophoresis
Lymphocytes and monocytes were enriched by collecting non-adherent and adherent cells
after 1 h in culture flasks. Lymphocyte and monocyte lysates were prepared using the 2-D
cleanup kit (Bio-Rad) and resuspended in IPG strip rehydration buffer (Bio-Rad) with 2%
carrier pl 3-10 ampholytes (Bio-Rad) for analysis. Lysates were focused on 7 cm pI 3-10 strips
(Bio-Rad), at voltage maximums of 50 V 10 min, 250 V 30 min, 750 V 1 h, and 8 000 V for 13
000 V h. Strips were equilibrated, reduced, and treated with iodoacetamide according to

supplier directions (Bio-Rad) before running second dimension.

2.2.7. Monodonal antibody affirity drormatography for purification of vat MHC dass [
OX18 (anti-rat MHC class I) at 5-10 mg/mL in 0.1 M HEPES pH 7.5 was coupled to pre-

washed N-hydroxysuccinimidyl-activated agarose beads (Sigma) at 4 C for 1 h. Remaining
active sites were blocked by incubating in the presence of 0.1 mL 1 M ethanolamine pH 8 at 4
Cfor 1 h. Rat cultured mast cell line (RCMC [226]) was lysed with 1% triton X-100 in PBS
with Complete Mini anti-protease cocktail tablets (Roche Applied Science, Laval, PQ), Canada).
Supematant remaining after 1000 g, 12,000 g, and 100,000 g centrifugations was loaded on
columns. Columns were sequentially washed with 30 volumes lysis buffer, 20 volumes 10 mM
Tns 0.5% tnton X-100 300 mM Na{ pH 8, 20 volumes 10 mM sodium phosphate 0.5%

triton X-100 450 mM NaC pH 10, and eluted with 0.05 M diethylamine 0.5% triton X-100

650 mM Nad pH 11.5. 1.5 mL fractions were collected into 50 uL 1 M Tris HO pH 6.7.
2.2.8. MHC dass I binding

PE labeled HLA-A*0201 tetramers assembled as described were a gift of Dr. John Elliott

[71] (University of Alberta).  Two peptides selected by the SYFPEITHI search engine,
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Moyoobacterium tubercdosis antigen 85-B 143-152 (KLVANNTRL) and a diabetes-specific epitope
of glutamic acid decarboxylase 114-123 (VMINILLQYVV) were assembled with HLA-A*0201.
All washes and incubations of cells were done in ice cold PBS with 0.02% NaN,. 1 x 10°
human PBMC were incubated 15 min with 1.5 pg tetramers before the addition of CD14-
FITC for 15 min. Before flow cytometry analysis cells were washed three times. In
experiments where efforts were made to inhibit tetramer binding, cells were incubated with 40
pg/mL anti-CD8c mAb or isotype control for 30 min prior to addition of tetramers. MAb

was not removed before incubation with tetramers.

Affinity punfied (OX18) rat MHC class I was diluted in PBS to add 0.1 pg protein to each
well of a 96 well plate (Becton-Dickinson, 351172) and allowed to adhere for 2 h at room
temperature. Wells were subsequently incubated with 10% BSA in PBS for 30 min and
washed three times with PBS. BSA binds macrophages at near background levels and
provided reproducibly low background binding in our assay in comparison to other blocking
substances tested (FBS, milk, unblocked plates). NR8383 rat AM (ATCC [227]) were labeled
with the fluorescent dye calcein-AM (Molecular Probes) as previously described [72] and
added to wells in PBS. Cells were centrifuged at 5 g for 3 min and incubated for 1 h at 37 Cin
5% QO, Fluorescence remaining after six washes (PBS) was measured using a Millipore
Cytofluor 2350 plate reader. All tests were done in trplicate in each experiment. Mean
fluorescence of triplicate wells was calculated and percent binding was calculated for each

experiment as mean fluorescence treated/ mean fluorescence control treated x 100%.
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2.2.9. Immume-Complex Stimudation of Monocytes and TNF Measurenents
Monocytes were treated with isotype or anti-CD8a mAb (10 pg/ml), or immune-
complexes. Immune-complexes were prepared by combining isotype mAb or anti-CD8c mAb
(10 pg/ml) with antirmouse Ig (20 pg/ml) for 15 min before addition to monocytes.

Monocytes enriched on a Percoll gradient were incubated with immune-complexes for 5 h at
0.2 x 10° cells/well of a 96 well plate (Becton Dickinson, 35172). Anti-human TNF mAb,
fixation and permeabilization buffers, and monensin were from ebioscience (San Diego, CA).
Intracellular TNF was detected according to supplier recommendations. Monensin (2 pM)
was added 2 h after immune-complexes. At 5 h, cells were fixed (4% paraformaldehyde, 20
min, room temperature), stained with anti-CD14-FITC, permeabilized (0.1% saponin) and

stained with anti-TNF-PE for flow cytometry analysis.

Sumulation of monocytes with immune-complexes was inhibited by pretreating monocytes
with 50 pg/mlL purified mouse IgG Fc fragment (Jackson Immunoresearch, West Grove,

USA) to block binding of immune-complexes to FcR. In these experiments free binding sites

of anti-mouse Ig antibody in immune-complexes that might otherwise bind Fc fragments on

pretreated monocytes, were pre-blocked with 50 pg/mL purified Fc fragment.

TNF release was measured by ELISA after activation of monocytes for 18 h. Cells were
centrifuged (500 g, 3 min) and 150 pL of 200 pL supernatant was removed. Nunc MaxiSorp
96 well plates were coated overnight (4 C) with 2 pg/mlL anti-human TNF mAb (clone 28401,

R&D Systems, Minneapolis, MN) in 0.1M Na,HPO, pH 9.0. Wells were blocked with 10%

FBS in PBS for 1.5 h at room temperature and washed. All washing steps included 6 washes
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with excess PBS 0.05% Tween-20. Samples and recombinant human TNF standards (diluted
in 10% FBS, R&D Systems) were added and incubated ovemnight at 4 C. After washing
biotinylated anti-human TNF (BAF210, R&D systems) was added at 200 ng/mL for 1.5 h at
room temperature. Wells were washed and streptavidin-HRP (1/5000 in 10% FBS, Vector
Labs, Burlingame, CA) was added for 1.5 h at room temperature. Wells were washed and o
phenylenediamine substrate was added. Reactions were stopped with 2N H,SO, and color
was read at 490 nm using a PowerWave XS plate reader (Bio-TeK, Winooski, VT). Standard

curves and concentrations were determined using the KC4 program (Bio-Tek).

2.2.10. LA'T Phosphonyation

Three minutes after addition of immune-complexes monocytes were fixed and
permeabilized according to manufacturer’s instructions, with buffers adapted to measuring
phosphorylation events by intracellular flow cytometry in human PBMC (BD Cytofix Buffer,
BD Phosflow Permeabilization Buffer III, BD Biosciences). Non-specific binding was
blocked with 5% milk in PBS. Phosphorylated residue Y132 of LAT was detected with
rabbit polyclonal antibody (10 pg/mlL, abcam, Cambridge, USA) followed by sheep anti-
rabbit Ig-FITC (1/50, STAR34B, Serotec). Binding of phosphor-LAT Ab was compared to
binding of rabbit Ig (Sigma) for each monocyte treatment. For western blot cells were lysed
in pervanadate containing buffer (Cell Signaling Technologies, Danvers, USA). Equal
amounts of protein were loaded after quantitation with the detergent-tolerant Bio-Rad RC
DC protein assay system. Blots were blocked with 3% BSA (Sigma). Anti-LAT phospho-

Y132 antbody (above) was used at 1 pg/mL.
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2.2.11. Measurenent of CD14 and CD69 E xpression
After 18 h activation cells were stained with CD14-FITC/CD69-PE or isotype controls

and fixed (ebioscience fixation buffer) before analysis on a FACScan.
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2.3. Results
2.3.1. CD8ctand not CD8 is presernt ons butrman. periphenal blood monocytes

Using six anti-CD8c: mAb, we performed two-color flow cytometry (CD8c/CD14) on
human peripheral blood mononuclear cells (PBMC) (5% viable, Figure 2-1A-D).
Monocytes were gated for analysis by expression of high levels of CD14 [228] and
characteristic FSC/SSC scatter (Figure 2-1A). Several anti-CD8c« mAb defined by human
leukocyte differentiation antigen (HLDA) workshops and used for clinical diagnostic
services were used, eg., B9.11, OK'T8, 51.1, and LT8. Among lymphocytes (FSC/SSC gated)
a subpopulation expressed high levels of CD8a and CD8B (Figure 2-1B, anti-CD8o. mAb
OKT8 and anti-CD8B-dependent mAb 2ST8.5H7 are shown as representative examples).
In addition to the expected population of CD8a and CD8p + T cells, we detected moderate
levels of CD8cx on monocytes (Figure 2-1C, >3x geometric mean of isotype mAb). CD8p
was not detected on monocytes with mAb 2ST8.5H7 (Figure 2-1C) or 5F2 (not shown),
suggesting they do not express CD8ap (mAb 2ST8.5H7) or putative CD8BB dimers (mAb

5F2) [229]. Accordingly, mRNA for CD8B was detected in total PBMC but not in highly

enriched monocytes (Figure 2-10).

We investigated whether non-specific binding of mAb to Fc receptors contributed to
binding of anti-CD8c. mAb to monocytes. CD64 binds immunoglobulin with 1000-fold the

affinity of other FcyR [230], and preferentially binds mouse IgG2a antibodies compared to
mouse IgG1 [231]. Thus because most or all human monocytes express significant amounts
of CDé4 [228] mouse IgG2a has a 100-1000 fold higher affinity for binding human monocytes
than mouse IgG1[232]. Incubating monocytes with human Ig preparations [233] (not shown)

or a mAb which blocks binding of Ig to CD64 (clone 10.1) [225] slightly decreased binding of

88

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



isotype mAb (11-27% geometric mean) and did not decrease binding of ant-CD8c: mAb
(Figure 2-1D), suggesting that binding of CD8 mAb to monocytes is specific for CD8a and
that basic blocking steps used (e.g. 5% milk, 0.1% BSA) adequately minimized non-specific
mADb binding, such as to Fc receptors. The monocytic cell line THP-1 also bound CD8« mAb,

(Figure 2-1E) at moderate levels comparable to blood monocytes (Figure 2-1C). We conclude

that moderate levels of CD8a are found on human monocytes.

2.3.2. CD8a.on human monooytes:  aonfoadl microscopry
The adhesion of T cells and monocytes to each other may misleadingly be read as individual
cells co-expressing CD14 and CD8. Thus to determine the localization of CD8c on

monocytes we performed two-color confocal microscopy of permeabilized PBMC (Figure 2-
2). All anti-CD8ct mADb detected CD8« at the periphery of 14" monocytes and some 3"
T cells (Figure 2-2B-E mAb B9.11 is shown, and is representative of results obtained with
LT8, OKT8, 32-M4, 51.1, and Nu-Ts/c). CD8a was also observed intracellularly in some
monocytes with a distribution resembling CD14, suggesting that similar to NK cells [234]
CD8a. may be found intracellularly in monocytes. CD8a+/CD14- cells (likely CD8a+ T

cells) were observed alongside CD8ct+/CD14 + monocytes (Figure 2-2E).

2.3.3. Hunun alwolar M (AM) bind arti-CD8a mA b

To establish whether CD8x may be expressed by alveolar Mo, bronchoalveolar lavage
samples from five consecutive patients were obtained (two sarcoidosis, squamous cancer,
bilateral infiltrates, pulmonary nodule). About one-third of AM from four of five patients

(pulmonary nodules, two sarcoidosis, squamous cancer) bound anti-CD8¢ mAb at low levels
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(Figure 2-3). In a fifth sample (bilateral infiltrates), AM were not recognized by anti-CD8cx
mADb (data not shown).

2.3.4. Human monocytic line THP-1 expresses CD8o:mRINA
To determine if monocytes can synthesize CD8c, RT-PCR for CD8cx was performed using
commercial primers as published [235]. Due to the sensitivity of RT-PCR for mRNA from

contaminating cells, we studied the cultured monocytic line THP-1 in addition to highly
enriched monocytes (negative for T cell/NK cell specific CD3¢ mRNA, >99% FSC/SSC and
CD14" monocytes, Figure 2-4A). CD8c. mRNA was detected in peripheral blood
mononuclear cells (containing CD8a+ T cells), THP-1 monocytic cell line, and highly purified
blood monocytes, but not in a lung epithelial cell line (A549) as expected (Figure 2-4B). We

conclude the monocytic cell line THP-1, and probably ex vivo monocytes synthesize CD8c

mRINA.

2.3.5. Western Mot analysis of CD8ovin monocytes, M@ and T ells
To test whether CD8a is detected in human monocytes by a method without possible
contribution of FcyR we performed western blot for CD8a.. Proteins at 32 kDa were detected
with anti-CD8c mAb D9 by western blot (Figure 2-4C) of thymus lysate, blood lymphocytes,
immature monocytes (THP-1), mature ex ww monocytes (>99% CD14hi, CD3¢(-ve),
enrichment Figure 2-4A), and Mo differentiated with GM-CSF from blood monocytes, but

not in lung epithelial cells (A549, negative control). Similarly, a 32 kDa protein was found by

western blot with anti-CD8cmAb B9.11 in PBMC and THP-1 (Figure 2-4C).
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2.3.6. Feuer Siabjlated 34 kDa Versions of CD8x are found on Monocytes Compared to T cells

CD8a[236], like CD8p [237], is less sialylated on immature thymocytes than on mature
thymocytes. This sialylation influences the ability of CD8 to bind MHC class I and induce T
cell activation [238). Sialic acid has a significant negative charge demonstrable by acidic

shifts in isoelectric points (pl) in 2-D electrophoresis.

By western blot after 1-D SDS-PAGE in Figure 2-4C, it was not clear if anu-CD8a mAb
detected more than one closely clustered Mr of CD8a. Other studies have found that
CD8a is two Mr species of 32 and 34 kDa distinguished by glycosylation [239], and that
CD8a from blood T cells has a 2-D electrophoretic pattern extending in discrete spots
across basic pl ranges [193;240]. To better grasp the potential molecular differences
between CD8a on monocytes and T cells we performed 2-D electrophoresis with a higher

Mr resolution provided by 4-15% polyacrylamide gradient gels.

Polyclonal anti-CD8a antibody detected discrete spots across 2-D gels from the predicted
pl of unglycosylated CD8a (~9) to pI 6-7, at Mr from 32-34 kDa (Figure 2-5). Many of the
spots detected for CD8a. at more acidic pl (6-8.5) are due to sialic acid modification of
CD8a as neuramindase treatment of lymphocytes or monocytes eliminated several of the

more acidic CD8a. spots (pl 6-8.5), leaving three dominant spots at pl 8-9, two at 32 kDa
and one at 34 kDa (Figure 2-5). Notably, monocytes had much less of the sialylated 34 kDa

forms of CD8a. than T cells in samples from three individuals (Figure 2-5).
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2.3.7. CD8owon monocytes and M ¢ binds MHC dass 1
CD8c on rat Mo binds two (OX8, R1-10B5) of three (G28) CD8a+specific mAb [203]
(unpublished data, Derrick Gibbings). The anti-CD8c mAb that does not bind rat Mo

(clone G28) binds the Ig-like MHC class I binding region of CD8a [241]. Thus CD8a on

monocytes and macrophages may have a different structure or inter-molecular associations

than CD8aon T cells, and may not bind MHC class I. We set out to test this possibility.

Thymocytes from CD8pB knockout mice bind MHC class I tetramers and overexpression
of CD8a enhances this CD8-dependent binding [242], suggesting that despite the
heightened ability of CD8ap (at least in an unsialylated form on thymocytes [237;238]) to
bind MHC class I tetramers, CD8act is fully capable in this regard. We studied whether

monocytes, that seem to express CD8cow homodimers, bind tetramers of MHC class I via
CD8a.  Studies with CTL clones show that MHC class I tetramer binding may be
unaffected, variably inhibited or enhanced by anti-CD8c mAb, depending on which anti-
CD8a mAb is used, and TCR affinity [238;243;244]. We expected that anti-CD8a mAb
would not block all tetramer binding to human monocytes because members of the
immunoglobulin-like-transcript (ILT/CD85) family (ILT2, 4) expressed by monocytes bind
MHC class I tetramers [245], interact with regions on MHC class I that overlap with CD8«

and thus compete with CD8a for binding of MHC class 1 [246].

HILA-*0201 tetramers bound to neady all 14" monocytes (Fig 6A). Tetramers

complexed with two different peptides bound similarly to monocytes (data not shown).

Others have found that anti-CD8c mAb B9.11 inhibits binding of HLA tetramers to T cells.
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Here clone B9.11 inhibited HLA tetramer binding less than ant-CD8a mAb D9 (Figure 2-6B,
11.6% vs.18.6%, p<0.05). HLA tetramer binding was not affected by clone 32-M4 (despite 1ts
ability to bind CD8a on monocytes), or isotype control mAb (Figure 2-6B). The lack of effect
of 32-M4 on tetramer binding demonstrates that binding mAb to the surface of monocytes
does not non-specifically block tetramer binding. Thus, human monocytes appear to bind
MHC class I through CD8c (current study), and as shown by others, through ILT2 and ILT4

[245].

To test whether CD8a on rat M can bind MHC class I we used the rat AM cell line
NR8383 that expresses CD8a [203] and affinity purified MHC class I. MHC class I was
established to be highly enriched by silver staining, western blot (OX18), and MALDI-QTOF
sequencing (data not shown) of purified fractions. Nineteen percent of NR8383 AM adhered
to wells coated with BSA (Figure 2-6C). Significantly more NR8383 (28%, p <0.05) bound to
MHC class I coated wells.

When binding of T cell clones to MHC class I is examined in a similar system ligation of
TcR enhances binding of CD8 to MHC class I [247]. We hypothesized that the similar
signaling mechanisms activated by FcyR may allow it to enhance CD8 binding to MHC class I,
like TCR. We found that while isotype antibody had no effect on NR8383 binding to BSA, it

significantly enhanced binding to MHC class I coated wells (38%, p <0.05). This suggests that
binding immunoglobulin to Mg, potentially through FcyR, enhances Mo binding to MHC
class I. Anti-CD8c mAb R1-10B5 had no effect on binding to BSA coated wells and thus did

not inhibit AM binding in general, but reduced binding of NR8383 to MHC class I coated
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wells to a level equivalent to binding of BSA (18%, p<0.05; Fig 6C). Thus, the potentially

novel structure of rat Mgp CD8cdoes not interfere with its ability to bind MHC class I.

2.3.8. Anti- CD8cvmA b amplifies monocyte resporses to immune-complexes through FcyR
TCR and FcR use analogous and sometimes interchangeable signaling mechanisms to
activate cells [204;248]. We investigated if CD8a on monocytes might be involved in

responses to immune-complexes mediated by FcR. When others have screened several anti-
CD8a. mAb for effects on CTL cytotoxicity the effect has ranged from substantial inhibition
to no effect [249]. Thus, we used a panel of anti-CD8c mAb[250;251]. Anti-CD8c. mAb
segregate into two classes that affect either MHC class I binding or transmembrane signaling,
but not both [252]. Thus we anticipated that anti-CD8a mAb that blocked MHC class 1

binding might not activate monocytes.

When monocytes were stimulated with preformed immune-complexes (isotype mAb-ant-
bi

mouse Ig), CD14 monocytes produced moderate amounts of intracellular TNF (Figure 2-7A,

flow cytometry histogram IgGZa immune-complex). Additional monocyte stimulation was

added through CD8« by using an immune-complex formed with ant-CD8c mAb 32-M4 (32-
M4-anti-mouse Ig). With this further stimulation through CD80; monocytes produced 2-fold
more intracellular TNF than monocytes treated with isotype immune-complexes alone (Figure

2-7A, 32-M4 immune-complex histogram). In contrast to immune-complexes containing anti-
CD8a mAb 32-M4, immune-complexes containing anti-CD8ct mAb D9 induced a trend

toward enhanced TNF production that did not reach statistical significance.
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To evaluate whether monocyte activation by immune-complexes occurred in a FcyR-

dependent manner, monocytes were pretreated with Fc fragment of Ig (50 pg/ml) to
compete with immune-complexes for binding to FcR.  Immune-complexes were also
pretreated with Fc fragments to block free sites on anti-mouse Ig cross-linking antibody that

may bind Fc fragments on pretreated monocytes. Blockade of FcR with excess Fc fragments
nullified TNF release instigated by isotype and anti-CD8c immune-complexes (Figure 2-7A).
Thus, as anticipated monocyte activation with isotype containing immune-complexes was

probably mediated by receptors for the Fc fragment of Ig (FcR).

Treatment of monocytes with monomeric non-specific IgG,, mAb induced a slight increase
in monocyte TNF production (Figure 2-7A, flow cytometry histogram IgG, 2) This is likely
due to the ability of the high affinity FcyR, CD64, found on the majority of monocytes to bind
monomeric mouse IgG, [228;232;253]. Monomeric anti-CD8o mAb did not increase
monocyte TNF production more than control IgG,, mAb (Figure 2-7A, flow cytometry

histogram IgG, 2) As CD8a. enhancement of TNF production is inhibited by Fc fragments

and does not occur with monomeric anti-CD8c mAb, the ability of anti-CD8c mAb to

enhance responses of human monocytes appears to depend on co-engagement of FcR.

To evaluate whether intracellular TNF is secreted following monocyte activation in our

system TNF ELISA was performed on supematants (Figure 2-7B). In agreement with
intracellular flow cytometry, immune-complexes containing anti-CD8o mAb 32-M4 induced

release of approximately 3-fold more TNF than isotype immune-complex alone (1376
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pg/mL versus 468 pg/mL, p<0.05), and immune-complexes containing anti-CD8c. mAb
D9 induced a trend toward heightened TNF production that did not reach statistical
significance. Immune-complexes containing anti-CD8a mAb OK'T8 did not significantly
increase monocyte TNF production above control immune-complexes, indicating as shown
by others [228]that monocyte TNF release is not stimulated by any immune-complex

containing a mAb that binds to the monocyte surface.

CD8a associates with LAT, and stimulation of CD8a on T cells results in increased LAT
phosphorylation [194]. LAT is also phosphorylated and functionally important in responses
of receptors that signal through the common y chain like FceRI , FcRI, FcRIIa[254;255].
RT-PCR confirmed that highly enriched human monocytes (see Figure 2-4A) contain
mRNA for LAT (Figure 2-7C). We examined the phosphorylation status of a key tyrosine
(Y132) involved in LAT recruitment of PLCyl and Ca+2 activation [256;257] after
stimulation of monocytes through anti-CD8a containing immune-complexes. Increased
phosphorylated LAT-Y132 was detected by intracellular flow cytometry after stimulation of
monocytes with immune-complexes, and phosphorylation was further increased after
additional activation through CD8a (Figure 2-7C, left). Western blot confirmed increased
phosphorylation of LAT-Y132 after stimulation of monocytes through CD8a compared to
isotype immune-complexes (Figure 2-7C, right). This suggests that monocyte activation

through CD8a increases LAT phosphorylation.

Monocytes activated through immune-complexes and CD8a were analyzed for markers of

monocyte activation and maturation. CD69 is constitutively expressed by human monocytes
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[258], but is upregulated after stimulation [232]. Stimulation of monocytes through immune-
complexes and anti- CD8ct mAb 32-M4 induced an increased level of CD69 expression on
2.3-fold more monocytes than immune-complexes alone (Figure 2-7D bar graph, p <0.05,
flow cytometry density plot is one representative example of four experiments). CD14 is
downregulated during monocyte maturation into macrophages and dendritic cells [259].
Sumulation of monocytes through immune-complexes and anti-CD8at mAb 32-M4 resulted
in decreased CD14 expression (54.5% geometric mean, p <0.05) on monocytes compared to
immune-complexes alone (Figure 2-7D). While immune-complexes containing anti-CD8c
mAb D9 induced a trend toward heightened TNF production that did not reach statistical
significance, D9 containing immune-complexes did significantly decrease CD14 expression
(Figure 2-7D). Thus, monocytes stimulated through CD8a in addition to immune-

complexes induce increased monocyte activation and maturation, TNF release, and LAT

phosphorylation.
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2.4, Discussion
We have identified the expression of CD8¢ by human monocytes and confirmed that CD8a
on monocytes binds MHC class I. Whatsmore, we demonstrate that monocyte activation via
CD8o amplifies responses to immune-complexes several-fold, in a manner inhibitable by Fc

fragments.

The presence of small percentages (1-20%) of CD14+/CD8a" monocytes in patients,
some with viral infection, (e.g. [206;209]) may be subject to several interpretations besides
the expression of high levels of CD8a by a few monocytes. Human PBMC from untreated
HIV patients or activated in vitro have small percentages of CD14 +/CD8a™ cells, but this
population is due to acquisition of CD14 from monocytes, by T cells, that are mostly
CD8a+ [260;261]. In our studies, a small population (4-8%) of gated monocytes appeared
to have high levels of CD8a in Figure 2-1C.  However, CD8a™ monocytes were not
observed using directly-conjugated anti-CD8a mAb-PE, (Figure 2-1D). After flow
cytometry sorting and re-analysis of putative CD8o™ monocytes (Figure 2-1C) large
proportions of CD14-/CD8a™ and CD14"/CD80™ cells were observed suggesting that
putative CD8a" monocytes (Figure 2-1C) were likely due to doublets of CD8+ T cells
aggregated with monocytes. Thus, previous to the present study no evidence existed to

demonstrate that human monocytes synthesized CD8a or that CD8a potentially found on

these cells was functional.

We provide strong evidence through several techniques that human monocytes

constitutively express CD8a at low levels. Several anti-CD8a mAb bound human
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monocytes, and blockade of background FcR binding mediated by CD64 enhanced the
staining of CD8a on monocytes compared to isotype control (Figure 2-1D). In addition,
CD8a was observed in monocytes, and the monocytic cell line THP-1 by western blot
confirming the presence of CD8a in these cells without possible contribution of FcyR to
binding of anti-CD8c. mAb. As the secreted form of CD8¢ is 27 kDa, the 32 and 34 kDa
forms of CD8a we detected in monocytes are not likely due to adsorption from alternatively
spliced and secreted CD8a [239]. Finally, detection of CD8c mRNA in THP-1, CD8«
protein on THP-1 and 32 kDa CD8c in lysate of continuously cultured THP-1,
demonstrates that these monocytic cells must transcribe and translate CD8c.  Although we
have identified CD8f on rat alveolar M [203] and mast cells [202], and others have found
CD8P on rat monocytes [206] and yd T cells [262] we did not detect CD8f protein or

mRNA in human monocytes. Expression of CD8f on monocytes and M may be restricted

to rats.

T cells/dendrtic cells express CD8¢ in all mammals tested [200;200;263], whereas CD8a is
expressed by NK cells [201;205] and monocytes/ Mo [203] in humans and rats, but not mice
[207;208]. Similarly CD4 is expressed by human but not mouse macrophages [264]. Thus, the
expression of CD8 and CD4 on monocytes and macrophages occurs in humans and rats, but
apparently not mice. Distinct regulatory elements control expression of the human CD4 gene
in T cells/dendritic cells compared to Mo [265). Changes across species in Mo-specific CD4
and CD8 regulatory elements may enable CD4 and CD8 to be expressed on monocytes and

Mo only in rats and humans but not mice.
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Monocytes lack 34 kDa sialylated forms of CD8a compared to T cells. ‘The Mr difference
between 32 and 34 kDa forms of CD8a. may be due to glycosylation other than sialylation
[239] (Figure 2-5), or palmitoylation of CD8a. [266;267] at three eligible membrane-proximal

cysteines [268;269]. Monocytes and T cells may express different amounts or kinds of

glycosylation or palmitoylation enzymes that account for selective accumulation of 32 or 34
kDa CD8a. Differential glycosylation and palmitoylation of CD8a are known to enhance
or inhibit its ability to bind MHC class I and induce T cell activation[237;238;270;271].
Phosphorylation of CD8a, or oxidation of the free cysteine [272] in the CD8a Ig-domain
may cause the difference in pI of the forms of CD8a remaining after neuraminidase

treatment.

As anti-TCR mAb vary widely in their ability to induce T cell activation depending on the
epitope recognized [273], when others have used several anti-CD8x mAb were used to
examine CD8 binding to MHC class I or effect on CIL cytotoxicity some anti-CD8a mAb
had no effect, others significantly enhanced effects, and others substantially inhibited
[237;243]. Similarly, in our studies only certain anti-CD8a. mAb inhibited MHC class I

binding or activated monocytes. Others have found that anti-CD8 mAb segregate into those

that block MHC class I binding and those that affect cell activation [252]. Mirroring this,

anti-CD8a mAb used here segregate somewhat mto those that block MHC class I binding

(D9, B9.11), and those that induce monocyte activation (32-M4, D9).

Inhibition of MHC class I tetramer binding by T cells with anti-CD8« mAb requires co-

ordinate binding of TCR [237;238;243;274], except at one stage of mouse thymic selection
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when sialylation of CD88 allows non-cognate binding of CDS8 to tetramers in the absence of
TCR [238] through affinity or avidity enhancement. Our data suggests CD8a on monocytes
can, as occurs with CD8« on immature mouse thymic T cells, bind tetramers in a non-cognate
manner, ie., without TCR-peptide interactions. This suggests (a) CD8c on monocytes
independently binds MHC class I and has a higher affinity for MHC class I than CD8« on
blood T cells and T cell clones tested; (b) CD8 stabilizes the interaction of a receptor other
than TCR with MHC class I; or (c) CD8c binds MHC class I independently after the
"triggering" of CD8c avidity-enhancement through a receptor shanng signaling mechanisms
with TCR. CD8c:dependent tetramer binding found here likely does not involve "triggered"
binding, stimulated through a receptor sharing TCR signaling mechanisms because this
requires cytoskeletal re-organization [247), and in our studies cells were kept on ice with

sodium azide.

As CD8a enhancement of TNF production 1s inhibited by Fc fragments and does not occur
with monomeric anti-CD8o mAb, the ability of ant-CD8a mAb to enhance responses of
human monocytes appears to depend on co-engagement of FcR. Many of the components of
FcR and TCR signaling are conserved, homologous or interchangeable, such as Fcy and CD3¢
chain, ZAP-70 and Syk, or LAT. Fcy and CD3( are conserved ancestral duplicates [275;276]
that can substitute for each other in activation of ¥8 or a8 T cells [204;248;277]. In addition,
CD3¢ and Fey both function with FcR [278], NKp30, and NKp46 [279] in NK cells, and
FceRI in mast cells [280]. We previously demonstrated that CD8cx on rat Mo signals through
Syk and src tyrosine kinases [219;281;282]. In addition to its involvement in TCR signaling,

LAT has previously been shown to be involved in FcR-mediated signaling of human
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monocytes [254]. Here we demonstrate that CD8at enhances immune-complex-mediated
phosphorylation of LAT. Thus CD8 signaling on monocytes, likely with FcR, enhances LAT

phosphorylation, like CD8 signaling with TCR on T cells enhances LAT phosphorylation.

CD8 enhances T cell IL-2 production 2-9 fold when it does not bind the same MHC class I
that activates TCR [195-197]. In quantitative agreement, we found that co-ligation of FcR and
CD8 enhanced monocyte TNF release 3-fold. This suggests that CD8o can enhance
activation of monocytes or T cells independent of its co-receptor activity, defined as the ability
of CD8a to bind the same MHC class I molecule as its partnered receptor, such as TCR. If
this is the case, CD8a may be able to enhance responses of NK cells, dendnitic cells, mast

cells, monocytes and macrophages through receptors utilizing the y chain or CD3(, like FcR,

ILT1 [283], Nkp30 and Nkp46.

Our evidence suggests monocyte adhesion and responses instigated through immune-
complexes and FcR can be amplified by CD8c. Interestingly, in rats CD8c+ monocytes and
Mo are found at sites of tissue damage in immune-complex mediated glomerulonephritis
[215], arthnts [213], experimental allergic encephalomyelitis (a2 model of multiple sclerosis)
[284), and ischaemia-reperfusion injury [285]. TNF is an important mediator in many of these
diseases [217;218;286;287]. As monocyte CD8¢ interacts with MHC class I, and TNF
production is enhanced by immune-complex/CD8¢ activation, CD8c: on monocytes may
enhance TNF production in some autoimmune and acute inflammatory conditions
characterized by deposition of immune-complexes on MHC class I expressing tissues.  The

possible contribution of CD8+ monocytes to responses thought to be mediated by CD8+ T
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cells in rats and humans would be excluded from mouse models where monocytes and Mo do

not appear to express CD8.

In summary, we find that human monocytes express CD8a differentiable from that on T
cells by 2-D electrophoresis. We provide evidence that CD8o on monocytes amplifies pro-
inflammatory responses initiated through FcR, suggesting for the first time a co-activator role
for CD8 on cells without the TCR. This study suggests CD8ct on monocytes is potentially

culpable in the pathology of arthntis, ischemia, multiple sclerosis and other immune-

complex/FcR mediated diseases.
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2.5. Figure Legends

Figure 2-1. CD8a is detected by flow cytometry on cpu” monocytes from human
peripheral blood.

Anti-CD8c mAb bind monocytes by flow cytometry. (A) Monocytes were gated by
characteristic FSC/SSC scatter (left panel) and expression of high levels of CD14 (right panel).
(B) A population of lymphocytes, gated by characteristic FSC/SSC scatter, bind high levels of
anti-CD8a and anti-CD8B mAb. (C) Blood monocytes gated in (A) bind anti-CD8a mAb,
but not CD8B mAb. Monocytes enriched to greater than 99% did not contain CD8B mRNA.

Flow cytometry markers shown are identical for all antibodies of similar isotype within each
experiment (LT8, B9.11 are IgGl; others are IgG2a). M1, M2 denote designated markers.

Markers defining subpopulations of cells were generated to compare fluorescence associated
with the CD8a®™ populaﬁon versus isotype negative control (M2), and to determine the
percentage of monocytes apparently binding high levels of ant-CD8a mAb (M1). M2:
number is the geometric mean of fluorescence of cells within subpopulation marked
(WinMDI). M1: % is the percentage of cells within subpopulation M1 (apparent CD8o"

monocytes, subsequent investigation suggested this population is not monocytes, see text).
Results are representative of five experiments. (D) Blockade of Ig binding to CD64 with anti-
CD64 mAb does not markedly decrease binding of isotype mAb or anti-CD8a. mAb to

monocytes beyond that seen by blocking with 5% milk. Bracketed numbers are geometric

means of fluorescence of indicated peaks. (E). The monocytic cell line THP-1 is bound by
anti-CD8a mAb. B9.11 is representative of other anti-CD8a mAb (LTS8, 32-M4) and three

independent experiments.
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Figure 2-2. CD8a is detected by confocal microscopy on peripheral blood monocytes
and lymphocytes with several anti-CD8c:mAb.

