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. ¢ ABSTRACT

Functiona! differences and cell collaboration between murine lymphoid dendritic cells

(DC) and macrophages (M@) in antigen presentation for T cell activation were analyzed with
splenic DC and M@, culture-derived bone marrow (BM)-M@, and DC-like and M@-likc cell
lines. DC were the best stimulators of allogeneic mixed leukocyte reaction (MLR), but splenic
M@ and small activated BM-M® were almost as crfcciive. On the contrary, DC were much
better fthan M@ at syngeneic MLR stimulation, even though the lIEVels of surface la on DC,
splenic M@, and small BM-M@, as measured by flow cytometry, were not very different. In
contvsl to MLR stimulation, small activated BM-M@ were the most effective
antigen-presenting cells (APC) for the presentation of wh’c;le Corynebacterium parvum (CP)
organisms, possibl)"Mup of their phagocytic and lysosomal functions which could be
particularly important for processing particulate antigens. Large activated BM-M@ were
ineffective-in stimulating MLR and CP-specific T cell proliferation. The functional differences
between BM-MO subsets could not be cxplained by failure to express surface la or to take up
antigen. Nonphagocytic APC, such as DC ahd the .DC-like line P388AD .4, had low presenting
activity for CP and were much less effective at presenting glutaraldchyde-fixed CP than MQ.
This suggests that DC are dependent on the shedding of soluble antigen (reduced by
glutaraldehyde fixation) frons4fW bacteria, and they may also be less efficient than MQ al
processing the fixed bacteria. The la- MQ-like line, P388D1, was dgyoid of APC activity, but
could greatly enhance P388AD .4-induced T cell proliferation to whole bacterial organisms.
‘Similarly. co-culture of splenic DC and M@ pfoduccd very pronounced synergistic ef feds in
proliferative responses to CP and keyhole limpet hemocyanin. The function of MQ :jhis
partnership was sensitive to chloroquine and could not be replaced by M@ cullurc\:ﬂuids or
: recombinaﬁl interieukin-1. Thus, M@ may contribute processed antigen in a form morc

suitable for presentation by DC. These results provide a rationale for the functional dichotomy

between DC and MQ. ' \
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I. INTRODUCTION - - va!

-
.-

The vertebrate adaptive immune response is critical for the protection of the organism'
against pathogens, and possibly, neoplasia. This protection is accomplished by cellular and
| humoral ef! feglor mechanisms, mediated by thymus-derived (T) and antibody -producing, bone
maﬁow-dcrived (B) lymphocytes respectively. The activation of these cells by foreign antigens
is dependent on the ac;:ésso'q functions of a heterogeneous third subset of cells, the most
important of which "are macrophages (M@), dendritic cells (DC) and B lymphocytes. A major
function of such acccssory‘ (A) cells is to *fTocess” and "present” fordign antigens to T
lymphocytes in association with A cell -surface molecules, encoded by 1 regxon il{les wiihin the
major histocompatibility complex (MHC). This gene complex was or'iémﬂy diseovered by its
importance in determining tissue histocompatibility. The objective of this thesis is to establish
the identity and'modes of action of A cells active in the stimulation of T cell responses to
various antigens. This chapter will begin with an' overview of the A cell dépeh‘dence of varioug

immune responses, followed by a detailed discussion of A cell functions in lymphocyte

. [ .
activation and the existence of A cell heterogeneity.

A. Accessory Cell Dependence of Immune Responses
\ The imm of M@ to the innate immune system was recognized almost

inwdialely/u';on their digcovery as cells capable of engulfing particulate matter by

phagacyigsis ( Metchnikoff, 188( ). M@ and other phagocytic cells comprise a network of
f unglionally related cells kanuloendoth\flial system (RES) (Aschoff, 1924) which
effectively removes foreigr; proteins, microorganisms, and particulate inorganic matter from
the blood and lymph (Jaffé, 1931). The recognition that M@ and other cells have important
‘accessory functions in specific immune responses is relatively recent. A requirement for
adherent phagocyﬁc A cells in the primary in vitro antibody-forming cell (AFC) response to

sheep red blood cells (SRBC) was first demonstrated by Mosier in 1967 and confirmed by



Pierce (1969) and Shortman et a/ (1970). ‘
In addition to A cells, optimal antibody formation by B cells in response 10 most
antigens requires the cooperation o( T helper lymphocytes (T, ) (Claman er al, 1966; Mitter an;i‘.
Mitchell, 1967). Thus, the A cell requiremem of primary 7‘:: vitro antibody responses to such
thymus- or T cell-dependemt (TD) antigens may reflect the A cell dependence of
antigen-induced T cell proliferation (Hersh and Harris, 1968; Oppenheim et al, 1968; Sceger
and Oppenheim, 1970; Waldron et al, 197‘3) and lymphokine productjon {Nelson and Lecu,
1975; Wahl et al, 1975), although proliferating T célls (Tp) do not always function as T,
(Ramila and Erb, 1983; Ramila er a/, 1985). The allogeneic mixed leukocyte reaction (MLR),
thought to be’an in vitro manifestation of the ;.l;;graft response, is also A cel! dependent
(Oppenheim et al, 1968), as is the activation of T cells by mitogens such as Concanavalin A
(Con A) (Hedfors et al, 1975: Habu and Raff. 1977, Ahmann et af, 1978) and
phytohemagglutinin (PHA) (Levis and‘ Robbins.. 1976; Lipsky et al, 1976, Rosenstreick ef al.
| 1976; Schmidtke and Hatfield, 1976). The failure of some investigators to obscrve A cell
dependence of mitogen-stimulated T cell activation (Hersh and Harris, 1968. Oppenheim et al,
1968, Waldron et al, 1973) was pfobably due to a requirement for onlytsmall nvumbers of A
cells. Thus, stringent A cell depletion is needed to reveal A cell dependence (Rosenstreich ef d.{
| 1976). Moreover, A cells are inhibitory if present in cxces’s (Diener et al, 1970; Folch er al,
1973; Rosenstreich and Mizel, 1978). T cell activation by multivalent antibodies specific for the
clonotypic T cell antigen receptor or ‘the associated monomorphic T3 complex (reviewed in '
Hasi‘tins et al,‘ 1984; Meuer et al, 1984a) is also A cell dependent (van Wauve and Gc;:)s.scns.
1981; Kaye et al, 19835. In contrast, human T cells are activated in an A cell-in_depcncfcm
manner' by antibodies specific for the sheep erythtocyte receptor (T11) (Meuer et gl 1984b).
However, the physiological signifiéance of this activation pathway remains 1§ be cstablished;
since no natural ligand for the T11 molecule has been described.
B cell activation by thymus-independent (TI) antigens was initially reported to be A
cell independent (Diener et al/, 1970; Shortman er al, 1970; Feldmann and Palmer, 1971,

Feldmann, 1972a). However, later studies using more exhaustive A cell depletion ‘procedures

™~
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demenstrated an A cell dependcn‘cy for antigen-specific activ \t.ion of B cells by TI antigens
(Chused et al, 1976; Lee et al, 1976; Nordin, 1978; Boswell et d. 1980b; Martinez-Alonso et al,
1980; Letvin er al, 1981; Morrissey et al, 1981; Diner et' al, 1986). Similarly, polyclonal
activation by mitogens (Persson et a/, 1977; Fernandez and Palaci(:’s. 1982: Haeffner-Cavailion
et al,.1982; Melchers er al, 1982; Bandeira er al, 1983; Corbel and .Melchers. 1983; Fernandez
and Severinson, 1983) ang anti-immunoglobulin (Ig) (Mongini et al,1978) were reported as A
cell dependent. Although some investigators failed to observe A cell dependence of .B cell
activation by the mitogen lipopolysaccharide (LPS) (Ishizaka " et al, 1977, Wong and
Herscowitz, 1979; Boswell er &, 1980a), this was most probably due to residual M@ whose
activity was enhanced by LPS. Consistent with this view, Maniﬂ‘ez-Alonso et al (1980)
demonstrated that LPS-induced B cell activation requ;res the addition _of A cells only when very
low LPS concentratibns are u§d. Under some conditions, LPS may’ induce MO Zecretion of
predominantly inhibitory mediators (Kurland er al, 1977). This could explain the :uppression
by M@ of LPS-induced B cell activation seen by some investigators (Yoshinaga et al, 1972;
Lemke et al, 1975). Kurland ef a/ (1977) emphasized that variations in culture conditions could
result in opposite conclusions \ﬁt& respect to the A cell dependence of mitogenic B cell
stimulation. Thus, if the M concenttation is suboptimal, 'addilional M@ will enhance the B
cell response, whereas excessive numbers are inhibitory.

Thorough evaluation of the literature indicates that activation of both T and B cells by
most antigens, mitogens, and anti-receptor antibodies is A cell dependent. However, a number |
of hettrogeneous cell types can provide accessory ft;nclions.» suggesting that A cells serve
distinct f unctTls. which may vary with the activating stimulus and the responding cell.

B. Accessory Cell Functiond in Immune Responses

Initially, A cells ‘rere considerpd to function as scavengers in antigen-specific immune
responses. Burnet (1959) suggested that M@ removal of \3cess antigen was critical to the
prevention of potentially deleterious direct lymphocyte-anu’één contact. Accordingly. several

early studies showed that monomeric protein antigens, less susceptible "o phagocytosis than
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»their polymeric counterparis, are tolerogenic, whereas those antigens easily phagocytosed by
MO or removed from tﬁ; circulation, by the RES are immunogenic (Dresser, 1962; Frei ef al,
1965; Golub and Weigle, 1969; reviewed in Unanue, 1972). Howgver, since this phenomenon
was observpd mostly wit.h y-globulins known to have special tolerogenic properties, it may be
unrelated to A cc‘f unction. "

.Feldmann' and Baslerhproposeda another mode! to explain M@ function in T
cell -dependent B cell responses, based on their observations that T, could collaborate withy MO
and B cells across a cell-impermeable membrane tz{ means of antigen-specific helper factors
(Feldmann, 1972b; Feldmann and Basten, 1972). They suggested that M@ serve merely as a
particle for presenting complexes of antigen and helper factor to B cells in a multivalent matrix,
thus favoring immunity over tolerance. However, Katz and Unanuc (1973) indicated that this
could not explain the M@ dependence of T cell activation, nor the histocompatibility
requirement for efficient T-B cooperation (Kindred and Shreffler, 1972; Katz ef al, 1973).