(A) CD3-FITC and CD14-FITC bind PBMC in contrast to isotype control. (B-E) Anti-CD8a.
mAb binds monocytes and lymphocytes in contrast to isotype control. Isotype antubody (B, C
and anti-CD8a mAb B9.11 (D, E) were detected with anti-mouse Ig-Rhodamine Red (RR, red

channel, right panel). After incubation with normal mouse serum monocytes and lymphocytes

were labeled with antu-CD14-FITC (C, E)) or anti-CD3-FITC (B, D) shown in the green
channel, left panel. Results are representative of several anti-CD8a mAb (OKTS, 51.1, 32-

M4, Nu-Ts/c, and B9.11) in three experiments.

Figure 2-3. CD8a is detected by flow cytometry on AM from human bronchoalveolar
lavage.

Ant-CD8a mAb bound human AM from four of five consecutive patients. Shown are results
from a patient with pulmonary nodules and CD8a.+ AM. Markers defining populations of
cells are identical for all antibodies of similar isotype within each experiment (LT8 is IgG1;
others are IgG2a). Number X GM designates fold increase in geometric mean of
fluorescence of gated AM stained with anti-CD8c. mAb compared to appropriate isotype
mAb. Percentages represent proportion of CD8c+ AM calculated using markers (M1) shown.

AM were gated as described [288].

Figure 2-4. Human monocytes express CD8c: mRINA and CD8a protein.
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(A) Left, punfication of monocytes was confirmed by flow cytometry analysis. FSGSSC
scatter plot (left) and CD14 histogram (right) show a homogenous population of 99% CD14"
monocytes. Percentages of cells within gates are shown below. Right, purfication of

monocytes was also confirmed by attempting to detect the T and NK cell transcript, CD3¢, in
monocytes. RT-PCR for a 293 bp fragment of CD3{ mRNA was performed with 50 cycles of

amplification. CD3& mRNA was detected in PBMC, containing T cells, but not monocytes,
the monocytic line THP-1, or lung epithelial cells (A549) (B) A 379 bp CD8c mRNA fragment
was detected by RT-PCR in THP-1, >99% CD14" monocytes, PBMC, but not in a lung
epithelial cell line, (A549) using intron-spanning primers, and 35 cycles of cDNA amplification.
Detection of B-actin mRNA confirmed RNA extraction and RT-PCR was performed
successfully. Results are representative of four separate experiments. (C). Left, western blot
with ant-CD8c D9 detects a 32 kDa protein as expected for CD8« in THP-1, peripheral
blood lymphocytes, and thymus lysate, but not in the lung epithelial line A549 (CD8a: negative
control). Right, anti-CD8« mAb B9.11 detects a 32 kDa protein as expected for CD8c in
THP-1 and peripheral blood lymphocytes. Bottom, western blot with D9 detects CD8a at
indistinguishable molecular masses in THP-1, peripheral blood monocytes (>99%), GM-CSF
differentiated macrophages, PBMC, thymus, and a CIL clone. 1-1.5 x 10° cell equivalents

were loaded in each lane. Results are representative of four experiments.

Figure 2-5. Sialylated versions of CD8a at 32 and 34 kDa differentiate monocytes

and T cells.

Western blot with a polyclonal anti-CD8ct antibody after 2-D electrophoresis of ex ww

monocytes and lymphocytes. Cell lysates of lymphocytes and monocytes from one donor
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were separated by adherence, halved and treated (bottom panels) or not treated (top panels)
with neuraminidase before analysis. Results are representative of experiments with cells

from three donors.

Figure 2-6. CD8c: on human peripheral blood monocytes and rat AM binds MHC class

I.

(A). Binding of MHC class I tetramers to CDl4hi monocytes is partially blocked by anti-CD8c
mAb. Binding of 1.5 ug phycoerythrin labelled MHC class I tetramers to PBMC was
measured by flow cytometry. To inhibit tetramer binding cells were pretreated with 40 pg/mL
anti-CD8a mAb or isotype control for 30 min. Dark histogram is background fluorescence of

CD14" monocytes, light histogram represents binding of PE-labeled tetramers. (B) Bar graph

is pooled results of gated D14 monocytes from three different donors in separate
experiments. Inhibition of tetramer binding is expressed as a percent of binding (percent
decrease in mean fluorescence intensity) after treatment with anti-CD8c mAb compared to
matched isotype mAb (* p <0.05, non-paired t-test). (O). Adherence of NR8383 AM to plate-
bound MHC class I is enhanced by immunoglobulin and inhibited by ant-CD8a mAb.
NR8383 labeled with calcein-AM were allowed to adhere to MHC class I or BSA (open bars)
alone or in the presence of 20 ug/mlL isotype antibody (grey bars) or anti-CD8c« mAb R1-
10B5 (black bars). Results are pooled from three experiments. *: p <0.05 non-paired t-test, ns:

not significant, p >0.05.

Figure 2-7. CD8a enhances monocyte TNF release, LAT phosphorylation, maturation

and activation in a CD8a and Fc dependent manner.

107

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Monocytes were stimulated with immune-complexes, preformed with anti-CD8c mAb or
non-specific isotype mAb (10 ug/mL) cross-linked with anti-mouse Ig (20 pg/mL). (A)

TNF production was measured by intracellular flow cytometry after 5 h. Histograms are

representative results gated on D14 monocytes. The transition from a population of
monocytes producing mid-levels of TNF after stimulation with isotype immune-complexes,
to all monocytes producing high levels of TNF after CD8-immune-complex activation (32-
M4) can be observed. Monocytes were also treated with monomeric mAb, or excess Fc
fragment in some experiments to suggest the FcR-dependence of monocyte responses. Bar
graph represents average geometric mean of intracellular TNF detected in monocytes from
four separate experiments with different donors. Standard error of the mean is designated
by error bars. *: p<0.05 non-paired t-test. (B) TNF release from monocytes activated as in
(A) was measured at 18 h. Results are pooled from three donors, * p<0.05. (O
Phosphorylation of LAT Y132 is increased in a CD8a dependent manner. Left, intracellular
flow cytometry measurement of LAT phosphorylation. Bar graph quantifies increased
phosphorylation of LAT Y132 (LAT-P) compared to rabbit Ig control for each monocyte
treatment in four donors using the following calculation: Geometric mean (Gm) (Gm LAT-
P - Gm rabbit Ig among CD8a-IC activated cells) / (Gm LAT-P - Gm rabbit Ig among IC
activated cells) x 100. Error bars show standard error of the mean. * p<0.05. Right,
increased phosphorylation of LAT Y132 was confirmed by western blot detection of a 38
kDa band with anti-phospho-LAT-Y132 antibody. RT-PCR for LAT confirmed ability of
monocytes to express LAT. (D) Expression of CD14 and CD69 was measured on
monocytes activated for 18 h as in (A) to indicate their activation and maturation.
Monocytes were stained with CD14-FITC/CD69-PE (above) or IgG2a-FITC/IgG2a-PE

(below). Shown is a representative result. Numbers indicate percent cells above line-marker
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of CD69" expression. CD14" cells decrease and CD69™ cells increase after activation with
CD8o + immune-complex (32-M4 IC) versus immune-complex alone (IgG2a-1C). Bar
graphs (right) are pooled data from three donors. Percentage increase in CD69" cells was
measured as (%CD69" - % isotype control among CD8a. IC activated cells) / (%CD69" - %
1sotype control among isotype IC activated cells) x 100. Decrease in intensity of CD14
staining was measured as (geometric mean (GM) CD14 - GM isotype among CD8a IC

activated cells) / (GM CD14 - GM isotype IC among activated cells) x 100. * p <0.05.
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2.6. Figures
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Figure 2-1. CD8a is detected by flow cytometry on CD14hi
monocytes from human peripheral blood.
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Figure 2-2. CD8a is detected by confocal microscopy on peripheral
blood monocytes and lymphocytes with several anti-CD8x mAb

111

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



)
N

-M4 D9 34
XOM e :1.7><GM l'—-z‘

AN

-
[1e]

{

LT8
1.7x GM 31%

5
8
,,?’.ql Iﬂ."

2

CD8a >

Figure 23. CD8u« is detected by flow cytometry on AM from human
bronchoalveolar lavage.

112

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



e
i
i
H
LT

PG R a:’
Bt e, wort PE Mg
Spwcienen Maerw:  MuySAs
Tukow Narow: CO1APE vorms CD3¢
@:’5 m m b o | - 3
2 3 2 8
w LN 's) 8
-4
o
1]
v
o
(7]
&
B. C. 48 T
900 = W
800 sl
700 !
o WB: D3 WB: B9.11
* — a = — 0
400 bp 2 3 gz 3 5 oz
= 3 c - 3
CD8a 300 33 @ 3
o
200 § §
100 & B
49
35— e p— ——
kDa
& X P 2
(] - a .
2 WB: D9
,‘f\ =] = = g = O
% F 3 & %2 3 7
© D Q =
=2 - 3] .8 O g o
& > g S
. [ Q o
Figure 2-4. Human monocytes express CD8« ¥ b3
mRNA and CD8q: protein. 8

113

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Neuraminidase Lymphocytes Monocytes

’ -
1

| |
6 7 8 9 106 7 g 9 10

kDa

kDa

pl

Figure 2. Sialylated versions of CD8a at 32 and 34 kDa differentiate
monocytes and T celis.

114

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



. untreated lgG2a 32-M4
1 F
| -
» | ;\\ l!\
L" \ Lf.'._‘k_,. |
JLVU S— Y T,
oll- 19G2a 32-M4 D9
L @O H
c X i
o2 »
-1 e
E g AN B A Y VAN
Intracellular TNF  essmmmmamgs
* C.
B. o
£ 1500 ]
=11
&
%1000
o
[
L 500
=
= 41 [10] ha [
11 (] - E. a
I &% & 4
£ -
= immune complexes
IgG2a IC 32-M4 IC g
D. t [158% cosar | 24.7% coge+ 2120
! ) o
5100
g; s‘ 3 *EEi
2 o | [ P g
SN IS R A =
CD14-FITC > ]
] £ [ Y]
t B 28% isotype+|  0.30% isotype+ g
0
w s 3 3
a k=
S @ N ]
Q Y
21 ‘ ‘w ¥ L &

L
P
>

I362a-FITC

S 1600 -
T _ 1400
3c
8 §1200
Z E 1000
Lo 3
£%5 800
z § 600
T O 400
g 200 -
T 8388 3833
c o g & & > §
£
> immune complexes
Fc block
T30 ™
_JN
Qe
%:-. 20 -
5 £
ca
=810
8 s PBMC Monocytes
5 ANti-LAT Phospho-132
= [8) Q
£ = = 37 kDa
o o b3
; % N I9G2a 32-M4
immune complexes
300
+ *
o] 1
(7]
8
o 200
8
Q
g
= 100
[
Q
]
Q.
D
g & 2 3 8§ § ¥ 9
B X N =) 6 N
@ O o = o

Figure 2-7. CD8x enhances monocyte TNF release, LAT phosphorylation,
maturation and activation in a CD8a and Fc dependent manner.

115

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Literature Cited

[

. Ledbetter,J.A., Evans,R.L., Lipinski,M., Cunningham-Rundles,C., Good,R.A.,
and Herzenberg,L.A., Evolutionary conservation of surface molecules that
distinguish ‘T lymphocyte helper/inducer and cytotoxic/suppressor subpopulations in

mouse and man. J.Exp.Med 1981. 153: 310-323.

2. Norment,AM., Lonberg,N., Lacy,E., and Littman,D.R., Alteratively spliced
mRNA encodes a secreted form of human CD8 alpha. Characterization of the human

CD8 alpha gene. J.Immmd 1989. 142: 3312-3319.

3. Giblin,P., Ledbetter,J.A., and Kavathas,P., A secreted form of the human
lymphocyte cell surface molecule CD8 arses from alternative splicing.

Prac Natl Acad Sa.U.S.A 1989. 86: 998-1002.

4. Moebius,U., Kober,G., Griscelli,A.L., Hercend,T., and Meuer,S.C., Expression
of different CD8 isoforms on distinct human lymphocyte subpopulations.

Euwr] Immuendl 1991. 21: 1793-1800.

5. Barber,E.K., Dasgupta,].D., Schlossman,S.F., Trevillyan,J.M., and Rudd,CE.,
The CD4 and CD8 antigens are coupled to a protein-tyrosine kinase (p56lck) that

phosphorylates the CD3 complex. Proc Natl. A aad Sc.U.S.A 1989. 86: 3277-3281.

6. Bosselut,R., Zhang,W., Ashe,J.M., Kopacz,J.L., Samelson,L.E., and Singer,A.,

Association of the adaptor molecule LAT with CD4 and CD8 coreceptors identifies a

116

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



new coreceptor function in T cell receptor signal transduction. JExp.Med 1999. 190:

1517-1526.

7. Janeway,C.A., Jr., The T cell receptor as a multicomponent signalling machine:
CD4/CD8 coreceptors and CD45 in T cell activation. A e Revlmmumal. 1992. 10:645-

74.: 645-674.

8. MiceliM.C.,, von Hoegen,P., and Pames,].R., Adhesion versus coreceptor
function of CD4 and CD8: role of the cytoplasmic tail in coreceptor activity.

ProcNatl Aaad Sa.U.S.A. 1991. 88: 2623-2627.

9. Glaichenhaus,N., Shastri,N., Littman,D.R., and Tumer,J.M., Requirement for
association of p56lck with CD4 in antigen-specific signal transduction in T cells. Gdl

1991. 64: 511-520.

10. ThomeM., Duplay,P., Guttinger,M., and Acuto,O., Syk and ZAP-70 mediate
recruitment of p56lck/CD4 to the activated T cell receptor/CD3/zeta complex.

JExpMed 1995.1997-2006.

11. Thome,M., Germain,V., DiSanto,J.P., and Acuto,0O., The p56lck SH2 domain
mediates recruitment of CD8/p56lck to the activated T cell receptor/CD3/zeta

complex. Eur.].Irmmural 1996. 2093-2100.

12. WinkelLK., Sotzik,F., Vremec,D., Cameron,P.U., and Shortman,K., CD4 and

CD8 expression by human and mouse thymic dendritic cells. Irrrmaxd Lett. 1994. 93-99.

117

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13.

14.

15.

16.

17.

18.

Perussia,B., Fanning,V., and Trinchieri,G., A human NK and K cell subset shares
with cytotoxic T cells expression of the antigen recognized by antibody OKTS.

J Immund 1983. 131: 223-231.

Lin,T.J., Hifi,N., Nohara,O., Stenton,G.R., Gilchrist M., and Befus,A.D., Mast
cells express novel CD8 molecules that selectively modulate mediator secretion.

J Immunol 1998. 161: 6265-6272.

Hinji,N., Lin,T.J., and Befus,A.D., A novel CD8 molecule expressed by alveolar
and peritoneal macrophages stimulates nitric oxide production. J.Immumad 1997. 158:

1833-1840.

Krishnan,S., Warke,V.G., NambiarM.P., Tsokos,G.C., and Farber,D.L., The
FcR gamma subunit and Syk kinase replace the CD3 zeta-chain and ZAP-70 kinase in
the TCR signaling complex of human effector CD4 T cells. J.Inmenl. 2003. 170: 4189-

4195.

Kieffer,L.J., Bennett,J.A., Cunningham,A.C., Gladue,R.P., McNeish,].,
Kavathas,P.B., and Hanke,]J.H., Human CD8 alpha expression in NK cells but not

cytotoxic T cells of transgenic mice. Irt. Immunal 1996. 8: 1617-1626.

Baba,T., Ishizu,A., Iwasaki,S., Suzuki,A., Tomaru,U., Ikeda,H., Yoshiki,T.,
and Kasahara,M., CD4+/CD8+ macrophages infiltrating at inflammatory sites: a
population of monocytes/macrophages with a cytotoxic phenotype. Blood 2006. 107:

2004-2012.

118

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



19.

20.

21.

22.

23.

24,

Leon,B., Martinez,d.H., Pamillas,V., Vargas,H.H., Sanchez-Mateos,P.,
Longo,N., Lopez-Bravo,M., and Ardavin,C., Dendritic cell differentiation potential
of mouse monocytes: monocytes represent immediate precursors of CD8- and CD8+

splenic dendritic cells. Bload 2004. 103: 2668-2676.

Nault, G. Expression of CD8 on mouse alveolar macrophages. Thesis (M.Sc.). 2003.

Edmonton, Alberta, University of Alberta.

Liu,C.C,, Huang,K]J., Lin,Y.S., Yeh,T.M., Liu,H.S., and Lei,H.Y., Transient
CD4/(CD8 ratio inversion and aberrant immune activation during dengue virus

infection. [ Med Vird, 2002. 68: 241-252.

Vremec,D., Pooley,]., Hochrein,H., Wu,L., and Shortman,K., CD4 and CDS8
expression by dendnitic cell subtypes in mouse thymus and spleen. J.Jmmmal 2000. 164:

2978-2986.

Frazer,].H. and Mackay,I.R., A rapid micromethod for evaluating T cell subsets in

blood using monoclonal antisera. J.Inzmumol Methods 1983. 57: 137-144.

Bernhard,O.K., Cunningham,A.L., and SheilM.M., Analysis of proteins
copurifying with the CD4/Ick complex using one-dimensional polyacrylamide gel
electrophoresis and mass spectrometry: comparison with affinity-tag based protein
detection and evaluation of different solubilization methods. J.AmSacMass Spearom

2004. 15: 558-567.

119

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



25.

26.

27.

28.

29.

30.

May,E., Dorris,M.L., Satumtira,N., Igbal,l., RehmanM.I., Lightfoot,E., and
Taurog,].D., CD8 alpha beta T cells are not essential to the pathogenesis of arthritis

or colitis in HLA-B27 transgenic rats. J./rmmenl 2003. 170: 1099-1105.

Reynolds,]., Norgan,V.A., Bhambra,U., Smith,]., Cook,H.T., and Pusey,C.D.,
Ant-CD8 monoclonal antibody therapy is effective in the prevention and treatment of

experimental autoimmune glomerulonephritis. J.A mSoc Nephral. 2002. 13: 359-369.

Tam,F.W., Smith,J., Morel,D., Karkar,A.M., Thompson,E.M., Cook,H.T., and
Pusey,C.D., Development of scarring and renal failure in a rat model of crescentic

glomerulonephritis. Nephrol. Dial. Trarsplarz. 1999. 14: 1658-1666.

Kollnberger,S., Bird,L.A., Roddis,M., Hacquard-Bouder,C., Kubagawa,H.,
Bodmer,H.C., Breban,M., McMichael,A.J., and Bowness,P., HLA-B27 heavy
chain homodimers are expressed in HLA-B27 transgenic rodent models of
spondyloarthnitis and are ligands for paired Ig-like receptors. J.Immmd 2004. 173:

1699-1710.

Karkar,A.M., Smith,]., and Pusey,C.D., Prevention and treatment of experimental
crescentic  glomerulonephnitis by blocking tumour necrosis factor-alpha.

Nephrol. Dial. Trarsplant. 2001. 16: 518-524.

Braun,]., Brandt., Listing,]., Zink,A., Alten,R., Golder,W., Gromnica-Ihle,E.,

Kellner,H., Krause,A., Schneider,M., Sorensen,H., Zeidler,H., Thriene,W., and

120

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



31

32.

33.

34,

35.

Sieper,]., Treatment of active ankylosing spondylitis with infliximab: a randomised

controlled multicentre tral. Laneet 2002. 359: 1187-1193.

Higi,N., Lin,T J., Bissonnette,E., Belosevic,M., and Befus,A.D., Mechanisms of
macrophage stimulation through CD8: macrophage CD8alpha and CD8beta induce
nitric oxide production and associated killing of the parasite Leishmania major.

J Immunol 1998. 160: 6004-6011.

Gao,G.F. and Jakobsen,B.K., Molecular interactions of coreceptor CD8 and MHC
class I: the molecular basis for functional coordination with the T-cell receptor.

Immundl Todzy 2000. 21: 630-636.

Bonnotte,B., Larmonier,N., Favre,N., Fromentin,A., MoutetM., Martin M.,
Gurbuxani,S., Solary,E., Chauffert,B., and Martin,F., Identification of tumor-
infiltrating macrophages as the killers of tumor cells after immunization in a rat model

system. J.Inymundl. 2001. 167: 5077-5083.

Kootte,A.M., Langelaar,R.A., Tanke,H.]., Van der Voort,E.A., and Paul,L.C,,
Comparison of the staining of peripheral blood T lymphocytes by various anti-CD8

and HLA-DR monoclonal antibodies. J.Inmmamal Methods 1988. 111: 75-82.
Tsuchiya,S., Yamabe,M., Yamaguchi,Y., Kobayashi,Y., Konno,T., and Tada,K.,

Establishment and characterization of a human acute monocytic leukemia cell line

(THP-1). Int.]. Cancer. 1980. 26: 171-176.

121

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



36.

37.

38.

39.

40Q.

41.

42.

Paulnock,D.M., Macrophages: Practical Approach. 2000. Oxford University Press:
Oxford, UK.

Dougherty,GJ., Selvendran,Y., Murdoch,S., Palmer,D.G., and Hogg,N., The
human mononuclear phagocyte high-affinity Fc receptor, FcRI, defined by a

monoclonal antibody, 10.1. Eur.J.Immuen 1987. 17: 1453-1459.

Chan,B.M., McNeill,K., and Froese,A., Factor-independent tissue cultured mast

cells: establishment from rat peritoneal mast cells. Inmae. Letr. 1988. 18: 37-42.

Helmke,R.]., German,V.F., and Mangos,J.A., A continuous alveolar macrophage
cell line: comparisons with freshly derived alveolar macrophages. In Vitro Gdl DeuBid.

1989. 25: 44-48.

Grage-Griebenow,E., ' Flad,H.D., and Emst,M., Heterogeneity of human

penipheral blood monocyte subsets. J.Lexkoc Bial. 2001. 69: 11-20.

Devine,L., Kieffer,L.]., Aitken,V., and Kavathas,P.B., Human CDS$ beta, but not
mouse CD8 beta, can be expressed in the absence of CD8 alpha as a beta beta
homodimer. J.Jmmunal 2000. 833-838.

Ravetch,].V. and Bolland,S., IgG Fc receptors. A Reulnmud. 2001, 19:275-90.:

275-290.

122

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



43.

44,

45.

46.

47.

48.

LubeckM.D., Steplewski,Z., Baglia,F., KleinM.H., Dorrington,KJ., and
Koprowski,H., The interaction of murne IgG subclass proteins with human

monocyte Fc receptors. J.Inmua. 1985. 135: 1299-1304.

LubeckM.D., Steplewski,Z., Baglia,F., Klein,M.H., Dorrington,K.J., and
Koprowski,H., The interaction of murine IgG subclass proteins with human

monocyte Fc receptors. J.Immmd. 1985. 135: 1299-1304.

Jones,D.H., Looney,R.J., and Anderson,C.L., Two distinct classes of IgG Fc
receptors on a human monocyte line (U937) defined by differences in binding of

murine IgG subclasses at low ionic strength. J.Inmea 1985. 135: 3348-3353.

Spaggiari,G.M., Contini,P., Carosio,R., ArvigoM., GhioM., Oddone,D.,
Dondero,A., ZocchiM.R., Puppo,F., Indiveri,F., and Poggi,A., Soluble HLA
class I molecules induce natural killer cell apoptosis through the engagement of CD8:
evidence for a negative regulation exerted by members of the inhibitory receptor

superfamily. Blood 2002. 99: 1706-1714.

Saha K., Sova,P., Chao,W., Chess,L., and Volsky,D.]., Generation of CD4+ and
CD8+ T-cell clones from PBLs of HIV-1 infected subjects using herpesvirus saimiri.

Nat Med 1996. 2: 1272-1275.

Wu,W., Hadey,P.H., PuntJ.A., Sharrow,S.0., and Kearse,K.P., Identification of
CD8 as a peanut agglutinin (PNA) receptor molecule on immature thymocytes.

J-Exp.Med 1996. 184: 759-764.

123

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



49.

50.

51.

52.

53.

54.

Daniels,M.A., Devine,L., Miller,].D., Moser,].M., Lukacher,A.E., Altman,].D.,
Kavathas,P., Hogquist,K.A., and Jameson,S.C., CD8 binding to MHC class I
molecules is influenced by T cell maturation and glycosylation. Immemty 2001. 15:

1051-1061.

Moody,AM., Chui,D., Reche,P.A., Priatel,J.J., Marth,].D., and Reinherz,E.L.,
Developmentally regulated glycosylation of the CD8alphabeta coreceptor stalk

modulates ligand binding. G2/ 2001. 107: 501-512.

Snow,P.M., Keizer,G., Coligan,].E., and Terhorst,C., Punfication and N-terminal
amino acid sequence of the human T cell surface antigen 'T8. J.Immed 1984. 133

2058-2066.

Snow,P., Spits,H., De Vries,]., and Terhorst,C., Comparison of target antigens of
monoclonal reagents OK'T5, OK'T8, and Leu2A, which inhibit effector function of

human cytotoxic T lymphocytes. Hybridoma. 1983. 2: 187-199.

Torres-NagelLN., Kraus,E., BrownM.H., Tiefenthaler,G,, MitnachtR.,
Williams,A.F., and Hunig,T., Differential thymus dependence of rat CD8 isoform

expression. EurJ Immundl 1992. 22: 2841-2848.

Bosselut,R., Kubo,S., Guinter,T., Kopacz,.L., Altman,]J.D., Feigenbaum,L.,
and Singer,A., Role of CD8beta domains in CD8 coreceptor function: importance
for MHC I binding, signaling, and positive selection of CD8+ T cells in the thymus.

Inmmeeraty. 2000. 409-418.

124

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



55.

56.

57.

58.

59.

60.

Campanelli,R., Palermo,B., Garbelli,S., Mantovani,S., Lucchi,P., Necker,A.,
Lantelme,E., and Giachino,C., Human CD8 co-receptor is strictly involved in

MHGC peptide tetramer-TCR binding and T cell activation. Irzt.[mmundl 2002. 14: 39-44.

Pittet,M.]., Rubio-Godoy,V., Bioley,G., Guillaume,P., Batard,P., Speiser,D.,
Luescher,]., Cerottini,].C., Romero,P., and Zippelius,A., Alpha 3 domain mutants
of peptide/MHC class I multimers allow the selective isolation of high avidity tumor-

reactive CD8 T cells. J.Immuendl 2003. 171: 1844-1849.

Colonna,M., Samaridis,]., Cella,M., Angman,L., Allen,R.L., O'Callaghan,C.A,,
Dunbar,R., Ogg,G.S., Cerundolo,V., and Rolink,A., Human myelomonocytic cells
express an inhibitory receptor for classical and nonclassical MHC class I molecules.

J-Immunal 1998. 160: 3096-3100.

Chapman,T.L., Heikema,A.P., West,AP., Jr., and BjorkmanP.J., Crystal
structure and ligand binding properties of the D1D2 region of the inhibitory receptor

LIR-1 (ILT2). Immeenty. 2000. 13: 727-736.

O'Rourke,AM., Apgar].R.,, Kane,KP., Martz,E., and MescherM.F.,
Cytoskeletal function in CD8- and T cell receptor-mediated interaction of cytotoxic T

lymphocytes with class I protein. J.Exp.Med 1991. 173: 241-249.

Rodewald,H.R., Arulanandam,A.R., Koyasu,S., and Reinherz,E.L., The high

affinity Fc epsilon receptor gamma subunit (Fc epsilon RI gamma) facilitates T cell

125

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



61.

62.

63.

64.

65.

receptor expression and antigen/ major histocompatibility complex-driven signaling in

the absence of CD3 zeta and CD3 eta. J.Bid. Gbem 1991. 266: 15974-15978.

Pichler,W.J., Wolff-Vorbeck,G., Birke,C., Rieber,P.,, and Peter,H.H.,

Comparison of the inhibitory activity of seven anti-T8 antibodies on specific cellular

cytotoxicity. Imrmunobidogy 1984. 167: 376-388.

Biddison,W.E., Rao,P.E., Talle M.A., Boselli, CM., and Goldstein,G., Distinct
epitopes on the T8 molecule are differentially involved in cytotoxic T cell function.

HumInmuwd 1984. 9: 117-130.

Van Seventer,G.A., Van Lier,R.A., Spits,H., Ivanyi,P., and Melief,C.J., Evidence
for a regulatory role of the T8 (CD8) antigen in antigen-specific and ant-T3-(CD3)-
induced lytic activity of allospecific cytotoxic T lymphocyte clones. E ur:]. Il 1986.

16: 1363-1371.

Eichmann,K., Ehrfeld,A., Falk,I., Goebel,H., Kupsch,]J., Reimann,A., Zgaga-
Griesz,A., Saizawa,K.M., Yachelini,P., and Tomonari,K., Affinity enhancement
and transmembrane signaling are associated with distinct epitopes on the CD8 alpha

beta heterodimer. J.Immund. 1991. 147: 2075-2081.

Ravetch,].V. and Bolland,S., IgG Fc receptors. A . Reulnmunad 2001. 19: 275-290.

126

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



66.

67.

68.

69.

70.

71.

72.

Tridandapani,S., Lyden,T.W., SmithJ.L., Carter,]J.E., Coggeshall,KM., and
Anderson,CL., The adapter protein LAT enhances fcgamma receptor-mediated

signal transduction in myeloid cells. J. Bial Qhern 2000. 275: 20480-20487.

Rivera,]., NTAL/LAB and LAT: a balancing act in mast-cell activation and function.

Trends Immmuendl, 2005. 26: 119-122.

Paz,P.E., Wang,S., Clarke,H., Lu,X., Stokoe,D., and Abo,A., Mapping the Zap-
70 phosphorylation sites on LAT (linker for activation of T cells) required for
recruitment and activation of signalling proteins in T cells. Biodhe]. 2001. 356: 461-

471.

LinJ. and Weiss,A., Identification of the minimal tyrosine residues required for

linker for activation of T cell function. . Bid. Ohern 2001. 276: 29588-29595.

van der Merwe,P.A., Do T cell receptors do it alone? Nat.Inmumd. 2002. 3: 1122-

1123.

Teppler,H., Lee,S.H., Rieber,E.P., and Gordon,S., Murine immunoglobulin G
anti-CD4 monoclonal antibodies bind to primary human monocytes and macrophages

through Fc receptors as well as authentic CD4. AIDS 1990. 4: 627-632.

Fridlender,Z.G., Rabinowitz,R., and Schlesinger,M., Monocytes confer CD14

antigenicity on activated lymphocytes. Hum Immumdl. 1999. 60: 1028-1038.

127

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



73.

74.

75.

76.

77.

78.

79.

Tartakovsky,B., Fried M., Bleiberg,M., Tumer,D., HoffmanM., and YustI,,
An intracellular antigen that reacts with MO2, a monoclonal antbody to CD14, is

expressed by human lymphocytes. Immund. Lett. 2003. 85: 35-40.

Straube,F. and Herrmann,T., Differential modulation of CD8beta by rat

gammadelta and alphabeta T cells after activation. Immmology 2001. 104: 252-258.

de 1a,M.M.,, Riera,CM., and Iribarren,P., Identification of a CD8alpha(+) dendnitic
cell subpopulation in rat spleen and evaluation of its OX-62 expression. Clin.Inmal.

2001. 101: 371-378.

Crocker,P.R., Jefferies,W.A., Clark,S.J., Chung,L.P., and Gordon,S., Species
heterogeneity in macrophage expression of the CD4 antigen. J.Exp.Med 1987. 166:

613-618.

Hanna,Z., Rebai,N., Poudrier,]., and Jolicoeur,P., Distinct regulatory elements are
required for faithful expression of human CD4 in T cells, macrophages, and dendritic

cells of transgenic mice. Bload 2001. 98: 2275-2278.

Pascale M.C., Malagolini,N., Serafini-Cessi,F., Migliaccio,G., Leone,A., and
Bonatti,S., Biosynthesis and oligosaccharide structure of human CD8 glycoprotein

expressed in a rat epithelial cell line. /. Biol Chem 1992. 267: 9940-9947.

Fragoso,R., Ren,D., Zhang,X., SuM.W., Burakoff,S.J., and Jin,Y.]J., Lipid raft

distribution of CD4 depends on its palmitoylation and association with Lck, and

128

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



evidence for CD4-induced lipid raft aggregation as an additional mechanism to

enhance CD3 signaling. J.Immund. 2003. 170: 913-921.

80. ten Brinke,A., Vaandrager,A.B., HaagsmanH.P., Ridder,AN., van
Golde,L. M., and Batenburg,].J., Structural requirements for palmitoylation of

surfactant protein C precursor. Biodbern]. 2002. 361: 663-671.

81. Schweizer,A.,, Rohrer]., and Komfeld,S., Determination of the structural

requirements for palmitoylation of p63. J.Bid. Ghem 1995. 270: 9638-9644.

82. Arcaro,A., Gregoire,C.,, Bakker,T.R., BaldiL., JordanM., Goffin,L.,
Boucheron,N., Wurm,F., van der Merwe,P.A., Malissen,B., and Luescher,l.F.,
CD8beta endows CD8 with efficient coreceptor function by coupling T cell
receptor/CD3 to raft-associated CD8/p56(lck) complexes. JExpMed 2001. 194:

1485-1495.

83. Arcaro,A., Gregoire,C., Boucheron,N., Stotz,S., Palmer,E., Malissen,B., and
Luescher,.F., Essential role of CD8 palmitoylation in CD8 coreceptor function.

J Immunal 2000. 165: 2068-2076.

84. Wagner,E., Luche,S., Penna L., ChevalletM., Van Dorsselaer,A., Leize-
Wagner,E., and Rabilloud,T., A method for detection of overoxidation of cysteines:
peroxiredoxins are oxidized in vivo at the active-site cysteine during oxidative stress.

Biodsem]. 2002. 366: 777-785.

129

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



85.

86.

87.

88.

89.

90.

Rojo,J.M. and Janeway,C.A., Jr., The biologic activity of anti-T cell receptor V
region monoclonal antibodies is determined by the epitope recognized. J.Immuma.

1988. 140: 1081-1088.

Guillaume,P., Legler,D.F., Boucheron,N., Doucey,M.A., Cerottini,J.C., and
Luescher,I.F., Soluble major histocompatibility complex- peptide octamers with
impaired CD8 binding selectively induce FAS-dependent apoptosis. J.Bial Chem 2002.