The first real clues to M@ function in antigen-specific immune responses werc pcr)ovidcd ,
by experiments demonstrating that M@-associated antigen is usually more immunogenic (n vivo
and in vitro than comparable amounts of free antigen (Cline and Svett, 1968; Unanuc and
Askonas, 1968a; Mitchison, 1969; Spitznagel and Allison, 1970; Katz and Unanue, 1973; Pierce
et al, 1974). Since the degradative capacity of M@ was well:gstablished (reviewed in Unanuc,
1972), it was suggested that MO are required to degrade ;>r process antigen into a form more

“suitable for interaction with immunocompetent cells (Gallily and Feldman, 1967; Feldmann
and Palmer, 1971; Shortman and Palmer, 1971). A "presentation” function for M@ was
proposed (Waldron et a/, 1973) based on the importance of antigen-dependent M@-lymphocyte
clustering (Mosier, 1969; Pierce and Benacerraf, 1969; Werdelin et al. 1974; Lipsky and
Rosenthal, 1975b) and observations that M@ céuld be "pre-pulsed” with antigens (Cline ang
Svett, 1968; Seeger and Oppenheim, 1970; Schecter and McFarland, 1970). However, the
significance of antigen processing and presentation was not appreciated until thé discovery that

antigen -dependent MQ-Tp iméract’ons and cytotoxic tymphocyte (CTL)-target interactions

" require MHC compatibility between the two interacting cell types. a phenomenon known as
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MHC-restriction (Rosenthal and Shevach, 1973; Zinkernagel and Doherty, 1974). Several
group; have also described a MO secretory product which enhances T cell activation by
rr;itogens (Gery ef al, 1972), or antigens (Mizel and Ben-Zvi, 1980) as well as B cell activationyg
by ﬁ) antigens (Hoffmann and Dutton, 1971; Wood and Gaul, 1974; Calderon et al, 1975,
Hoffmann et al, 1979; Leibson et al, 1982) and TI antigens or mitogens (Rosenberg and Lipsky,
1981: Corbel and Melchers, 1983; Falkoff ef al, 1983; Howard ef @/, 1983). Although the
lymphokine mediating these functions was givcn'differcm names in each of the various
systems, all of these functions are now attributed to a single A cell-derived lymphokine, known
as interleukin-1 (IL-1) (reviewed in Dinarello, 1984; Durum et al, 1985; Oppenheim &t @/,
1986). ' )

i
These A cell functions will now -be discussed inetail.

{

Class I MHC-Restricted A Cell - T Cell Interactions

Discovery of the I Region and I Region-Encoded Antigens

The immune response (1) region of the MHC was discovered as a consequence of
studies on the genetic control of immune responsiveness to certain synthetic antigens (reviewed
in Benacerraf, 1981). Responsiveness to hapten conjugates of poly-L-lysine (PLL) was first
shown to be controlled by a single autosomal dominant "immune reﬁonse" (Ir) gene by
Benacerraf and co-workers in outbred guinea pigs (Levine et al, 1963). This observation was
extended to inbred mice by MkDevitt anc& co-workers who also showed that /r genes are
genetically linked t6 the MHC (McDevitt and Sela, 1965; McDevitt and Tyan, 1968; McDevitt
and Chinitz, 1969). They subsequently defined the I region of the murine MHC based on
genetic mapping studies of the /r gene that controls immune responsiveness to the synthetic
amino acid copolymer poly(L-Tyr:L-Glu)-poly-DL-Ala-poly-L-Lys ((T,G)-A-L)
(McDevitt et al, 1972). With the aid of recombinam' congenic resistant strains of mice, the I
Tegion was divided into subregions, but the only ones relevant to la are the A and E subregions

(reviewed in Benacerraf, 1981). An I region has also been defined in several spedés of birds

and mammals, including humans (reviewed in Gotze, 1977). Highly polymorphic I



region -encoded antigens (la), composed of a-B heterodimers, were later Bentified on the

surface of lymphoid cells (predominaatly B cells and A cells) by mixed lyfgphocyte typiﬂg

(Bach et al, 1972)_qld serology (David et a/, 1973; Haupt(ield er a/, 1973).
1 . L Y

la-Restricted Antigen Presentation

The importance of Ia in antigen f:rescmalion was first revealed - ¢ studies of
Shevach and Rosenthal on /r gene control of responsivenest inbred
guinea pigs differing only at the I region of the MHC. Shév 87 ) 'ed tnat

»anti-la antibodies inhibit M@-dependent, antigen-specific in vitro Proliferation of primed T
cells to both /r gene-controlled and other antigens. Thus, MQ)-Tp interactions app'ear 10 be
dependent upon the accessibility at the M@ or T cell surfac&of -la.  Experiments
demonstrating that efficient presentation of M@-as;ocialed antigens requires MHC identity
between M@ and T, (Rosenthal and Shevach, 1973) provided furthar support for this notion.
The existence of MHC- or, more specifiéally. I region-restriction between MQ and
antigen-Specific.Tp was verified in mice (reviewed in Rosenthal, 1978; Schwaru er al. 1978)
and humans (Bergholz and Thorsby, 1979; reviewed in Dausset, 1981). Most T cells specific
for allogeneic class l.molecules also recognize these tie-terminams in association with seif la
(Weinberger ef al, 1980, 1982, 1983; Rock er a/, 1983;.Golding and Singer, 1984; Ma ef al,
1984; Singer er al, 1984; Mizuochi er a/, 1986). However, some T cells can be activated by
allogeneic la in the absence of self la determinants (Germain el- ;I, 1982; Weinberger ef al,
1982; Ma er al, 1984 Singer et al, 1984). The generation of T, in vitro (Erb and Feldmann,
1975a; Kappler and Marrack, 1976; Pierce er al, 1976) and adoptive transfer of delayed-type
hypersensitivity with sensitized T cells (Miller er al, 1975) also require | region compatibility

a—

of M@ and T cells, whereas effector CTL-target interactions are restricted in most cases by
Y

class[l MHC antigens (Zinkernage! and Doherty, 1974). Although some T cells’ﬂpave been
demonstrated 1o bind igen in the absence of MHC antigens (Carel et al, 1983; Rao ef al,

1984a,b; Siliciano er 4/, 1985), in most instances this is not sufficient to induce T cell

activation.
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The requisite recognitiorf of foreign antigens in the association with self’\ MHC
molecules suggests that, unlike B cells, T cells can only recognize antigen on the surfacetf an
antigen - presenting cell (APd bearing the appropriate self MHC molecule. The la restriction
specificity of T cells is not genetically pre-determined, but is imprinted on the T cell during
intrathymic maturation (reviewed in Bevan and Fink, 1978; Zinkernagel, 1978), possibly as a
consequence of interactions with la* cells within the thymus. Although Longo, Schyartz, and
co-workers have evidence that these cells are bone marrow-derived APC (Longo and
Schwartz. 1980; Longo and Davis, 1983; Longo ef al. 1985). Lo and Sprent (1986) recently
published an elegant ﬁieee of work in support of nonsbone marrow-derived la° thymic
epithelial cells.

Two hypotheses have been advanced to acco;mt for the dual specificity of T cell
antigen recognition. The "two-receptor” model proposes that T cell recognition of antigen
and la is accomplished by distinct cell surface reéeptors (reviewed in Zinkernagel. 1978). The
“altered self " or "one-receptor” model asserts that the association of antigen and MHC on
the APC surface creates a "neo-antigenic” determinant which is recognized as foreign by a
single T cell receptor (reviewed in Bevan and Fink, 1978). Although many recent studies
(Kappler et a/, 1981 Martzinger. 1981; Hunig and Bevan, 1982) are inconsistent with the
original version of the two-receptor model, independent recognition of antigen and MHC by
distinct combining sites of a single receptor cannot be excluded. Contrary to expectations, the
biochemical and molecular genetic characterization of the T cell receptor as a
disulphide-linked a-B8 heterodimer encoded by immunoglobulin-like genes (reviewed in
Haskins et a/, 1984; Meuer et o/, 1984a; Davis, 1985 Hood et al, 1985) has not provided the
resolution to the one-receptor - two-receptor controversy, Posslibly. more definitive answers
will be provided by the use of molecular genetic technology to exchange a and B8 chain genes
between receptory of known antigen plus MHC specit‘ity, followed by DNA -mediated gene
transfer into aiapropriate cells for assessmfnt,pf the resulting recognition specificity. Thi§
approach is technically feasible, as shown recently by Dembit er af {J986). who used it to

formally demonstrate that the @ and B genes presumed (o encode the T cell receptor can
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transfer antigen plus MHC specificity from one CTL clone to another.

-]
Relationship Between /7 Genes and la "
Several lines of evidence have suggested a close functional association between /r ge
and la: 1) Both the corhplcmenting a and B /r genes controlling immune responn‘vcnes;;o
some antigens (e.g.. the synthetic random amino acid copolymer poly-L-Glu:L-Lys:L-Phe

(Dorf and Benacerraf, 1975), lactaté.dehydrogenasey (Melchers and Rajewsky, 1’73). and

e

cytochrome ¢ (Solinger et a/, 1979)), and the structural a n‘d B chain genes encoding agp
'moleculc were mapped to the I-E and 1-A subregions, respectively (Jones al, 1978).
Furthermore, the T response to these antigens Yequires that-#5th /r genes be expressed in the
same APC (Schwartz ef al, 1979). and is inhibjsed by monoclonal anti-la antibody (Baxevanis
et al. 1980; Lerner er al, 1980). TheSe results suggested that the genetic complementation
between two /r genes reflects pfolecular complementation between two polypeptide chains to
form an la molecule. 2) Mutation of only three nuclegtides in the structural “enc encoding one

polypeptide chain 4f an la molecule (Mclntyre and Seidman, 1984} aliers immune

responsiveness L& several antigens (Krco er al, i981; Lin er al, 1981. Michaclaedes er al. 1981).
is evidence, most immunologists accepted that /r genes encode la molecules,
ough formal proof has only recently beer provided by the demonstration that a parucular

immune response defect could be corrected by making the defective mouse strains transgenic

A
for an & chain gene (Le Meur et al, 19851;Yamamura et al, 1985).