278: 4500-4509.

Ra,C., Jouvin,M.H., Blank,U., and Kinet,].P., A macrophage Fc gamma receptor
and the mast cell receptor for IgE share an identical subunit. Natwre 1989. 341: 752-

754.

Kuster,H., Thompson,H., and Kinet,].P., Characterization and expression of the
gene for the human Fc receptor gamma subunit. Definition of a new gene family.

J.Bidl. Chem 1990. 265: 6448-6452.

Qian,D., Speding,A.L., Lancki,D.W., Tatsumi,Y., Barrett,T.A., Bluestone,].A.,,
and Fitch,F.W., The gamma chain of the high-affinity receptor for IgE is a major
functional subunit of the T-cell antigen receptor complex in gamma delta T

lymphocytes. Proc NatlAcad Sa.U.S.A. 1993. 90: 11875-11879.

Lanier,L.L., Yu,G., and Phillips,].H., Co-association of CD3 zeta with a receptor

(CD16) for IgG Fc on human natural killer cells. Natzre 1989. 342: 803-805.

130

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



91

92.

93.

94.

95.

96.

Moretta,A., Bottino,C., Vitale M., Pende,D., Cantoni,C.,, Mingan,M.C,
Biassoni,R., and Moretta,L., Activating receptors and coreceptors involved in

human natural killer cell-mediated cytolysis. At Reulmmumd. 2001. 19: 197-223.

Howard,F.D., Rodewald,H.R., Kinet,J.P., and Reinherz,E.L., CD3 zeta subunit
can substitute for the gamma subunit of Fc epsilon receptor type I in assembly and
functional expression of the high-affinity IgE receptor: evidence for interreceptor

complementation. Proc Natl. Aaad Sa. U.S.A. 1990. 87: 7015-7019.

Barrett,T.A., Gajewski,T.F., Danielpour,D., Chang,E.B., Beagley,K.W., and
Bluestone,].A., Differential function of intestinal intraepithelial lymphocyte subsets.

J Immunol 1992, 149: 1124-1130.

Lin,T.J., Higi,N., Stenton,G.R., GilchristM., Grill,B.]J., Schreiber,A.D., and
Befus,A.D., Activation of macrophage CD8: pharmacological studies of TNF and IL-

1 beta production. J.Immmal 2000. 164: 1783-1792.

Willcox,B.E., Thomas,L.M., Chapman,T.L., Heikema,A.P., West,A.P., Jr., and
Bjorkman,P.J., Crystal structure of LIR-2 (ILT4) at 1.8 A: differences from LIR-1
(ILT2) in regions implicated in the binding of the Human Cytomegalovirus class I

MHC homolog UL18. BMC St Bidl, 2002. 2: 6.

Schroeter,M., Stoll,G., Weissert,R., Hartung,H.P., Lassmann,H., and Jander.S.,
CD8+ phagocyte recruitment in rat experimental autoimmune encephalomyelitis:

association with inflammatory tissue destruction. AmJ.Pathd. 2003. 163: 1517-1524.

131

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



97. Schroeter,M., Jander,S., Huitinga,l., and Stoll,G., CD8+ phagocytes in focal
ischemia of the rat brain: predominant orgin from hematogenous macrophages and

targeting to areas of pannecrosis. Adz Neurgpathd.(Berl) 2001. 101: 440-448.

98. Wang,X., Feuerstein,G.Z., Xu,L., Wang,H., Schumacher,W.A., Ogletree M.L.,
Taub,R., Duan,J.J., Decicco,C.P., and Liu,R.Q., Inhibition of tumor necrosis
factor-alpha-converting enzyme by a selective antagonist protects brain from focal

ischemic injury in rats. Mol. Pharmacdl. 2004, 65: 890-896.

99. Klinkert,W.E., Kojima,K., Lesslauer,W., Rinner,W¥., LassmannH., and
Wekerle,H., TNF-alpha receptor fusion protein prevents experimental auto-immune
encephalomyelitis and demyelination in Lewis rats: an overview. J. Nexrommund. 1997.

72: 163-168.

100. ViksmanM.Y., LiuM.C,, Schleimer,R.P., and Bochner,B.S., Application of a
flow cytometric method using autofluorescence and a tandem fluorescent dye to
analyze human alveolar macrophage surface markers. J./mmanl Mehods 1994. 172: 17-

24,

132

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3. ANTI-CD8a MONOCLONAL ANTIBODY D9 BINDS CD8a ON HUMAN

MONOCYTES AND T CELLS FROM PATHOPHYSIOLOGICAL LUNG BUT

NOT BLOOD T CELLS

Derrick J. Gibbings, Yokanath Sekar, Marcus C.Y. Ng, Neil M. Skjodt, Eric Wong, and A.

Dean Befus

From the Pulmonary Research Group, Department of Medicine, University of Alberta

Edmonton, Alberta, Canada

Abbreviations used: TCR (T cell receptor), FcR (receptor immunoglobulin Fc), BAL
(bronchoalveolar lavage), Mr (molecular mass), PBMC (peripheral blood mononuclear cells),
pl (isoelectric point), FBS (fetal bovine serum), ConA (concanavalinA), PHA
(phytohaemagglutinin), SDS (sodium dodecyl sulfate), ARDS (acute respiratory distress
syndrome), LAT (Linker for Activation of T cells)

Address for Correspondence: A. Dean Befus, 550B Hentage Medical Research Centre,
University of Alberta, Edmonton, Alberta, Canada T6G 252, Telephone: (780) 492-5014,

Facsimile: (780) 492-5329, email: dean.befus@ualberta.ca

Keywords: CD8a / structure / associations / T cell / monocyte / bronchoalveolar lavage /

human / MHC class I / F1 ATP synthase / ATPase

133

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


mailto:dean.befus@ualberta.ca

3.1 Introduction

CD8a is expressed by T cells, dendritic cells, and in certain species (human and rat, but not
mouse) NK cells [1-3] monocytes (DG, submitted) [4;5] and macrophages [5-9]. CD8a. binds
MHC class I and on T cells CD8a enhances cytotoxic T cell responses mediated by TCR
(reviewed in [10)). On monocytes CD8a appears to co-operatively enhance monocyte
responses mediated through FcyR (DG, submitted). Monocyte TNF release and
phosphorylation of linker for activation of T cells (LAT) instigated by immune complexes was
amplified by co-stimulation through CD8c.. Interestingly, the presence of human or rat

CD8(+ve) monocytes/ macrophages also associates with pathology of immune complex-
mediated diseases in some of the following models: ischemia [11], glomerulonephnts [12],

experimental allergic encephalomyelitis [13], allograft rejection [4], and dengue fever[14].

While several studies have previously noted that some anti-CD8a. mAb bind selectuvely to T
cells, thymocytes [15], macrophages [16], and potentially NK cells [17], none of these studies
have pursued the reason behind binding of certain anti-CD8a mAb to some but not all

CD8(+ve) cell types.

We find that ant-CD8a mAb D9 binds human monocytes and T cells from

bronchoalveolar lavage (BAL) from 25% of pathological samples tested, but not blood T cells.
Our data suggests many of the known changes in CD8, such as hetero vs. homodimenzation

and sialylation, do not affect binding of D9. While it is unclear why D9 binds monocytes but

not T cells from blood, one remaining interpretation is a structural change in CD8o.
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3.2. Materials and Methods
3.2.1. Antibodzes
Isotype control antibodies were mouse IgG, and IgG,, (Sigma, St. Louis, MO), IgG,,-FITC,
-PE, and -biotin were from Caltag (Burlingame, CA). Anti-CD8c mAb used were: D9 and
32-M4 (Santa Cruz, CA), LT8 (Serotec, Raleigh, NC), B9.11 (Beckman-Coulter Canada Inc.,
Mississauga, ON), and Nu-Ts/c (Nicherei Corp., Tokyo, Japan), and 51.1 (gift of Dr. D.
Burshtyn, University of Alberta). Ant-CD8c mAb OKT8 was purified from hybridoma
supernatant by protein G affinity chromatography. Anti-CD14-PE, ant-CD14-FITC. Anu-

F1 ATP synthase B subunit mAb was obtained from Mitosciences (Eugene, OR).

3.2.2. Cdll rearery and clture
The promonocytic cell line THP-1 was maintained in media as recommended by American
Type Culture Collecion (RPMI 1640 medium, 2 mM L-glutamine, 1.5 g/L sodium
bicarbonate, 4.5 g/L glucose, 10 mM HEPES, 1.0 mM sodium pyruvate 0.05 mM 2-

mercaptoethanol, and 10% fetal bovine serum [FBS]).

Human blood was collected into heparinized tubes. Red blood cells were sedimented by
addition of 7 mL 6% dextran (Sigma) in RPMI 1640 (0.5 h, room temperature). White blood
cells and plasma were underlayed with Ficoll-Paque Plus (Amersham Biosciences, Oakville,
ON, Canada) and centrifuged (room temperature, 25 min, 200 g) without brake. The interface

layer was removed and washed three times in PBS to obtain peripheral blood mononuclear

cells (PBMO).
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Lymphocytes and monocytes were separated from PBMC in some experiments. A CD14
positive selection kit and a handheld magnetic system (StemCell, Vancouver, BC) were used to

enrich monocytes. Lymphocytes were enriched by depletion of cells adherent to tissue culture

flasks (1 b, 37 O).

Human bronchoalveolar lavage (BAL) cells were collected at the University of Alberta
Hospital by Drs. Wong and Skjodt with standard institutional consent allowing research use of
samples from outpatients (12) or intensive care unit patients (5) undergoing diagnostic
bronchoscopy. Patients with known diagnoses of HIV, HCV, or infection with organisms
requiring containment above level 2 facilities were excluded. BAL samples were taken from
radiographically identified disease lung subsegments. The flexible fibreoptic bronchoscope was
wedged into the target subsegment with instillation of sterile preservative free saline (Baxter) in
two or more 30 ml aliquots. With the injection of each aliqout bronchial blanching confirmed
proper technique. A small portion of each clinical sample was aseptically split for immediate
processing. Human thymus was a kind gift of Dr. John Elliott (University of Alberta). Thym
were obtained from discarded material following cardiac surgery. Ethics approval for all
human material was granted by the University of Alberta/Capital Health Research Ethics
Board.

3.2.3. Flowoyometry
Cells were kept on ice (4 O throughout experiments. Non-specific mAb binding to cells was
minimized with 5% milk, 0.1% bovine serum albumin (BSA) in PBS or with human Ig

(50pug/mL, Bethyl Laboratories Inc., Montgomery, TX). Concentrations used were: anti-

CD8o mAb (10 pg/ml), anti-mouse Ig-FITC Ab (1/100, STARY0, Serotec), anti-mouse Ig-
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tricolor (1/30, Caltag), and anti-CD14-FITC (1/50), Caltag). CellQuest (BD Biosciences) and

WinMDI software was used to analyse data.

3.2.4. T &l proliferation and nevraniradase treatrent

PBMC partially depleted of monocytes by adherence to plastic (1 h, 37 C) were sumulated for 20
h with phytohaemagglutinin (PHA), concanavalin A (ConA), CD3, or CD3 and CD28 (0.1-10
pg/ml). Ant-CD3 (OKT3, 10 pg/mlL) and anti-CD28 (BD Biosciences, 2 ug/ml) mAb were
attached to 96 well plate wells by incubation for 2 h at room temperature. In some experiments
PBMC (10//mL) were treated or untreated with 100 mU/mL of Cosmidium peyfringens
neuraminidase (Sigma) in PBS (pH 7.0) with 1 mM Cad, for 1 h (37 C, 5% QO,). Removal of
sialic acid was confirmed by comparing untreated and treated cells for aggregation induced by the
sialic acid specific lectin from Sanbucss migra (Calbiochem, San Diego, CA). Thereafter cells were
kept on ice in the presence of sodium azide (0.02%) and reactivity of ant-CD8c mAb was

analyzed by flow cytometry.

3.2.5. Monodonal artibody affinity dmomatography
OKT8 mAb at 5-10 mg/mL in 0.1 M HEPES pH 7.5 was coupled to pre-washed N-

hydroxysuccinimidyl-activated agarose beads (Sigma) at 4 C for 1 h. Remaining active sites were
blocked by incubating with 0.1 mL 1 M ethanolamine pH 8 at 4 C for 1 h. Human thymus was
dissociated on metal mesh in cold PBS and passed through a 40 uM sieve (Fisher Scientific Ltd.,
Nepean, ON, Canada). Thymic cells were lysed with 1% triton X-100 in PBS with complete mini
anti-protease cocktail tablets (Roche Applied Science, Laval, PQ, Canada). Supernatant remaining
after 1000 g, 12,000 g, and 100,000 g centrifugations was loaded on columns. Columns were

washed with 30 volumes lysis buffer, 20 volumes 10 mM Tris 0.5% triton X-100 300 mM NaCl
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pH 8, 20 volumes 10 mM sodium phosphate 0.5% triton X-100 450 mM NaCl pH 10, and eluted
with 0.05 M diethylamine 0.5% triton X-100 650 mM Na(l pH 11.5. Fractions of 1.5 mL were

collected into 50 uL 1 M Tris HO pH 6.7.

3.2.6. 2-D dlectrophoresis

THP-1 whole cell lysate was prepared in 2% triton X-100, 2% CHAPS, 10% isopropanol, 12.5%
isobutanol, 5% glycerol, 5 M urea, 2 M thiourea, 1% tributyl phosphate (Bio-Rad Laboratories,
Hercules, CA), and 2% carrier pI 3-10 ampholytes (Bio-Rad). Lymphocyte and monocyte lysates
were prepared using the 2-D cleanup kit (Bio-Rad) and resuspended in IPG strip rehydration
buffer (Bio-Rad) with 2% carmer pI 3-10 ampholytes (Bio-Rad) for analysis.  Affinity
chromatography fractions were precipitated in 10% TCA (30 min, 4 O), centrifuged (12 000 g, 5
min), and washed 2 times in acetone (-20 O), before resuspension in rehydration buffer (Bio-Rad)
for 2-D electrophoresis. Lysates were focused on 7 cm pl 3-10 strips (Bio-Rad), at voltage
maximums of 50 V 10 min, 250 V 30 min, 750 V 1 h, and 8 000 V for 13 000 V h. Strips were
equilibrated, reduced, and treated with iodoacetamide according to supplier directions (Bio-Rad)

before running second dimension.

3.2.7. MALDI-QTOF
Bands were excised and an automated in-gel tryptic digestion was performed on a Mass Prep
Station (Water, USA). The gel pieces were de-stained, reduced (DTT), alkylated (Iodoacetamide),
digested with trypsin (Promega Sequencing Grade Modified) and the resulting peptides extracted
from the gel and analyzed via LC/MS/MS. LC/MS/MS was performed on a CapLC HPLC
(Waters, USA) coupled with a Q-ToF-2 mass spectrometer (Waters, USA). Tryptic peptides were

separated using a linear water/acetonitrile gradient (0.2% Formic acid) on a Picofrit reversed-phase
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capillary column, (5 micron BioBasic C18, 300 Angstrom pore size, 75 micron ID x 10 cm, 15
micron tip) (New Objectives, MA,USA), with an in-line PepMap column (C18, 300 micron ID x 5
mm), (LC Packings, CA, USA) used as a loading/desalting column. Protein identification from the
generated MS/MS data was done searching the NCBI non-redundant database using Mascot
Daemon (Matrix Science, UK). Search parameters included carbamidomethylation of cysteine,

possible oxidation of methionine and one missed cleavage per peptide.

3.2.8. Purifuation of Mitodhondiria

Crude mitochondrial fractions were prepared by lysing THP-1 cells with 1% triton X-100
(Sigma) in PBS with Protease Arrest Cocktail (Genotech, St. Louis, MO) for 20 min (4 O). Lysate
was centrifuged at 1000 g for 10 min. Retrieved supernatant was centrifuged at 12 000 g for 10
min. Pelleted crude mitochondrial fraction was washed once. Pure mitochondrial fractions were
prepared as previously described [18]. Briefly, cells in 10 mM Na(, 1.5 mM Mg(,, 10 mM Tris-
HA pH 7.5 were left for 5 min on ice and homogenized with a Potter-Elvehjem homogenizer.
Sucrose was added to 250 mM using 2 M sucrose, 10 mM Trns-HC, 1 mM EDTA, pH 7.6.
Supematant remaining after two centrifugations at 1300 g, 5 min was centrifuged at 15 000 g for
15 min. The mitochondnal pellet was washed three times with 250 mM sucrose buffer and
resuspended. Centrifugation (70 000g, 40 min) on a discontinuous sucrose gradient (1-1.7 M) was
used to obtain a highly enriched mitochondrial fraction from the interface. Mitochondria were

washed twice in 250 mM sucrose buffer before use.

3.2.9. Immumopreaipitation and ELISA of F1 A TP synthase complex
Crude mitochondrial fractions from THP-1 were suspended in 0.18 mL 50 mM Tris-HCO pH 7.5

and 20 pL of n-dodecyl-B-D-maltoside (Calbiochem, San Diego, CA) was added. After 30 min on
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ice the suspension was centrifuged at 21 000 g for 30 min. Supemnatant was incubated with 10 uL
F1 ATP synthase immunocapture beads (Mitosciences, Eugene, OR) for 3 h at room temperature.

Beads were washed three times with 50 mM Tris-HO pH 7.5 0.05% n-dodecyl-p-D-maltoside,
eluted with 100 pL 0.1 M glycine pH 2.5, 0.05% n-dodecyl-B-D-maltoside, and pH neutralized

with 5 pL 1 M Tns pH 8.

Purified F1 ATP synthase was diluted (5 pL to 100 pL) in 0.1 M Na,HPO, pH 8.9 to coat wells

of 96 well plates (Falcon 353912) for 2 h at room temperature. Wells were blocked with 150 pL
2% FBS in PBS for 30 min at room temperature. All subsequent washes were performed with 2%
FBS in PBS. Wells were washed twice, incubated with primary antibody (45 min, ice), washed
three times, incubated with anti-mouse Ig-HRP (Pierce, Rockford, IL) and developed with TMB
(Sigma). Reaction was stopped with 2 N H,SO, and read at 490 nM on a PowerWave XS Reader

(Bio-Tek, Winooski, V'T) using KC4 software (Fisher Scientific, Nepean, ON).

3.2.10. Purification of Gl Sunfuce Proteirs
Isolated cells had their surface proteins labeled with biotin using 0.5 mg/mL EZ-Link Sulfo-

NHS-Biotin (Pierce) in PBS pH 7.9 for 30 min. After washing three times to remove excess
biotin, cells were lysed in 1% triton X-100 with Protease Arrest Cocktail (Genotech). Nuclear
material was removed by centrifugation at 1000 g, and biotinylated proteins were purified from
supematant using a monomeric avidin column (Pierce) according to supplier instructions. In
brief, the 2 mL column was pre-cleaned with 12 mL pH 2.8 glycine buffer, rinsed with 12 mL
PBS, and the sample was loaded. After washing column with 12 mL of PBS, biotinylated

proteins were eluted with buffer containing 2 mM bioun.
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3.3. Results
3.3.1. Arti-CD8a MAb D9 Does Not Bind Blood T cells Despite Binding Monocytes
Flow cytometry of peripheral blood mononuclear cells (PBMC) with seven anti-CD8a mAb

was performed. As expected, between 15 and 30% of gated blood T cells (FSC/SSC and
CD3" gated, Fig. 1, top) and all monocytes (FSC/SSC and CD14" gated, Fig. 1 bottom) bound

six anti-CD8a mAb (OK'T8 is shown as representative of 51.1, LT8, B9.11, L'T8 and Nu-
Ts/c). In contrast anti-CD8o mAb D9 did not detectably bind blood T cells, but did bind

monocytes (Figure 3-1).

3.3.2. Anv-CD8a Clone D9 binds T ells Obtained by BrondheA lwolar L atage from Some
Patients

Anti-CD8a clone D9 binds CD8(+ve) blood monocytes and AM but not blood T cells, or a
CTL clone (data not shown). We obtained samples from 17 consecutive patients to present a
spectrum of lung diseases (Table 3-1), and determine whether D9 binds to BAL T cells in any
circumstances. CD8a(+ve) lymphocytes were found in 12 of 17 samples (70%, Table 3-1). In
three patients (25% of patients with CD8(+ve) cells) D9 bound a similar percentage of T cells,
at a similar level (mean fluorescence intensity > 100) as other ant-CD8a mAb (Fig. 1B top,
FSC/SSC gated). In two patients with acute respiratory distress syndrome (ARDS, 16.6% of
patients with CD8(+ve) cells) D9 reacted at mid levels (mean fluorescence intensity < 100)
with cells that could not be distinguished as monocytes or lymphocytes by FSC/SSC scatter
(Fig. 1B bottom). Thus, D9(+ve) lymphocytes were found in 2/2 patients with suspected
cancer and 1/6 patients with sarcoidosis, 0/2 patients with pneumonia, and 0/2 patients with

non-sarcoid interstitial lung disease (Table 3-1).
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3.3.3. Clone D9 is Nat Spedfic for CD8 awex Dirers or an E pitape Obscured by Sialic Add

Monocytes express CD8co and bind anti-CD8a clone D9 while most blood T cells express
CD8ap and do not bind D9. To test whether anti-CD8a clone D9 binds CD8ao but not
CD8a.p dimers we induced CD8cwo dimers on T cells by activating them with ConA or PHA
for 5 days [19;19;20;20]. A portion of CD3+ T cells, likely CD8a + T cells [19;20], expressed
high levels of CD8a (Figure 3-1C, ant-CD8c. mAb OK'T8). Remaining cells expressed low
levels of CD8a, suggesting they are CD4+ T cells with PHA-induced CD8ao. homodimers as
characterized by others [20](Fig 1C, anti-CD8c mAb OKTS) [19;20]. Ant-CD8a. mAb
OKTS8, but not D9 bound to cells expressing low levels of CD8a (Figure 3-1C) suggesting D9

is not specific for CD8coe homodimers or CD8up heterodimers, as ant-CD8B clone

2ST8.5HY is [21].

Sialylation of CD8a [22], like CD8p [23;24] changes after activation of mature or immature
T cells [25]. However, binding of clone D9 to blood T cells was not obscured by sialylation, as
its removal with neuraminidase had no affect on binding of clone D9 to blood T cells (Figure

3-1D).

3.3.4. In Denatsred Form Clone D9 Binds CD8 ¢t from Blood T Cells
D9 does not bind CD8a in its native state on the surface of blood T cells. To test whether
clone D9 binds CD8c on blood T cells in a denatured form we performed western blot.

Surpnsingly, D9 detected proteins at two Mr (32 and 52 kDa) in a variety of cell types (Figure
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3-1E). 'The 52 kDa protein was detected in all cell types, including lung epithelial cells that
served as a presumably CD8(-ve) control, suggesting D9 cross-reacted with a protein other
than CD8. The lower Mr protein was 32 kDa in agreement with the Mr of CD8a. (Figure 3-
1G). Similar 32 kDa proteins were detected by western blot of thymus lysate, blood
lymphocytes, immature monocytes (THP-1), mature ex ww monocytes, and Mo differentiated

with GM-CSF from blood monocytes, but not in lung epithelial cells (A549, negative control).

We tested whether clone D9 recognized differentiable forms of CD8a when proteins were
further separated by 2-D electrophoresis. Across three donors highly similar dots were
observed for CD8ot with anti-CD8a mAb D9 in monocytes and lymphocytes (Figure 3-1F is a

representative example).

3.3.5. In Denatured Form Clove D9 Binds CD8cx and the F1 A TP Synthase § Subwrit
We set out to confirm that the 32 kDa protein bound by anti-CD8a clone D9 is CD8a and
to determine the identity of the 52 kDa protein. Partially enriched preparations of human
CD8a were separated by 2-D electrophoresis, and western blot with D9 was performed

(Figure 3-1G). Identically prepared 2-D gels were silver stamned and aligned with wester blots

to identify and extract spots detected by D9 for trypsin digestion and peptide sequencing. This
demonstrated that the 32 kDa protein recognized by antu-CD8a clone D9 is CD8a, and

suggested D9 recognized the F1 ATP synthase B subunit at 52 kDa (Figure 3-1G).

The F1 ATP synthase, including the B subunit synthesizes and breaks down ATP at the

inner mitochondrial membrane. In addition to a heart mitochondnal preparation from
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commercial sources, mitochondria were purified from THP-1 monocytic cells which express
(CD8a, using a method that excludes endoplasmic reticulum, a contaminant of crude
mitochondrial preparations, and immature CD8a. [18]. Western blot with D9 detected only a
52 kDa protein in purified mitochondria, consistent with recognition of F1 ATP synthase §

subunit (Figure 3-2A).

The F1 ATP synthase complex was immunoprecipitated from a crude mitochondrial
preparation using anti-F1 ATP synthase antibody and analyzed by ELISA. Of a panel of ant-
CD8a mAb only D9 bound immunoprecipitated F1 ATP synthase (Fig. 2B), confirming the
immunoprecipitated matenial was not contaminated with CD8a, and that D9 binds the F1
ATP synthase. The F1 ATP synthase was detected in all immunoprecipitations at levels
slightly above background by anti-F1 ATP synthase B subunit mAb, confirming the successful

immunoprecipitation of the F1 ATP synthase.

Analysis with standard sequence or structural alignment programs like Clustal ¥ or VAST
detected no extended regions of similarity between CD8ct and the F1 ATP synthase  subunit
(not shown). Thus, the epitope recognized by D9 in the denatured F1 ATP synthase

subunit is likely an isolated motif with minimal resemblance to CD8a.

3.3.6. F1 A TP synthase [3 subwrit is not found on the surface of monocytes

While located in the mitochondria of most cell types, F1 ATP synthase with intact enzymatic
function, is also found on the surface of endothelial cells [26;27]. As anti-CD8c mAb D9

binds the F1 ATP synthase B subunit as well as CD8q, the selective localization of F1 ATP
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synthase on the surface of monocytes may account for D9 reactivity with these cells. D9
recognized only a 32 kDa protein (CD8c) among purified cell surface proteins of monocytes
and T cells (Fig. 2C). However, the 52 kDa F1 ATP synthase $ subunit could still be present

at low levels. Thus, we tested whether the F1 ATP synthase was detected at the surface of

monocytes by flow cytometry. In this system D9 binds monocytes (Fig. 1A). The anu-F1
ATP synthase B subunit mAb we used, has been used by others to detect the F1 ATP synthase
B subunit at the surface of endothelial cells [26;27]. However, we were unable to detect F1

ATP synthase B subunit at the surface of monocytes with this mAb (Fig. 2D), using the same

conditions in which D9 binds monocytes (Figure 3-1B).
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3.4. Discussion
We demonstrate that anti-CD8c mAb D9 binds CD8a on the surface of monocytes but not

T cells from blood. This difference may be worthy of further study for reasons presented later

in the discussion.

D9 bound at equivalent levels to monocytes or BAL T cells as other anti-CD8c mADb or not
at all, and detected a 32 kDa form of CD8a from the monocyte surface, and inhibited binding
of MHC class I tetramers to monocytes (DG, submitted). Therefore D9 likely binds CD8a,
not the F1 ATP synthase in a native form at the surface of monocytes. Thus the cross-
reactivity of anti-CD8ct mAb D9 should not materally affect our previous conclusions
regarding CD8a. on monocytes (DG submitted). ‘That D9 binds the F1 ATP synthase 3

subunit at the surface of D9+ T cells from lung lavage remains a possibility.

The B subunit of the F1 ATP synthase was present with CD8a after enrichment by
immunoaffinity with the anti-CD8a mAb OK'T8. OKT8 did not bind immunoprecipitated
F1 ATP synthase directly, suggesting that the F1 ATP synthase was present after OK'T8
immunoaffinity chromatography as a non-specific contaminant, or possibly a co-precipitated

partner.

D9 detected limited variation of CD8a in the range of pl 6-7 (Figure 3-1F, G). No unique
form of CD8a was detected by D9 on monocytes compared to T cells to account for the

selective binding of D9 to monocytes. Therefore, if a modification of CD8a itself on T cells

prevents the binding of D9, this modification must be of minimal charge or Mr.
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Our other data (DG, submitted), which resembles that of others [28;29] suggests a

heterogeneous array of CD8a molecules from pI 6-9 by 2-D electrophoresis, in comparison
to the limited variation of CD8a. detected by D9 (pI 6-7, Figure 3-1F, G). This suggests D9
binds only some versions of CD8a, at least in denatured form. Others found a highly
similar 2-D electrophoretic pattern for immunoprecipitated CD8c from thymocytes [30], as
we found here with D9 on monocytes and lymphocytes. This suggests other anti-CD8a

mADb may share the selective binding to certain cell types or forms of CD8a that clone D9
demonstrates. On the other hand, D9 appears to recognize the same quantity, and therefore

probably the same heterogeneity of CD8a on the monocyte surface, in native form, as other

anti-CD8a mAb (Fig. 1A, and [DG, submitted).

Structural variants of CD8a. are one possible explanation for D9 binding to monocytes but
not lymphocytes. Two structural variants of CD8a. were observed in a crystal structure of
CD8aca binding to MHC class I [31]. Indeed, other evidence suggests that some anti-CD8o

mAb may cause a structural change that causes CD8 to have a higher binding affinity for MHC

class I {32-34] and a heightened ability to activate T cells [33]. One possible structural change
in CD8a is evident. CD8a contains three cysteines in a triangulation that suggests a small

conformational change may allow the classical B-F strand disulfide bond of Ig domains to
switch to a B-C strand disulfide bond. Such changes occur in other Ig-domain containing

proteins like CD4, and are regulated by the release of specific thiol redox proteins [35].
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D9 bound at equivalent levels to monocytes or BAL T cells as other anti-CD8o. mAb or
not at all (blood T cells). Only a small fraction [36-38] of CD8 associates on the same cell
with[39] CD38 [36], TCR [38], or the small extracellular domain of LAT [40;40], suggesting

that these inter-molecular associations would not account for D9 binding to monocytes but

not T cells[36;37]. Furthermore, D9 did not bind T cells fixed 10 minutes after activation
through CD3/CD28 or PHA (data not shown), suggesting that D9 binding to CD8c was not

affected by inter-molecular associations occurring during T cell activation.

Anti-CD8o. mAb D9 inhibits binding of MHC class I tetramers to monocytes to a greater
extent than two other anti-CD8a mAb (DG, submitted), thus the D9 epitope on CD8ct may
be close to MHC class I contact sites. Binding of CD8a on human blood T cells to MHC
class I is not believed to be detectable in the absence of TCR, as in mouse T cells [23;24;47];
allowing their use for detection of antigen-specific T cells. In contrast CD8c on monocytes
bound MHC class I tetramers in the absence of TCR (DG, submitted), suggesting CD8a. on
these cells has a higher affinity or avidity for MHC class I. Differences in monocyte CD8«
detected by D9 may allow it to bind MHC class I tetramers in the absence of TCR. Several
studies have previously noted that some ant-CD8c mAb bind selectuvely to T cells,
thymocytes [15], macrophages [16], and potentially NK cells [17], and separate work has

shown that some of these anti-CD8a mAb bind regions of CD8 involved in MHC class I

binding [1], like D9.

(CD8a. can associate on the same cell, or i as, with CD81 [41;42]) and MHC class I [43-45].

Others have shown that Ly49A receptors bind # as to MHC class I, thereby preventing NK
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cell activation by Ly49A binding to MHC class I molecules on a target cell, or # trans [46].

This  as binding of Ly49A to MHC class I obscures binding of some mAb to Ly49A [46].
As D9 appears to bind an epitope on CD8a close to its MHC class I binding site (above), an i

as association of MHC class I and CD8a is a particularly attractive explanation for binding of

D9 to monocytes but not T cells.

Our data suggests that CD8w on monocytes can be differentiated from CD8a on blood T

cells by anti-CD8c. mAb D9. These differences may be associated with changes in the ability

of CD8 to bind MHC class I and activate monocytes and T cells.
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3.5. Figure Legends

Figure 3-1. Anti-CD8a mAb D9 binds monocytes but not T cells from blood.

(A) Ant-CD8o mAb D9 does not bind to blood T cells (gated as CD3"), although CD8a is
detected by other anti-CD8a mAb (OKT8). D9 binds blood monocytes (gated as CD14%)
similarly to other anti-CD8c. mAb (OKT8). In (A) IgG2a demonstrates binding of isotype
control mAb and OKT8 is shown as representative of anti-CD8c mAb 51.1, B9.11, LT8, Nu-
Ts/c, and 32-M4. Results are one representative of at least five experiments. (B) Dotplots
with anti-CD8ct mAb 32-M4 and OKT8 are shown as positive controls, and IgG2a as a
negative control for binding of anti-CD8a mAb D9 to cells retrieved by BAL. Top, in three
of 12 patients D9 bound lymphocytes (gated by characteristic FSC/SSC scatter) at levels
equivalent to other anti-CD8c mAb. Results shown are from a patient with lingual cancer.
Bottom, in two of 17 patients with ARDS D9 bound low levels of BAL cells that could not be
separated as monocytes and lymphocytes by FSC/SSC scatter. (O D9 binding is not
dependent on expression of CD8co. homodimers. CD8aot homodimers were induced on T
cells by activation of lymphocytes for 5-8 days with PHA or ConA. Results are representative
of three experiments. (D) Removal of sialic acid moieties does not affect binding of D9 to
lymphocytes compared to isotype control (IgG2a). Lymphocytes were treated as above, then
kept on ice with sodium azide to prevent renewal of cell surface CD8a.. Binding of anti-CD8a
mAb OKTS8 is included as a control for detection of CD8c. Results are representative of
three experiments. (E) Human CD8a:. is expected to be 32 kDa. Anti-human CD8o mAb D9

detects proteins of 32 and 52 kDa in T cells from several sources, monocytes and

macrophages. (F) Proteins of similar pI were detected by D9 on monocytes and lymphocytes
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after two-dimensional electrophoresis. Spots assumed to be CD8a. are indicated by arrows.
(G) CD8a. was immunoaffinity-purified from human thymus. CD8a enriched material was
analyzed by two-dimensional electrophoresis followed by silver staining (right) and western
blot with ant-CD8c mAb D9 (left). Alignment of silver stained gels with western blots
demonstrated D9 bound proteins indicated by arrows 1 and 2. Proteins indicated by arrows 1
and 2 were sequenced after trypsin digestion by MALDI-QTOF. Calculated and theoretical

Mr, peptide sequences determined, and probability of correct identification of protein is

supplied.

Figure 3-2. Anti-CD8a. mAb D9 binds the F1 ATP synthase, but the F1 ATP synthase

is not present on the surface of blood monocytes.