Models of /» Gene-Controlled Nonresponsiveness
The simplest explanation for /r gene-controlled nonresponsiveness is that /r genes

encode T cell recognition structures (Benacerraf and McDevitt, 1972; Shevach er al, 1972). It \

—

was soon suggested, however, that /r genes are expressed in APC rather than T cells, since APC
from nonresponders (NR) fail to present antigen to T cells from (R x NR)F, hybrids (Shevach
and Rosenthal, 1973). Although in some cases NR APC were shown to be defective in antigen
Mhandling (Adorini and Doria, 1981), Ir gene-controlled nonresponsiveness was usually

attributed to defective antigen-la association on the surface of the APC (reviewed in



Benacerraf, 1981; Unanue, 1984; Schwartz, 1985), although there were exceptions (Kapp #f a/.
1973). Rosentha! et a/ (1977) and Benacerraf (1978), further proposed that la molecules
actually select the antigenic determinant to be presented to T celis, since the response of
(R x NR)F, T cells to different determinants on the insulin molecule is determined by the /7
genes expressed in the APC (Barcinski and Rosenthal, 1977).

The validity of the determinant selection theory was seriously challenged by
dct,lonsmlions that NR T cells behave as responders -if ‘lhcy develop in an (R x NR)F,
environment ( von Boehmer of a/, 1978; Longo and Schwartz, 1981) and that NR APC can
present a synthetic antigen of restricted heterogeneity 1o a/vgeneic NR or R T cells (Ishii et of,
1981,1982). A later study (Ishii ef al, 1983) further concluded that, contrary to the predictions
of de;er'mimm selection, the identical epitopes could be presented by R and NR APCf to*
allogeneic T cells. Although these studies were conducted with T cells depleted of alloreacu'vi.ty
b; the bromodeoxyuridine and light "suicide” technique, they have been criticized with respect
to the possible existence of allogeneic effects. Such a criticism does‘ not apply to the
obse'rvation that NR APC can present antigen to R T'ell clones (Clark and Shevach, 1982; Dos
Reis and Shevach, 1983). Also inconsistent with determinant selection, Ir_gene-controlled
nonresponsiveness to several other antigens, such as (T,G)-A-L (Kimoto et al. 1981),
myoglobin (Infante et a/, 1981), tuna cytochrome ¢ (Hedrick ef al/, 1982), and angiotensin
(Thomas and Hoffman, 1982) could not be attributed to a defect in NR APC. Collectively,
these observations strengthened “hole in the repeMoire™ models of J/r gene-controlled
nonresponsiveness. A defective T cell repertoire could be the result of a failure to generate a
particular antigen and MHC specificity by MHC-based positive selection within the thymus
_ (Jerne, 1971; Langman, 1977; von Boehmer et a/, 1978). Altcmhlively. if T cells specific for a
particular foreign antigen and self MHC cross-reactively recognize a self antigen plus self
MHC, they may be deleted as a result of the requiremem for self -tolerance (Schwartz, 1978).
In both cases, the gaps in the T cell repertoire should ?Ju'st for a particular antigen only in
association with self MHC. Thus, this model is consistant with demonstrations that NR APC

can present antigen to allogeneic (NR or R), but not syngeneic T cells.
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Biochemistry and Molecular Genetics of 1a Makecules

Biochemical analysis of murine ‘ Ia giyooptot'eins by immunoptecipitation and
two-dimensional gel electrophoresis has identified 170 different murine la molecules (A and
E). each composed of an a« ch'ain.(molecuh\r wolght (MW) 34,000) and a 8 chain (MW
28,000) which associate noncovaiently to form a keterodimer (Jones, 1977). The A, Ag. and
E‘ chains are encoded by gen“ thé .l -A sbbregiqp. wRerus the 'E - cha}n is encoded by agene
in the I-E subregion. At least 4 human la amigens?mve been identified (reviewed in Kaufman
et al, 1984). Protein and nucleotide sequence homologies suggest that the human ieukocytc
antigens (HLA) DQ (formerly calied DC) and DR are the human analogs of the murine 1-A
and I-VE molecules respectively. HLA-BR may ‘bc an additional I-E-like human la molecule. A
fourth human la molecule, HLA-bP (formerly known as SB), which does not have a munne

s

counterpart, has been i'dcmif ied. Both human and murine anti-la antibodies co-prcciﬁtalc a
third nonpolymorphic or invaria:t chain, called I, or y (Jones er al. 1979; Shackelford and
Strominger, 1980). It is associated wnlh biosynthetically immature la molecules in the
cyloplasm, but is expressed independently of la at the cell surface (Sung and Jones, 1981; Koch
et al, 1982). Since l,/associales with @ and B chains in the endoplasmic reticulum. 1t was
suggested that it facilitates4ntraceliular transport of la molecules, and may be required 1o direct
them to the cell sixr'facc (Kvist er al, 1982). However, the murine L cell line, a fibroblastic
tumor which does not express its own la genes, mn/;;:gss transfeclea human or munnc la
genes in the apparcnl_ absence of endogenous I, chains (Malissen er a/. 1983; Rabourdin~ Combe
and Mach, 1983). Although the transfected genes are not efficiently expressed: the efficiency 1s '
not increased by co-transfection of the I, gene (Malissen et a/, 1983) Thus. the function of
the invariant chain remains obscure. ‘

Both a and B la polypeptides contain a hydrophobic leader sequence (absent from the
mature protcin).' two external domains (approximatel& 90 residues each), a hydrophobic
lraﬁsmembraﬂe domain, and a *short cytoplasmic tail (reviewed in Kaufman et a/, 1984;

Mengle-Gaw and McDevitt, 1985). The membrane-distal (a,) domain of the a chain is the

only external domain lacking intrachain disulphide bonds. The domains are encoded by
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. "separate exons, except for tﬁ'c transmembrane anfl cytop@smi‘c regions of the a genes, which
. ée{en;oded by a single cxon.. Thus, the genetic Srganimﬁon and dom;in structure of class II
MHC genes is wery similar to that of [;ss I MHC and immunoglobulin genes (reviewed in
Hood er al, 1983). The strong homology of the membrane-proximal {a;, and B8;) domains with
Ig eonstant regions (Kaufman and Strominger, 1982; Larhammer et al, 1982) juslifics the
incluydn of class I MHC genes in the Ig gene superfamily.

Molecular genetic analysis of the location of polymorphic regions in a and B
poLypcp__lides (reviewed in Menglf:-Gaw and Mcbevitl, 1985) has confirmed and extended the
conclusions previously"Qerf\‘/ed from biochemical and sgrolqgical data. In general, the B‘c:hains
are more polymorphié tian the a chains. The two E_ alleles that have been sequenced show
very li[l’l‘e variation. Alle}ic variability in the A , AB' and Eﬁ molecules is clustered in 3-4
"hypervariable” segments ir; the membrane-distal a, ahd B, ‘domains. Mengle-Gaw and
McDevitt (1983) have proposed that these hypervariable regions may be juxtaposed at the
surface of the 1a molecule an<d could thus be irr}porlam for interactions with antigen or »t\yhe T
cell receptor. Recent evidence suggests that gene conversion may play a rple. in generatir;g the
extren;e pol_vmofphism of la molecules (Mclntyre and Seidman, 1984; Mengle-Gaw et al, 1983,
Widera and Flavell, 1984). ' R E

Both the murine and human class Il genetic regions of the MHC are considerably
complex. The murine 1-A subregion encodes one A 01 and one EB gene, as well as three f‘;ﬁ
genes, but it is not known if all three are f unctional. The I-E subregion encodes a functional
E_ gene and two E p genes, which may be pseudogeneg. The existence of multiple 8 chain genes
makes it possible that there are additional Ia molecules which have not yet been identified. At '
least five a chain genes and possibly as many as thirteen B chain genes afe encoded by the
hu;nan 1 region. Since one a c¢hain‘can Qassociate with B chains encoded by several different loci
(Andrews et al, 1982; Shackelf ord er al, 1983), there is the potential for many more human la
molecules than have so far been described.

' l.ndiv.iduals heterozygouf*any of the genes encoding  or B Ia polypeptides have the

L N
~ potential to express a greater variety of la molecules than homozygotes, since a and B chains of
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dif fereﬁt haplotypes can cross-associau;"e {g form "hybrid™ F, la molecules with unique
determinants recognizable by alloreactive (Félﬂ?nan and Hengartner, 1978) Or antigen -reactive,
la-restficted (Kimoto and Fathman, 1980) T cel‘fs‘ Thus, a mouse heterozygous for both the
l'-A and I-E subregions would. express 8§ differ’em la m‘%lecules, assuming that there is no
preferential assocsation bétween a and B chains of the same haplotype. Kir;lolo and Fathman
(1980) suggested that such cross-association of a a;%d B chains would provide heterozygotes
4with a larger repertoire of la-restricted T cells than homozygotes, thus reducing the likelihood
of being a NR.‘ to a particular'amigen. However, more recent data show that the association of
a and B chains to form Ia molecules is not random. McNicholas et a/ (IQSf) 2nd Conrad er a/
(1982) reported a quantitative deficiency of hybrid I-E molecules on 's.tee: ' ‘o‘f certain },

) »
strain combinations due to preferential association of the E_ and Eﬁ C"‘“Q‘ the parental

haplotypes.” Glimcher er a/ (1983a) generated an [-A rr{utanl subline from a murine H-2* B
cell-B lymphoma hybridoma that was later shown not to express signi'ficam amounts of hybrid
I-A molecules (Schlauder er a/, 1985). Germain er al (1985b) ira\;sfecte‘d murine A  and Aﬂ
gene pairs into non-l-A-expressing mouse L cells and observed signil”icant surface I-A
expression only when the co-transfected a and 8 genes were from the same haplotype. These
results indicate that the f uncti“onal association of a and 8 pc;lypeptides for a particular antigen
is probably not random, and may actually be impossible in some instances. Germain el a/
(1985b) suggested that such preferential association of certain A  and A g chains may provide

the selective pressure o maintain the strong linkage disequilibrium which exisis between ‘somc

A, and AB genes.