(A) Anti-CD8a mAb D9 detects a mitochondrial 52 kDa protein, consistent with the F1 ATP
synthase B subunit in two sources of purified mitochondria. Whole THP-1 (monocyte cell
line) lysate is included as a control for D9 binding 32 and 52 kDa proteins. (B) Anti-CDS8a
mAb D9 binds F1 ATP synthase immunoprecipitated from crude mitochondria from THP-1.
Other anti-CD8c. mAb do not bind immunoprecipitated F1 ATP synthase, suggesting D9
specifically and uniquely binds the F1 ATP synthase. (O Only the 32 kDa protein (CD8c)
bound by D9 is localized to the surface of lymphocytes and monocytes. Whole THP-1 cell
lysate is included to demonstrate position of 32 and 52 kDa bands detected by D9. Surface
proteins were purified from lymphocytes and monocytes by biotinylation with membrane-

impermeable reagents and avidin chromatography of cell lysate. (D) F1 ATP synthase is not
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detected at the surface of monocytes by flow cytometry. Anti-F1 ATP synthase § subunit
mADb has been used by others to detect F1 ATP synthase at the surface of cells [27], but does

not bind the surface of monocytes.
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3.6. Figures
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Figure 3-1. Anti-CD8a mAb D9 binds monocytes but not T cells from blood.
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3.7. Table

Preliminary

Diagnosis D3 reactivity

Sarcoidosis 16
Non-Sarcoid
intersitial lung 02
disease
Cancer 22
ARDS 2/3 (weak)
Pneumonia 02

D9 high 259,
D9 weak 17%
DO+ of total  42%

Table 3-1. Anti-CD8a mAb binds CD8+ cells
from bronchoalveolar lavage of some patients
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4.1 Introduction

MIF is a secreted trimeric protein produced by immune cells, as well as by endocrine tissues
(anterior pituitary gland, adrenal gland and hypothalamus) (reviewed [1]). MIF may modulate
the immune response to enhance inflammation while reducing cell-mediated cytotoxicity. It is
released in stress responses, such as after exposure to LPS and potentiates the effects of
endotoxemia [2]. Several hormones released as part of the stress response, like MIF, regulate
NK cell killing [3;4]. MIF is found in the immune-privileged utenne [5;6] and ocular
environments where it respectively associates with lower rates of recurrent miscarriage [7] and
inhibits LAK cell cytotoxicity [8;9]. Addition of MIF immediately prior to 4 h LAK cell
cytotoxicity experiments inhibits LAK cell killing of uveal tumor and other target cells (e.g.
YAGC 1, RMA/S) [8;9]. In contrast, MIF has no effect on antigen-specific or allogeneic CIL
cytotoxicity in # wtro experiments [9;10], suggesting MIF may act through a NK cell specific
mechanism. MIF is also over-expressed in many tumors, suggesting that it may be involved in

tumor growth, and/ or provide a mechanism to escape NK cytotoxicity [8;11].

It has been proposed that MIF functions through more than one cell surface receptor [12-
16). Whether through a receptor or not, MIF can be internalized, and influence protein
degradation, cell cycle, and transcription through binding c-Jun activation domain binding
protein-1 (JAB1) a subunit of the OOP9 signalosome [17;18]. However, MIF can also act as a
thiol oxidoreductase in the presence of glutathione and a select group of other thiol containing

compounds [19;20]. MIF also has isomerase activity towards non-physiological substrates [1].
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While evidence suggests addition of reduced glutathione or a thiol-reducing environment
increases NK cell lytic activity after several days [21;22];, there is no evidence suggesting a short
term effect of glutathione on NK cell activity. Moreover, MIF inhibits rather than increases
NK cell lytic activity [8;9], suggesting MIF does not affect NK cell lytic activity through its

thiol redox activity.

Classically MHC class I is composed of three distinct domains, including ol and o2 that
present peptide to TCR, a3 which binds to CD8, and the non-covalently attached p2-
microglobulin (32m) subunit. A growing family of MHC class Ib and MHC class I-like
proteins, and mimics of MHC class I are being discovered in cancerous [23], stressed, and
virally infected cells, as well as in viruses themselves [24;25]. Several of these MHC class I
homologs lack structural parts of MHC class I, such as f2m (e.g. MICA [26]) and/or the a3
region (e.g. Rae-1[27]). Similarly, an increasing number of Ig and Clectin family receptors on
NK cells, T cells and monocytes contact exposed loops of MHC class I or its homologs

(reviewed in [28]), suggesting that small regions of similarity to MHC class I may suffice to

modulate immune responses instigated by MHC class I receptors.

We demonstrate that one of several monoclonal antibodies that recognize classical and non-
classical rat MHC class I (clone OX18) also binds MIF. The epitope of the anti-MHC class I
mAb OX18 was mapped on MHC class I, and identfied an amino acid motif, PRPEG in
MHC class I that is found with a three amino acid intervening sequence in MIF. OX18 bound
a peptide synthesized to mimic this region of MIF. MIF partially inhibited binding of H2D"
tetramers of MHC class I to LAK cells, suggesting that MIF binds an LAK cell receptor

through the conserved PRPEG mouf. This may explain the effect of MIF on LAK cell

167

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



activity, and provide an example of the complexity to expect from receptors for the extended
MHC class I family proteins.
4.2. Materials and Methods
4.2.1. Anribodies and other reagents

Anti-rat MHC class I mAb OX18 and F16-4-4 were purchased from Serotec (Raleigh,
USA). Anti-human MHC class I mAb W6/32 was from BD Biosciences (Missisauga,
Canada). H137 anti-mouse and rat MHC class I polyclonal antibody was a gift of Dr. Kevin
Kane (University of Alberta). Anti-mouse and rabbit Ig-HRP were from Pierce. NHS-
activated agarose beads were purchased from Sigma-Aldrich (Oakville, Canada). Mouse
recombinant MIF was a kind gift of Dr. Christine Metz (Picower Institute, NY, USA). H2-
D® tetramerized with Extravidin-R-Phycoerythrin (Sigma-Aldrich, St. Louis, USA) and
loaded with influenza peptide ASNENMETM and produced by the CanVac tetramer core
facility was a gift of Dr. Kevin Kane, University of Alberta. Immunoaffinity purified H2K®

was also a gift of Dr. Kevin Kane.

4.2.2. MAL DLQTOF Peptide Sequencing

Bands were excised and an automated in-gel tryptic digestion was performed on a Mass Prep
Station (Water, USA). The gel pieces were de-stained, reduced (DTT), alkylated
(Iodoacetamide), digested with trypsin (Promega Sequencing Grade Modified) and the
resulting peptides extracted from the gel and analyzed via LC/MS/MS. LC/MS/MS was
performed on a CapLC HPLC (Waters, USA) coupled with a Q-ToF-2 mass spectrometer
(Waters, USA). Tryptic peptides were separated using a linear water/acetonitrile gradient (0.2%
Formic acid) on a Picofrit reversed-phase capillary column, (5 micron BioBasic C18, 300

Angstrom pore size, 75 micron ID x 10 cm, 15 micron tip) (New Objectives, MA, USA), with
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an in-line PepMap column (C18, 300 micron ID x 5 mm), (LC Packings, CA, USA) used as a
loading/desalting column. Protein identification from the generated MS/MS data was done
searching the NCBI non-redundant database using Mascot Daemon (Matrix Science, UK).
Search parameters included carbamidomethylation of cysteine, possible oxidation of

methionine and one missed cleavage per peptide.

4.2.3. Monodonal antibody affinity dmomatography
OX18 (anti-rat MHC class I) or OX21 (isotype control mouse IgG1) at 5-10 mg/mL in 0.1

M HEPES pH 7.5 was coupled to pre-washed N-hydroxysuccinimidyl-activated agarose beads
(Sigma) at 4 C for 1 h. Remaining active sites were blocked by incubating in 0.1 mL 1 M
ethanolamine pH 8 at 4 C for 1 h. Rat cultured mast cell line (RCMC) was lysed with 1%
triton X-100 in PBS with Complete Mini anti-protease cocktail tablets (Roche Applied Science,
Laval, PQ, Canada). Supematant remaining after 1000 g, 12,000 g, and 100,000 g
centrifugations was loaded on columns. Columns were sequentially washed with 30 volumes
lysis buffer, 15 volumes 10 mM Tris 0.5% triton X-100 pH 8, 15 volumes 10 mM Tris 0.5%
triton X-100 pH 8.2 150 mM Na(, 15 volumes 10 mM sodium phosphate 0.5% triton X-100
150 mM Nad pH 10, 15 volumes 10 mM sodium phosphate 0.5% triton X-100 300 mM

Nad pH 10 and eluted with 0.05 M diethylamine 0.5% triton X-100 650 mM NaCl pH 11.5.

One and a half mL fractions were collected into 50 pL. 1 M Tris HA pH 6.7.

4.2.4. E rzyme-linked Immumosorbert A ssays (ELISA)
One hundred pL of 1/20 dilutions in PBS of MHC class I preparations or 0.02 pg/mL
MIF in PBS was incubated in 96 well plates (polyvinyl chloride flexible plates, BD

Biosciences [Missisauga, Canada]) for 2 h at room temperature. Wells were emptied and
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filled with 150 pL 2% FBS in PBS for 0.5 h. After three washes in 2% FBS primary

antibodies (OX18, F16-4-4, etc.) were added in 100 pL (10 pg/ml) and incubated 45 min
on ice. After another three washes in 2% FBS, anti-mouse or anti-rabbit Ig-HRP was added
at 1/500 dilution and incubated 45 min on ice. After six washes in 2% FBS wells were
developed with o-Phenylenediamine dihydrochloride (OPD) from Sigma. Development was
stopped with 2N H,SO,. Color was read at 490 nm on a Bio-Tek (Winooski, VT)

PowerWave XS spectrophotometer using the KC4 version 3.3 program.

MIF peptide and a scrambled version of the same peptide with charged amino acids mutated
to similarly charged but different amino acids were synthesized by the Alberta Peptide
Institute. MIF-(9-18) Ac-NVPRASVPEG-CONH,, and scrambled peptide, Ac-
SAGVDNAGKA-CONH, were synthesized using an Applied Biosystems Model 430A
Peptide synthesizer and purified by HPLC to >95% purity. For ELISA of MIF peptide,
peptide (100 pg/ml, 100 pL) was coated on Nunc Maxisorp 96 well plates in 0.1 M Na,HPO,
pH 8.85 for 2 h at room temperature. Wells were blocked with 10% FBS in PBS (150 pL, 1
h), and washed three times with PBS before incubation with primary antibody (5 pug/mlL, 20
min, 4 O. After five washes with ice-cold PBS, anti-mouse Ig-HRP (Pierce [Rockford, IL,
USA], 1/200) was added (20 min, 4 ). After six washes with PBS with 0.1% Tween-20

ELISA was developed with TMB substrate (BD Biosciences), stopped and analyzed at 450 nm

as above.
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4.2.5. Siker stain and western blot analysis
Proteins were diluted in denaturing SDS-PAGE sample buffer (Bio-Rad, Hercules, CA)
with 2% 2-mercaptoethanol (Sigma) and placed in boiling water for 5 min. Proteins were
run on 4-15% pre-cast gradient gels (Bio-Rad) and silver-stained with the PlusOne Silver
Stain kit (Amersham Biosciences, Piscataway, USA) without glutaraldehyde, or transferred to
PVDF membrane (Millipore). For western blot antibodies were diluted 1/1000 (H137,
(OX18, anti-MIF) or 1/10000 (anti-mouse or rabbit-HRP) in 5% milk in Tris-buffered saline,

pH 8.2. Western blot was developed with Femto-Sensitive reagents from Pierce.

4.2.6. Binding of MHC dass I tetramers to LAK cells
Splenocytes were harvested from 8-12 wk male Balb/c mice (Health Sciences Lab Animal
Services in-house breeding colony, University of Alberta). Red blood cells were lysed for 5
min in ammonium chloride buffer. After 3 washes cells were cultured for 4 d with 1000
U/mL IL-2 (a gift of Dr. Kevin Kane, University of Alberta) as described [8]. After 4 d non-

adherent and adherent cells (removed with 1 mM EDTA mn PBS, 1 min) were harvested and

washed three times in PBS with 0.02% NaN; at 4°C.

Cells were incubated (10° cells/well in 30 pL) for 20 min with 20 pg/mL recombinant MIF
or 20 pg/mL BSA (Bio-Rad) in PBS with 0.02% NaN, at 4°C. H2-D" tetramer (0.3 pg or 1.5

pg) and anti-CD3 mAb (10 pg/mL, CalTag, Burlingame, CA) were added without washing,
Cells were incubated a further 20 min. After washing two times data was collected using a
FACScan (BD Biosciences), and analyzed using WinMDI 2.8. Geometric mean fluorescences
of tetramer binding and ant-CD3 mAb binding (a control for MIF inhibition of binding

another protein to LAK cells) were obtained. For each sample a percentage inhibition of
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binding due to MIF was calculated: geometric mean of MIF treated cells - geometric mean of
BSA treated cells / geometric mean of BSA cells x 100%. Percent inhibitions were averaged

and a t-test was used to assess significance of results (p <0.05).
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4.3. Results

Immunoaffinity purification of both rat MHC class I and class Ib using mAb clone OX18
has been published [29;30]. According to these studies and expression cloning studies of rat
MHC complex, OX18 binds nearly all rat MHC class I and Ib proteins [31-34]. We used
similar immunoaffinity protocols with OX18 to purify a heterogenous population of rat MHC
class I from rat cultured mast cell RCMQ) line. Eluted MHC class I proteins, under
increasingly stringent washes, were detected with OX18 in ELISAs. A small amount of
OX18-reactive material eluted with pH 8.2 150 mM Nad buffer (Figure 4-1A, fractions 3-7).
This may be non-specifically bound material or MHC class I variants that conserve the OX18
epitope. Much greater quantities of OX18-reactive proteins resisted elution at pH 10.5 300
mM Na{, but eluted with pH 115, 650 mM Nad (Figure 4-1A). Thus, washes were
routinely performed in similar order and pH 11.5, 650 mM Na( was used to elute OX18

Immunoreactive material.

The purity of the MHC class I population eluted from the OX18 column was analyzed by
silver staining (Figure 4-1B). We observed a set of bands covering the Mr range of 45-55 kDa,
which is consistent with previous results showing that classical and non-classical rat MHC class
I proteins cover a Mr range of 40-55 kDa [29]. However, proteins of Mr not consistent with
MHC class I were also observed, including two bands of approximately 25 and 30 kDa.
Similar bands were observed by others using OX18 affinity columns and their identity and
reason for their presence is unresolved [34]. Western blot of purified fractions was performed
to confirm the presence of rat MHC class I and to inquire whether the 25 and 30 kDa bands
were degradation products of MHC class I. A polyclonal (Figure 4-1B) and a mAb (OX18,

Figure 4-1B) recognizing MHC class I, detected proteins at the expected Mr (45-55 kDa) for
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MHC class I. An additional protein of 12 kDa was detected with an ant-MHC class I
polyclonal antibody. This band may be due to reactivity with the $2m subunit of MHC class I

used to immunize animals. Alternatively, it could be a degradation product of MHC class I, or

an MHC class I homolog of 12 kDa, such as Zn-alpha2-glycoprotein (ZAG).

Peptide sequencing by MALDI-QTOF was performed to confirm the presence of
components of MHC class I (heavy chain and B2m) and to identify the 25 and 30 kDa
proteins found in preparations of MHC class I. The dominant bands at 45-55 kDa were
idenufied as RT1.Ap (Figure 4-2A,B), the classical MHC class I allele expressed by the cell line
utilized for purification of MHC class I (RCMO). The 25 and 30 kDa proteins were identified
as peroxiredoxin IV and triose phosphate isomerase (TIM) respectively (Figure 4-2B).
Surprisingly, while the 12 kDa band was anticipated to be f2m, MIF was identified by

MALDI-QTOF (Figure 4-2A,B).

Heat shock protein (hsp) 70, hsp 90, and albumin were also identified in fractions with
purified MHC class I (Figure 4-2B). These proteins are often contaminants of immunoaffinity
columns [35] perhaps due to hydrophobic interactions with unfolded proteins or other
relatively non-specific interactions. To our knowledge, MIF has not been noted as a
contaminant of affinity columns. To confirm the presence of MIF we used polyclonal anti-
MIF Ab in western blot and detected MIF at the expected Mr of 12 kDa (Figure 4-2C). f2m

was also detected in enriched MHC class I (Figure 4-2C).
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To test the possibility that OX18 used to purify MHC class proteins also binds directly to
MIF, we performed an ELISA using OX18 with rat MHC class I and recombinant mouse
MIF (differs from rat MIF by one amino acid, 9% conservation). OX18 recognizes an
epitope conserved by many MHC class I and Ib proteins [31-34]. If there was more than one
region with significant similarity between MIF and MHC class I, other mAb recognizing
conserved epitopes of MHC class I may also recognize MIF. Using a small panel of mAb
against conserved epitopes of human and rat MHC class I only OX18 significantly bound to
MIF (Figure 4-3A). F16-4-4 binds most rat classical MHC class I alleles [33], and bound
purified MHC class I, but did not bind MIF. 'W6/32 binds a conserved epitope of human
MHC class I alleles, but did not bind rat MHC class I or MIF. H137, the polyclonal antibody

that binds mouse and rat MHC class I, did not significantly bind MIF.

MIF was eluted from OX18 mAb columns with pH 11.5 650 mM Na( after washes with
pH 10.5, 300 mM Na( suggesting a substantial affinity of OX18 for MIF. Confirming this,
ELISA demonstrated OX18 bound directly to recombinant murine MIF (Figure 4-3A).
However, to ensure MIF binds specifically to the antigen binding site of OX18, we substituted
OX18 with an isotype mAb on immunoaffinity columns and performed the series of elutions
shown in Figure 4-1A again (Figure 4-3B). Analysis of all elution fractions by ELISA using the
OX18 mAb showed no reacuvity, indicating that MIF does not bind the isotype mAb and that
MIF binds regions of OX18 involved in its antigen-specific binding. In contrast, denaturation
of MIF appears to abrogate binding of OX18, as a 12 kDa protein was not detected by

western blot with OX18 (Figure 4-1B).
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We predicted that the 45 kDa protein detected by the anu-MIF polyclonal antibody is MHC
class I and we wanted to test the ability of the anti-MIF polyclonal antibody to bind purified
mouse H2K®. Denatured H2K® was not detected in western blots with anti- MIF polyclonal
antibody (Figure 4-3C). Likewise, denatured MIF was not detected in western blots with anti-
MHC class I polyclonal antibody (Figure 4-3C). Despite this we were able to detect binding of
the anti-MIF polyclonal antibody to native H2K® in ELISA (Figure 4-3C, right), suggesting
that the H2K® epitope recognized by anti-MIF polyclonal antibody comprises discontinuous

regions of primary sequence brought together by H2K" folding,

Recently details of the epitope recognized by OX18 were published and suggest OX18 binds
the MHC class I 03 region. Two alleles of rat MHC class Ib (RT1.L' and RT1.L?) differentially
bound OX18 [32]. Changes in three amino acids in the a3 domain differentiate these alleles
and any one alone or all of the changes together result in loss of OX18 binding: 194 R/S, 207
G/D, and 243 W/L. Furthermore, work cited as a personal communication in the same paper
(R Kirsch , E. Joly, G.W. Butcher) a region near amino acid 193 of RT1 was found to be
important for OX18 binding [32]. We analyzed RT1 allele sequences based on published
information about their reactivity with OX18 (and lack thereof) [36-41] (Figure 4-4A). Two
expression clones non-reactive with OX18 (RT1.U cc22, cc23) [36] have a unique 244 A/S
mutation that is not shared by any OX18 reactive sequences. Binding of OX18 to RT1.Au
and expression clone 11/3R is diminished compared to other rat MHC class I [36]. The
reduced binding of OX18 to RT1.Ap and clone 11/3R is likely due to structural changes
generated by a combination of amino acid differences. Therefore amino acids P193-194 and

potentially W243-A244 likely form part of the OX18 binding epitope on MHC class 1.
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The OX18 epitope is highly conserved in rat MHC class I sequences (Figure 4-4A, shown on

crystal structure Figure 4-4C), suggesting an important role in protein function. Some contact
residues for B2m are in the vicinity however evidence suggests the OX18 binding site on MHC
class I overlaps with the binding site for monocyte and/or NK cell receptors. While OX18
has no effect on CTL killing (like MIF), suggesting that it does not bind the a1/02 domains

[42] (supported by epitope evidence above), addition of F(ab), fragments of OX18 to target
cells activates NK cell killing [43]. Similarly inhibition of MIF activates LAK cell killing [8;9].
Thus OX18 may mask a region of MHC class I that interacts with an inhibitory receptor on rat

NK cells.

The AB loop of the o3 domain that appears to contain the OX18 epitope, is the main
contact loop (amino acids 193-196, 198, 248) for the inhibitory receptor Leukocyte
immunoglobulin-like receptor subfamily B member 1 (LILRB1) in human MHC class I [44]
(contact residues shown in Figure 4-4A, mapped on structure Figure 4-4C). LILRBI1 also
contacts B2m [44]. Paired-immunoglobulin-like receptor-B (PIRB), a proposed mouse
homolog of the LILRB family of proteins [45] binds MHC class I in a B2nr+dependent manner

[46] suggesting that PIRB and LILRB1 may bind similar regions of mouse and human MHC

class I respectively.

LILRB1 binds the AB loop of the a3 domain in human MHC class I that OX18 binds in rat
MHC class I (Figure 4-4A,0). Significant polymorphism is found in the LILRB1/AB loop of
human MHC class I [44] and mouse MHC class I (Figure 4-4B). Several mouse classical and

non-classical MHC class I proteins conserve P193-R194 and/or most of the LILRB1 contact
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residues (193-196,198; these residues in rat RT1A are PRPE-D, and substantially differ from
similar residues in human HLA). The non-classical mouse MHC class I molecule TL
resembles the AB/LILRB1 loop of rat MHC class I most closely. Because OX18 retains
binding to H2K" (Figure 4-3C) residues 195-197 are likely not critical for its binding, as these
residues are mutated in H2K® (RT1.A - PEG, H2K® - SQV). Residues P193-R194 may
therefore be more important for OX18 binding of MHC class I. 'There is little polymorphism

in the mouse equivalents of rat residues W243-A244 where OX18 may also bind.

Because OX18 denotes a functional epitope of MHC class I and binds MIF and mouse
MHC class I (H2K", Figure 4-3C), MIF may contain a functionally important MHC class I
epitope. To try to determine the location of the shared epitope on MHC class I and MIF we

compared the sequences and structures of the two proteins.

MIF and the MHC class I antigen presentation domain each contain two alpha-helices
overlayed In approximately similar orentation on a B-sheet, formed in part through
trimerization of MIF. Although the architecture of MIF and MHC class 1 is similar, there is no
conservation in the order of secondary motifs within the protein sequences and Clustal W did

not detect any extended regions of amino acid similarity, suggesting that MIF and MHC class I

are not related.

However, there is a single occurrence of PR in mouse and rat MIF at amino acids 11-12,
similar to the PR important for OX18 binding to rat MHC class I (Figure 4-5A). Immediately
following the proposed OX18 epitope P193-R194 in MHC class I is the sequence PEG (195-

197) that is also found three amino acids downstream of P11-R12 in MIF (Figure 4-5A). In
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the crystal structure of MIF the P11-R12 and PEG (15-18) sequences are spatially linear, with
the intervening sequence forming a loop extending toward the main body of MIF (Figure 4-
5B). Furthermore the loop containing PR---PEG (11-18) is located in a flexible region of
MIF, suggesting it may dynamically adapt to facilitate interaction with ligands. There is no WA
sequence in MIF to mimic residues 243-244 of MHC class I. Thus MIF determinants of

OX18 binding may include amino acids 11-12 (PR) and 16-18 (PEG).

To test the hypothesis that OX18 binds directly to MIF by binding a region including PR---
PEG (11-18) a peptide was synthesized including this region (9-18, NVPRASVPEG). A
scrambled and conservatively mutated version of this peptide SAGVDNAGKA) was used as
a control.  Isotype control antibody did not bind MIF-(9-18) in comparison to scrambled
peptide (Figure 4-5C). In contrast OX18 bound MIF-(9-18) compared to control peptide
(Figure 4-5C). This suggests OX18 binds to MIF in a manner at least partly dependent on the
PR---PEG (9-18) sequence proposed. Binding to MIF is lost after MIF denaturation (western
blot, Figure 4-1B), suggesting that some tertiary structure of MIF may be important for strong
binding of OX18 to MIF.

If a region of MHC class I is similar to MIF, MIF may be able to compete for MHC class I
functions requiring binding to the region of similanty. Interestingly, MIF can inhibit killing
mediated by NK cells [8;9] but not T cells [10]. Accordingly, we tested whether MIF could
inhibit binding of tetramers of MHC class I (H2D") to LAK cells as a source of NK cells.
Among known receptors for H2D® are Ly49A/C/H/O/V [47], CD8 [48], and likely PIRB
[46]. H2DP conserves P193-R194 and W243-A244 important for OX18 binding. H2D" like

H2K® has a change of charge at position 196 (E/K and E/Q respectively) in comparison to
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RT1.A. However OX18 retains binding to H2K" suggesting 196 is not essential to OX18
binding and therefore MIF similarity. Due to the hypothesized competitive nature of MIF
inhibition of MHC class I tetramer binding, and the imperfect conservation of the MIF

analogous sequence in H2D® we anticipated the effect of MIF would be small.

Mouse splenocytes were cultured for 4 days in IL-2 to produce LAK cells. LAK cells were
used because their cytotoxicity is inhibited by MIF [9]. Experiments were performed at 4 Cin
the presence of NalN, because MIF internalization and subsequent intracellular functions are
temperature and energy dependent [49]. These conditions and the performance of
experiments in PBS after several washes minimized the presence of glutathione and other
thiolredox partners of MIF. Thus, functions of MIF observed should involve MIF
interaction with the LAK cell surface, and/or MHC class I tetramers. LAK cells consisted of
populations of CD3"" T cells and CD3*™™#% cells (Figure 4-6A). H2D" tetramers bound
2% of CD3**/™& cells (NK, NKT cells), and CD3"#" cells (Figure 4-6A) in agreement with
literature suggesting H2D" binds a very small percentage of Balb/c splenocytes [50]. For this
reason 2.5 x 10° - 1.5 x 10° cells were analyzed in each experiment. Two controls were used.
Binding in the presence of MIF was compared to binding in the presence of BSA as a control
protein. As a control within each well, H2D" binding and CD3 mAb binding were compared
in the presence of a physiological amount of MIF (20 ug/ml). Binding of anti-CD3 mAb to
CD3""/H2D"") or CD3"*™*# cells was not inhibited by MIF compared to control protein
(BSA, Figure 4-6B). MIF trended toward the inhibition of binding of 0.3 ug H2D" tetramer to
CD3""#% cells, but this effect was not statistically significant (Figure 4-6C). However, MIF

significantly inhibited binding of 1.5 pg H2D® tetramers (11.14% inhibition, p<0.05) to
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CD3"™™&% cells in the same wells (Figure 4-6C). Thus MIF can inhibit binding of MHC
class I to non-T cells potentially due to a small region of similarity with MHC class I that

allows it to compete for binding to a LAK cell receptor for MHC class I.
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4.4. Discussion

After fortuitously purifying MIF with an anti-MHC class I mAb, we demonstrated that MIF
is bound by ant-MHC class I mAb OX18. In addition, ant-MIF polyclonal antibody binds
MHC class I, while anti-MHC class I polyclonal antibody does not significantly bind MIF.
This apparent contrast may be due to the shared epitope being more antigenic within the
context of MIF. Through knowledge of the epitope of OX18 we discovered a small region of
similarity between MHC class I and a flexible region of MIF. Finally, we demonstrated that
MIF can inhibit binding of MHC class I tetramers to CD3"#***™ cells, suggesting that MIF

may inhibit LAK responses through a shared epitope with MHC class 1.

We initially purified MIF with an anti-MHC class I mAb from a rat mast cell line (RCMO).
Others have shown that mast cells produce MIF [51]. MIF secretion by mast cells may
contribute to the role of mast cells in anti-bacterial defense and septic shock [52]. MIF

secretion by mast cells may suggest that there is a novel method of NK cell regulation by mast
cells.

OX18 detected rat MHC class I, but did not detect MIF in denatured form by western blot,
suggesting that the OX18 epitope is partially dependent on tertiary structure of MIF but not
MHC class I. It was unexpected that OX18 bound MIF-(9-18), because it did not bind
denatured MIF by western blot. MIF tertiary structure may bring distant parts of the MIF
amino acid sequence into spatial proximity of the PRASVPEG sequence to enhance OX18
binding. Alternatively, MIF tertiary structure may provide a particular conformation of the
PRASVPEG sequence that allows enhanced binding of OX18. OX18 may stabilize one of

many peptide conformations in solution, allowing binding of OX18 to MIF-(9-18).
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Our evidence suggests OX18 may bind PRPEG or the same sequence with an intervening
three amino acids, PRASVPEG. Other protein-protein interactions have been described
where intervening sequences in the ligand do not affect specific protein-protein interaction.
One well-characterized example is the bulge of peptide outside the peptide binding groove of
MHC class I when peptide length between contact residues is long [53]. In the case of MIF,
the intervening sequence bulges toward the body of MIF and should not interfere with

interaction with potential receptors.

Several activities of MIF appear to be dependent on associated molecules like glutathione for
its thiol redox functions [19]. While we cannot exclude that MIF inhibition of tetramer
binding is due to its thiol redox activity, we have attempted to minimize this possibility by
performing short-term experiments with precise functional outcomes at 4°C in NaN, in the
absence of serum (to minimize MIF internalization [49] and the presence or secretion of thiol
redox partners of MIF in our system [19]). Furthermore, given that MIF contains a motf
similar to MHC class I, and has the function associated with this motif in MHC class I, it is
reasonable to suggest the inhibition of MHC class I tetramer binding by MIF we observed is

due to this similar motif in MIF and MHC class I, and not another cause.

A binding site on MIF for catalysis of non-physiological substrates has been defined [54].
The enzymatic site of MIF is proximal to the thiol redox site, and this may explain the
enzymatic site’s uncertain relation to MIF function. The enzymatic and thiol-redox sites are

distant on MIF from the proposed site of similarity to MHC class I. Liule conformational
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change in MIF occurs upon binding enzymatic substrates or inhibitors of enzymatic activity

[54], thus the two sites of MIF seem unlikely to directly influence each other.

Anut-MIF polyclonal antibodies have also been used in many #2 ww studies [55-58]. Caution
should be taken in interpreting parts of these experiments as we have shown that anti-MIF
polyclonal antibodies also bind MHC class I, suggesting that ant-MIF polyclonal antibodies
may inhibit MHC class I interaction with inhibitory receptors on monocytes, NK cells, B and
T cells and/or induce antibody dependent cytotoxicity, the latter potentially pertinent in
models of arthritis [57] and diabetes [56]. Others demonstrated that the inhibition of LAK cell
killing by MIF could be neutralized by addition of ant-MIF polyclonal antibody [8;9].
However, the authors demonstrated that MIF inhibition and anti-MIF neutralization of LAK
cell cytotoxicity also occurred when MHC class I negative target cells were used. Thus the
interaction of ant-MIF antibody with MHC class I cannot explin their results. Our
demonstration that MIF can inhibit binding of MHC class I to CD3"™"#%* cells suggests MIF
may instead inhibit LAK cell killing through a shared region of similarity with MHC class 1.
As OX18 and antu-MIF polyclonal antibodies also bind mouse MHC class I, we did not
attempt to inhibit the effect of MIF with these antibodies, as they would bind H2D® directly

and render conclusions impossible.

Recently, CD74, was defined as a receptor for MIF [12]. CD74 is also known as the
invariant chain (i) involved in peptide loading and trafficking of MHC class II. Intriguingly
CD74 co-immunoprecipitates with folded CD1d [59]and MHC class I (human and mouse)
[60-62], an interaction annulled by the addition of allele-specific MHC class I peptides [62].

CD74 also interacts with the MHC class I chaperone calnexin [63;64]. This and other
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evidence suggests CD74 function(s) may not be exclusively associated with MHC class II
folding intracellularly. CD74 is not exclusively expressed by MHC class 1T+ cells, or only
intracellularly. Two to five percent of CD74 is found on the surface of CD74 + cells, and
CD74 knockout mice have phenotypes not easily explained by MHC class II deficiencies
(discussed in [12]). It is possible that CD74 is found on the surface of NK cells where it can
bind MHC class I. This binding may be inhibited by MIF. CD74 does not appear able to
activate the signaling pathways MIF activates, and CD74 did not account for all MIF binding
to cells[12]. Therefore, different MHC class I binding receptors on different cell types, may be

primary receptors or co-receptors for MIF with CD74.

MIF inhibits LAK cell cytotoxicity [8;9]. In this situation, if MIF acts through similarity to
MHC class I, it either induces signaling through an inhibitory receptor, or intubits signaling
through an activating receptor. However, MIF may bind several receptors for MHC class I,
allowing a diversity of potential responses. Activating receptors binding regions of MHC class
I that might also bind OX18 may include PIRA [46], activating homologs of LLIRB1 recently

cloned from rat and mouse [65], and CD8a. [48]. Inhibitory receptors for MHC class I, Ly49A

and C, contact residues 223 and 243 of a3, and thus contact part of the proposed OX18
epitope (W243-A244 but not the AB loop) [66-68], suggesting that the binding site of an
uncharacterized Ly49 family member may more substantially overlap with the OX18 binding
site shared by MIF. LILRB1’s close structural [69] and functional [70] homologue LILRB2

has been proposed to be related to mouse PIRB [71;72]. PIRB binds several classical mouse

MHC alleles [46] and HLLA-G [73]. Like LILRB1 and -2 [70] mouse PIRB probably binds the
AB loop of a3 domain [46] Like LILRB1/2, PIRB has significant polymorphism and

probably binds a polymorphic region (such as the AB loop of the mouse a3 domain, Figure 4-
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4B) of MHC class I [44;45] like LILRB1/2 [46]. Thus, if MIF binds PIRB it may have more
effect on binding of MHC class I alleles other than H2D?, particularly given the polymorphism
and charge heterogeneity of the AB loop of the a3 domain among various mouse MHC class
L. Despite evidence that rat NK cells express PIRB [18], ex zw mouse splenic NK cells do not
express PIRB [74]. After 4 d culture with IL-2 NK cells may express PIRB. Cells larger than
lymphocytes were excluded in gating of LAK cells, thus it is unlikely that MIF inhibited

tetramer binding to PIRB + macrophages among our CD3"™/*#* L AK cells.

MIF was first characterized for its ability to inhibit the migration of macrophages, and signals
through src kinases [18;75;76). It is therefore intriguing that PIRB, a potential receptor for
MIF, downregulates chemotaxis through src kinases [52]. MIF binding to PIRB could account

for the effect of MIF on macrophage migration and other responses.

The inhibition of MHC class I tetramer binding by MIF is small, while the effect of MIF on
LAK cytotoxicity is more pronounced [8;9]. Due to the influence of avidity, trimeric MIF may
more capably compete with monomeric MHC class I # ww, than with tetrameric MHC class I
in our assay. Given the polymorphism of mouse MHC class I in the region similar to MIF it is
possible MIF may more profoundly block binding of receptors to MHC class I alleles other
than H2D®. Moreover, i 1w the role of MIF may not be to compete with MHC class I for
binding receptors, but rather when MHC class I is absent or present at low levels, such as in
immune-privileged environments, to induce signaling that will inhibit NK cell cytotoxicity.
MIF is trimeric and thus may induce some clustering of its receptors. On the other hand, it is
not necessary that MIF inhibit LAK cell cytotoxicity solely through direct effects on LAK cell

receptors for MHC class I. MIF may use receptors for MHC class I only as a docking site for
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entry into LAK cells, and inhibit LAK cell cytotoxicity via subsequent short term effects on
transcription and protein degradation through interactions with Jabl. In this regard, it is
interesting to note that MIF inhibits activation of transcription by AP-1, and inhibits ¢-Jun N-
terminal kinase (JNK) [17]. AP-1 activates transcription early after induction of NK cell
cytotoxicity [53], and JNK is activated by signaling through some activating NK cell receptors

[54.77].

Interestingly, MIF has characteristics of many inhibitors of NK cell cytotoxicity. It is
released in stress responses, overexpressed in immune-privileged sites, and is associated with
recurrent muscarriage. Our evidence suggests a mechanism for inhibition of LAK cell
cytotoxicity by MIF: through similarity between MIF and MHC class I. As such, MIF could
act as a systemic (stress response) or tissue-wide (immune-privileged tissues) mechanism to
inhibit NK cell function under the control of hormonal, psychological and inflammatory
stimuli. Our observations about MIF add new information to the complexity of MHC class I

proteins, their receptors, mimics and functions.
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4.5, Figure Legends
Figure 4-1. MHC class I is purified by immunoaffinity chromatography with mAb
OX18. (A) ELISA detects OXl18-reactive material eluting from OX18 immunoaffinity
column with 0.05 M diethylamine 0.5% triton X-100 650 mM NaC pH 11.5. After extensive
washing with column loading buffer, the column was sequentially eluted with four increasingly
stringent buffers (15 volumes 10 mM Trs 0.5% triton X-100 pH 8.2 150 mM Nad, 15
volumes 10 mM sodium phosphate 0.5% triton X-100 150 mM NaQ pH 10, 15 volumes 10
mM sodium phosphate 0.5% triton X-100 300 mM Na(l pH 10 and with 0.05 M diethylamine
0.5% triton X-100 650 mM Nad pH 11.5. The majority of OX18-reactive material eluted
with the final buffer. Fractions were neutralized with 1 M Tris-HO pH 6.7, coated on ELISA
plates and OX18 immunoreactive material detected with OX18 mAb, anti-mouse Ig-HRP and
OPD (o-Phenylenediamine dihydrochloride) substrate. (B) Several proteins were punfied by
OX18 immunoaffinity. Fractions with the most OX18-reactive matenial (fraction 11-13) were
combined and subjected to SDS-PAGE silver staining (left), western blot with OX18 anti-
MHC class I mAb (center) and polyclonal ant-MHC class I Ab (right). Results are

representative of four separate immunoaffinity punfications.

Figure 4-2. MHC class I and Macrophage Migration Inhibitory Factor are found in
anti-MHC class I purified material. (A) Peptide sequences of MHC class I and MIF
identified by MALDI-QTOF and Mascot search engine in fractions purified by
immunoaffinity with OX18. (B) Identity of prominent bands in OX18 purified fractions.

Results were obtained as in (A); results are representative of two experiments (A,B). (C) Both
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MIF and B2m were detected by western blot in OX18 purified fractions; results are

representative of three experiments.

Figure 4-3. MIF is bound by anti-MHC class I mAb and does not elute from isotype
mAb immunoaffinity columns. (A) Recombinant MIF is bound by anti- MHC class I mAb
OX18 but not other mADb that recognize conserved epitopes of MHC class I. Results are
pooled from three independent experiments (p >0.05, t-test, error bars represent standard error
of the mean). (B) MIF does not non-specifically bind and elute from isotype mAb
immunoaffinity columns. Isotype mAb column paired with anti-MHC class I immunoaffinity
column (Figure 4-1) was loaded and eluted as in Figure 4-1. ELISA to detect MIF or MHC
class I was performed as in Figure 4-1A. (O In denaturing immunoblot, anti-MIF polyclonal
antibody does not detect mouse MHC class I (H2K", right) and anti-MHC class I polyclonal
antibody does not detect MIF (left). (D) OX18 and anti-MIF were confirmed to bind H2K® by
ELISA (nght). Background absorbance of wells without added primary antibody was

subtracted from shown values. N=3, p <0.05, error bars represent standard error the mean.

Figure 44. Amino acids forming an MHC class I epitope recognized by OX18 mAb

and bound by NK cells are found in MIF. Key residues of an exposed loop of MHC class
I a3 domain that contacts LILRB1 (bold black line) and OX18 mAb (bold red line) are found

in MIF. LILRB1 contact residues in human MHC class I may be the same used by PIRB in
mouse and represent a functionally accessible binding site on this region of MHC class I. (A)
Amino acids implicated in OX18 binding of rat MHC class I are highly conserved. Amino
acid substitutions are shown by inserted letter. RT1 proteins known to bind OX18 (top panel)

are RT1.Ac (AAC52551), RT1.A2c (CAA62021), RT1.A2n (CAA62026), RT1.Alk
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(CAB56231), RT1.Aln (CAA62025), RT1.E2 (CAD60945), RT1.U ccl (CAA06295), and
RT112 (AAR96255). RT1.L1 mutations (R194D, G207D, and W243S) ablate binding of
OX18. Five RT1 expression clones do not bind or weakly bind OX18 (RT1.U cc22
[CAA06297], RTL.U cc23 [CAA06298], RT1.Au [CAA57631], RT1 11/3R [CAA47838],
RT1.L1 [AA085418]). These mutations suggest A244S may also ablate OX18 binding
Sequences were aligned with ClustalW[78] and edited with BioEdit. (B) The OX18 binding
epitope of RT1.A is variably conserved by mouse MHC class I. Sequences were aligned using
MultiAlin[79]. Neutral substitutions are shown in gray, non-neutral substitutions are shown in
red. Substitutions cluster around LILRB1/0OX18 binding sites. Sequences used for
comparisons were H2D® (1YN7A), H2D* (NP_034510), H2K® (NP_001001892), H2K*
(P01902), H2L! (AAH92284), Qa-1 (AAD53968), Qa-2 (P14429), H2-T3 (P14432), and TL
(CAA26586). (O Cartoon representations of rat MHC class I RT'1-Aa and human MHC class
I HLA-A crystal structures (1IED3, 1I4F) showing amino acids important in binding LILRB1
and potentially OX18. The individual domains comprising MHC class I (a1, a2, a3 and f2m)
are indicated. Amino acids implicated in forming the OX18 epitope on rat MHC class I are
highlighted in red (193-198, G207, W243, A244). LILRB1 contact residues on HLA-A are
highlighted in red (consensus[44] P193, 1194, S195, D196, E198). LILRB1 and OX18 binding

sites are located on similar loops and regions of MHC class I.

Figure 4-5. MIF-(9-18) forms part of a motif on MIF resembling MHC class I and
bound by OX18. (A) Potential location of the OX18 binding site in MIF. The AB loop (193-
198, PRPEG) associated with MHC class I binding of OX18 and LILRB1 (in human) is found
in interrupted form in MIF (11-18, PRASVPEG). Sequences used were rat MIF (P30904),

mouse MIF (NP _034928), RT1.Aa (P16391). Sequences were aligned with MultdAlin[79].
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Sequences were truncated, and gap tolerance increased to demonstrate potential OX18 binding
site. (B) Cartoon representation of the rat MIF crystal structure (1IFIM) showing residues
involved in binding OX18, and potentially receptors for MHC class I. ‘The view is down the
three-fold axis of the dimer. Amino acids involved in LILRB1 (in human) and OX18 binding
that are also found in MIF are highlighted in red (P11, R12, P16, E17, G18). A loop in the
linear structure PRASVPEG brings the OX18 and LILRB1 binding residues PRPEG into
more continuous linear alignment. (C) OX18 binds MIF-(9-18). A peptide representing MIF-
(9-18), NVPRASVPEG, and a scrambled and conservatively mutated version of this peptide
SAGVDNAGKA were coated on 96 well plates for ELISA with OX18. Binding of isotype
control mAb (IgG1) and OX18 mAb to MIF-(9-18) is expressed as a percentage of binding to

scrambled peptide. n=3, p <0.05, error bars represent standard error of the mean.

Figure 4-6. MIF inhibits binding of H2D" tetramers to LAK cells. Four day LAK cells
were incubated 20 minutes with MIF or BSA (20 pg/mlL) before addition of H2D" tetramers
and ant-CD3 mAb. (A) Representative flow cytometry analysis. Region R2 (center panel)
represents gating on CD3°™#%™/ H2D" tetramer™® cells, used below. Presence (+) or
absence (-) of H2D" tetramer is indicated above each scatter plot. (B) MIF does not inhibit
binding of H2D" tetramer or anti-CD3 mAb to CD3"#" cells. (C) MIF inhibits binding of
H2D® tetramer to CD3°"™#™/H2D" tetramer™® cells (region R2), but does not inhibit
binding of ant-CD3 mAb to CD3" cells, CD3°™™&“/H2D® tetramer™® cells, or

CD3"'/H2D" tetramer™®" cells. Error bars show standard error of the mean (n=4). * p<0.05.
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4.6. Figures
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Figure 4-1. MHC class I is purified by immunoaffinity chromatography with mAb

OX18.
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anti-MHC class I purified material.
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5. ANTI-RAT CD8a. CLONE OX-8 BINDS UNIDENTIFIED PROTEINS AT 56-64
KDA, INCONSISTENT WITH CD8a
Clone OX-8 is a widely used mAb that binds rat CD8a [1]. OX-8 induces rat macrophages
to produce TNF, IL-1f and nitric oxide in a Syk dependent manner [2;3]. Another anti-CD8o.
mADb (G28) used in published studies [2;3] did not bind CD8a on ex ww rat macrophages. As

such, the specificity of anti-CD8o OX-8 for CD8a was important to conclusions about CD8c

on rat macrophages.

For the first time the anti-rat CD80 mAb OX-8 was used here in western blot for rat
(D8c. While OX-8 identified a 37 kDa protein in splenic T cells by western blot, in
agreement with immunoprecipitation data showing the Mr of rat CD8a [1], higher Mr bands
(56-68 kDa) were also detected (Figure 5-1). Fifty-six to 68 kDa proteins bound by anti-rat
CD8a. mAb OX-8 were not mitochondrial, like the F1 ATP synthase detected by clone D9
(Figure 5-1). The higher Mr proteins detected by anti-CD8c OX-8 may be forms of CD8a.
that (re)aggregate due to characteristics not occurring in T cells, a novel form or modification
of CD8a, or an unrelated protein. Surprisingly, OX-8 did not detect proteins within the
predicted Mr of rat CD8a in rat alveolar macrophages, only high Mr proteins (56-68 kDa)
were detected (Figure 5-1). This Mr difference may be attributable to N-linked glycosylation
of CD8a (rat but not human CD8a. is N-glycosylated), or OX-8 may cross-react with a
protein that is not CD8a. Using the OX-8 mAb by immunohistochemistry others have
observed cytoplasmic localisation of proteins recognized by OX-8 [4]. It is possible, even
probable, that CD8 is present in endocytic or recycling vesicles as has been shown for Ick,

LAT and CD4 [5). Given the uncertainty about the localisation and Mr of proteins detected
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by OX-8 mAb, particularly in macrophages, caution would be wise in interpreting experiments
using this mAb.

Other data helps validate suggestions that CD8 protein is present and functional on rat
macrophages. An anti-CD8B mAb elicited responses from rat macrophages similar to OX-8
suggesting that the release of TNF, IL-1B and nitric oxide observed with anti- CD8a mAb

OX-8 does occur via CD8 [2;6;7]. Furthermore, a second anti-rat CD8c. mAb (clone R1-

10B5) bound rat macrophages (chapter 2) and inhibited binding of rat macrophages to MHC

class I (Figure 2-6).

213

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.1 Figure Legend and Figure
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Figure 5-1. In macrophages anti-rat CD8c mAb OX-8 binds only proteins of significantly higher Mr
than expected for CD8c. (A) While CD8« is described as a 34-37 kDa protein, anti-CD8a mAb OX-8 also
binds 56-68 kDa proteins in rat macrophages and spleen cells (source of CD8a+ T cells). Only 56-68 kDa
proteins are recognized in western blot with OX-8 in rat macrophages, suggesting that at least in denatured
form OX-8 does not recognize CD8w in rat macrophages. (B) The 56-68 kDa proteins detected by OX-8
are not mitochondrial, or (C) associated with the F1 ATP synthase, like the 52 kDa protein detected by anti-
human CD8a: mAb DS. Purified rat mitochondria (B} from liver was a gift of Dr. Jean Vance (University of
Alberta). In (C) crude mitochondrial preparations were immunoprecipitated with anti-F1 ATPase mAb
beads according to supplier protocol (Mitosciences).
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6. DISCUSSION
This thesis targeted gaps in our understanding of cell types that express CD8 and the

functions of CD8 that might be independent of the TCR.

6.1 Species Differences in the Cell Types That Express CD§8
The studies composing this thesis have contributed to understanding the expression of CD8

in two ways. For the first time human monocytes are demonstrated to express CD8a. in a
manner that renders it unlikely they acquire CD8 protein from other CD8+ cells by processes
similar to “shaving” [1] or troglocytosis [2]. The latter was the case for reports of CD8f on
mouse dendritic cells [3]. Together the presence of CD8a mRNA and CD8a. protein in
highly enriched (>99%) human monocytes and a human monocytic cell line (THP-1)
demonstrates that human monocytes synthesize CD8a. (Table 6-1). Levels of CD8a similar to
that found on human monocytes are found on human macrophages, at least from the alveolar
compartment. These cells may acquire CD8a from other CD8+ cells, synthesize their own

(D8, or acquire soluble CD8a [4] from lung fluid.

6.2. Species Differences in CD8-Linked Signaling Proteins
Although CD8 is expressed on human monocytes and is relevant in human health, CD8 is

absent on mouse monocytes [5]. Mouse and human species diverged about 65 million years
ago and while mice and humans are genetically highly similar, pressures unique to their
environmental niches have generated significant differences in their immune systems [6].
Table 1-2 summarizes several differences in CD8 between mice and human. CDS8 is absent
from mouse NK cells [7] but present on human [7-10] and rat NK cells [11;12]. Our evidence

has solidified a pattern of species differences in the expression of CD8: NK cells and
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monocytes are CD8+ in human and rat, but CD8- in mice (Table 6-1). These observations
suggest rat and human CD8 has functions distinct from mouse CD8 that enables its operation

on monocytes and NK cells.

On the other hand, human and rat NK cells and monocytes may have unique receptors or
signaling apparati that allow them to productively work with CD8. For example, Syk is
expressed in some T cells (thymocytes and mature effector T cells) in humans but not in mice
[6;13], and perhaps Syk in humans is capable of participating in signaling with TCR and CD8
in ways that mouse Syk cannot. If CD8 can co-activate Syk signaling with TCR in humans, it
may be able to co-activate monocytes, macrophages and dendritic cells through some Syk-

dependent receptors.

6.3. Species Differences in Genomic Regulation of CDSa Expression

There are differences between rat, mouse, and human in which cell types express CD8a. and

CD8B (summarized in Table 1-1, part I and II). Genomic elements controlling CDS8a
expression also exhubit species differences. A/ repeats are believed to be primate-specific, not
being found in mice and rats, yet Al repeats appear to be important for human CDS8
expression [14] (Table 1-2). An interspecies study of CD8 expression on NK cells,
monocytes and macrophages would help clanfy the apparent species differences in cell types

that express CDS8.

CDS8 expression appears to be largely controlled by regions distal to the CD8a and CD8P
genes such as enhancers, matrix attachment sitess, DNA methylation and chromatin
accessibility (reviewed in [15]). These modifiers of larger DNA structures may allow co-

expression of CD8 and functionally related genes. Four DNA hypersensitivity sites have been
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described around the human CD8a gene [14]. Two of these DNA hypersensitivity sites (FIS1
between CD8a exon 4 and 5, and HS4 after the last exon of CD8o were not T cell specific,
and linkage of the 14 kb region containing the four DNA hypersensitivity sites to the CD8a
gene is sufficient to allow CD8a expression in NK cells [7]. Thus sites that may control
CD8a expression in cells other than T cells have been identified. A different number of DNA
hypersensitivity sites were noted for CD8a. in mice and human studies [15], suggesting further
species differences in expression of CD8 (Table 1-2). Interestingly, Ikaros can activate
transcription of CD8a and may initiate many epigenetic modifications of the type involved in
CD8a transcription [16]. Ikaros also appears to be present in monocytes, and can be

upregulated in dendntic cells [17]. ‘Thus, Ikaros may be one factor that regulates CD8a

expression in monocytes and dendntic cells. Differential expression of factors like Ikaros
among cell types may lead to differential expression of a subset of genes, including CD8 on

monocytes in some species.

6.4. CD8a on Monocytes and Macrophages Binds MHC Class 1
As previously discussed, CD8a on rat macrophages was not bound by an anti-CD8c. mAb

G28 that binds the Ig-V-like MHC class I binding region of CD8a. [12;18]. This suggested the
possibility that CD8a on rat macrophages may bind MHC class I with a different affinity or
avidity, or potentially not at all as compared to CD8a on T cells. Given the differences in
CD8o on human monocytes and T cells as seen by 2-D electrophoresis, and their differences
in binding anti-CD8a mAb clone D9, it was possible that CD8a on human monocytes also

vaned in a way that could affect its binding to MHC class I. 'Thus, I tested whether CD8a on

human monocytes and rat macrophages binds MHC class 1.
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A potential complicating factor in the measurement of CD8-dependent adhesion of rat
macrophages to MHC class I was the presence of MIF in enriched rat MHC class I
preparations. As demonstrated in Chapter 4, the mAb used to purify rat MHC class I cross-
reactively bound MIF, and co-purified MIF with MHC class I.  The adhesion of a rat

macrophage cell line (NR8383) to the preparations containing MIF and MHC class I was

inhibited by ant-CD8c mAb after 1 hour at 37°C.  Hypothetically, binding of rat

macrophages to MIF, not MHC class I, could be inhibited by ant-CD8a mAb in these

experiments. To test this possibility we performed the same adhesion assay with amounts of
recombinant mouse MIF (>99% conserved with rat MIF) equivalent to the amount in
enriched MHC class I preparations used. Despite our anticipation that rat macrophages might
bind recombinant MIF, we did not detect adhesion of rat macrophages to MIF above
background adhesion or an effect of anti-CD8a mAb (not shown). Several explanations for
the nability to detect rat macrophage adhesion to MIF are possible. The rat macrophage cell
line used may not have receptors or other factors that render them susceptible to MIF, or
adhesion of rat macrophages to MIF may be masked by background macrophage adherence
through other mechanisms. Whatever the reason that rat macrophage adhesion to MIF was
not detected, these experiments suggest macrophages bound in a CD8a-dependent manner to

MHC class I, not MIF.

Binding of HLA-A2 tetramers to human monocytes was partially inhibited by anti-CD8a
mAb. Rat macrophages bound rat MHC class I coated on microwells, and this binding could

be inhibited by ant-CD8ct mAb. However, it remains possible that treatment of rat

macrophages with anti-CD8a mAb at 37 Cfor 1 h induces a change in these cells that alters

their ability to bind MHC class I, in a way unrelated to CD8 [19]. 'This is less likely in
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experiments with human monocytes using anti-CD8o mAb to inhibit binding of soluble MHC

class I tetramers at 4 C in the presence of sodium azide, as most cellular changes are

significantly reduced in these conditions.

On T cells, anti-CD8a. mAb only inhibits binding of MHC class I tetramers if the MHC
class I is complexed with a peptide recognized in an antigen-specific manner by the TCR
[20;21]. While more elaborate explanations are imaginable, the ability of ant-CD8o mAb to
inhibit binding of MHC class I tetramers may be most simply explained as either the ability of
CD8a to promote binding of TCR to MHC class I, or to stabilize binding of tetramers where
TCR and CD8 bind independent MHC class I molecules in the tetramer. A similar situation is
possible on monocytes. CD8c may promote binding of MHC class I tetramers to another
receptor, such as ILT family receptors, via mechanisms suggested in the section below “CD8:
Re-examining the Co-receptor Concept”. Alternatively, CD8c and other MHC class I

receptors, like ILT family receptors may bind to separate MHC class I molecules in mult-

valent tetramers. Either case may be observed as inhibition of binding of MHC class I

tetramers to monocytes with anti-CD8c mAb.

CD8aov binds MHC class I (e.g. [22]), and CD8aa enhances binding of MHC class I

tetramers to TCR [23]. At present, data suggests CD8p is required for CD8 to bind MHC
class I tetramers in the absence of the TCR, from one example with mouse immature
thymocytes [24]. Human monocytes express only CD8a, and thus presumably CD8aa
homodimers, suggesting from current knowledge [20;21;23;24], that CD8 on monocytes

should not bind MHC class I tetramers alone. If anti-CD8a mAb inhibits binding of MHC

class I tetramers to CD8a alone on monocytes, and does not, as suggested above, prevent
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CD8a. from promoting or stabilizing binding of MHC class I tetramers in conjunction with a

second receptor, CD8c.c. on monocytes may have a higher affinity or avidity for MHC class I
than CD8 on mature T cells. I have discussed how CD8 binding to MHC class I varies

between immature and mature thymocytes, before and after cell activation of CTL clones or
blood T cells. Current data suggests CD8f is necessary for CD8 to bind MHC class I
tetramers without a second MHC class I binding receptor [24]. Given the numerous cases in

which CD8 binding to MHC class I is altered, it is possible a novel change in CD8a. on

monocytes may allow CD8 to bind MHC class I tetramers without expression of CD8p.

Studies in this thesis strongly suggest CD8oot on human monocytes binds MHC class I, and

suggest that CD8a on rat macrophages can also bind MHC class I. However other questions
remain to be resolved. NK cells and potentially monocytes have several receptors with
binding sites on MHC class I that do or do not overlap with CD8 [25]. Does low affinity CD8
binding to MHC class I promote binding of other receptors on monocytes to MHC class I?
Does the glycosylation of CD8a on monocytes, and potentially each CD8+ cell type (NK

cells, dendritic cells) vary in a way that affects its affinity or avidity for MHC class I?

6.4.1. Some Amti-CD8a mA b Clones Do Nat Bind CD8 in Centain Cirourstances: Relation
to MHC dass I Binding
Several studies have demonstrated that binding of certain anti-CD8a mAb differs between
types of CD8+ cells but no explanation for this has been published [26-29].  Our laboratory
previously described that one of two anti-CD8a mAb (G28), binds rat T cells but not rat
macrophages [18], an observation since confirmed by others [30]. In contrast the same anti-

CD8o mAb (G28) binds to rat monocytes [31;32]. Here, I have found that an anti-CD8a
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mADb (clone D9) binds human monocytes and CD8+ T cells retrieved from pathophysiological
lung of some patients, but not peripheral blood T cells. Interestingly, clone D9 inhibits
binding of MHC class I to monocytes, and clone G28 binds the Ig-like region of CD8a
involved in binding MHC class I [12]. The differences that control mAb binding to CD8 Ig

domain on monocytes and macrophages may influence CD8 binding to MHC class 1.

6.4.2. Ghyosylation and Inter-Molecular Irseractions of CD8
An association of CD8 with another molecule may mask the epitope that D9 binds on
CD8a on pernpheral blood T cells. CD8a can associate on the same cell with MHC class I
[33-35]. This may mask the MHC class I binding site on CD8a and prevent CD8a. binding to
MHC class I on an opposing cell, thereby blocking CD8-mediated cell activation. Activation
of the NK cell receptor Ly49A is regulated in this way [36]. In as interaction of Ly49A with

MHC class I, impedes Ly49A binding to MHC class I &2 tnars, on a target cell, thereby
preventing NK cell activation. Regulated binding of CD8c to MHC class I in the plasma
membrane of the same cell may prohibit binding of anti-CD8c mAb clone G28 to rat

macrophages and allow binding of anti-CD8a. mAb clone D9 to human monocytes.

Another intriguing case where changes in binding of anti-CD8c mAb may be related to
changes in the ability of CD8 to bind MHC class I was recently described. Calcium or its
sequestration dramatically altered the binding of some ant-CD8a mAb to T cells, without
CD8 intemalization [37]. Calcium is known to bind sialic acid [38;39], likely due to their
opposing charges. Sialic acid on the stalk region of CD8p affects its ability to bind MHC class

I tetramers [24]. 'Therefore, calcium may bind sialic acid on the CD8a. [40] or CD8P stalk

region and alter the ability of anti-CD8a. mAb to bind. If the negative charge on sialic acid
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contributes to its inhibitory effect on CD8 avidity for MHC class I tetramers, the addition of
calcium or calcium influxes during T cell activation may neutralize or potentiate this charge,
and enhance or reduce CD8 binding to MHC class I at the precise times and locales of TCR

activation. Calcium (1 mM Ca(l)) or its sequestration with EDTA had no effect on binding of

anti-CD8o mAb D9 to lymphocytes (data not shown).

It is intriguing that many of these differences among cell types or environments in binding
of ant-CD8a mAD suggest that there are changes in the ability of CD8 to bind MHC class 1.

However, evidence of this is lacking at present.

6.4.3. The Possibility of Structural A lternations in CD8: Disulphide Bond Switdbes
A second possibility that could explain differential binding of anti-CD8o mAb to CD8 on

different cell types is a change in CD8 structure or ormentation. Subtle changes in
conformation of MHC class I or CD8 affect CD8 binding to MHC class I [22;41]. A select
few anti-CD80. mAb enhance binding of MHC class I tetramers, perhaps by inducing a
conformational change in CD8 that enhances CD8 binding to MHC class I [21;42]. No
structural differences in CD8 by itself or bound to MHC class I are observed in crystal
structures, with one exception (discussed in [43]). This suggests, as one interpretation, that
different conformations of CD8 can be induced, perhaps physiologically, that change CD8
affinity or avidity for MHC class .

Adhesion of CD8 before and after TCR activation does not rely on all the same residues in

MHC class I [44;45]. While CD8 binding to MHC class I depends on charged amino acids in
the entire length of a loop of the MHC class I a3 domain, only one residue in this loop was

required for CD8 binding to MHC class I after TCR stimulation [44]. Significant avidity-
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enhancement of CD8 may minimize the need for multiple contacts with MHC class I [44].
Another possibility is a structural change in CD8 that changes the residues CD8 contacts on
MHC class I and thereby CD8 binding affinity [44].

Changes in disulphide bonds may be incipient actors in alternate conformations of CD8.
Most Ig superfamily members contain two cysteines in their Ig domains, one in each of the B
and F strands that form a disulfide bond with a conserved geometry [46). In contrast the
(CD8a Ig domain contains three cysteines on B, F and C strands (Figure 6-1A) in mouse, rat

and human.

What may be the role of this extra cysteine residue, that is not found in canonical Ig
superfamily members, yet is conserved in rat, mouse and human CD8a? Intriguingly, an
analogous free cysteine residue is found in proximity to the disulfide bond in domain 2 of
CD4. In domain 2 of CD4, switching of a B-C, non-canonical disulphide bond (steady state)
to a B-F disulfide is catalyzed by thioredoxin, but not other thiol redox enzymes [47]. This
disulfide bond switch in CD4 changes its affinity for gp120 of HIV-1 and promotes HIV-1

infection of T cells [47].

Contradictory results concemning which cysteines (B-C or B-F) form disulphide bonds in the
Ig domain of CD8 suggest that a disulphide switch mechanism exists in CD8. Two
laboratories found that the intrachain disulfide bond in the CD8 Ig domain is formed non-

canonically between B and C strands, like CD4 [47], rather than B and F strands [48;49]. In
contrast crystal structures of mouse and human CD8o have visualized the canonical Ig

domain B-F disulfide bond (Figure 6-1) [50-52]. It is possible, despite the use of iodacetamide

in cell lysis buffers to block free cysteines, that an aberrant disulfide bond between B and C
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strands was induced during CD8 purification by both groups that found the non-canonical
disulphide bond [48;49). The distance between B and C cysteines in crystal structures of
CD8a. is slightly longer (8.2-8.4 angstroms) than disulphide bonds in most Ig domains (6.6-7.4
angstroms), suggesting that formation of this bond would imply a significant adjustment in

CD8 structure (Figure 6-1) [52].

Mutation of B or F cysteines minimizes expression of CD8, suggesting a canonical B-F
disulfide bond is the major disulphide bond in the CD8 Ig domain [43]. Mutation of the C
strand cysteine appeared to increase the proportion of CD8aff heterodimers [43] suggesting it
is usually less important for CD8 structure but may influence CD8 heterodimer stability.
Unfortunately, nothing is known of the influence of B, F, or C strand cysteines on CD8

binding to MHC class I.

Switching between B-C and B-F disulphide bonds in CD8c may alter CD8 affinity (like
CD4 or integrin affinity activation), function, or binding to anti-CD8c mAb [48-52]. Given
that different cell types probably express or localize to environments with different repertoires
of thiol redox enzymes one might expect some variation in which disulphides are formed in
sensitive proteins, like CD4 or CD8 by different cell types. In fact, novel disulphide bonds
were recently reported in CD4 on monocytes compared to lymphocytes [53]. Thiol redox
control of CD8 function would allow its adaptation to the intensity of an ongoing immune

response by reflecting the inflammatory-redox setting of the local environment.

6.5. Post- Translational Modification of CD8a on Human Monocytes and T Cells
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Sialylation regulates CD8 binding to MHC class I tetramers [24], and palmitoylation
regulates the ability of CD8 to co-activate TCR responses [54]. Both CD8a [40;55] and CD83
[54;56] are sialylated and palmitoylated. The expression of enzymes involved in glycosylation
or palmitoylation change depending on cell type and state of activation. Thus, monocytes and

T cells may glycosylate or palmitoylate CD8a differently.

We have begun to characterize molecular differences between CD8a. on human monocytes
and T cells. CD8a was detected at 32 and 34 kDa with spots at several plI (range 6-9) at each
molecular mass. Monocytes selectively lacked sialylated 34 kDa forms of CD8a visualized in
T cells. The heterogeneity described by 2-D electrophoresis of CD8a here, and by others
[57;58] or by mass spectrometry and chromatography [55;59] is much more complex than an
on/off switch of sialylation. These changes in human CD8x have not been correlated to the
expression of particular glycosylation enzymes to the same extent as in mouse [24;56]. Further
study with more deglycosylating enzymes, followed by analysis of the glycosylation enzymes
expressed in monocytes and T cells may elucidate the molecular differences noted between
monocyte and T cell CD8a. While the ability of anti-CD8o mAb D9 to bind monocytes but
not T cells from human blood was not explained by sialylation, it may be due to other O-
glycosylation of CD8a. or differences in which of the 10 potential sites of O-glycosylation in

CD8a. are used.

6.5.1. Differences in Glycosylation or Palmitoylation May A coount for 32 and 34 kDa Mr of

CD8«a

The difference between 32 and 34 kDa forms of CD8a. may be due to glycosylation, as the

difference was eliminated with trifluoromethanesulfonic acid by others [60]. However,
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trifluoromethanesulfonic acid is supposed to remove all glycosylation [61], and thus should
leave a form of human CD8a. of 26-27 kDa, not 32 kDa [55]. Palmitoylation can cause small
molecular mass shifts on SDS-PAGE gels, and CD8a is palmitoylated [8;62]. It is possible the
acyl linkage of palmitoylation may be broken by trifluoromethanesulfonic acid, and the

difference between 32 and 34 kDa forms of CD8c. may be palmitoylation.

If we accept, despite evidence and opinion to the contrary (reviewed in [63])[64], that lipid
rafts exist and are important for TCR activation, the ability of CD8co on monocytes to be
palmitoylated and associate with lipid rafts may be important for the suggested participation of
CD8 in FcR signaling. However current literature suggests only CD8ap associates with lipid
rafts [65], and not CD8awct, as we propose is found on monocytes. For example,
palmitoylation of mouse CD8f may explain CD8af’s heightened ability to associate with lipid
rafts, Ick [23] and LAT [66], and elicit T cell activation compared to CD8aa homodimers
[54;65]. However, similar experiments suggest both CD8a [55;67] and CD8p [54;65] can be
palmitoylated, and both CD8act and CD8afy associate with lipid rafts [54;62]. [54;68;69]
Whatsmore, while CD8f} palmitoylation on one cysteine is proposed to drive CD8 association
with lipid rafts [54;65), palmitoylation of at least three, and as many as seven cysteines may
contribute to CD8 association with lipid rafts (Figure 6-2, two each in Ick and LAT [70;71],
three in CD8a, and only one to two in CD8f). Furthermore, CD8B (RRRAR) and CD8a
(RNRRR) have motifs, resembling a sequence in CD4 (RHRRR) that was more important for
CD#4 association with lipid rafts than CD4’s palmitoylation at a CD8p-like CVRC motif [72]
(Figure 6-2). These charged sequences in CD8o and CD8f are highly conserved across

species (Figure 6-2) and the association of CD8 with lipid rafts is likely much more complex

228

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



than a single palmitoylation site in CD8B. While it has not been examined in this thesis,

CD8ac. on human monocytes and other cells may associate with lipid rafts.

In summary, CD8c may vary in glycosylation and palmitoylation among monocytes, T
cells and other CD8+ cell types. This may modulate the ability of CD8 to induce intracellular
signaling and activation, by changing its binding to MHC class I and strength of association
with lipid rafts.