Antigen-la Interactions
Despite the conclusions of pumerous studies that /r gene-comr‘olled nonresponsiveness
could not be explained solely as a selective failure of NR la to intcrac; with a particular
antigen, there is evidence that antigen-la interactions are functionally relevant in T cell
activation. Schwartz and colleagues have championed this view (reviewed in Schwartz, 1985)
based on their analysis of the antigen and MHC fine specificity of cytochrome c-specific T cell

clones and hybridomas. Initial studies demonstrated that two complementing /r genes, which
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map to the I-A and I-E subregions of the MHC, control the T cell response to the
immunodominant fragment (residues 81-104) o!' pigeon cytochrome c. The fine antigen

_ specificity of some T cell clones and hybridomas (determined by patterns of cross-reactivity
" with cytochromes ¢ f rom other species or various chemical derivatives thereof) was dependent
on the Ila hapl\olype of the AI;C, suggesting that antigen and la molecuics interact prior to or
during T cell activation (Heber-Katz et al, 1982, 1983; Hedri.ck et al, 1982). A similar
\_/conclusion was\i;f erred from more recent data showing that a change in potency of a particular
antigen-la ligand for a T cell clone resulted from the presence of a diff er\em allelic f ofm of the

{ .
.
la molecule on the APC (Ashwell and Schwartz, 1986). This was not due to alteration of the T

cell receptor’s affinity for that ligand, since the point at :vhich the dose response curves shifted

. with increasing numbers of T cells was fdentical for both antigen-la combinations.
Baseéi on these observalioné. Heber-Katz er a/ (1983) proposed that antigen-la
interactions only occur in the presence of the T, cell receptor, as a trimolﬁscular or ternary
complex, én idea which is consistem‘with both determinant selection and' deficient T cell

repertoire models of /r gene-controlled nonresponsiveness. According to this model, the la

molecule should possess distinct sites for interaction with antigen and the T cell receptor,

»

termed the desetope and histotope, respectively. The corresponding sites on the antigen are

referred to as the agreiope and epitope, respéctively. An agretope has been identified on
__cytochrome ¢ (Hansburg er a/, 1983a) and lysozane (Manca et al, 1984), and an epitope has
been identified on cytochrome ¢ (Hansburg er al, 1983b) and the synthetic amind acid polymer
poly-18 (Fotedar ef al, 1985). '

The ternary complex modsl is supported by the recent results of Watts er a/ (1986) who
used a novel technique lc; detect antigen-la interaction. It had been previously shown that
purified I-A and an ovalbumin (OVA) fragment incorporated into a pla‘na; lipid membrane on
a glass substrate could stimulate interleuk'rn;Z (IL-2) release from an OVA-specific T cell
hybridoma (Wats er al, 1984, 1985). In the most recent study, 1-A% and the OVA peptide

were labeled with a red or green fluorescent dye, respectively, before incorporation into the

membrane. Resonance-energy transfer from the peptide to the I-A molecule in an evanescent
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wave-field could only be observed in the presence of the T cell hybridoma, suggesting that the
T cell receptor stabilizes the antigen-la interaction.

*r lines of evidence suggest that antigen-la association can occur wnhout the T cell
receploz‘.y AFlrst. nonimmunogenic antigen analogs cah compete with structurally relaj;g
immunogenic antigens to inhibit T cell activation (Werdelin, 1982; Rock and Benacerrafl, 1983a,
1984a). Similarly, antigen-pulsed APC lose the ability 'lo present certain allogeneic la
determinants (Rock and Benacerraf, 1984b). The inhibition is due to competition at the level
of the APC, because the effect'i ﬁs observed when APC, but not T cells, are pre- pulsed with the
competing anugens {Werdelin, 1982; Rock and Benacerral, 1983a). This was recently shown
more definitively by prg-pulsing fixed Ki’C (Falo et al, 1985; Buus and Werdelin, 1986a).
Secondly, a lysoz-yme peptide was shown 10 bind purified I-Ak with a 10-fold higher association
constant than it bound purified l-Ad. in acc nce with the /r gené phenotypes of these
haplotypes (Babbitt er a/, 1985). Thirdly, severoa&)ups have reported the production by APC
of antigen-Ia complexes which can activate T cells in the absence of antigen and APC. The
complexes are usually tightly (perhaps covalently) linked (Erb and Feldmann, 1975b; Erb er al,
1976; Puri and Lonai, 1980; Puri et al, 1985), but the two moieties may also be reversibly
associated (Friedman er a/, 1983).

The genera; applicability and significance of these findings remains o be estabhished.
Schwartz (1985) suggested that the competitive inhibition phenomenon may only be
demonstrable with antigens which have an unugyglly high affinity for la, since he did not
observe competition for la by non-cross-reactive cytochrome ¢ analogs. Moreover, the highly
charged nature of the copolymers used in most studies may have facilitated their interaction
with la or the APC surface. With respect to the Babbit er a/ (1985) finding, more antigen-la
combinations need to be tested before generalizations can be made. It is possible, however, that
the antigen used in this study represents an exception to the rule, and that in m(;sl“inslanccs,
the affinity of antigen-la association may not be sufficiently hiéh 10 be detected in the absence

of the T cell receptor. Finally, the existence of antigen-la complexes has not ‘béen generally

accepted, dge to lack of substantiation of these results in other systems. Based on our current
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understanding of T cell activation, it is not readily apparent why a soluble antigen-la complex
might be necessary; such a complex may even defeat the purpose fqr which MHC-restr'icted
recognition of antigen may have evolved; nam‘cly, to destroy intracellular parasites. Thus,
a‘ithough the existence of antigen-la association prior to interaction with the T cell is still open

to question, it is clear that antigen and la interact as part of a termary complex. This

interaction could reflect a receptor-like function of the la molecule, but Parham (1984),.-,

suggested that thesinteraction of antigen, la, and the T cell receptor can only agcur if the
repulsive forces between antigen and la are insufficient to prevent the complex from forming.
Thus, he sees antigen-la interaction as the lack of a negative interaction, rather than a positive

interaction.

*

T Cell Recognilion Sites on la Molecules

Several approaches have demonstrated that different T cells can recognize multiple sites
(or histotopes) on a particular la molecule. Early studies utilized mcwceignal anti-la
antibodies to block antigen-specific T cell proliferation and revealed that individual anti-la
antibodies had differential blocking patterns for a number of antigen-specific T cell clones
(Clark et al, 1982) . This suggested that dif’ fer;em' T cell clones recognize antigen in association
with distinct Ia histotopes. Needleman er al (1984), using a similar approach, have suggested
the existence of multiple f unctional T cell recognition sites on I-E molecules. Such antibody
inhibition could be due to a direct compegtion be'tw-een anu'i)ody and the T cell receptor for the
same la determinant, or 10 steric effects. A recent study by Frelinger et a/ (1984) supports the
latter mechanism, since T cells restricted to combinatorial F, I-A determinants could
nonetheless be blocked by mo;loclonal antibodies specific for only the A or A 8 chain.
Regardless of whether anti-la inhibition is due to direct blocking of T cell-la in.teraction dr“ to
indirect steric effects, tk;e differential blocking patterns m there are multiple sites o.f
T cell interaction with Ia molecules: ' - .

An alternative approach to studying functional sites on la molecules is to correlate Ia
sequence variation with ch_a;zgcs in Ir gene function. This has been done with spontaneo& and

induced l1a mutants. For example, the murine bm/2 mutant, whose I-A molecule differs from

/
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the parental B6 1-A® molecule by only three residues (Mclntyre and Seidman, 1984), was used
to demonstrate that at least two functional sites (one of which was altered by the dmi2
mqtation) exist on the I-Ab molecule. Thus, some allo:cactivc T cell clones are activated

equally well by 1-A® and 1-A®™2

. whereas others are only activated by 1-A® (Beck ef af, 1983).
Similarly Kanamori et a/ (1984) observed tha} some aﬁligcmspecif ic T cell clones discriminate
between B6 and bm/2 APC, whereas others do not. Glimcher et a/ (1983c) derived a.similar
conclusion from studies utilizing a panel of APC lines which had been mutagenized and
immunoselected for expression of | mutant 1-A* molecules. Allhough the failure of some
antigen-specific T cell hybridomas to be activated by antigen and mutant APC could have been
due to ineffective interaction Between antigen and mutant 1-A molecules, this is unlikely, since
some mutant I-Ak-beariqg cell lines also fail to activate autoreactive T cell hybridomas
(Glimcher ef al, 1985). | '

All of these studies support the existence of multiple sites on la molecules capable of
interaction with T cells, but they do not delincate the nature or the location of such sites.
Gengu’c evidence suggests that T cells recognize predominantly la conformational determinants
(Tse et al, 1985), possibly formed by the association of a« and B polypeptides (Kimoto and
Fathman, 1980). The availability of cloned class I MHC genes and techniques fof achieving
stable expression of cloned Ia genes in tranfected cell lines have allowed a more precisc
delineation of the sites on la- molecules important in T cell activation. Folsom et al (1985) and
Germain et al (1985a) utilized "‘exon-shufﬂed" Eg and A, constructs to determine the
contribution of the 8, and B8, domains of the 1-A and I-E molecules to T cell recognition.
Consistent with the localization of polymorphic sites to the 8, domain by nucleotide sequencing
(reviewed in Mengle-Gaw and McD¢vitt; 1'985),'lhesc investigators found that most critical
determinants are localized to the B, —d’omain. Leghfer et al (4986) confirmed this and
determined that both halves of the ‘B, domain contrib'm'c to the specificity of T cell recognition.
Transfection of haplotype mismatched « anq B gene pairs revealed that a large proportion of T
cells recognize conformational determinants thaLde\pcr;d on polym/o;phic regions in both the a
and B chains (Lechler et al, 1986). However, in con_tr\eist to acliq;tion of most la-restricted Tp

/
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and T,, triggering of the lytic mechanism of some la-restricted CTL was shown to depend only
on recognition of the A,y domain (Golding er al, 1985). Overall, most class Il gene
transfection studies support the. gepetic evidence that la-restricted T cells recognize

conformational la determinants formed by the assodation of aand 8 pblypcptide chains.