6.5.2. Dynamic Palmitoation of CD8 o Miay Prewent Binding of Lk and LAT

Palmitoylation, unlike myristolation and other lipid modification of proteins is not a static
phenomenon.  After ligation of several receptors palmitoylation and depalmitoylation of
proteins may rapidly occur via acylthioesterases and acylthiotransferases [73]. For example,
activation of BCR induces palmitoylation events promoting its association with lipid rafts [74],
and this activated palmitoylation can be inhibited by oxidative stress [75]. Changes in
palmitoylation and lipid raft association of CD8a [55;62] or CD8p [54] could rapidly change
via acylthioesterases in the plasma membrane [73], or synthesis of differently palmitoylated
CD8 because of the relatively short half-life of CD8a [55]. This could control partitioning of
CD8 into lipid rafts, and regulate CD8 avidity [45;76;77] (as occurs with integrins [78]), and

CD8 recruitment to FcR or TCR signaling complexes.

There is no consensus sequence for palmitoylation of transmembrane proteins [79] and
transmembrane proteins can be palmitoylated on available cysteine residues just inside or

within 12 amino acids of the membrane [79]. Two of the three cysteines available for

palmitoylation of human CD8a [55;67] form the CxC motif necessary for interaction with

Ick/LAT (Figure 6-2)[66;80). Thus, regulated palmitoylation of CD8a may exclude CDS8
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binding to Ick or LAT. This could allow functions of CD8 to be separately engaged (Figure 6-
3). (D8, palmitoylated and not bound to Ick or LAT may associate with lipid rafts, and bind
MHC class I but be unable to signal. In an unpalmitoylated form, CD8 may signal through Ick
or LAT, but associate with lipid rafts to a lesser degree (Figure 6-3). A few of the hypothetical
possibilities for CD8 palmitoylation, association with lck/LAT and association with lipid rafts
are presented in Figure 6-3. As LAT, Ick, CD8c and CD8B are all palmitoylated,
acylthiotransferases and acylthioesterases may control their lipid raft targeting, and signaling

functions differently in each cell type, or in certain states such as T cell anergy.

6.6. The Problems and Benefits of Monoclonal Antibody Cross-Reactivity
Because the binding sites of TCR and Ab substantially adapt to the shape of a provided

MHC class I-peptide complex or antigenic molecule [81-83], with what is called induced-fit
binding, each TCR or Ab can bind multiple MHC class I-peptide complexes or pathogenic
epitopes [84]. It is hypothesized that each TCR or Ab is capable of binding multiple ligands to
help them keep pace with rapidly evolving pathogens [84]. Unfortunately this means that
when mAb are used as experimental tools to draw conclusions about a single protein they will
be prone to error. One basic way to guard against this source of error is to use more than one

mAb that recognizes a target protein.

Ab usually establish contacts with 9-15 amino acids in a target protein, but the contact
surface area is relatively small (~750 A°®) compared to receptor interactions like CD$ or Ly49

with MHC class I (~2000 A°) [81]. Because of this, as a matter of statistical probability mAb
may recognize “cross-reactive” proteins that are biologically and functionally unrelated.

However, mAb could also be considered as an innovative tool for cell (surface)-wide searches
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for the identification of small functionally important regions of similarity not identified by

sequence analysis. Potential examples of both of these possibilities were found in this thesis.

6.6.1. Some Anti-CD8a mA b Bind Proteirs That are Not CD8ax
6.6.1.1. Anti-CD8a Clone D9 Binds F1 ATP Synthase B Subunit

Anti-CD8c. mAb D9 detected a 52 kDa protein by western blot; CD8a. is a 32-34 kDa
protein in humans. We considered the possibility that a novel form of CD8c. may be detected
by anti-CD80. mAb D9 at 52 kDa. Analysis of published northem blot data [4;85] and the
genomic region surrounding CD8c had suggested the existence of upstream start codons
leading into in-frame open reading frames contiguous with CD8c. However, these were of
insufficient length to account for a Mr shift from 32 to 52 kDa. Likewise, human CD8a:. lacks
a site for N-glycosylation, and is not N-glycosylated [55] suggesting N-glycosylation could not
account for a Mr shift of 32 to 52 kDa. Careful analysis demonstrated that anti-CD8a clone

D9 bound CD8a at 32 kDa and a protein at 52 kDa, the F1 ATP synthase 8 subunit, with no
evident sequence (analysis with ClustalW) or structural homology (search for structural
neighbors with VAST [Vector Alignment Search Tool]). No suggestion that F1 ATP synthase
and CD8 were physically associated or functionally interrelated was found in the literature.

Thus induced fit binding of clone D9, typical of many antibodies [83], may allow it to bind an

unknown region of F1 ATP synthase with similarity to CD8a.

Taken together, the effects of anti-CD8a clone D9 on monocyte activation and MHC class
I binding are likely to be mediated by CD8a and not the F1 ATP synthase 8 subunit. First,

the F1 ATP synthase B subunit could not be detected on the monocyte surface, and therefore
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would be unlikely to influence monocyte function in the performed experiments. Second,
other anti-CD8a. bound monocytes at similar levels, and had similar effects on monocyte
MHC class I binding (clone B9.11) and activation (clone 32-M4). Thus, despite the ability of
anti-CD8o mAb D9 to bind the F1 ATP synthase B subunit, D9 also binds CD8a, and it is

this ability to bind CD8c that likely enables the binding of clone D9 to monocytes and its

effects on monocyte function.

6.6.1.2. Anti-Rat CD8o Clone OX-8 Binds CD8c and Unidentified Protein(s) of

56-64 kDa
(one OX-8 is widely used to detect rat CD8a [86]. Many studies that have described
(D80 + rat macrophages have relied on clone OX-8 to detect CD8a., in part because another
commonly used anti-CD8a mAb (G28) does not bind rat macrophages [87]. Moreover, many
of the functions of CD8a on rat macrophages have been described using clone OX-8 [18;87].
As such, the specificity of anti-CD8a clone OX-8 for CD8o was important to conclusions

about CD8a on rat macrophages.

While clone OX-8 has been demonstrated to bind CD8a by immunoaffinity purification
and amino acid sequencing of CD8a [86], and by classical transfection studies with CD8a
cDNA [49], use of OX-8 in western blot to detect rat CD8a. had not been published prior to
this thesis. OX-8 detected only proteins of higher Mr than CD8a (56-64 kDa versus 37 kDa
for CD8a), in rat alveolar macrophages suggest OX-8 may recognize a protein other than

CD8o on rat macrophages.

232

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Other data helps validate suggestions that CD8 protein is present and functional on rat
macrophages. An anti-CD8B mAb elicited responses from rat macrophages similar to OX-8
suggesting that the release of TNF, IL-1B and nitric oxide observed with ant-CD8cc mAb

OX-8 does occur via CD8 [18;26;88]. Furthermore, a second anti-rat CD8a mAb (clone R1-

10B5) bound rat macrophages and inhibited binding of rat macrophages to MHC class I. Due

to the consistency of effects on macrophage functions among anti-CD8 mAb, it is likely that
anti-CD8a. clone OX-8 binds native CD8a. on rat macrophages. However, in some
circumstances, such as in the denaturing conditions of western blot, OX-8 may bind proteins

other than CD8a.

The flexibility of induced-fit binding exhibited by antibodies [83] may allow a mechanism to
deal with pathogen mutation, but at the same time it may problematize the use of mAb in
research to identify and study proteins. Studies using transfected cells to study CD8a
function, for example, in cells where FcR signaling can be re-constituted by transfection [89],

offer a complementary tool to identify CD8a-specific functions.

6.6.2. Consequences of a Small MHC Class I-L tke Motif In MIF
MIF bound a monoclonal antibody (OX18) that recognizes a conserved epitope of all rat
polymorphic MHC class I. Through sequence analysis a 10 amino acid sequence was
identified that resembles MHC class I, and weakly bound OX18. A small MHC class I-like
motif in MIF may be an accident of evolution with no functional consequences. However,
both the OX18 epitope of MHC class I and MIF are implicated in the inhibition of NK cell
cytotoxicity, suggesting the similarity between MIF and MHC class I may be physiologically

relevant. Studies to demonstrate the physiological relevance of the MHC class I-like mouf in
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MIF will require a better definition of the region of similarity and the receptor that may

interact with MHC class I and MIF.

6.6.2.1. Reducing MHC (lass I to Motifs: Polymorphisms and Appropriations
Rather than each protein performing one function as once hypothesized, many proteins
have multiple interactions and often multiple functions, associated with separate regions of
their structure. MHC class I may be a prime example of one protein with many interactions.
Many distinct surfaces of MHC class I are contacted by different receptors to generate or

inhibit immune responses [90].

Several examples of viral and host homologues of MHC class I lack domains of classical
MHCclass I yet still control immune responses through receptors on NK cells or other cells
(Figure 6-4). For example MIG-A and MIC-B are human MHC class I homologs expressed in
a restricted manner, that do not associate with $2m [91;92] but control NK cell cytotoxicity
[93]. Mouse MHC class I-like proteins Rael-B and HéO contain only al and o2 regions of
MHC class I [94] and are ligands for NKG2D (Figure 6-4). Similarly the non-classical MHC
class I molecule T22 lacks a significant part of the a2 domain yet binds y8 TCR [95]. While
some viral homologs of MHC class I in human, murine and rat cytomegalovirus and
molluscum contagiosum virus retain the MHC class I a1,2 and 3 domains, the murine
cytomegalovirus MHC class I homolog Unique Long Region Protein (UL)18 is missing a
substantial part of the a2 domain (Figure 6-4) [96-98] [99]. With a high degree of selective
pressure on MHC class I and MHC class I-like genes exhibited by their rates of gene

duplication, polymorphism, appropriation and conservation, more homologues are bound to

be identified. As small fragments of some proteins, like MHC class I, are by themselves
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functional domains, these fragments of proteins transposed into a second protein, as

hypothesized for the MHC class I-like motif in MIF, may retain their function.

6.6.2.2. MIF Has Several Functional Domains, One of Which May Have
Similarity to MHC Class I and Bind NK Cell Receptors
Data elucidating the importance of MIF in macrophage function, innate immunity, cancer,
asthma, and angiogenesis is rapidly accumulating (reviewed in [100]). However, at least three
distinct regions of MIF may mediate distinct biologic functions (Figure 6-5). In most cases it
is not clear which region/ molecular mechanism of MIF is responsible for the many signaling,

cellular and organism-level effects of MIF.

The three functional regions of MIF are as follows. First, a receptor, CD74, has been
demonstrated for MIF [101] and loops on the surface of MIF may mediate binding to CD74
(Figure 6-5)[101]. However, MIF also appears to be endocytosed independently of a receptor
and interacts with several proteins including a member of the proteasome Jabl [102], and
MLCK [103]. These functions of internalized MIF are due to a second functional region of
MIF, a thioredoxin activity associated with a CXXC motif. The thioredoxin motif of MIF is
located in a peptide on the side of the MIF barrel trimer structure, distant from the proposed
receptor binding site (Figure 6-5)[104]. Finally a third region of MIF, a partially buried cavity
in the centre of the trimer, has an enzymatic tautomerase activity for a yet to be identfied

physiological substrate potentially containing an indole ring or ketone (Figure 6-5)[105-108].

While studies in this thesis suggest MIF binds an MHC class I binding receptor on NK cells,
it is not implied that an MHC class I binding receptor mediates all biological functions of MIF.

MIF weakly inhibited binding of a MHC class I tetramer to NK cells in ways that limited its

235

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



endocytosis and enzymatic activities (Figure 4-6). Use of a version of MIF with a mutated
thioredoxin motif will provide more confidence that the observed inhibition of MHC class I

binding is due to a shared motif with MHC class I and not other functions of MIF that operate

independent of endocytosis at 4 C.

MIF was onginally identified as a lymphocyte secreted trimer that inhibited migration of
macrophages, an affect that may also be attributed to induction of macrophage adhesion.
Recently, the ability of MIF to activate Rho signaling, phosphorylation of focal adhesion kinase
(FAK) and formation of stress fibres through myosin light chain kinase (MLCK) [103;109;110]
was described, identifying putative pathways involved in increased adhesion and reduced
migration of macrophages caused by MIF. Many of the effects of MIF in a spectrum of
disease models may be explained by its ability to inhibit directed migration, or promote
adhesion. The diminished pathology in many experimental diseases when MIF is eliminated
[111] may be attributable to lessened chemotaxis and adhesion of immune cells that result in
fewer destructive immune cells at affected tissues [103;112;113]. Adhesion and migration are
also important components of angiogenesis, metastasis, apoptosis, and cell survival and may
account for the effects of MIF in these processes [114-118). Whether it is the receptor-
mediated effects of MIF, or other MIF functions that inhibit macrophage adhesion or
mugration is not clear. Indirect effects of cell adhesion may cause many of the results

attnbuted to MIF.

The several interactions and functions of MIF likely involve more than one region of MIF.
A small region of homology to MHC class I in MIF could account for many receptor mediated
functions of MIF. It is interesting, that one of the proposed receptors for MIF and MHC class

I on NK cells, PIRB, affects cell migration and adhesion in a way much like MIF [119;120].
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6.6.3. Cross-Reactive mAb: A Surmnary
In the course of this thesis research the binding of two mAb to proteins other than their
recognized targets was described. In one case, the binding of ant-MHC class I mAb OX18 to
MIF, the small region of similarity between MIF and MHC class I may be biologically relevant.
The described effect of MIF on NK cell cytotoxicity [121;122], its localization in the body
[123], and the location of the mAb epitope on MIF, all are consistent with a MHC class I-like

function of MIF.

In the other case, without a precise definition of the epitope of anti-CD8a mAb D9 on
CD8a or the F1 ATP synthase B subunit, it is difficult to predict if the small region of

similarity between CD8c and the F1 ATP synthase B subunit is biologically relevant, as the

two proteins, according to evidence currently available have no similar functions.

6.7. CD8: Re-examining the Co-receptor Concept
CD8 is often labeled as a TCR co-receptor. However what is signified by “co-receptor”

varies widely across the literature. Sometimes “co-receptor” defines any receptor that
enhances CTL activation (e.g[124]), sometimes “co-receptor” appears to suggest CD8 binds,
at an undefined point, the same MHC class I molecule that is later or earlier bound by TCR
(e.g. [45)), and in other places “co-receptor” describes the ability of CD8 to bind the same
MHC class I simultaneously with TCR (e.g. [125]). I will define CD8 co-receptor function
according to the initial definition proposed by Janeway [125], wherein CD8 and TCR
presumably bind the same MHC class I molecule, at the same time (Figure 6-6). To describe
the ability of CD8 to promote T cell activation, as for example, integrins do as well, I will use

the term “co-activation”.
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Must CD8 bind the same MHC class I as TCR to promote intracellular signaling and cellular
responses? If CD8 can activate cells by binding MHC class I, without binding the same MHC
class I molecule as TCR, it would assist our understanding of CD8 in stimulating monocytes,
dendritic cells, or NK cells that do not express the TCR. Examination of the binding
constants, orientation and contact sites of CD8 binding to MHC class I will help understand
how CD8 promotes binding of TCR to MHC class I. With this groundwork, we may
hypothesize a role for binding of CD8 to MHC class I in promoting binding of receptors other
than TCR to their ligands or in directly initiating intracellular signaling.

6.7.1. The E udenge That CD8 Binds the Sarme MHC Class [ Mdleade as TCR is Indirect and
May be Subject to Other Intenpretations
The binding sites for TCR (at10.2 domains) and CD8 (a3 domain) on MHC class I-peptide
do not overlap (Figure 1-4)[51;52], suggesting TCR and CD8 may bind the same MHG-peptide
complex. While proximal loops of MHC class I shift significantly when CD8 binds, these
structural changes are not translated through MHC class I structure to the distant TCR binding
site: nothing suggests preliminary binding of CD8 to the same MHC class I causes a

conformational change in MHC class I that facilitates binding of TCR [22;126].

CD8 is often labeled a co-receptor for TCR, however the evidence supporting this not
robust. The co-receptor name is often given CD8 due to a presumed ability to bind MHC
class I at the same time as TCR. No crystal structure of a CD8-TCR-MHC class I complex, or
evidence of a trimolecular complex of CD8-TCR and a single MHC class I that would
conclusively demonstrate that CD8 and TCR bind MHC class I at the same time is available.
Moreover, there is disagreement on whether the formation of a complex of MHC, CD$8 and

TCR is even possible without substantial structural distorsion [126;127]. While evidence, over
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more than 25 years, has accumulated to suggest CD8 can bind the same MHC class I as TCR,
and is thus a TCR co-receptor, other interpretations are possible. Whatsmore, much evidence
suggests binding of CD8 to a different MHC class I than TCR efficiently promotes T cell
activation. I wish to carefully develop the evidence for and against a co-receptor activity for
(D8, because if CD8 does not, cannot, or is not obliged to bind the same MHC class I as
TCR to promote CTL activation, one can separate CD8 from its currently imagined restriction
to co-activating TCR-1nitiated responses. If CD8 does not need to bind the same ligand as
TCR to activate T cells, then by analogy CD8 may help activate monocytes, NK cells and
dendritic cells through many receptors that bind MHC class I or other ligands in the absence
of TCR.

CD8 binding to the same MHC class I as TCR is frequently represented in schema such as
Figure 6-6. A review[125], or several early papers [128-130] are often cited to make this claim.
However, this evidence is weak. These papers demonstrate that mutating the CD8 binding
site of MHC class I can decrease or nullify T cell activation [130;131], even in the presence of
wild-type MHC class I [128-130]. 'This has often been cited as evidence that CD8 must bind
the same MHC class I as TCR to induce T cell activation [125]. However, supplying MHC
class I that binds CD8 but doesn’t activate TCR increases T cell responses [45;132-134]. As
such, studies that suggest CD8 binds the same MHC class I as TCR [128-130] need to, but
have not, quantitatively replaced TCR-activating-MHC class I-peptide that does not bind CD8
with equal amounts of MHC class I that binds CD8 but does not activate TCR. Indeed, where
this was done there was minimal or no effect on T cell activation [45;132;134]. 'This suggests

whether CD8 binds the same MHC class I as TCR makes little or no difference to T cell

activation.
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A photoaffinity system that cross-links antigen-specific MHC class I to TCR in the presence
or absence of CD8-MHC class I interactions can quantitatively measure the amount that CD8
enhances binding of TCR to MHC class I [65;131]. However, it is not necessary to assume
that CD8 binds the same MHC class I molecule as TCR, at the same time as TCR in these
studies. The ability of CD8 to augment binding of TCR to MHC class I could be explained in
at least two other ways: (1) CD8 may transiently interact with MHC class I slowing its
movement in the plane of the plasma membrane in the required orientation to bind TCR, thus
removing several degrees of freedom of MHC class I, and thereby enhancing the likelihood of
TCR binding MHC class I after its release from CDS8; (2) Linking of CD8 and TCR through
intracellular complexes containing Ick, LAT, CD3& and ZAP-70, the CD8 stalk region and

transmembrane region may further encourage CD8 function described in (1).

6.7.2. The Case for Co-Reaeptor A aiuity of CD4

Caution must be used in extrapolating findings with CD4 to CD8 as structurally the two
“co-receptors” are quite dissimilar, CD4 being a monomer with four extended Ig domains, and
CD8 being a dimer, each unit of which has one Ig domain. Thus, CD4 and CD8 may not use
all the same strategies to promote T cell activation. That said, Mark Davis’ lab has offered
perhaps the strongest evidence that maximal activation of CD4+ T cells requires that CD4
bind the same MHC class II as TCR [135]. Dimers of two different MHC class II molecules
were used to quantitatively compare the effect on T cell activation of CD4 binding to the same
or a different MHC class IT molecule as TCR. CD4 increased T cell sensitivity about 100-fold
if it bound the same MHC class II as TCR [135]. Again, CD4 and TCR may not
simultaneously contact the same MHC class II molecule. The assays used were not titrated

through the full range (10°) of CD4 or CD8 effect on T cell activation, and thus only minimally
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visualized stimulation of T cells due to CD4 binding to a different MHC class II than TCR
[135). While similar studies have been performed on CD8, the necessary controls and
iterations of the experiments were not performed, to suggest that CD8 must bind the same
MHC class I molecule as TCR to most efficiently promote CTL activation [134]. Mark Davis’
study with MHC class II dimers echoed earlier studies that suggested that CD8 can co-activate
T cells with TCR whether or not it binds to the same MHC class I. If CD8 can bind the same
MHC class I as TCR, T cells are more efficiently activated. In these studies if TCR was
specific for MHC class IT, CD8 multiplied T cell responses by up to 9 fold, whereas if TCR

bound MHC class I, like CD8, T cell responses were increased 10-100 fold [125].

6.7.3. CD8 Binds MHC Class I Before TCR On A werage Due to its Faster Binding
Assoaation Rate

CD8 may aid TCR in scanning the surface of target cells or antigen-presenting cells in search
of specific MHGC peptide complexes, which will activate signaling through TCR. TCR binds
MHG peptide with a high affinity (0.1-10 pM), but a very slow association rate (10°-10°/ Ms™,
typical of induced fit binding [126]. CD8 has a lower binding affinity for MHC class I than
TCR (50- <200 pM) but a faster association rate typical of rigid body binding (1.4 x 10>/ Ms™)
[136]. Therefore, CD8 will on average engage MHC before TCR binds a low affinity/ weak
agonist MHC class I-peptide, when CTL contact a potential target cell. Moreover, MHC class
I may have a supine orientation on the plasma membrane, with the CD8 binding site most
overtly exposed to the extracellular space and the TCR binding site partially hindered by the
membrane [137]. If this is the normal ortentation of MHC class I on the membrane, CD8 may
establish first interactions with MHC class I and TCR may be obliged to bend to engage MHC

class I. 'Thus, CD8 may stabilize contact regions between CIL and target cells at an
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appropriate intercellular distance for TCR-MHC peptide recognition, and reduce the three-
dimensional randomness in TCR-MHC binding, augmenting TCR binding to specific MHG
peptide. Experimental evidence supports this possibility. Binding of antigen-specific MHC
class I tetramers to T cells is enhanced approximately 2-fold by CD8 [20;21;138;139], and CD8
increases the amount of MHC class I bound to TCR at a given time [131]. Nonetheless, CD8
does not affect the TCR-MHC class I disassociation rate, in line with the fast off-rate of CD8
compared to TCR [21;140). Thus CD8 aids initial binding of MHC class I to TCR but does
not affect disassociation of MHC class I from TCR. In agreement, binding of MHC tetramer
to CTL is biphasic [141]. The early phase of binding can be blocked by anti-CD8 mAb, has
binding rate constants that are not affected by different clones (TCR-affinity independent), and
are of similar affinity to CD8 [140;141). CD8 likely accounts for the first stage of MHC class I
binding to T cells, while the TCR accounts for later MHC class I binding [140;141]. 'This
evidence suggests CD8 facilitatess TCR scanning of endogenous MHC class I peptide
complexes for antigen-specific peptides, promoting initial TCR detection of MHC class I, and
enhancing sensitivity of target cell recognition[142]. TCR specificity appears to depend on the
TCR disassociation rate, or TCR-dwell time on MHC class I [143], as a measure of binding
affinity for TCR-activating peptides loaded on MHC class I. Thus, because CD8 does not
affect TCR disassociation rate, it should not affect TCR specificity [21;140;142]. 'This model
could account for the ability of CD8 to enhance binding of TCR to MHC class I, without CD8

and TCR being obligated to bind the same MHC class I.
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6.7.4. Fast On-Rate Binding of CD8 May Promote Binding of SlowOn-Rate Receptors to Their
Ligands

The fast on-rate rigid body binding of CD8 combined with the slow on-rate induced fit
binding of TCR [144] may allow CD8 to enhance binding of MHC class I to TCR. If a
monocyte, dendritic cell, or NK cell receptor, like TCR, had a slow-on-rate of binding to MHC
class I and preferably a binding site on MHC class I that does not overlap with CD8, CD8 may
be able to enhance its ability to bind MHC class I and responses it elicits. KIR [145;146] and
ILT2 and 4 [147;148] have affinities for MHC class I that are similar to TCR (Table 6-2), but
they bind with fast-on rates, like CD8, and therefore CD8 would probably be of small benefit
to their recognition of MHC class I ligands (Table 6-2). In contrast some Ly49 family
members have slow on-rate binding kinetics for MHC class I like TCR (Table 6-2) [25]. CD8
may promote binding of receptors with uncharacterized binding affinities, or some lectin
receptors to MHC class I as it does for TCR. This may allow CD8 to promote immune

responses directed at MHC class I expressing targets through receptors other than TCR.

Alternatively, if CD8 does not need to bind the same MHC class I molecule at the same
time as TCR to enhance TCR-MHC class I binding, CD8 may enhance binding of many
receptors with TCR-like kinetics no matter what their ligands. In this model CD8 would bind
MHC class I on a target cell, thereby optimizing mtercellular distance and membrane
orientation for binding of other receptors with induced-fit kinetics. In so doing, CD8 may
promote binding of lectins, FcR, Ig-like receptors or others to their ligands on target cells and

promote immune responses through several receptors.
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6.7.5. Alternate Interpretationss of Data Demonstrating CD8 Promates Binding of TCR 1o
AntigenSpecific MHC Class [

Taken together, current data demonstrates CD8 enhances the binding of TCR to MHC class
I-peptide, in turn enhancing T cell responses. Indirect evidence suggests that CD8 can bind
the same MHC class I-peptide as TCR, but other explanations are possible. For example,
interactions of Ick, LAT, ZAP-70, CD3( and formation of optimal signaling complexes may
require a particular extracellular orientation of CD8 and TCR, involving binding to the same
MHC class I concurrently, even if this is secondary to formation of intracellular signaling
complexes or other indirect interactions of CD8 and TCR (Figure 6-7). CD8 may associate
with TCR in several direct and indirect manners, not involving MHC class I, to promote TCR
binding to MHC class I. The stalk, transmembrane and cytoplasmic regions of CD8J
promote CD8 association with TCR and may further enhance binding of TCR to MHC class I
[65;149]. It is interesting that when surface plasmon resonance (SPR) was used to measure the
influence of CD8 on TCR binding to MHC class I, the one study utilizing recombinant CD8
including the stalk region found that CD8 increased MHC class I binding to TCR [150], while
no effect was found when the stalk region was excluded [65;151]. However even if CD8 does
not bind the same MHC class I-peptide as TCR it still can co-activate by several-fold T cell
responses. This suggests CD8 is not restricted to co-receptor function, and is therefore not

restricted to activating responses only through TCR. CD8 may operate with other receptors
besides TCR (Table 1-3).

6.7.6. CD8 as a Co-Stirmulatory Mdlecule That Relies on Iratial Priming of TCR
Conserved regions of MHC class I that are widely expressed are often bound by receptors

containing immune receptor tyrosine based inhibitory motifs (ITIM) that inhibit responses of
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T cells, NK cells, macrophages, dendritic cells and mast cells. According to the original theory
of Karre this is to prevent immune responses against “self” [152]. Within thus theory CD8 is
somewhat unique in binding a conserved region of a ubiquitous protein (MHC class I) and
being an activating receptor. While a role for CD8 alone in regulating cell survival has been
proposed this effect may rely only on TCR and be a result of T cell expansion in lymphopenic
mice that does not occur under normal physiological conditions [153]. As nearly every cell
expresses MHC class I with the potential to bind CDS8, it is crucial, in theory, that cytotoxicity
activated through CD8 be carefully regulated. Part of the regulation of CD8 activation may be
mediated by changes in the level of MHC class I expressed in inflammatory environments or
certain tissues. Activation through CD8 may also be regulated by co-expressed I'TIM
containing inhibitory receptors, or by competition for binding to MHC class I with other
receptors like immunoglobulin-like transcript (ILT)-2 [147]. However on T cells, control of
CD8 activation may be exerted through CD8-dependence on co-activation through TCR.
CDS8 on cells other than T cells may be similarly regulated via a requirement for co-activation
through a receptor specific for a pathogen or activator [e.g. Receptor for Fc of
immunoglobulin (FcR), Toll-like receptor (TLR), NKG2D (NK cell receptor D), ILT]). One
might postulate that as CD8+ monocytes, macrophages, dendritic cells and NK cells respond
to both cellular and non-cellular stimuli (e.g. opsonized bacteria or cancerous cells through
FcR), CD8 by binding its ubiquitous ligands associated with the cellular stimuli, may
differentiate responses to cellular stimuli from responses to non-cellular stimuli. This could

promote tailored responses of CD8+ innate immune cells to the context of stimuli.

A significant body of work has examined the ability of CD8 to activate TCR-initiated

responses as an accessory adhesion and co-stimulatory protein, independent of any co-receptor
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function in TCR binding to antigen-specific MHC class I (Figure 6-7) [77;124;132;133;154-
156]. In these studies, initial priming of TCR enhances binding affinity or avidity of CD8 for
MHC class I. Binding of CD8 to MHC class I after TCR-priming resulted in Ca+2 fluxes and
phosphoinositide signaling [124;156]). These CD8-mediated effects are consistent with
recruitment of PLCy and PI3K after phosphorylation of LAT[157;158] (potentially associated
with CD8[66]). Thus, CD8 may function as an accessory, co-stimulatory molecule at least in

part by recruiting, or being recruited by LAT.

Preliminary stimulation through TCR, below the threshold that initiates CTL degranulation
is essential to enable these CD8 co-stimulatory functions. As discussed previously and below,
TCR shares identical or interchangeable signaling mechanisms with other immune system
receptors. Some of these receptors include FeyRIII on NK cells, FeyRI or yIII on monocytes,
or ILT1 (see below). A preliminary sub-threshold stimulation through one of these receptors
may activate CD8 accessory functions, enhancing its binding to MHC class I and instigating
Ca+2 fluxes and phosphoinositide signaling. Through accessory functions, CD8 may enhance

the responses of several receptors on monocytes and macrophages, without co-receptor

function.

6.7.7. Speeds and Pauses: An A lternate Theory of the Role of CD8 in Cell A tiation
While it was thought that extracellular interactions of receptors led to specific changes in
intracellular conformation that elicited cellular activation, this is now thought to be the
exception (e.g. CD3 [159], affinity enhancement of integrins [160],) rather than the rule. In

fact, while the interactions of CD8 and TCR with MHC class I are weak [151], they may be
multiplied by transient intracellular interactions (e.g. Ick with CD3() and stabilized by

formation of LAT-based scaffolds with a minimum 1000-fold stronger affinity [161). 'This
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suggests a model as proposed recently by Alain Trautmann [162] wherein random and rapid
movements of kinases, adaptors, and receptors are independently slowed enough by
interactions, even of low affinity (for example of CD8 or TCR with MHC class I), that the
cumulative result is microclusters of activated TCR, CDS8, kinases and adaptors (Figure 6-8).
These microcluster aggregates given a threshold of “slowing” ligands, would then form
aggregates of aggregates and eventually reach a necessary threshold or quorum to activate T
cells (Figure 6-8). Thus extracellular detection and intracellular responses both positively
feedback on each other and translate their respective environments through the plasma
membrane in terms of 3-D trajectories, speeds, pauses and locales rather than static single

protein conformational changes.

The model [162] is based on evidence that tens of molecules, including Ick, ZAP-70 and
TCR form “microclusters” that appear in tandem with T cell activation [163;164], and fits with
evidence that compartments of the plasma membrane are the size of a few proteins, not vast
complexes [165]. The model accounts for many known varants of T cell activation. CDS$-
dependent and independent T cell activation can be accounted for by different TCR dwell
times resulting in varying degrees of slowing, pauses and aggregations. The model allows that
each domain of CD8a and CD8B may contribute to T cell activation through their
independent abilities to promote interaction with TCR, MHC class I, Ick or lipid rafts, as has
been observed [65;149;166]. Finally, it suggests the ability of intracellular components to
recruit TCR and CD8 to the same site, independent of their binding to MHC class 1. Several
lines of evidence support this. CD8 or CD4 and TCR do not co-aggregate through binding to
MHC [19;167-169], but through intracellular interaction of Ick with the TCR-CD3-ZAP-70

complex [170;171]. Furthermore, Ick association of CD8 may contribute to the ability of CD8
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to enhance TCR-MHC class I binding [65]. This model suggests CD8 will be recruited to the
site of TCR activation and potentiate T cell responses through multiple interactions, both
intracellular (Ick, LAT) and extracellular (binding MHC class I, binding TCR). Acknowledging
that multiple short-lived contacts foster T cell activation this model obviates the need to rely
on a model wherein CD$ binds the same MHC class I as TCR at the same time. Furthermore,
at different stages of T cell development, or on different cell types, CD8 may rely more

predominantly on, or use exclusively only some of its means to promote T cell activation (e.g.

Ick, LAT, binding MHC class I, binding TCR, associating with lipid rafts).

6.8. CD8a on Human Monocytes Co-Activates FcyR-Dependent Responses: A
New Paradigm in CD8 Co-Activation With Receptors Other Than TCR?

While CD8 on T cells influences cell activation toward survival, proliferation, cytotoxicity,
apoptosis, or rapid cell death after its co-ligation with TCR comparatively few studies have
descnbed a function of CD8 on other cell types. This probably results from the uncertainty
concerning how CD8 may function when it cannot rely on co-stimulation through TCR.
Some studies described roles for CD8 in survival, apoptosis and cytokine production by NK
cells and macrophages and suggested these effects were dependent on ZAP-70/Syk kinase and
src kinases, much like TCR signaling. However, a model had not been explicitly presented that
would cohesively describe whether CD8 acts independently or in concert with other receptors,
how constitutive activation of CD8 by near-ubiquitous MHC class I would be prevented, and
particularly how CD8 would signal on monocytes, macrophages and dendntic cells that lack
Ick, a key CD8-signaling mechanism. Some experiments in this thesis have begun to test the
basic tenets of the model, presented in the introduction, that CD8 may co-activate responses

of receptors, like FcR, that use similar, but not identical signaling mechanisms to TCR.
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6.8.1. CD8cx on Monocytes E rbarxes Signaling and Dounstream Resporses with FcyR
An advance made in these studies is evidence suggesting that CD8 on human monocytes
enhances signaling through receptors other than TCR (Figure 6-9). Ligation of CD8 in
conjunction with stimulation with immune-complexes enhanced human monocyte release of

TNF in a CD8-dependent manner. TINF production could be blocked by excess soluble Fc
fragment of Ig, suggesting the responses were Fc-dependent and likely mediated by FcyR.
Furthermore, as predicted by the model of CD8 signaling through y-chain linked receptors,

immune-complexes induced phosphorylation of LAT, and phosphorylation was enhanced by
ligation of CD8 (Figure 6-9).