\':),cccssory Molecules on T Cells Which Facilitate Interaction With l§‘ APC
Two non-overlapping subsets of murige peripheral T cells have been distinguished |
based on the cell-surface expression of the L3T4 and Lyt-2 differentiation antigens (reviewed
in Dialynas et al, 1983; Swain, 1983). The corresponding human antigens are T4 and T8,
respectively (reviewed in Reinherz et al, 1983). Most T, and Tp are L3T4', l‘t-2‘~, whereas
most CTL are L3T4-, Lyt-2°, but this functional correlatio;l is not absolute. Rather, these
diffeyentiation markers are more strongly correlated with the MHC-restrigtion specificity of T
;&U&Srcviewed in Dialynas et al, 1983; Reinherz et a/, 1983; Swain, 1983). Thus, most L3T4",
Lyt-2- T cells are class 11 MHC-restricted, whereas most L3T4-, Lyt-2° T cells are class I
__rHC- restricted. ) )

The correlation of L3T4 expression with class II MHC-restriction specificity and the
observationr that anti-L3T4 antibody blocks T cell activation have led to the proposal that the
L3T4 molecule interacts with nonpolymorphic regions of la antigens (Marrack et al, 1983;
Wilde et al, 1983; Swain et al, 1984; Gay et al, 1986). However\. anti-L.3T4 antibody inhibits T
cell activation by A celis bearing hybrid class l/class 11 MHC antigens that lack the
nonpolymorphic. I-A 8 domain (Golding et al, 1985), suggesting that L3T4 may also interact
‘with other strucures on A cells. This interaction is not essential, since L3T4‘ variants of T cell
hybridomas are functional (Marrack et al, 1983), but it may be especially important for-
stabilizing T cell-APC interaction when the affinity of the T cell receptor for antigen plus la is
low (Greenstein et al, 1984, 1985). L3T4 may have“;dditional functions in T cell activation,
since inhibition of T cell activation by anti-L3T4 antibody can be observed in the presence of
la- A cells (Bekoff er al, 1985, Wassmer et al 1985), and is not obtained with all A cell types
(DeKruyff et al, 1985a; Malek ef al, 1985).



Antigen mmke

Of fundamental importance to APC function is thgnbility to take up a large variety of
antigens. MO engulf particulate antigens such as microof’ganisms or red blood cells By
phagocytosis, which can be separated into distinct attachment and ingestion phases (reviewed in
Horwitz, 1982). Attachment of particles to the M@ membrane is depgndem on the surface
properties of both the particle and the MQ).-‘jand is greally facilitated if the p'articles are coated
(opsonized) with specific antibody or complement, for which the M@ has specific receptors.
Attachment can also take placé by mechanisms not dependent on antibody or complement. For
example, lectin-like molecules on the surface of E. coli and S. typhi mediate bi:xding o
mannose residdes on MO (Bar-Shavit e al, 1977). Conversely, mannose receptors on M@ are
involved in the binding of yeast and zymosan (Warr, 1980). Lectin-like réceptors on the MO
surface and divalent cations have also been implicated in the attachment of bacteria (Freimer er
al, 1978; Ogsmundsdoéttir et a/, 1978). The formation of antigen-independent M@-lymphocyte
clusters has been postulated to involve the same class of receptors (Weir and Ogsmundsdottir,
1977; Lipsky and Rosenthal, 1975a). This interaction is transient, not | region-restricted, and
does not lead to lymphocyte activation, but may provide a means to bring M@ and lymphocytes.
together to facilitate immunologically relevant interaction.

Followiqg attachment, M@ extend pseudopods which move around the particle and fuse
at the other side to enclose it in a membrane-‘bound vacuole or phagosome. The phagosomce
then fuses with cytoplasmic lysosomes. lLysosomal hydrolytic enzymes released intc '»
phggo-lysosome help to degrade the ingested particle (rgviewed in Stossel, 1974). Thus “*
destructive enzymes are sequestered from the rest of the cell and only released into a cor -~

microenvironment when needed. . §

g 4

Soluble antigens can be ingested and degraded by a similar process, kno"‘
pinocytosis (Lewis, 1931). This has been extensively studied using horseradish peroxidase a
was reported not to invoive binding to the M@ surface (Steinman and Cohn, 1972). Presently,

however, it is not clear whether soluble proteins can be pinocytosed without first binding to the

MO membrane, since it has more recently been shown that many soluble glycoproteins,
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including horseradish peroxidase (Stahl er a/, 1978), can bind to the MO surface via
carbohydrate receptors and be ingested by a process known as receptor-mediated endocytosis
(Stahl er al, 1980). Receptor-ligand complexes accumulate in clathrih coated pits on the
membrane before internalization in vesicles known as receptosomes (reviewed in Pasten/ and
Willingham, 1981). Ultimately, the receptosome also fuses with the lysosome. M@ receptors
for the Fc 'ponionlof Ig (FcR) and other specific receptors may also facilitate the
intcrioriiation of some soluble proteins. For example, the uptake of normal rabbit IgG and
angiotensin by mouse M@ was shown to occur predominantly via FcR and angiotensin
receptors, respectively (Heusser et al, 1977;>Thomas and Hoffman, 1984). However, the
angiotensin receptor on M@ probably has little to do with M@ function as APC; rather,
angiotensin may regulate M@ production of angiotensin-converting enzyme, which is involved
in the maintenance of blood pressure (Hinman et al, 1979). Lastly, some proteins may bind
nonspecif ically to undefined plasma membrane structures prior to ingestion by M@ (reviewed
in Chestnut and Grey, 1985).

The relative importance of these different routes of antigen uptake to immune
induction has not been established. For some soluble protein antigens, pinocytosis is not
required, since significant binding can occur under conditions (c¢.g., 4° C) which inhibit the

‘r.;tpinocytic pathway (Cohn, 1966; Waldron er al, 1974). Presumably, phagocytosis is the
h predbminam mode of ingestion of particulate antigens, although it is also possible that such
antigens shed membrane fragments which can be taken up via pinocytosis or receptor-mediated
endocytosis. It is not known whether the uptake of antigens by different routes has different

functional consequences.

Antigen Processing

Although it has long been known that M@ actively degrade most antigens (reviewed in
Unanue, 1972), the relevance of this process to immune induction was not initially clear since
in most cases, the M(-catabolized antigens were not immunogenic (Kolsch and Mitchison,

1968; Unanue and Askonas, 1968b; reviewed in Unanue, 1972). However, it was demonstrated
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that a minute proportion of the antigen taken up by M@ is retained on the plasma membrane
either in its native form, or only partially degraded (Unanue et a/, 1969; Cruchaud and
Unanue, 1971), and this was '.hought' to beithe immunogenic moiety. Waldron er al (1974)
demonstrated that a tc‘mpcrature-dcpcndem lag phase is required before M@-associated antigen
becomes immunogenic, as assessed by the capacity to induce antigen-specific T cell
proliferation. This suggested that NiQ) metabolic processes are required to render antigen
immunogenic for T cells. Several earlier studies by Fishman (1959, 1961), Fishman and Adler
(1963). and others (Askonas and Rhodes, 1965) had implicated the generation of a
supraimmunogenic antigen-RNA complex as the outcome of the MO antigen handling process.
but this was shown to be incorrect (Roelants and Goodman, 1969).

Circumstantial evidence indicates that the M.@-associated antigen which is immunogenic
fof T cells hai been structurally altered. For instance, antibodies specific for native protein
antigens usually fail to inhibit antigen-specific T cell proliferation (Eliner and Rosenthal, 1975,
Werdelin and Shevach, 1979; Farr et af, 1979; Chestnut er al, 1980), Therc are several possible
explanations for this. First, in some cases, immunologically relevant antigenic moieties may be
sequestered by the M@ in sites inaccessible to antibody (Ellner and Rosenthal, 1975; Ellner et
al, 1977). Second, the density of antigenic determinants present on thc M@ surface may be 100
low to allow high affinity binding by antibody. In this regard, Thomas and Shevach (1978)
demonstrated ‘t‘hat thé T cell proliferative response to trinitrophenylated (TNP)-M@ could bc
inhibited by high titer anti-TNP antisera, but if the M@ had been first cultured at 37 C for 24
hr, the density of TNP was ornly 2% of that on freshly modified M@, and antibody inhibition
was .no longer obtainabie. More récemly. the same group achieved inhibition of
TNP-OVA-specific T cell proliferation with anti-TNP antibody (Shevach er af, 1982). The
mechanism of inhibition in this case could invoive capping and shedding of TNP-OVA by
anti-TNP antibody, since the inhibition was only observed with divalent antibody. Clayberger
et al (1983) similarly achieved inhibition of hapten-specific T cell proliferation by anti-hapten

antibody.
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A third explanation for the lack of effect of antibody to the antigen to inhibit‘T cell
activation (in moss cases) is provided by studies documenting that most B cells arc unable to
recognize cross-reactivity betyeen native and denatured or fragmented forms of the same
~ globular protein antigen (Ishizaka er al, 1975; Chestnut et al, 1980; Maizels e a/, 1980, Thomas
et al, 1981). T cells, in contrast, do not generally distinguish between native and denatured or
fragmented forms of proteins (()él and Benacerraf, 1959; Chestnut et a/, 1980; Maizels et al,
1980; Thomas er a/, 1981). In fact: the same T cells can respond to both forms of the antigen
(Chestnut et al. 1980; Chestnut and Oly 1985). Moreover, immunization with synthetic
antigen fragments activates T cells capable of responding to the intact antigen, whereas
antibodies elicited in this manner bind .lﬁt ifnmunizing peptide, but not the native antigen
(Thomas er 41, 1981). The difference in reactivity, patterns between T and B cells were
interpreted to mean that M@ catabolize antigen into small peptides m?t lack a stable tertiary
conformation, thus destroying thé conformational determinants recognized by most B cells
(reviewed in Sela, I%9), but leaving sequential T cell determinants intact (Chestnut and Grey,
1985). Nevertheless, it should bc possible 10 achieve antibody blocking of T celis cioncs with
the same antigenic fine specificity as a monoclon‘al amit;ody. This has recently been
demonstrated by Corradin and Engers (1984).

Ziegler and Unanue (1981) extensively characterized MO handlihg of the bacteria
Listeria monocytogenes and aiso concluded that T cells recognize catabolized or "processed”

*

antigen. They used a short term binding assay in which T cells were specifically depleted by
binding to antigen-pulsed M@ monolayers: and found that after antigen uptake, a 30-60 min
incubation at 37 C is required before T cells can be retained by M@-associated antigen.
Fixation of APC abolishes their antigen-processing c_:apacity. but if antigen-pulsed MQ are
incubated for 30-60 min at 37.C before fixation, they. retain the ability to bind T cells.
Although the nature of the M@ antigen-handling event was not determined, a subsequent study
revealed that the appearance of M@-associated immunogencity is substantially inhibited by

pretreatment of M@ with lysosomotropic agents such as chloroquine or ammonium chloride

(Ziegler and Unanue, 1982). These weakly basic agents become concentrated inside the

N
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lwes and decrease saltatory lysosomal movements (D'Arcy Hart e al. 1983) and
lysosome-phagosome fusion (Gordon er o/, 1980), and raise lysosomal pH (Okhuma and
Poole, 1978). Posgibly ds a result of these effects, these agents greatly decrease the catabolism
of L. monocytogepes without inhibiting nmfgen uptake. Together these results strongly suggest
that M@-aswci;ted antigens require degradation via a chloroquine- and ammoniu.m
chloride-sensitive (presumably lysosomal) pathway to be rendered immumogenic for T cells.
Lysosomes contain several types of proteases (reviewed in Barrett, 1975), any or all of
which may be imporiant for antigeh processing. Buus and Werdelin (1986b) used
group-specific inhibitors of different proteinases to determine which lysosomal enzymes arc
relevant for antigen processing by guinea pig MO. Interestingly, they found that a
group-specific inhibitol of cysteine (thiol) proteinases inhibits the degradation and presentation
of dinitrophenyl (DNP)-PLL, but does not inhibit presentation of the synthetic amino acid
random copolymer polv-L-Glu:L-Ala (GA). An inhibitor of aspartic (carboxyl) proteinases
enhances presentation of GA. Presentation of the purified protein derivative of tuberculin
(PPD), a complex mixture of peptides, is only moderately decreased by both inhibitors. il 18
likely that the processing of such complex antigens réquircs the concomitant action of several
proteinases with distinct substrate specificities. A relatively simple antigen like ,LDNP-PLL
contains only one type of peptide bond, and this probably accounts for t.hc complete inhibition

of its processing by a single group-specific proteinase inhibitor. The enhancement of GA

presentation by an aspartic proteinase inhibitor suggests that this protein destroys somc
epitopes of this antigen. Thus, the production of processed immunogenic moieties probably
involves a balance between creation and destruction of various epitopes (and possibly
agretopes) by different classes of lysgsomal proteinases. This implies that the immunogenicity
of a particular antigen may depend not only on the existence of immunocompelém lymphocytes
capable of recognizing it, but also (perhaps even primarily) on its pattern of.susceptibility to

degradation by lysosomal proteinases. Thus, an immune responsc 10 some nonimmunogenic

proteins might be obtainable by selective inhibifion of certain lysosomal proteinases.
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Seveul studies have attempted to determine the cellular location of the M@- usochted\
antigen that is immunologically relevant. The MO-bound antiger that is ultimately moniud ‘
by T cells is assumed to be a very small proportion of that initially taken up, since the majority
is exteniiilely degraded (Calderon and Un;nue. 1974). Unanue et a/ (1969) originally reported
data which suggested that the immunologically relevant antigen is located on the M@ membrane
and is either not internalized, or is relocated to the cell surface without being substantially
degraded. Consistent with this view, trypsinization of antigen-pulsed M@ was reported (o
abrogate their ability to present antigen (Unanue, 1978). However, since MO f uncu'on was not
MHC -restricted in this system, it is possible that the surface-associated antigen was being shed
and re-presented after further processing by M@ in the responder population and thus was not
direay immunogenic. Contrary to Unanue's findings, the studies of Waldron et a/ (1974),
Eliner and Rosenthal (1975), and Ellner et a/ (1977) support an intracellular location for
immunologically relevant antigen, sinc.e in these systems, trypsin treatment of antigen-pulsed
M@ does not affect their capacity to induce T cell proliferation. Presumably, however, T cells
recognize surface-associated antigen, suggesting that the sequestered immunogenic moieties
must be re-expressed on the MO surface before MQ-T cell interaction (Eliner gpd ﬁoscmhal.
1975). This possibility is comsistent with the dcmonstrauon that fixation of APC immediately
following enzymatic removal of surface-associated antigen a!ohshes their immunogenicity
(Chestnut ef al, 1982a). Therefore, immunologically relevant antigen exist$ in an intracellular
location and is relocated to the cell surface by a ffrocess requiring metabolic energy.

Recently, Shevach and co-workers presented data which they considered ix;consistem
with the prevailing view that an intracellular phase of antigen handling is required to render
antigens immunogenic (Malek et a/, 1983). The system involved pulsing MQ) with !?*[-labeled
poly-L-Glu:L-Lys:L-Tyr (GLT) and TNP-modifiying the cell surface at various times
thereafter (Malek and Shevach, 1982). Surface-associated GLT was identified as '*I-labeled
material precipitable by anti-TNP antibody, whereas intracellular GLT was '*’]-labeled but not
anti-TNP precipitable. They observed that a minute (3-6%) amount of intracellular GLT is

relocated to the cell surface, but conaluded that this amount is too small to be immunologically
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relevamt, Howeber, in view of stiies already cited showing that only a small percentage of
M@-uoociat&htlyen is immunologically relevant, this low amount of re-expressed antigen
should not be discounted. It was also concluded that only sgrface GLT is immunologically
relevant, since anti-TNP antibody could inhibit presentation of a TNP-modified protein
antigen (Shevach'er al/, 1982) at a time when only surface GLT was detectable. This
surface-associated GLT was assumed to be unprocessed, based on prec:pnubmty with
anti-GLT anlibody but this does not prove that the GLT was unprocessed; 'anubodks specific
for symhgic antigens which lack well-defined secondary or tertiary structures often recognize
sequential determinants that may not be destroyed by processing (reviowed in Sela. 1969).

Furthermore, suth structurally simple antigens may not need to be processed; this is, true for

GLT (Falo et al, 1985). Based on these alterpdltive imcrpr‘cmions. the results of these studies

do not constitute a serious challenge 1o concept that most antigens requirc an iggraceliular
phase of handling by MO or other A cells. '

In an attempt to locate the immunologically relevant pool of M@ -associated antigen.
Unanue's group recently analyzed the fate of '*‘l-labeled L. monocytogenes organisms
following ingestion by M@ (Allen and.Unanue, 1984a; Allen e ; 1984a). This study
essentially confirmed earlier results with soluble protein anliggns (Unanue and Askonas. 1968b;
Calderon and Unanue, 1974; Malek and Shevach, 1§82). By 4 hr after uptake, most (60-70%)
of the cell-bound radioactivity is released into the supernatant as acid-soluble material, 3-4%
remains membrane associated in the k)rm of small (MW 10,000) peptides. and approximately
10% is released in acid-insluble macromolecular form (MW 14,000-}50,000). Whereas
chloroquine inhibits the degradation of, Listeria 1o acid-soluble malerial by 50%. neither the
release of the macromolecular peptides nor the appearance of the membrane-associated
radioactivity is affected. Fin;lly, in contrast with their earlier studies with keyhole limpet
hemocyanin (KLH) but in agreement with other studics,;.llcn et a1~(1984a) found that trypsin
treatment of antigen-pulsed M@ does not affect immunogenicity. Although the

membrane-associated peptides can be re-presented by other M@ and the released

macromolecular peptides are weakly immunogenic, neither of these forms represents the
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immunologically relevant ami.gen, since their appearance is not ‘prevented by c‘lo;oquinc.
" Thus, e/xlihough this study identiﬁ{,d both intra- and extralysosomal pathways of antiger
.degradaliony. it failed to 'lo8le immunologically- rélevam antigen fragments. These could be
- located at sorhe unidentif ie({ intracellular site, or on the membrane in a trypsin-inaccessible
location. Re&ardless of their location, such fragments presumably represent a minute fraction
of the antigen initially taken up by M@ and may not be detectable by conventional means.

The descni;;tion by lseveral groups -of tightly linked antigen-la complexes released by .
antigen-pulsed M@ (Erb and Feldmahn. 1975b; Erb et al, 1976; Puri and Lonai, 1980; Puri er
al, 31985)' raises the possibility that antigen ﬁan&ling by M@ is more complex then simple
antigen f ragmentation. However, several recent studies have demonstrated 'that
glutaraldehyde-fixed (metabolically inactive) or - chloroquine-treated APC can present
fragments of 6VA. lysozyme, myoglobin, and cytochrohie ¢, but nbt the native gnligens
(Shimonkevitz et al, 1983, 1984; Allen er al, 1984b; Streiches et al, 1984; Kovat and"Schwartz,
1985)-, suggesting that at least for these arﬁigens. processing appears to be nothing more than
fragmentation. |

Whai is the basis for the antigen-processing requirement? Recent evidence suggests
sgw?éral possibilities. The requirémen_t for f’rag;neﬁmtiod of some antigens suggests that therg
may be limits on lhc size.é‘f‘ ligand (antigen plus Ia) that caﬁ be accommodated by the T cell
receptor, thus necessitating a reduction in size for most antigens. The results of ‘Lee et al
(1982) are consisient with this possibility. They reportec.i that chloroquine pretfe;unent of
APC abrogates tﬁe presentation of tp?large (MW millions) protein antigen polymeric ﬂageili'n
“ (POL). but not PPD (MW 2,000-6,000). Buus and Werdelin (1986c) have recently confirmed
this finding. ' ‘ ’ %

. Reduction in antigen size may not be the only relevant consideration with resf)ect to the
_Tequirement ‘fgr antigen processing. DeLisi and Berzofsky (1985) analyzed 12 antigens for
which the T cel]l immunodominant regions are known, and concludeﬂ that such regions are
characterized by the presence of hydrophobic a\nd hydrophilic residues on opposing faces of the

molecule (amphipathic structures). The aqthors suggested that amphii)athic regions exposed by
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amﬁiﬁen processing,are important for simultaneous interaction of an antigen with la (and/or the
APC membrane) and fhe T cell receptor.

Several observations suggest that hydrophobic regions of an'l'igens arc important for
interaction with APC. Allen et a/ (l984b.) locavlized the immunodofninam site of a lvsozyme
peptide to the 4 amino-terminal residues, but noted that removal of the associated hydrophobic
residues abolishes immunogenicity. Thus, these residues may be required to stabilize the
association of the per;ti‘de'with Ia or the APC membrane. The reéulls of Watts et al (1985) arc
also consistent with the notion that a hydrophobic cluster of residues may form the la

. L . :
interaction site. Strenc'her et al (1984) described a T cell clone capable of responding to a

myoglobin fragment, but not native myoglobin, presented by chloroquine-treated APC.

‘Interesdngly, a denatured (but unfragmented) form of the molecule, S-methyimyoglobin.

could also be presented by chloro‘»quine-trealed APC, suggesting that unfolding of mvoglobin,
rather than fragmentation, is the. reason that processing of this antigen is required.
Denaturation may exbose hvdrophobic residues cri&&:a/l, for interaction with la or the APC
membrane.