It 1s possible that the inhibition of monocyte TNF release with Fc fragments could be due to
ligation of inhibitory FcyRIIb receptors by Fc fragments, rather than competition with
immune-complexes for binding to activating FcyR. Which FcyR(s) are involved in these CD8-
enhanced monocyte responses is not clear, as all signal through Syk and at least FcyRI and

FcyRlila signal through LAT [172-174], and may therefore have their responses amplified by
CD8 and blocked by excess Fc. The model suggests CD8 would preferentially enhance

responses of FcyRI and FcyRIII because they associate with and signal via the common y
chain, rather than FcyRIIa that signals through an internal I'TAM rather than via y chain ITAM
[175] Mouse IgG,, mAb, that bind with a high affinity to FcyRI [176-178], were used to
activate monocytes through FcyR. While these data suggest that responses of FcyRI are most
likely to be enhanced by CD8 (associates with common ¥ chain, binds mouse IgG,,, and LAT)

study of each FcyR, either with specific mAb, siRNA knockdown, or a reconstituting
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transfection system will be required to demonstrate which FcyR(s) have their responses

enhanced by CDS8.

The model of CD8 function with receptors other than TCR (Figure 1-6) predicts that
simultaneous stimulation through CD8 and FceRI would amplify mast cell responses, as both
FceRI and other FcyR on mast cells signal through common y chain, Syk and LAT [179;180].
Unfortunately the effect of CD8 on mast cell FceRI responses was only measured 48 hours
after treatment with ant-CD8a mAb [26]. After 48 hours the majonty of anti-CD8a mAb
was probably intemalized and/or degraded, and would have no ability to co-activate signaling
through CD8 and FceRI. This could explain why anti-CD8a did not change mast cell

phenotype after 48 hours in a way that enhanced mast cell activation [26].

In studies with human monocytes (this thesis) anti-CD8o mAb was aggregated with anti-Ig
antibodies to induce monocyte TNF production and CD8c appeared to depend on FcR
stimulation to activate monocytes (Figure 2-7). Additionally, several anti-CD8a mAb did not
stimulate monocyte TNF production in monomeric form (Figure 2-7). In contrast,
monomeric anti-CD8 mAb induced rat macrophage and mast cell responses without the need
for additional antibody to cross-link and cluster anti-CD8 mAb [18;26;88]. It is possible rat

and human CD8 differ in their dependence on co-activation or signaling abilities. Another
possibility is that a small proportion of aggregated anti-rat CD8a mAb in commercial
preparations of monomeric anti-CD8a mAb induced co-activation of FcyR and CD8 on rat
macrophages and mast cells in the same way as the anti-CD8a. mAb aggregates purposefully
used in studies of human monocytes. Finally, the Fc portion of monomeric anti-CD8a mAb

may have co-ligated FcR and CD8 on rat cells, allowing CD8 enhancement of FcR-dependent
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responses. No evidence is available to suggest the FcyR-independence of rat macrophage and

mast cell stimulation through CD8 that used F(ab), fragments of anti-CD8 mAb or other
methods.

In studies of NK cells and v T cells that have demonstrated CD8-dependent cytokine
release or effects on apoptosis and survival [181] the possibility that cellular responses are due

to co-stimulation of CD8a and another receptor cannot be excluded. As outlined above anti-

CD8a. mAb may co-stimulate CD8a and FcyR on NK cells or y8 T cells. Likewise, in studies
that have used MHC class I ligands to elicit CD8-dependent effects, the co-stimulation of cells
through CD8 and a second receptor for MHC class I cannot be excluded [182-185]. The
ability of CD8 on T cells to affect T cell cytotoxicity appears to depend on stimulation through

TCR. Similarly, the few published studies demonstrating a role for CD8 on cells without the

TCR allow the possibility that CD8 on macrophages, mast cells, NK cells, and y3 T cells can

elicit cellular responses only when co-stimulated through a second receptor such as FeyR.

Further definition of the role of FcR and LAT in CD8 enhancement of monocyte and
macrophage responses may bolster a wider appreciation of the ways CD8 functions on cells

other than T cells.

6.8.2. An Aaessory to Monoote A diwation: Is CD8 Co-A ctiuation of Monogyte Resporses
Dependent on Priming Through FR?
CD8 promotes binding of TCR to MHC class I. After initial TCR activation, P13K-
sensitive cytoskeletal re-arrangement results in “activated” or enhanced adhesion of CDS$ to
MHC class I through clustering of CD8 or other avidity effects [77]. Increased adhesion of

CD8 to MHC class I after TCR priming may in turn enhance intracellular signaling through
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CD8 as Ca* flux and phosphoinositide signaling are activated in a CD8-dependent manner
[124;133;156]). Enhanced binding and signaling of CD8 after TCR priming has been called
CDS8 accessory function. CD8 on T cells thus has at least two roles (1) initial promotion of
TCR binding to MHC class I, and (2) CD8 accessory function (TCR-activated binding of CD8
to MHC class I and intracellular signaling). In contrast, CD8 on monocytes may not promote
binding of monocyte receptors to their ligands and may only exhibit CD8 accessory function.
Thus, initial priming of monocytes through FcR, or other receptors may enhance CD8

adhesion to MHC class I, and intracellular signaling resulting in Ca*? flux and phosphoinositide

signaling.

The first suggestion of activated CD8 accessory function on monocytes is provided in this
thesis. Adhesion of T cells to MHC class I is enhanced after activation through TCR, and this
adhesion can be inhibited with anti-CD8 mAb and partly depends on CD8-binding sites on
MHC class I [44;133]. Incubation of rat macrophages with mouse IgG,, increased their
adhesion to MHC class I, and increased adhesion was inhibited with ant-CD8 mAb (Figure 2-
6). 'This hints that CD8 may participate in signaling initiated through FcR but requires
confirmation. As immune cell receptors often use overlapping or similar downstream
signaling mechanisms (e.g. activation of P13K), it is perhaps not surprising that activation of
cells through either FcyR or aff TCR may enhance adhesion of cells through CD8 to MHC
class I. As in T cells [45], initial signaling through some macrophage receptors, like FcyR, may

amplify subsequent adhesion and/or cytotoxic responses by enhancing CD8 adhesion to
MHC class 1.

(D8 accessory function may be activated by several receptors like FcyR, to initiate CD8

binding to MHC class I and intracellular signaling. In the temporal scheme of TCR signaling
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Ick is involved in initial TCR activation and LAT is recruited downstream. 'Thus, early TCR
signaling may be enhanced by CD8 bound to Ick and as CD8 accessory function occurs
downstream of initial TCR activation it may predominantly involve LAT. Monocytes are not
believed to express Ick [186], and therefore CD8 on monocytes would not be expected to bind
or activate Ick signaling, Therefore, CD8 may be involved not in early, but intermediate
signaling of monocyte receptors in a role resembling CD8 accessory function on T cells. The
intracellular signaling associated with CD8 accessory function after TCR priming (Ca* flux,
phosphoinositide signaling) is consistent with recruitment of PLCy and P13K by
phosphorylated LAT [124;156-158). In studies here, CD8 enhanced phosphorylation of LAT
on a tyrosine important for recruitment of P13K and PLCy [157;158). Thus, this thesis shows
that Ig enhanced CD8-dependent binding to MHC class I, and immune-complexes enhanced
signaling through LAT, consistent with an accessory function of CD8, activated secondary to

FcyR stimulation.

CD8 on monocytes and other cells without the TCR may contribute to cell activation
through CD8 accessory function alone. If this is the case, the impact of CD8 on activation of
receptors other than TCR may be less dramatic than its exponential enhancement of some
TCR-mediated responses. However, depending on precisely how CD8 accessory function is
activated, CD8 may enhance the responses of several monocyte, macrophage and dendrtic cell
receptors. For example, if CD8 accessory function is activated by phosphorylation and
recruitment of LAT (attached to CD8) to signaling complexes at site of TCR or FcyR ligation,
this could result in CD8 clustering and enhanced avidity for MHC class I. In this case, CD8

would exhibit accessory enhancement of any receptor that recruits LAT including: FcyR
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[172;174), FceRI on mast cells [179], ILT1 (and potentially other ILT family receptors)

[172;187], 2B4 [188], CD2 [189], and gpVI [190] (Table 1-3).

6.9. Primordial Functions of CD8: TCR Co-receptor or MHC Class I
Binding/Signaling Protein
In mammals CD8 is expressed by several cell lineages that do not express TCR. Hence, one

might ask if the primordial function of CD8 was as a TCR co-receptor, a TCR co-activator, or
an adhesion and signaling protein involved in innate immunity. Consideration of innate
immune cell types that express CD8, and the signaling mechanisms CD8 likely used in

primordial species may provide novel insight into functions of CD8 on monocytes, dendritic

cells and NK cells.

Jawless fish such as lamprey, other non-vertebrates and plants[191] have adaptive immune
systems unrelated to systems of mammalian adaptive immunity like TCR, but no CD8
homologs are detected in these species [192][192;193]. CD8 is first detected in jawed fish and
later vertebrates [194-196). Jawed fish, along with CD8, saw the simultaneous emergence of
MHC class I, NK cells and the mammalian-type adaptive TCR system, in a “big bang” of rapid
evolutionary development in the immune syster{191;192;195;197). Due to the simultaneous
and rapid evolutionary development of MHC class I, NK cells, CD8 and the TCR it will likely
be difficult to judge whether CD8 emerged as a MHC class I binding receptor or a TCR co-

receptor.

T cells and NK cells share parts of their profile of expressed proteins; both can express
several MHC class I receptors. It may be possible CD8 evolved as a MHC class I binding
receptor expressed by both T cells and NK cells, if CD8 is expressed by both NK cells and T

cells in fish. Unfortunately, at this juncture fish T cells and NK cells have not been separated
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for analysis of CD8a. expression either at rest or when CD8a is robustly upregulated after

alloantigen stimulation [194]. At a low number of RT-PCR cycles CD8a is not detected in a
mixture of fish monocytes and neutrophils [194]. While low levels of CD8 expression on fish
monocytes and macrophages may have escaped the low sensitivity analysis used, this suggests

ancestral forms of CD8 may have emerged on TCR+ cells or NK cells, and not monocytes

[194].

6.9.1. CD8c Binding Logp of MHC Class I is Conserwed in Fish, A mphibiars and Reptiles

Additional detailed analysis of sequence and functional conservation of CD8, TCR and
MHC class I in evolution may give further insight into whether CD8 emerged as an MHC
class I binding receptor or a TCR co-receptor. Charged residues composing the CD8-binding
loop of MHC class I are conserved in fish, reptiles, amphibians, birds and mammals [198;199],
suggesting that CD8 from its emergence had an important MHC class I binding function. In
contrast, some evidence suggests CD8 in fish lacks several functions thought to be important
for its co-receptor function with TCR. The evidence that suggests CD8 may have emerged as
an MHC class I binding receptor, independent of T cell-specific functions with the TCR is
outlined below.

6.9.2. Fish CD8c Lacks the Lok Binding Site

CD8c may have evolutionarily originated from a function independent of TCR, and even

lymphocytes. As discussed above, Syk replacement of ZAP-70 obviates the need for Ick [200].

Thus if CD8 functions on monocytes or NK cells with receptors that signal through Syk rather
than ZAP-70, CD8 may signal through LAT, and Ick may not required or expressed. CD8a in

all the species of fish examined lacks the consensus motif for binding src kinase Ick [197;201],
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despite fish CD4 retaining the consensus site for binding Ick [202). This suggests CD8 may
function in some species independently of the seemingly lymphocyte-restricted src kinase Ick
[203]. Given that LAT is expressed in the monocytic THP-1 cell line, mast cells and other
non-T cells that express CD8 [172;204], it is possible CD8 emerged first as an MHC class [
binding, LAT-associated receptor without restriction to TCR or lymphocytes. Secondarily

CD8 may have become fine-tuned to bind Ick and function with the TCR, partly via gene

duplication that generated CD83 [43].

6.9.3. CD3¢ and Common y Chain Deniwe Froma Coreron A noestor

While it is not known if homologues of LAT exist in fish, LAT can operate in mammals
with both adaptive and innate immunity receptors. Consequently, if CD8 binds and signals via
LAT, CD8 may have an evolutionary origin not restricted to TCR signaling. LAT is
phosphorylated by ZAP-70 or Syk kinase [205] which are recruited to phosphorylated CD3¢
or common y chain. Common y chain and CD3( were generated via ancestral gene
duplication [206;207], and common y chain can substitute for CD3{ in several situations
including FcyRIII (CD16) function [208] and T cell activation through TCR [209], suggesting
common 7y chain operates adequately with TCR signaling pathways like Ick and LAT (also see
section “On Myeloid Cells CD8o May Signal Via Common vy chain, Syk and LAT”). Thus,
CD8 signaling pathways may have co-evolved with common y chain and innate immune

receptors, not just the TCR-signaling CD3( chain.

6.9.4. Predecessors of the TCR on NK Célls and Monooytes
Several receptors on innate immune cells are thought to be evolutionary precursors of TCR

due to sharing of the relatively rare V-Ci-type Ig domain [195;210]. CD8 may have functioned
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in early evolution and perhaps still functions in some mammalian species with these innate
immunity receptors. Some of the receptors proposed to be ancestors of TCR include SIRPP
which is expressed by monocytes and retains a signaling mechanism homologous to TCR
[211;212], T cel/NK cell receptor CRTAM (that partially conserves the TCR o-cpm sequence

important for association with CD8 [see appendix 2]), and widely expressed nectin family

adhesion receptors (Table 1-3)[195;210].

CD8 may associate with CD38 as a means of promoting CD8 co-operation with the TCR
[213]. While CD8p is conserved from fish to mammals [196], CD33 is a gene duplicate of a
primordial CD38/y gene found in chickens and lower animals [214]. ‘This suggests that while
interaction of CD8B with CD38 may optimize CD8 function with TCR in mice, it may not be
conserved in evolution and may not be essential for CD8 co-activation of TCR-initiated
responses. On the other hand, CD33 has been found in cells other than T cells such as human
monocytes and macrophages, B cell lymphoma cells, bone marrow progenitor cells and mouse
CD8+ dendritic cells (see below “Common Traits: CD8 as Part of a Cytotoxic Expression
Profile in Multiple Cell Types”) suggesting association of CD38 and CD8 may promote

activation of receptors other than TCR.

From an evolutionary analysis, it seems similarly probable that CD8 emerged as a TCR co-
receptor or an innate immunity receptor with the ability to bind MHC class I and signal. CDS$-
dependent signaling mechanisms exhibited a parallel development in innate and adaptive
immune cells. CD8 in lower vertebrates probably binds MHC class I, but may not bind Ick,
which is thought to be important for CD8 co-activation of TCR-initiated responses. Taken

together, CD8 may have had from the beginning of its evolution a broader mandate than TCR
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and lymphocyte specific functions. Primordial innate immune functions of CD8 may be
observable in present-day mammals.

6.10. Common Traits: CD8 as Part of a Cytotoxic Expression Profile in Multiple
Cell Types

Expression of CD8a is not controlled by elements unique to the CD8 promoter. CDS8
expression is controlled by large-scale chromatin changes that generally regulate large groups
of genes (reviewed in [68]). As these large-scale chromatin changes are regulated processes
they often control expression of a spectrum of genes involved in many levels of a biological
process. Therefore, CD8 may be co-expressed with many proteins involved in the same

biological processes including TCR signaling or cytotoxicity (Table 6-3).

Transcriptional programs assigned to distinct immune cell lineages, such as myeloid and
lymphoid cells, may be somewhat fluid. It seems reasonable that transcriptional programs
would be oriented towards particular functions, rather than particular cell types. For example,
if a myeloid and lymphoid cell are both capable of cytotoxicity, it would be logical that they use

shared or overlapping proteins and transcriptional programs to enable this ability. This appears
to be the case.

When CD8 is expressed by dendntic cells, monocytes, or even a B cell mantle zone
lymphoma, other genes associated with CD8+ CTL are often co-expressed (Table 6-3). CD8
is expressed in a small percentage of B cell chronic lymphocytic leukemia (B-CLL) [215;216].
Mantle zone B cell lymphoma co-expressed perforin, granzyme B and CD8B with CD8a
(Table 6-3) [217]. Like CD8, ZAP-70 is often [218;219] and Ick [215] and CD3 [220] are

sometimes expressed in B-CLL. Mouse CD8 + dendritic cells co-expressed (D38, CD3¢, and

pre-TCRa,, had IgH D-] rearrangements, and even expressed TCRB paired with a novel 33
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kDa protein[221] (Table 6-3)[222-226]. Mouse CD8+ dendritic cells may be cytotoxic
[223)[225;227] Expression of CD8 and CD3 also correlates on human NK cells: CD3+ NK
cells are usually CD8+ [228]. Most interestingly for this thesis, rat CD8+ monocytes co-
expressed perforin, granzyme B, and NKR-P2 a homolog of NKG2D, and NKRP1a at higher
levels and caused more cytotoxicity than CD8- monocytes [31] (Table 6-3)[30;229). It is
possible low levels of the proteins involved in cytotoxicity and signaling with CD8 were not
detected in monocytes, macrophages, dendrtic cells and NK cells by the less sensitive
techniques i use when these signaling proteins were decided to be lymphocyte-specific 20-
odd years ago. In sum, the evidence suggests that control of CD8 expression may occur
within a wider program of gene expression that regulates a particular function (e.g.

cytotoxicity), phenotype (CD3 expression) or cell lineage (Table 6-3).

Ikaros and SWI control CD8 expression [16;230] and preceded the development of T and B
cells in jawless vertebrates [231]. In jawless vertebrates and mammals, Tkaros expression is not
T cell specific. Ikaros is expressed in human monocytes [17;232] and dendritic cells [233],
where it upregulates Ick, granzyme B, and FLT-3 receptor expression [234-236]. FLT-3 in tum
upregulates other T cell associated proteins like CD38, €, and & [237]. FLT-3 also causes
utro expansion of CD8+/TCRaf3-/ TCRyS- plasmacytoid cells [222]. Tkaros has at least seven
spliced forms [236], that may allow expression of CD8, Ick, granzyme B and other genes
formerly thought to be lymphocyte-specific in monocytes and dendritic cells.  Thus, Ikaros
and FLT-3 may be two key molecules used to activate a wide transcription program including
multiple genes involved in T cell signaling and cytotoxicity, and including CD8, granzyme,
petforin, and CD3 proteins. Expression of Ikaros or treatment with FLT-3 may induce CD8

and cytotoxic functions in monocytes and dendritic cells. It will be interesting to assess with
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this broad vision of CD8 function and contemporary sensitive techniques what epigenetic,
transcriptional, and functional factors may be shared between CD8+ T cells and CD8+

myeloid cells, that may enable them to exert similar effects, such as cytotoxicity.

6.11. Effects of CD8 on NK Cells, Monocytes and Dendritic Cells at the Level of the
Cell and Animal
In T cells activation of CD8 with TCR may result in T cell apoptosis, survival or CTL

mediated cytotoxicity due to varation in strength or quality of signaling. Significantly less is
known about the functions of CD8 on NK cells, monocytes and dendritic cells than is known
about CD8 on T cells. However, in the past 10 years the presence of CD8+ monocytes and
macrophages at sites of inflammatory disease has been identified, and the function of CD8 on
these cells can be sketched. Much like CD8 on T cells, CD8 on monocytes, NK cells and

dendnitic cells may be involved in mediating cellular survival, apoptosis and cytotoxicity.

6.11.1. Modslating Signaling Through CD8 can Indbuce Surviual or Cell Death

CD8 appears to be involved in signaling NK cell responses similar to T cell responses, such
as survival or FasL induction. One laboratory has shown that binding of soluble MHC class I
to CD8 or mAb cross-linking of CD8 induced FasL release and Fas-mediated apoptosis of
NK cells, or T cells [182;183;238;239]. In contrast, much evidence suggests ligation of CD8
can induce a survival signal, or suppress an apoptotic signal in T cells or NK cells. As
examples, mutation of the CD8a binding site in MHC class I tetramers induces Fas apoptosis
of T cells [240;241]. In another study, while apoptosis was rapidly induced after NK cells
bound target cells, the CD8+ NK cell subpopulation survived, and survival appeared to

depend on CD8 and MHC class 1181].
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Differences in the valency/avidity of CD8/TCR ligation may account for generation of
apoptotic versus survival signals: monomeric MHC class I induced FasL production and
apoptosis [182][183;238;239] whereas tetrameric or cell-surface MHC class I allowed survival
[181;240;241]. Similar signaling mechanisms of CD8 on T cells and NK cells may induce
similar downstream signals, the vanation of which can altemnately result in survival or

apoptosis.

6.11.2. Elintration of AntigenSpedfic T Cells Via CD8 E xpressed By Seweral Cell Types
CD8+ cells have long been recognized as “veto cells” that can eliminate CTL in an antigen-
specific manner with outcomes such as the avoidance of graft-versus-host-disease and
successful engraftment of transplants. Several types of CD8+ cells is capable of a veto
function including CTL, activated NK cells, and activated T cells [242]. Within this

heterogeneity, the veto affect is mediated in most circumstances via induction of FasL and

Fas-mediated killing [243-245], or production of TGFp [246;247].

A significant amount of evidence suggests CD8 on macrophages or DC may be directly
involved in a veto-like effect. While one study found that a lack of CD8 on splenic CD8+-
type DC from CD8 null mice had no implications for veto cell-like functions [248), similar
experiments using blood or bone marrow DC, or T cells demonstrated an essential role for
CD8 in a veto-like effect [223;245]. It is possible blood and bone marrow DC but not splenic

DCexert a veto effect.

Whether CD8 is directly involved in the veto effect or is indirectly involved in development

of veto cells cannot be distinguished by studies with CD8 null mice (e.g[222;223]). Studies

that demonstrate ligation of CD8a on a variety of cells induces FasL or TGFB production
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suggest that # ww ligation of CD8 may induce a veto effect. Monoclonal antibody ligation of
CD8 on undefined veto cells induced production of TGFp [246;247]. As discussed above,
many studies suggest that varying the level of stimulation of T cell or NK cell signaling via
(D8 induces FasL expression and Fas-mediated apoptosis [182;183;241;249;250]. 'Thus,
activation through CD8 on several cell types, even without TCR, may be responsible for FasL

or TGFpB-dependent veto effects.

There was no antigen-specificity to the Fas-mediated apoptosis induced upon ligation of
CD8 on T and NK cells & utro. In uw antigen-specificity may be provided to the veto effect
by the induction of Fas expression after T cell activation [251]. As T cells specific for a
transplant, for example, will account for most activated T cells, parallel CD8-mediated
induction of FasL on a veto cell may selectively eliminate activated, and thus antigen-specific,

or transplant-specific T cells.

A thorough understanding of the role of CD8 in the veto effect and activation of T cells
could lead to therapies for transplantation, autoimmune diseases like diabetes, and viral

infections.

6.11.3. A Poterttial Role for CD8 on Monocytes in Regulating Suruual, A poptasis and the Veto
E ffect
If CD8 participates in signaling through common y chain-linked receptors, several roles for
CD8 in regulating cell survival are possible. FceRI binding to IgE enhances mast cell survival
and CD8 on mast cells could contribute to this effect, perhaps by enhancing mast cell

activation and ERK phosphorylation through FceRI [252].
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Modulation of CD8 signaling on NK cells, y8 T cells, and o T cells can induce FasL-
mediated apoptosis. Evidence suggests activation of monocytes through CD8 and FcR may
also regulate monocyte FasL expression. Monocytes and macrophages can upregulate FasL
[253-255] upon activation of FcR [256-258] and this may be secondary to release of TNF
[259]. Stimulation of human monocytes through FcR and CD8 induces TNF release that may
result in expression of FasL by CD8+ rat and human monocytes [31;260]. Thus, ligation of
CD8 on monocytes and macrophages may control monocyte apoptosis and tumor cytotoxicity
[256;261] via FasL. FcyR on monocytes and other myeloid cells are capable of delivering

signals for survival [262;263]. Thus, CD8 on monocytes may, like on T cells, be capable of

modulating apoptosis and survival.

6.11.4. A Rde for CD8 in Cytataxic Resporses of Monocytes and Macrophages

CD8 on af T cells has a well known role in initiating cytotoxic responses and evidence
suggests that CD8 on other cells may also promote target cell cytotoxicity. Ligation of
CD8aov on NK cells and y8 T cells enhanced release of IFNy and TINF respectively [185]
[184], suggesting a role in promoting cytotoxic responses. Similarly, CD8+ monocytes express
cytotoxic mediators like FasL, perforin and granzyme [31;260), and ligation of CD8 promotes
expression of TNF [88] and nitric oxide [18], cytotoxic mediators that induce FasL expression
[259). Cytotoxic monocyte and macrophage responses activated by CD8 may be important in

transplantation and defense against tumors and intracellular pathogens.

Ant-CD8o. mADb treatment of rat macrophages enhanced killing of intracellular Leishrmania
in a nitric oxide dependent manner, but had no effect on phagocytosis of latex particles

[31;87]. CD8 protein and CD8+ cells are important in defence against intracellular organisms

263

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



such as Haenmphilus influerzae, and tuberculosis in mice [264;265]. Notably a human with a
genetic lack of CD8 expression presented with H. influerzae lung infection and a history of
recurrent lung infection [264]. Given that ligation of CD8 on alveolar macrophages can
activate them to kill intracellular organisms [87], it is possible that a lack of CD8 on alveolar

macrophages contributed to recurrent lung infections in this individual [264].

There is also a cytotoxic role for CD8+ monocytes in tumor defense. For example, CD8 +
rat monocytes infiltrated the site of tumors [30], and exhibited higher anti-tumor cytotoxicity
than CD8- monocytes [31]. Immune-complexes in tumors expressing MHC class I may result
in co-ligation of CD8 and FcR, and cause tumor cell death by production of TNF, nitric oxide

and FasL from monocytes.

Large numbers of CD8+ macrophages and monocytes have been observed in several
models of disease in rats including glomerulonephntis [266], arthntis [229], ischaemia [267],
severe trauma [268], transplant rejection [32], experimental allergic encephalomyelitis (EAE)
[269], autoimmune thyroid disease [260] and myocardius [31]. CD8+ monocytes
proportionally increase after induction of arthritis, myocarditis, or transplant rejection and
express markers associated with cytotoxicity (perforin, granzyme B, FasL), NK cells (NKR-
P1A, NKR-P2 [NKG2D homolog)), extravasation (CD62L), and macrophage/dendntic cell
adhesion (CD11b/c) [31;32;229]. Expression of cytotoxic molecules by CD8+ monocytes
correlates well with the ability of CD8 on these cells to cause release of
inflammatory/cytotoxic mediators [87;88].  Moreover, the localization of CDS8 +
monocytes/ macrophages correlated with sites of tissue destruction in ischaemia,

glomerulonephritis, EAE and myocarditis [31;266;267;269].
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Many of these disease models are initiated by immune-complex deposition, and/or FcyR is
required for disease pathology. Data in this thesis suggests that co-ligation of FcyR and CDS,
as may occur when CD8+ monocytes encounter MHC class I expressing tissues coated with
immune complexes, enhances monocyte activation and TNF release. Thus CD8 on
monocytes may directly contribute to the severity of many diseases or disease models whose

pathology is dependent on immune-complex deposition and FcR activation.

Interestingly, in a model of ischaemia the influx of CD8+ macrophages to the site of
necrosis followed peak production of nitric oxide and other cytotoxic mediators, and
correlated with the beginning of healing processes [267]. There is no evidence that CD$ on
macrophages or CD8+ macrophages release increased amounts of mediators like TGFp
involved in healing or resolution of inflammation [31]. However, while CD8+ macrophages
and CD8 on macrophages do not appear to be specialized for phagocytosis of latex particles
[18;31], they may specialize in processing cellular debris and apoptotic cells because CD8 + rat
monocytes selectively expressed SIRPa, that is involved in recognition and uptake of
apoptotic cells [229]. CD8a.+ macrophages and DC have a heightened ability to activate

CD8+ T cells to respond to antigens from viruses, intracellular bacteria [270] or apoptotic cells

and presented on MHC class 1[271;272].

Interestingly, ligation of MHC class I or MHC class II induces signaling through Syk
kinase/PI3K/PKC in the antigen-presenting cell[273-276), and CD8 associates in the cell
membrane with MHC class I [33]. It is plausible, that CD8 signaling through LAT could
amplify activation of antigen-presenting cells through MHC class I. Quantitative or qualitative

enhancement of signaling via CD8 in concert with MHC class I through Syk/PI3K/PKC may
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modulate the phenotype of CD8+ antigen presenting cells and modify their ability to activate
the next T cells they encounter. CD8+ macrophages may regulate how intracellular antigens
are presented to generate CIL, regulatory T cells, or potentially eliminate T cells through a

veto effect.

6.12. Mistaken Identities: CD8+ Monocytes, Macrophages, and T cells
(D8 + monocytes and CTL are often present together at sites of injury and disease [30;266]

[229] [267] [268] [32;269] [260] [31]. Moreover they may have similar effects, for example,
mediating a veto effect or cytotoxicity and tissue destruction. Whether on dendntic cells,
monocytes, B cell lymphoma, veto cells of uncertain lineage or NK cells, CD8 is often co-
expressed with several proteins frequently used as phenotypic identifiers of T cells such as
CD36 and (D3¢, granzyme B, perforin, and even preTCRa and TCRp (see introduction
“Common Traits”) [218;219] [215] [220] [221-226]. As a consequence it is possible, even
likely, that CD8+ monocytes are mistakenly identified as CD8+ CIL at times, particularly
because it is not widely appreciated that monocytes and macrophages express CD8. In fact,
since the expression of CD8 by rat monocytes and macrophages has become more widely
known such mistaken identification of CD8+ monocytes and CTL has been documented

several times [30;266][229][267] [268] [32;269] [260] [31].

For example, CD8+ monocytes and macrophages, not CD8+ T cells were primarly
responsible for tumor killing and regression in one model [30]. In this study tumor infiltrating
macrophages were CD8+ and killed tumor cells via nitric oxide [30]. Since CD8 on

macrophages can induce nitric oxide production [87], CD8 could be directly nvolved in this
tumor cytotoxicity. T cell infiltrates into the tumors were important for IFNy production, but

not direct cytotoxicity [30]. Addition of IFNy alone stimulated macrophage cytotoxicity [30].
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Akin to the aforementioned tumor model it is possible that in many diseases where CD8+ T
cells and monocytes infiltrate the site of disease, CD8+ T cells may activate macrophages
through IFNy, and the macrophages may then effect tissue damage. This may be the case in
some models where depletion of CD8+ cells [277] or macrophages [278] mitigates tissue
pathology, such as glomerulonephritis [278]. It will important to re-evaluate the identity and
roles of CD8+ cells in many rat models and human diseases where this has not been

thoroughly performed with markers for TCRo.

6.13. FUTURE DIRECTIONS

While our understanding of the expression and function of CD8 on monocytes and
macrophages has advanced, many significant gaps remain. In the following section I will
outline some of the notable gaps and propose experiments to respond to these gaps. The
proposed experiments are an enormous undertaking that cannot be performed by one

laboratory alone.

While mouse NK cells and monocytes appear to be CD8a(-), the same cells in human and

rat are CD8a+. Thus, a comparative analysis of CD8 expression by NK cells and monocytes
from mice and humans performed concurrently would help solidify evidence of apparent

species differences in CD8 expression.

CD8 expression is controlled largely by regulation of DNA accessibility by heterochromatin
formation. Examining Ikaros expression, DNA methylation, or DNA hypersensitivity sites
may indicate the mechanism controlling the low level of constitutive CD8 expression in

monocytes versus the high level of CD8 expression on T cells. Finally, CD8 is post-

transcriptionally regulated during T cell development and on peripheral CD4+CD8a+ T cells
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[279-281]. MicroRNAs are 21-26 nucleotide RNA molecules that post-transcriptionally direct
gene expression via DNA heterochromatin formation, mRNA cleavage or suppression of
mRNA translation in a sequence specific manner. Overexpression of mouse microRNA 181

decreases the number of CD8+ cytotoxic T cells [282], a phenotype also observed in CD8 null
mice [283]. Bioinformatic analysis of the CD8a gene (Ensembl identfier:
ENSGQ0000153563) region for targets of known microRINAs with miRBase reveals that six
other human miRNAs (has-107, -103, 377, -615, -297b, and 346) may regulate CD8«

expression.

A high level of CD8 protein has been descnbed on a subpopulation of
monocytes/ macrophages in blood or at disease sites when inflammation is ongoing [30;266]
[229] [267] [268] [32;269] [260] [31] Is CD8 in these situations synthesized by
monocytes/ macrophages and capable of initiating intracellular signaling and cell activation, or
is it not functional? For example, soluble CD8 secreted by activated T cells may be adsorbed
to the monocyte/macrophage surface, as it is to the dendntic cell surface [284] and be
functionally inert. Isolation and short-term culture of monocytes from some of these disease
models could be used to scrutinize CD8a mRNA expression and CD8a. re-synthesis after
trypsin cleavage. Ewvidence suggests GM-CSF and FLT-3 may be directly or indirectly
involved in upregulating CD8o expression on myeloid cells 7 ww. Testing whether these
soluble factors can upregulate CD8 on monocytes and macrophages iz wtro may provide a
foundation for the possibility that CD8 is expressed at high levels on monocytes and
macrophages in some inflimmatory settings, and direct future investigation of CD8 on

monocytes in particular diseases.
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While these studies suggest for the first time that CD8 may also signal through common y
chain-linked receptors like FcR, a thorough understanding of the mechanisms of CD8
function on monocytes and NK cells is distant. First a re-examination of CD8 and TCR
signaling proteins in monocytes and macrophages with contemporary sensitive techniques is

warranted given some evidence that CD3 chains and Ick can be found in macrophages and
dendritic cells. Second, the possibility that CD8a on monocytes binds hck, as evidence

suggests for CD4 should be examined [53]. 'Third, it is necessary to re-visit evidence that CD8
directly binds LAT to better understand how CD8 may signal in monocytes and T cells. To
exclude indirect binding of LAT to CD8 via Ick, one could transfect CD8(-)/Ick(-) cells with
LAT and CD8 wild type, CD8 lacking the cytoplasmic domain, and CD8 mutated in the CxC

motif implicated in Ick and LAT binding. This could be supported by analysis of binding of
recombinant LAT to the CD8a cytoplasmic domain in a cell-free environment. These studies
would allow an understanding of the possible options for CD8a signaling in monocytes.
Subsequent studies could analyze CD8ct interactions in human monocytes with signaling

proteins proposed by the above studies, and examine phosphorylation events following CD8a.

ligation.