Another possible explanation of the requirement for antigen processing is that it may be
necessary to separate "suppressor” from "helper” determinants present in lhc. native antigen
(Coodman and Sercarz, 1983; Krzych er al, 1985). Alternatively, processing may bc required-to
expose foreign determinants on an antigen which has few“ziifferences in primary structure f’rom‘.
the corresponding autologous molecule. Thic rionale could explain the observation of
Berkower er a/ (1982) that T cell populations piimed to sperm whale or horse myoglob'in
(respectively) are completely non-cross-rgactive, yel recognize ihe same im.munodominam
epitope centered on resjdue 109. In a similar vein, Schwartz's group has recently proposed that
processing of pigeon cytochrome :: is required to disrupt an ionic bond between glu %and lys
99 (Kovat and Schwartz, 1985), so that the latter residue can interact with the T cell reccplor-,
{Hansburg et a/, 1983a).

Although T cells arc generally considered to recognize sequential rather than

conformational detezminants, recent evidence suggests that some aspects of antigen
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~ antigens. For example, for H-2° mice, the immunodominant epitope of
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conformation may affect immunbgenicity and ‘amigcn processing. A_nalysis of several protein
antigens revealed that many of the immunodominant sileé are a-helical in their native
configuration (DeLisi and Berzof sky 1985) Critical 1mmunodommam resndues which are ncj
adYicent in the primary sequence may be juxtaposed on the surface of the nauve molecule by
successive turns of an a-helix (Berkower er al, 1982). Altermatively, a-helical structures may
presém a hydrophobic surface on one side of the antigen to stabilize interaction with APC
(Watts ef a/, 1985). For antigens which lack a-helical regions in their native configuration,
antigen processing may induce or stabilize a-helical structures (DeLisi and Berzofsky, 1985). A
recent study by Boyer et al (1986) affisms this idea with the demonstration that a synthetic
antigen with an o -belical conformation does not require processing 10 be 1mmunogemc

An a-helical configuration was shown to be important for the 1mmunogemc1tv of the
C-terminal peptide of various cytochromes ¢ (Pincus et al, 1983; Schwartz er al, 1985). The
antigenic determinant of cytochrome c is located in the C-terminal 97-104 fragment, yet a
larger (88~104).f ragment is required for full antigenic potency. Using synthetic cytochrome ¢
f ragmer;is ofyvarious lengths, a good cOrrel:;tion was found between antigenic potency and the
percentage of ia-hclix in the peptide (Schwartz et al, 1985). These observations suggest a
structural basis for previous observations that a minimum fxumber of amino acids is required
for an antigen to be immunogcnic (Sirigh et al, 1980). Residues distant from the actual
antigenic determinant can also affect antigenic potency by determining ’the secondary structure
adopted by the immunodominant portion of the antigen (Sshwartz et al, 1985), or by causing
differential, antigen processing,of the fragments conmi&ng the immunodominant region
(Shastri ef, al, 1986). 4 *

Tertiary structure may also be important in the immunogenicity and psﬁss:iof some
bee

& .

msulin is
contained in residues 8-10 of the Aéchain (Keck, 1975), yet residues 6-11, which form a
disulphide - bonded lbop, are requifed for immunogenicity (Singh and Fraga, 1981). Similarly,
some T cell hybridomas from (a x d)f, mice were shown to recognize a conformational

determinant on pork insulin consisting of a portion of the B-chain and A-chain loop region

J
&',
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(Glimcher et al, 1983b). The immunodominant site of native pigeon cytochrome ¢ provides
another example of an antigen whose immunodominant residues are separated in the primary
sequence, but appear to be contiguous on the surface of the molecule in its native conl‘:gurauon
(Solinger et af, 1979). Buchmulier and Corradm (1982) suggested that conf ormation could also
aff gct the manner in which an amigen is processed, since, in contrast to most antigens, T cell
cross-reactivity for native and denatured cytochrome ¢ could not be demonstrated. This was
attributed to the facl.lhal unlike most proteins, cytochrome c is not denatured at lysosomal pH
(4.5) and therefore might be processed differently than cylochromé c that is denatured before

uptake by APC.

Interleukin-1 Production : T
IL-1 was described as a MQ-derived lymphokine that promotes lcctin-indﬂccd
thymocyte proliferation (Gerv and Waksman, 1972; Gery et al, 1972). Since its inital -

characterization, 5 number of cellular sources of 1L-1 have been § ted. including' MO-like
lines (Mizel et al, 1978a), dendritic cells (Dqt,:{u el.al, 1985). B cclla et al. 1984b; Gerrard
and Volkman, 1985; Matsushima ef al, 1985; Pistog el al, i986), natural killer cells (Scala er al.
1984a), and many others (review‘ed in Durum et aI,’ll985; Oppenheim el al, 1986). The
Qbiological activity of llt)-l is not restricted to cells of the immunre system. For examplc: -1
induces fever, osteoclast proliferation, and is involved in inflammation and wound healing
(reviewed in Oppenheim er a/, 1986). It is not known whether the pleiotropic effects of lI.-i
are all mediated by a single molecule, since several biochemical species of Il.-1 have been
described, and at least two distinct but related IL.-1 genes have been identified (reviewed in

10ppenheim et a/, 1986). ’

Most relevant in-terms of A cell function is the participaticn of IL.-1in T and B cell
activalion:— An obligatory role for IL-1 in T cell activation is suggeSl.ed by studies
demonstrating that 1L-1 restores the ability of ﬁltraviolel (UV)-irradiated (Germain, 1981;

DeFreitas ef af, 1983) or f ixed (Scala and Oppenheim, 1983) APC to present antigens for T cell

activation. Sim#larly, some la- APC cell lines incapable of IL-1 secretion only activate
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antigen-specific T cells (Cohen and Kaplan, 1983) or stimulate allogeneic MLR (Glimcher et
al, 1982b) in the presence of exogenous IL-1. These studies also suppoft a two-signal model
. for T cell activation, in which recognition of processed antigen plus la (or allogeneic la) ¢ ~
e constitutes the first (specific) signal and IL-1 provides a second (nonspecific) signal.
However, other studies have demonstrated that IL-1 is not always required for T cell
activation, but merely enhances the response (Glimcher et al, 1982b; McKean et‘al.' 1985b).
Furthermore, T cells may be heterogeneous in their requirement for IL-1, since some T cell
clones can be activated by B lymphoma cells incapable of IL-1 secretion (McK_ean eral, 1985a).
T cell hybridomas also appear to be IL-1 indEpendent, since they can be activated by antigen on
fixed APC (Chestnut et a/, 1982a; Rock and Bcnaécrraf . 1983b; Shimonkevitz er a/, 1983, 1984;

Allen and Unanue, 1984b: Falo er al, 1985; Kovat and Schwartz, 1985). The description of a .

membrane - bound form of Ilgl on normal NI@ (KuntJOnes ei al, ,';985a), MO-like tumors
(Zlotnik epyl/, 1985), B cells ( Kurt-Jones er a/, 1985b) and dendritic cells (Nagelkerkén and
van B{reda Vriesman, 1986) complicates matters somewhat, since the possible effect of
membrane IL-‘l was not evaluated in studies demonstrating IL-1 independence. A recent study
assessed the eff ect' of quantitative variations in Ia and membrane IL-1 and found that changes
in both parameters affect the magnitude of the T cell response (Kurt-Jones et al, 1985c). thus
providing further evidence of the importance of IL-1in T cell acti\;alion.

IL-1 has also been implicated in the generation of the T cell repeftoire during the
intrathymic development. Thymic accessory cells produce IL-1 (Beller and Unaue, 1978; Rock
and Benacerral, 1984c; Gallily er a/, 1985) and thymocytes proliferate in response to self Ia and
IL-1 (Rock and Benacerraf, 1984c). Studies with murine thymus organ cultures support the
contention that la and IL-1 are involved in thymocyte proliferation, since anti-la-induced
inhibition of -proliferation can be restored by the addition of IL-1 (DeLuca, 1985).

In general, the synthesis and secretion of IL-1 by A cells is not constitutive, but is
inducible by a wide variety of stimulants (reviewed in Oppehheim et al, 1986). The most

physiologically relevant stimuli are likely to be la-restricted interaction with T cells (Mizel et al,

1978a), and stimulation by various microbial products, most notably LPS (Mizel et al, 1978b).
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T cell recognition of la may cause IL-1 release directly, by signal transduction through the la
molecixle. or indirectly, by activating T cells to release IL -1-inducing lymphokines (Moore ef al,
1980; Dinarello and Kent, 1985). Durum and Gershon (1982) have proposed that the
requirement for la-restriction of T, and Tp activation reflects the signal-transducing function
of the la molecule and the T cell requirement for IL-1, since they found that IL.-1 couid
completely reconstitute antigen-specific’ T cell proliferation in A cell-depleted T cells. The
inhibition of IL-1-dependent T cell mitogenic responses by anti-la antibody is also consistent
with this idea (Durum er al, 1984: ﬁekoff el‘ al, 1985; Smith er al, 1985). Furthermofe,
LPS-induced release of IL-1 from M@ is inhibitable by anti-la antibody (Durum er al. 1984),.
and some monoclonal anti-la antibodies directly stimulate IL-1 production by human
| monocytes (Palacios, 1985). Although the la molecule may servé a signal-transducing function
for A cells, the la-restricted Tecognition of antigen by T cells probably also imparts a activation
signal to the T cell through the T cell receptor (Nisbet-Brown et al, 1985).

The proliferation of antigen- or lectin-activated T cells is absolutely depéndem upon
the presence of IL-2, an autocrine growth factor produced by T cells (reviewed in Smith,
1984). Some studieschave shown that IL-1 stimulates or enhances IL-2 production by T cells
(Larsson et al/, 1980; Smith et aI.‘1980). Others ascribe the ef fecis of IL-1in T cell activation
to the induction of IL-2 receptor;; on activated T cells (Kaye et a/, 1983; Kaye and Janeway,
1984; Minnel et al, 1985), although the acquisition of responsiveness to IL-2 in the absence of,
IL-1 has also been demonstrated (Kaizen et al, 1985; Tsoukas et al, 1985). Clearly, more study
is 'reqhired to determine the cellular basis of IL-1 activity in T cell proliferation. At the
molecular level, the interaction of IL-1 with its receptor may transduce a sighal to the T cell via
the protein kinase C pathway, since phorbol myristate acetate, an activator of this enzyme .
(Castagna et al, 1982), can substitute for IL-1 (Rosenstreich and Mizel, 1979).