It is not clear which FcyR receptor(s) CD8a. may interact with. The reliance on anti-CD8«
mAD to activate CD8c makes some approaches problematic. Studies could employ cross-

linking CD8ct with a variety of common y chain-linked receptors, including each FcR using
specific mAb, and potentially using siRNA knockdown to consolidate the dependence of
responses on each FcR and CD8a. It will be important to examine FcR ligation and CD8a

ligation with MHC class I or MHC class I mutated to eliminate binding to CD8. This
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approach will begin to delineate the contribution of CD8 to the competing balance of
activating and inhibitory monocyte receptors that bind MHC class I. One might predict this
balance is modulated in different disease settings.

A powerful altemative to carefully dissect FcR-CD8 signaling may be to reconstitute FcR

signaling and responses in transfected cells normally negative for these proteins, as done by
others [285;286). The effect of CD8 transfection and ligation with MHC class I on FcR

responses could then be scrutinized. These kinds of studies could be extended to examine the
effect of CD8 ligation on responses of other receptors that use the common y chain (PIR-A or
ILT1) or DAP12 (SIRPB). This combination of studies may allow the dissection of the

mechanisms and spectrum of ways in which CD8 may enhance responses of monocytes or T

cells.

As PIR-A and ILT1 likely bind MHC class I or related proteins, it will be interesting to learn
if their binding sites on MHC class I overlap with that of CD8a. Moreover, according to
models proposed in the section “CD8: Re-examining the Co-Receptor Concept” it is possible
that CD8 could enhance binding of PIR-A or ILT1 to MHC class I, particularly if they have
slow on-rates of binding like TCR. A photoreactive protein-protein cross-linker has been used
to study the ability of CD8 to promote binding of TCR to MHC class I. By adapting the
attachment site of the cross-linker on MHC class I, similar experiments may be used to study

the effect of CD8 on binding of PIR-A, ILT-1, Ly49 or other receptors to MHC class I.

Finally, the functions of CD8(+) monocytes and macrophages in inflimmatory sites in
several disease models with acute immune-complex and FcyR dependent injury must be

established. CD8(+) monocytes/macrophages and CD8(+) T cells may be retrieved and

270

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



separated from rat tumor or glomerulonephritis models, or potentially from patients with
similar diseases. Not only would this allow independent analysis of CD8(+) T cell and
monocyte functions, but also the role of CD8 on monocytes in these diseases through # witro
analysis of their responses to FcR ligation and CD8 ligation with MHC class I and MHC class
I mutated in the CD8 binding site. Monocyte and macrophage phenotype and responsiveness
is heterogeneous and plastic depending on their environment. The proposed experiments
would assess the influence of CD8 on monocyte signaling and functions and link these
findings to monocyte responses in disease. Further studies could refine the range of monocyte
responses influenced by CD8, including cytokine release, radical production, maturation to
antigen-presenting function, and mechanisms of cytotoxicity, healing, monocyte apoptosis or

survival.

6.14. CONCLUSIONS: TOWARDS A CD8 WITHOUT THE TCR
Careful examination of the literature suggested the expression of CD8 differed among rat,

mouse and human species, and hinted that despite the lack of CD8 expression on mouse
macrophages and monocytes, CD8 might be expressed by human monocytes and
macrophages. I have demonstrated the expression of CD8o on human monocytes, thus
extending evidence that the expression pattern and other characteristics of CD8 vary

significantly among species (Table 1-1 and 1-2).

By building on evidence of how CD8 participates in T cell activation I have expanded
current models of how CD8 may function in CD8 + cells that do not express TCR (see Figure
1-9, Table 1-3). These models predict CD8 enhances signaling of many receptors on
monocytes, NK cells or other cells, although potentially not as robustly as the enhancement of

TCR responses by CD8 on CIL. Evidence predicted the best candidate for CD8 co-activated
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responses would be FcR, potentially signaling via LAT. I have tested these predictions and
provide evidence that CD8 expressed by monocytes enhances phosphorylation of LAT, and
cell responses through FcR. This is the first evidence attributing a co-activating role to CD8

with a receptor other than TCR.

Like CD8c,, many receptors may activate Ick (CD28 [287], NKRP-1 inhibitory and
activating receptors [288], CD94 [289], and FcR [290]) or LAT (2B4 [188], CD2 [189]) and
bind other cells. CD8 may activate intracellular signaling pathways distinct from those of
some cell surface receptors that co-activate TCR responses, like integrins [124]. CD8 may or
may not have a unique function in activation of CTL and other cells, whether due to its
binding rates or binding site for MHC class I, association with other receptors, timing of
recruitment to the site of cell activation, or association with signaling molecules. Other
differences in how receptors activate T cell responses may include quantity, precise timing of
recruitment, and duration or oscillatory rhythm of their effects on intracellular signaling

[143;291;292].

Several immune receptors, like FcR, may bind ligands found on pathogens like bacteria, on
cells, or in solution. Detecting a conserved motif in a ligand (MHC class I) expressed on most
cells, CD8 may help to elicit the optimal response to cell-associated stimuli, (whether self,
allogeneic, infected or tumorigenic cells) in comparison to responses specialized to eliminate
extracellular pathogens, inert particles, or debris that is MHC class I(-ve) and would not engage
CD8 (Figure 6-10). CD8a. may co-operate with diverse immune activating receptors that use
Syk/ZAP-70 and CD3( or common ¥ chain. A prediction of this model is that CD8 would
contribute to heightened NK cell and monocyte responses in FcR-dependent antibody-

dependent cell-mediated cytotoxicity (ADOC, Figure 6-10). This may be relevant to
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autoimmune diseases like lupus and glomerulonephritis, and tumor and anti-viral defense
[175] Therapeutic targeting of CD8 could be appropriate in a range of diseases where the aim
is to quell FcR-dependent inflammation without rendening the patient profoundly
immunodeficient. Additionally, one might hypothesize that connection of a CD8-stimulating
agent to monoclonal antibodies that bind tumors in cancer therapies like rituximab (anti-
CD20) and trastuzumab (anti-Her2/Neu) may increase the efficacy of tumor killing by NK

cells and monocytes.

273

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.15, Tables

Before Thesis
CD8a CD8p
NKcell Monocyte NKcell Monocyte
Human +[7-10] > (P) [31;293] 18] >
Mouse -17] -[5] - -
Rat +1512] > (D) [31;294] [12] > @) 31
After Thesis
CD8«a. CDS8p
NKcell Monocyte NKcell Monocyte
Human +[7-10] + -[8] =
Mouse -[7] -[5] - R
Rat +[1112] > (P) [31;294] 112] > @) [31]

Table 6-1. Contribution of this thesis to the understanding of CD8 expression on
monocytes, and species differences in the cell types that express CDS8. The
expression of CD8a and the lack of expression of CD8B by human monocytes is
highlighted. Expression of CD8 is denoted by a + symbol where evidence of synthesis of
CD8 by the cell type in the given species is available. Number of + symbols denotes
relative level of protein on cell surface. (P) denotes situations where protein has been
shown on the cell surface, but there is no evidence that the protein is synthesized by the
cell.
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Interaction Temp (°C)] Kd (uM) | Kon (M-1es-1) Koff (s-1)
TCR-MHC 25 110 00102 [151]
CD8-MHC class 1 25 50200 | 14x105 >20 [22;151;205]
KIR-MHC class I 25 10 2x105 2 [146]
TILT2/4-MHC class 1 3 245
Ly49A-MHC class 1 % 10 0.03 [296]
FcRIT/FcRIT 25 06525 | 3254x105 | 0211 [14g]
CD2-CD538 37 10 4x105 4 297]
CD2-CD48 (rodent) 37 60 >105 6 298]
2B4-CD48 37 10 3x 105 3[299]
CD28-CDB86 37 20 106 >20 [300]
CILA4-CD80 37 02 2 x 106 0.4 [301]
OX2-OX2R 37 2 4x105 0.8 B02]
Selectin-ligand 37 0.3-100 105-106 14-10 [303]
LFA-1ICAM-1 3 0.13 2x 105 0.03 [304]

Table 6-2. The fast on-rate (K,) of CD8 may promote binding of receptors with
slow on-rates like TCR. Few MHC class I binding receptors with known binding rates,
have slow on-rates like TCR, with the exception of Ly49. CD8xa and CD8af bind with the
same characteristics, but there 1s some difference between alleles. TCR:peptide-MHC Kd
values at 37°C are typically 1.5-2.5 fold higher than at 25°C. Parts of table are taken from
van der Merwe PA and SJ Davis, Annu Rey. Immunol. (2003) 21: 659
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Cytotoxicity References

Perforin [31;217]
Granzyme [31;217]
TCR Signaling

CD3ed [220;221;228]
Pre-TCRo [221]
Lck [215;305;306]
LAT [172;307]
7 AP-70 [218;219]

TCR Re-arrangement

RAG1/2 [221]

Ig-H D-]J Re-arrangement [221]

Table 6-3. T cell or lymphocyte “spec1ﬁc” proteins/mRNA detected in CD8+ cells
that are not lymphocytes. CD8 expression may occur as part of a broader transcriptional
program that controls expression of proteins involved in TCR-CD8 signaling or
cyrotoxicity through changes in DNA methylation and euchromatin/heterochromatin.
Non-lymphocytic cells studied in references in the table include dendritic cells, monocytes,

and megakaryocytes. ZAP-70, Ick, and CD38¢ chains are considered T cell-specific, but
have been identified in some myeloid cells and B cell lymphomas.

276

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.16. Figure Legends and Figures

Figure 6-1. Cysteine residues and disulphide bonds of CD8«x. In crystal structures of CD8aa the canonical
Ig superfamily disulphide bond between g-sheet strands B (C26) and F (C102} is observed. B-F disulphide is
shown in (B) by red solid line (human CD8a« IAKJ). Using different methods of analysis others have observed
disulphide bonds in CD8« between B and C {C36 in panel A) strands. The C strand cysteine is highlighted in
yeliow in B, and a hypothetical disulphide bond is shown by a dashed red line. (A)is taken from Kern PS et al.

fmmunity (1998) 9: 519. (B) was generated with Cn3D program.
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* Predicted palmitoylation site

181 190 200 I 210 - - . R .
3 + 22? == CVR “conserved” palmitoylation site

Mouse TLSLLVVCILLLLAFLGVAVY- ARTHFMKQFHK L -
Rat TLSLLVH:ILVLLVSLSVQIH—%IHWQFH( sm=_LCKILAT binding site and potertial
CDB8B | Human TLGLLVAGVLVLLVSLGVATH-LOERRRRARL RFMKGKFNT palmitoylation site

Chicken VWVPLAAGALLLLLSL IPT [RRFYRLRRRLWVRAHRR )
Saimon VLWPLVGVLLTLAAAL IYTLYYFSRLPKKCRHQFAKKRPLK | || End of predicted

P transmembrane sequence
Transmembrane Cytgplasmlc

?1 1 220 230 240 250 257

+ * + + 1
Human  GVLLLSLVITL C-—-PRPVV-KSGDKPSLSARYV
Mouse  VALLLSLIITL €---PRPLV-ROEGKPRPSEK IV
CD8a. | R AVLLLSLVITL C——-PRPLV-———— KPRPSEKFV
Chicken LVLLVALIVT TRRRRCRLC ———KRPPNGKPGAKPCVPTRHI

Saimon GFLLLLLEX IRTKRCPHHYKRQPRMAAPGQQHP TANNRLF

*kE * *
Transmembrane Cytoplasmic

Figure 6-2. Paimitoylation of some sites in CO8a would exclude CD8 binding to Lck or LAT. All potential
palmitoylation sites in CD8a and CD88 are shown (cysteine residues within 12 amino acids of the membrane, or just
within the membrane may be palmitoylated {994}). Some palmitoylation sites in CD8« overlap the Ick/ALAT binding motif.
CD8g sequences used: mouse {NP_033988), rat (P05541), human {NP_742097), chicken {NP_990578), salmon
(AAW23970). CD8a sequences used. human (NP_001759), mouse (P01731), rat (P07725), chicken {NP_990566),
salmon (AAW23969). Transmembrane predicted with TMpred at embnet .org (Hofman and Stoffel Biol. Chem [1993] 374,
166).
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Lipid raft Partitioning +++ ++ ++ ++4
MHC class lbinding <+ + + +
LCkLAT signaling e’ + — —_—
Assoclation with TCR — + + —
o B ao
inner plasma =
membrane <c C> <C C>
| 11
<C <C C>
X X
<c c>
Cytoplasm

Figure 6-3. Hypothetical CD8 dimers that may allow separation of CD8
functions. Only cytoplasmic domains of CD8 are shown. Amino acids are
represented with single letter code. Hypothetical abilities of each CD8 dimer shown
are semi-quantitatively represented by + symbols. CD8g is believed to allow CD8 to
associate with TCR.
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Ciass | (11zk) MICA (1hyr) Rae-1p (1jfm)
D.

s L

SEEPI¥Te,

Class | (11zk) T22 (1216) Rae-1p (1jim)

Figure 6-4. Some non-classical MHC class | molecules lack significant parts of the classical
MHC class | structure. (A-C) MHC class | proteins are shown in blue, attached §2mis shown in
brown. (A) Classical MHC class | (B) MIC-A does not bind 82m. (C) Rae-18 does not contain the «3
domain or bind 82m. (D-F) show the groove formed by «-helices of MHC class | proteins, from the
perspective of the TCR. MHC class | molecules are in grey. (D) Classical MHC class | with peptide
bound in groove. Non-classical MHC class | molecules (E) mouse T22, and {F) Rae-18 lack significant
portions of the « helices and a1 o2 domains found in classical MHC class |. Figure adapted from
Rudolph MG et al. Ann. Rev. Immunol. (2006) 24. 419.
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MHC Class I-like Motif
CxxC Thiol Redox Motif

Enzymatic Motif

MHC Class l-like Motif {11-18) Enzymatic Motif {1-2, 95) CxxC Thiol Redox Motif (57-60)

Figure 6-5. Spatial separation of functional motifs of MIF. Three motifs in MIF {highlighted in
yellow) have been attributed distinct functions. Surface-exposed loops contain a MHC class |-like motif
PRASVYPEG, and have been suggested to bind receptors (Leng, L. JEAM (2003)197: 1467 MIF also
contains a thiol redox motif and an enzymatic tautomerase motif. Top, MIF in trimeric, secreted form.
Bottom, three panels show monomeric MIF. Key residues of given motif are noted in brackets .
Structures (1MFI1) show the small molecule inhibitor E-(2}-fiuoro-2-hydroxycinnamate bound to the
enzymatic site .
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Co-Receptor

Figure 6-6. Classical co-receptor model of CD8 showing CD8 binding the same MHC
class | as TCR. Adapted from Janeway CA Jr. Annu. Rev. immunol. (1992) 10: 645
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- Target cell / - Target cell /

Figure 8-7. Two models of CD8 enhancement of TCR responses. Co-receptor model of CD8 {left):
Optimal enhancement of TCR responses by CD8 is proposed to require CD8 and TCR simultaneousty
binding the same MHC class | molecule. Co-activation model of CD8 (right). CD8 may promote TCR

binding to MHC class |, and co-operate in TCR signaling without binding the same MHC class | as TCR.
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Signating Signaling Silence

Figure 6-8. Speeds and pauses: theory of cell activation by limiting diffusion. Free and
rapid diffusion is slowed and limited by transient low affinity interactions of receptors, kinases
and adaptor molecules . If a threshold is reached, activated microclusters of signaling
complexes can aggregate further and induce cell activation. The model aliows that CD8 may
be recruited to participate in cell activation via Ick, LAT, MHC class | or a direct association with

TCR. Taken from Trautmann A., Nef. Immunoi, (2005) 6. 1213
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/ Target cell / " Target cell / " Target cell /
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Figure 6-9. Contribution of this thesis to models of CD8 signaling mechanisms and co-activation on
monoccytes and macrophages. Previous to this thesis ("Evidence Before™) CD8 activation of rat macrophages
was known to depend on an unidentified src kinase (that may not bind CD8), and Syk kinase. Studies in this
thesis suggest CD8 on human monocytes enhances phosphorylation of LAT, and activates TNF release in an
FcR-dependent manner. Whether CD8 directly binds LAT or other molecules is hypothetical, but the "Evidence
After” thesis model is based on previously described interactions of CD8 and FcR signaling.
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~__Target cel /

Figure 6-10. CD8 may enhance monocyte responses to cellular stimuli. Co-ligation
of CD8 with FCR may enhance monocyte antibody-dependent cellmediated cytotoxicity
in response to MHC class | expressing cells coated with immunoglobulin {e .g. viral
infection, autoimmunity, tumor defense). In contrast monocyte responses initiated by
FcR against acellular stimuli such as extracellular bacteria or soluble immune
complexes may not be enhanced by CD8.
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7. APPENDIX 1. CONCERNING THE SPECIALIZATION OF CD8oo. AND

CD8af

Debate surrounds the roles of CD8acx versus CD8af3 as a TCR co-activator (e.g. [1;2]).
Some theories have even proposed that CD8otot inhibits CTL activation, while only CD8o3
can enhance CTL responses [2]. Human monocytes, as well as NK cells and dendritic cells
express only CD8aar (Table 1-1, Part I), and thus, if CD8cwat (only) inhibits cell activation, it
directly contradicts evidence and models presented in this thesis that CD8ao enhances
monocyte FcyR activation. Because of this potential contradiction I will discuss existing
models of CD8aax function on T cells, and provide evidence that CD8ait promotes T cell
activation. 'This will thus support the model that CD8ait enhances monocyte FcR responses

in ways similar to CD8ox enhancement of TCR responses. Furthermore, I suggest that the
current study adds to work suggesting that the ability to elucidate the heterogeneity of physical
characteristics and function of CD8 is artificially limited if it is restricted to distinguishing

CD8owo and CD8op.

One might expect that two dimeric forms of CD8, CD8uf3 and CD8a, exist to fulfill two
different functions, whether subtly or drastically different. Quantitatively CD8 can enable T
cells to respond to up to 10°less MHC class I-peptide complexes [3;4]. CD8op allows T cells
to respond to 10-100 fold less MHC class I-peptide than CD8aw, suggesting CD8op has a
heightened ability to activate T cells in comparison to CD8ax (10° for CD8, 10-100-fold for

CD8af) [5]. Lack of CD8p reduces the number of positively selected mature T cells to 25%
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of normal [6-9], suggesting a role for CD8, at least in positive selection, that cannot be wholly

substituted by CD8a..

Through two identified means CD8f promotes CIL activation [5;9-14] and CD8o
appears in many situations to be a better co-activator of CTL than CD8a. Sialylation of the
stalk region of CD8p regulates MHC class I binding and T cell activation of thymocytes [15).
CD8ap seems to found in close proximity with TCR on the cell surface in greater proportions
than CD8aat, and this may allow CD8ap to more efficiently promote binding of TCR to
MHC class 1[13;16;17]. These enhanced abilities of CD8ap in T cell activation along with the
high affinity of CD8aat but not CD8af binding to the MHC class I molecule TL [18] has
fostered much debate that CD8cov has functions distinct from CD8aff. Without a TL

homologue known in human [19] it is possible CD8co. interaction with TL is a species-

restricted anomaly.

If CD8af is proposed to be a better TCR co-activator than CD8aa, or even the only TCR
co-activator, the role that CD8ow is specialized to fulfill is unclear. Perhaps CD8aw and
CD8uf have partly segregated roles in promoting cell activation. For example, CD8a/fy may
specialize in promoting binding of TCR (or other receptors) to its ligand, and CD8aor may
specialize in other components of cell activation. Recently three theories have been put

forward to attempt to construct a signatory function for CD8aa.. All three theories, however,

have their weaknesses.
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7.1 Theory 1. CD8aff Co-Receptor/CDSaa Anti-Co-Receptor: Opposites are
Often the Same

One of these theories suggests CD8aat is an “anti-co-receptor” [2], that downregulates T
cell responses by sequestering Ick from lipid raft based signaling of the TCR [2;18;20-22]. The
theory that CD8owx is an anti-co-receptor is based on the observation that ligation of CD8otot
on intestinal epithelial lymphocytes (IEL) slightly decreases their proliferation and cytotoxicity,
but increases their IFNy release [23]. However, outside this one study there is little or no
evidence that CD8cwox inhibits T cell responses. Rather, as noted in the introductory section of
the appendix, CD8awx is sometimes a less efficient co-receptor than CD8af8, but not always.
In other studies, CD8act and CD8af3 activate equivalent responses from CTL, even across a
broad range of TCR affinities [24]. In other models CD8ao transfectants have responses
similar to those of CD8af} transfectants [25]; or a small increase in IL-2 production [26] found
in CD8of transfectants correlates with increased expression of CD8a when CD8B is co-
transfected [25;26). Similarly, while CD8aB may robustly induce Ick phosphorylation
compared to CD8ao, CD8ac induces some Ick phosphorylation, and induces nearly
equivalent phosphorylation of CD3( [11]. At the very least, many studies have shown CD8aat

enhances or reconstitutes T cell activation [25;27-29] and binding of TCR to MHC class I

tetramers [12;13;30;31]: two functions intimately associated with CD8 co-activation of CTL.

After a base threshold for activation through TCR is reached, T cell responses increase
exponentially [32]. As such, depending on the titratable point on the exponential curve that
studies are performed with CTL clones or a single TCR, small initial differences can become

all or nothing differences in CIL cytotoxicity, proliferation or cytokine release. When large
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differences between CD8ao and CD8a have been found, T cell hybridomas with a single
TCR have often been used without dose-responses (as in studies of CD8f palmitoylation
[11;33] and association with CD38-TCR [13]. Indeed, if CD8a is solely responsible for CD8
association with TCR and enhancement of TCR binding to MHC class I as proposed [11-
13;33], it 1s puzzling that CD8ax increased binding of MHC class I to TCR to the same extent
as CD8af in previous studies using the same technique [30;31]. Rather than CD8ac being an
“anti-co-receptor” it seems more considered to suggest that CD8af heterodimers are
specialized to greatly aid positive selection and perhaps, but not always, other stages of CTL
activation. CD8aor appears capable of co-activating responses of CTL. This suggests the

model that CD8atol on monocytes can co-activate responses initiated by FcR is valid.

7.2. Theory 2. CD8aa and T Cell Memory Failures
CD8aicx is argued to be functionally distinct from CD8of8 [1;2] because one study [34]
suggested CD8awct is necessary for generation of T cell memory. It is clear that CD8ocx is
expressed on a large proportion of memory T cells [18;34-36]. However, the single study that
claims CD8axx is required for generation of T cell memory [34] has been heavily challenged by
several other groups [18;35;36]. The onginal study [34] used mice with a deleted CD8c
enhancer region, E8(I)-/-, which were thought to be deficient in expression of CD8act on

activated T cells that may become memory T cells. Others, in contrast, found that CD8oo
expression on activated peripheral T cells is normal in these mice [35], suggesting that it is an
inappropriate model to examine the contribution of CD8oo to the generation of T cell
memory. Moreover two groups using the same E8(I)-/- mice, and even the same virus and

route of infection as the original study found normal peripheral T cell memory generation
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[35;36). Thus, even if E8(I)-/- mice do have defective memory T cell generation this is likely
to be related to regulation of genes other than CD8. Finally, lack of TL, the high affinity
(CD8ao ligand proposed to be required for memory T cell responses [34] had no effect on
memory T cell generation; a single classical MHC class I could induce equivalent T cell
memory [37]. Thus at this ume CD8ac expression only correlates with IL-7R+ Bcl-2

upregulated memory T cell precursors [34]. A causative link between CD8aiat and memory T

cell generation is lacking,

7.3. Theory 3. CDSaa versus CD8af: not so strict distinctions

The third theory has suggested that CD8aa is not a functional homologue of CD8af [1].
However, the argument amplifies differences between CD8aov and CDS8af, while not
mentioning other differences in CD8 that do not clearly segregate with CD8aa. or CD8ap.
For example, CD8af3 changes its affinity/avidity for MHC class I significantly on immature
mouse thymocytes [15;38], and after CTL activation, increasing on CTL clones, while
decreasing on naive T cells through changes in glycosylation and possibly conformation
[39;40]. Perhaps this is considered optimization of CD8afp function to the situation. In
contrast, rather than the higher binding affinity of CD8ca for TL being an optimization of
CD8 and CTL responses to certain TL-expressing cell types like activated T cells, epithelial
cells and dendritic cells [18] CD8aw is functionally distinct from CD8af3 [1]. In a similary
exclusive logic, because CD8awx is expressed on cells without an MHC class I restricted a8
TCR it has been suggested that CD8cwo. must have a different function than CD8af [1]. As

outlined above, CD8acx is also expressed by many CD8af + CIL [14], and CD8af is
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expressed on cells without an aff TCR (mouse and rat ¥8 T cells, rat macrophages, mast cells;

Table 1-1 Part II).

The distinctions drawn between CD8aa. and CD80af8 are not very robust. In fact, given the
potential complexity of CD8 regulaion by palmitoylation (Figure 6-3) and glycosyl
heterogeneity (described in chapter 2, and by others using 2-D electrophoresis [41;42] mass
spectrometry and chromatography [43]), that alter CD8 binding affinity/avidity for MHC class
I in several circumstances [15;38;39] it may be apt to suggest that multiple forms of CD$

provide subtle regulation of T cell and monocyte activation via rates of association with Ick,

LAT, lipid rafts and MHC class L.
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8. APPENDIX 2. CD8 ASSOCIATES WITH TCR AND POTENTIALLY OTHER

RECEPTORS

8.1 CD8 May Associate with CD35 and TCR

Some evidence suggests a portion of total cellular CD8, mostly CD8ap associates with TCR

before activation on some subsets of CIL. This precocious association of CD8 with TCR, as
would be expected, promotes TCR binding to antigen-specific MHC class I, early formation of
intracellular signaling complexes and thereby CTL responses to lower doses of antigen-specific
MHC class I [1-4]. However, it is difficult to conclude that CD8-CD3-TCR association 1s not

due to co-segregation into lipid rafts, or driven by binding of intracellular signaling proteins.

Constitutive associaion of CD8 with the TCR-CD3 complex was detected by co-
immunoprecipitation and fluorescence resonance energy transfer (FRET) in mouse T cell
clones, thymocytes, and memory T cells, but not naive peripheral T cells [1-4]. Other studies

attempted to delineate the regions of CD8 mediating association with the TCR-CD3 complex.
The cytoplasmic region of CD8pB promoted the co-immunoprecipitation of CD8 with CD33
and CD3¢ [3;5]. CD36 in turn promotes co-immunoprecipitation of TCR and CD8 in a
manner dependent on the membrane proximal TCRa-connecting peptide motif (o-cpm) [6;7].
This suggests a direct or indirect link through CD8p cytoplasmic regions to CD38 and TCR
[8]. However, there are several problems with these studies. The cytoplasmic region and more
precisely the palmitoylation site of CD8B account for virtually all the ability of CD8 to
associate with CD3-TCR [8]. Thus the observed association between CD8af3 and CD35-TCR

may be due to co-segregation into lipid rafts. In agreement, CD38-CD8 interaction was

significantly disrupted by 7-octylglucoside [3], which disrupts lipid rafts [9].
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Association of CD8 and TCR may be indirect, and driven by binding of small proportions
of activated Ick, CD3¢ and ZAP-70. Indeed several studies have shown CD8 and TCR may
associate through intracellular signaling proteins [10;10-15], rather than a direct TCR-CD8
interaction. Similarly, in CD4+ T cells small proportions of TCR and CD4 are pre-assembled
with activated Ick and ZAP-70 in some lipid rafts [16]. In studies suggesting a direct

interaction between CD8 and TCR in resting cells, free cysteines and cations were necessary
for CD8-CD36 nteraction. As the binding of Ick to CD8 requires free cysteines and cations

[17], the observed association of CD8 and CD38 may occur indirectly through Ick [3]. Thus,

CD8, CD3 and TCR may indirectly associate through larger intracellular complexes.

8.2. CD36 and Other Receptors That Have Motifs Resembling the TCRa-cpm
May Associate with CD8 on NK Cells, Dendnitic Cells and Monocytes
CD8p associates with CD38 and o but not y8 TCR [3]. A complex of CD8, CD38 and
TCR can be immunoprecipitated but whether any direct interaction links these proteins is not
clear. If the association of TCR and CD8 is driven by formation of small percentages of
acuvated intracellular signaling complexes [10;10-15] rather than a direct interaction of CDS8

with CD3-TCR, CD8 may associate with and activate many receptors that use signaling
pathways involving all or some of ZAP-70/Syk, CD3&/common y chain, LAT, and Ick, such

as CD16 on NK cells [18-22], or others discussed above (Table 4).

On the other hand, some evidence suggests an association of CD8 with CD38 or CD3¢z
and innate immune receptors could be possible, even in monocytes. CD35 is considered a T
cell specific protein, at least in mice [23]. However, this may not be the case in humans or in

particular pathological circumstances. The human monocyte cell line U937 expresses CD38,
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and expression of CD38 increases after HIV-1 infection of these cells [24]). Furthermore, a
CD38/¢ specific mAb binds to human monocytes and macrophages, at least under some
circumstances [25;26]. I have also observed binding of anti-CD38/¢ mAb to human
monocytes at low levels (data not shown). Interestingly, mouse CD8a.+ dendritic cells express
mRNA for CD3¢ [27] and human NK cells that are CD3 + are usually CD8+ [28]. CD8p
was observed to promote CD8 association to CD38 and TCR [3]. Expression of CD8p is not
limited to af TCR T cells, CD8B is found on macrophages [29], monocytes [30], mast cells
[31] at least in rat, and y8 T cells [32] in several species. Thus, low levels of CD8 expressed on

macrophages may associate with low levels of CD38 and undefined macrophage receptors.

The o-cpm region of TCR appears important for TCR-CD8 association [8], suggesting this
may be the region of TCR that interacts with CD38 or CD8. Nacher et al. [8] suggested that
the TCR a-cpm sequence FEDTXNLN that appears to mediate TCR-CD$8 association

(though perhaps indirectly) is not found in other proteins. However, elimination of parts of

the sequence still allows TCR-CD8 association, albeit somewhat attenuated [8]. BLAST search
of the TCR a-cpm sequence FEDTXNLN reveals partial conservation by other cell surface

receptors (Figure A2-1, Table 1-3), such as CD36 (expressed by monocytes), Jawl related,

CD45 and CRTAM ((lass I-Restricted T cell- Associated Molecule, expressed by NK cells and
T cells). These TCRo-cpm homologous sequences may or may not be accessible to CD8 or

CD35 interaction, however several pieces of evidence suggest a relationship between CD8 and
some of these receptors. CD45 and CD8 both interact with Ick during T cell signaling and co-
immunoprecipitate [2;33-35]. CRTAM also mediates T and NK cell cytotoxicity [36), and is

one of few receptors with a V-Cl-set immunoglobulin domain proposed to be ancestral to the
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TCR [37]. Although CD8a+ and CD8a- dendritic cells express similar levels of most cell
surface antigens, CD8a.+ dendritic cells express much more CD36 [38]. It will be necessary to

define the sequences and structures which CD8 interacts with in CD38 and/or TCR to

determine whether CD8 may also interact with a similar sequence in other receptors.

The association of CD8 on the cell surface with other receptors may encourage partnered
enhancement of complementary intracellular signaling cascades. An association of CD8 with
two other cell surface receptors, namely MHC class I and CD81 has been described. 'The

weak evidence that CD8 may co-activate cells with these receptors will be raised below.

8.3. Signaling Induced by Ligation of MHC Class I May be Enhanced by CD8

CD8 may associate with MHC class I in the plasma membrane of the same cell. 'This
interaction has been detected by co-immunoprecipitation [39-42]. Ligation of MHC class I
and MHC class II activates Syk and src kinases, as well as PKC and PI3K [43-46], akin to CD8
signaling. When MHC class I on the surface of these macrophages or dendritic cells is bound
by a receptor such as TCR, CD8 may augment responses of the MHC class I-expressing cell
(see Table 4). In this scenario, antigen presenting cells recognized by antigen-specific T cells,
NK cells, or monocytes expressing receptors for MHC class I may activate or induce
differentiation of the CD8+ antigen-presenting cell. In this way the first interaction of an
antigen presenting cell with an antigen-specific T cell may modulate its ability to activate T

cells subsequently.

8.4. CD8 May Associate with the Co-stimulatory Tetraspanin CD81
CD8 or CD4 immunoprecipitates with CD81 and CD82 [47]. While this interaction has not

been studied for CD8, the cytoplasmic domain of CD4 is required for its association with
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(D81 and CD82 [48]. (D81 is expressed by most types of human blood cells including
monocytes [49]. While CD81 promotes T cell responses [50] it has unknown effects on
monocyte activation and inhibits NK cell activation[51]. Some responses initiated by CD81 or
CD8 are inhibited by cyclosporin A [50;52;53] and induce ERK phosphorylation [54;55].
Therefore, it is possible that CD8 and CD81 associate, and initiate intracellular signaling
together. Interestingly, if CD8 and CD81 associate, CD81 could foster CD8 inclusion in lipid
rafts [56], if CD8 and CD81 associate. CD81 is found on vesicles including endosomes and
exosomes, and potentially contributes to intracellular trafficking towards antigen presentation
[57;58]. If CD8 associates with CD81 on antigen-presenting cells, it may guide antigen-
processing, and help explain the specialization of CD8a+ dendritic cells to presenting antigens

from MHC class I-expressing sources such as apoptotic or virally infected cells [59;60].

Despite this apparent logic, CD8 association with a receptor that can activate monocytes or
NK cells has not been previously examined. Data in this thesis demonstrate that CD8 can co-
operatively signal with FcR. Given that without binding to MHC class I, CD8 is recruited to
activated TCR in a manner dependent on intracellular signaling complexes [11;12;15], CD8

may be recruited to FcR and enhance FcR-initiated responses.
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8.5. Figure and Figure Legend

TCRacpm 100 FETDXNLN 108
CD36 279 FESDVNL 285
Jawl-related isoforma 100 ETDKNL 105

CD45RC 915 ETEVNL 920
CRTAM 170 FETD 173

Figure A2-1. Significant parts of a motif important for TCRc association with CD35 and ¢
chains, and possibly CD8 is also found in several other monocyte, NK cell and T cell
receptors. Amino acids shown from TCR o connecting peptide motif {cpm) are those conserved
through chicken, rat, mouse and human according to Backstrom, BT ef a/. Immunity, 5: 437. Amino
acids underlined in red were demonstrated to significantly inhibit the efficiency of T cell activation
(Backstrom, BT ef af. Immunity, 5. 437). Accession numbers of other proteins above are: CD36

(NP_000063), Jaw1-related (NP_006060.2}, CD45RC (NP_002829.2), CRTAM (AAH70266.1)
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