Ii_-l has also been implicated as a cytokine for antigen-specific and polyclonal B ceil
activation (Corbel and Melchers, 1983; Falkoff et al, 1983; Lipsky er a/, 1983; Howard e al,
- 1983; Pike and Nossal, 1985; Sinha er a/, 1986). Both proliferative and differentiative functions
have been described (Booth et a/, 1983; Howard and Paul, 1983; Lipsky et al, 1983; Pike and

L
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Nossal, 1985). The involvement of IL-2 in B cell activation (reviewed in Howard et al, 1984),
though still controversial, raises the possibility that IL-1 may function identically in B and T
cell activation. Although the exact role of IL-1 in B cell activation remains to be established,
Sinha er a/ (1986) have shown that contrary to earlier suggestions ( Lefﬁn et al, 198]1; Morrissey
et al, 1981). IL -1 secretion is the only A cell function required for the activation of B ceils by

Tl antigens. Thus, B cells do not need to recognize processed antigen on APC.

Other Accessory Cell Functions

Purified T cells can respond to mitogens such as Con A or PHA with the cooperation of
non-MHC-compatible A cells (Lipsky e al, 1976; Habu and Raff, 1977; Rosenstreich and
Mﬂize,l, 1978; Kammer and Unanue, 1980), suggesting that self MHC-restricted antigen
presentation is not aﬁ requirement -for mitogenic responsés. IL-1 secretion is clearly important
in these systems (Rosenstreich er a/, 1976; Kammer and Unanue, 1980), but other A cell
functions are probably involved as well, since IL-1 seldom reconstitutes these responses fully
(Bekoff et al, 1985, Davis and Lipsky, 1985). Much better reconstitution of the Con A
response is achieved with IL-1 in the presence of f ixed A cells (Bekoff et al, 1985). Moreo';'er,
a recent paper by Roska and Lipsky (1985) indicates that although MHC-restricted antigen
presentation and IL-1 secretion are necessary for antigen-specific T ceil responses, they are not
sufficiém. Thus, optimal T cell responses to antigens and mitogens may.require direct,
non-MHC-restricted A cell-T cell contact, in addition to MHC-restricted an{igen pres—cﬁ;ation
or IL-1 secretion. Promotion of lymphocyte viability is an additional nonspecific A cell.
f unction‘ . but this does not require cell-cell contact (Pierce et al, 1974).

Despite the absence of la restriction in mitogen-induced T cell activation, la~ A cells
were reported to function more efficiently than Ia- A cells (Ahmann et a/, 1978, Kammer and
Unanue, 1980; Rock, 1982) and anti-la antibody substantially inhibits the response in the
presence of Ia* A cells (Durum et af, 1984; Bekoff et al, 1985; Smith et al, 1985). The

involvement of the 23T4 molecule in this A cell-T cell interaction may depend on the particular

mitogen used, since anti-L3T4 inhibits sodium periodate-induced (Smith et a/, 1985) but not -
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an A-induced (Bekoff er al, 1985) T. cell mitogenesis in- the presence of la" A cells.
Interestingly, anti-L3T4 antibody is inhibitory for the Con A responsc only when la 1. celis are
used as A cells (Bekoff et a/, 1985). This may indicate that additional non-MHC -'rcstrictcd A
celi-T cell interactions mediated by nonpolymorphic la determinants (or other molecules), are
necessary for optimal antigen and migpgen responsiveness. The nature of the signal delivered

by this interaction has not been defined.

C. .Accessory Cell Heferogeneity

The cell type which performs critical accessory functions at the initiation of most, if
not all'. immune responses was initially identified as a M@ (reviewed in Unanhue, 1972, 1981,
1984) by a number of functional criteria, such aé adherence (Mosiei, 1967, Unanuc, 1972),
radiation resistance (Roseman, 1969; Gorzynski et al, 1971), and phagocylic capacity
(Shortman er al, 1970; Pierce et aI 1974). H;wever, there ha've since been many reports that
other cells have A cell activity. Steinman and co-workers isolated a novel typc of bonc
marrow-derived cell from murine lymphoid organs, which is distinguishable from M@ by its
dendritic morphology, absence of FcR, lour*phagocytic capacity, and a number of other criteria
summarized in Table 1 (reviewed in Steinman and Nussenzwefg, 1980; Steinman, 1981). Sucﬁ
lymphoid dendritic cells were shown by Steinman's group and others 10 have potent A cell
activity for a variety of in vitro immune responses (Nussenzweig er a/, 1980; Sunshine er al,
1980, 1983; Rollinghoff et al, 1982). Of great imporiance to the understanding “ of
antigen-specific, MHC-restricted coliaberau'oh between T and B cells is the recent
demonstration that under certain cohditions. B cells can process and present antigens to T cells
(Chestnut and Grey, 1981: rev@qvﬁé_d in Chestnut and Grey, 1985). Perhaps most unexpected
was the discovery that many nonly’mphoid cell types, such as endothelial cells (Hirschberg et al,
1980; Burger et al, 19#1), fibrob}ias (Lipsky and Kettman, 1982; Umefsu él al, 1985) and
epithelial cells (Londei et al, !984) can function as A cells for some types of in vitro immune
responses. While the imporL;nce of nonlymphoid A cells in normal immune responses remains
to be established, it has been speculated that these cells may be imp@artant in the pathogenesis of

L



33

0861 BOMZUDSSNN puB UBWIUING - UIIAY

snkx08eyduou

podpofsip 2>u0 aldypeal
01 |lej “10313Yype ApUdISUEN

RN

LBl Apannminsuod
eupuoydoNw Jsuap aseyd (exuoyds

SIWOSOSA] mIj

judwdAow Jnesind

s30313pun ‘padeys Ajiendai
sassavord [j30 jo

UOlIJBINII puR UOMNEBWIO)J SNONUINUOD
uoisuadsns

Ut 1) 10 1UAIYPE udym

sas001d Juwseidoify snoqing aaey

uonreanne

£q posecpdur ‘andoodeyd Sydy -

udiaype  {j3uons

BYRE I

dqeniea pue dqonpul By -

“BLpUOYIOHUL AN pOT -
SAOSOS |

pue s3psoa cnhdrourd Auewr -

AIRIUIPIS SUIBLWUIL ‘[BAO -
3uiyjns adepns -

3dudIAYpE
3uimojio) Kjuo sassdosd uioy -

S15014003eyd (]

DUAdYPY )

s101do20y pue suddnuy dEng Y

so[jouedio

[ ]
snapnu

wsejdor£o

A3ojoydiopy v

14

NISUAIEIRY )

D PUB QW JO SISUIIIBIBYY) IR[N|[Y)

1 1Tavie



certain autoimmune diseases (Bottazzo et al, 1983).

Tfre realization that A cell functions can be performed by a varicl,\']of cell types has
made it difficult to assess their relative importance in immune responses in vivo and i vitro.
Furthermore, some A cell types may only possess a certain subset of all the A cell functions
that have been described, and may therefore be active in some assays but not others. In the
following sections, the functional characteristics of several A cell types will be reviewed, with
particular emphasis on M@, DC, and B cells, the primary A cells in lymphoid organs. The usc

.of homogeneous tumor lines with A cell activity and artificial systems for investigating A ccll

function will also be»discussed.

Macrophages -

Macrophages display considerable heterogeneity ‘with respect to surface la content
(reviewed in Unanue, 1984), size (Gordon and Cohn, 1973; Rice and Fishman, 1974)  quantity
and class of FcR (Walker, 1974; 1976; Rhodes, 1975), and phagocytic ability (Zembala and
Asherson, 1970. Rice and Fishman, 1974). In addition, many different functions have been
attributed to MO, including A cell activity for immune }csponses (reviewed in Unanue, 1972,
1981, 1984), cyt’oﬁalic and cytotoxfc activity against tumors (reviewed in LéhmanniMallhes
and Fischer, 1973: Levy and Wheelock, 1974; Shin er al, 1973). and secretion of a multifarious
array of inflammatory mediators (reviewed in Allison, 1978; Unanue, 1981; Adams and

A

Hamilton, 1984). Inflammatory or immunological activation stimuli enhance, and arc
sometimes rec;uired for the expression' of many of these tinctional capacities (reviewed in
Cohn, 1978; Karnovsky and Lazdins, 1978; North, 1978; Adams and Hamilton, 1984).

In view of the diversity of MO phenotypes and functions, it is not surprising that their
role in specific immune responses has been controversial. Although the A cell in many systems
has been shown to have M@-like properties (reviewed in Unanue, 1972, 1981, 1984), MO have
also been reported to suppress mitogen- or antigen-induced lymphocyte proliferation (Scott,

1972; Yoshinaga et al, 1972; Foich et al, 1973, Kirchner et al, 1975b; Lipsky and Rosenthal,

1976; Pope et al, 1976, Kuriand et al/, 1977; Rosenstreich and Mizel, 1978), in vitro AFC
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responses (Diener ef al, 1970; Hoffmann, 1970; Sjoberg. 1972; Lemke et al, 1975; Lee and
Berry, 1977), and in vitro cell-mediated immune responscs (Lonai and Feldmann, 1971;
Kirchner er a/, 19752). While it is possibie that the many functions attributed to MO are
mediated by one multifunctional cell type, it is more likely that functionally distinct MO
subsets subserve various functions (Walker, 1971, 1974, 1976; Rice and Fishman, 197;%; Lee and
Berry, 1977; Serio et al, 1979; Lee, 1980a; Lec and Wong, 1980, 1982). Such heterogeneity
could result from distinct M@ lineages (Bursuker and Goldman, 1983) or functional
differentiation within a single lineage. The latter possibility is supported by most evidence
(reviewed in Lee, 1980a) as will be discussed following a brief description of M@
differentiation.

The in vitro (and presumably alsb in vivo) growth and differentiation of M@ is critically
dependent on M@ growth factor, also known as colony -stimulating factor-1 (CSF-1) (Metcalf
and Moore, 1973). MO differentiate in a linear sequence leading from actively dividing bone
marrow precursors (monoblasts and promonocytes) to non-dividing peripheral blood
monocytes (van Furth and Cohn, 1968). After an average period of about 30 hr in tyhe
peripheral circulation, monocytes leave the blood and complete their maturation in various
tissues (reviewed in Steinman and Cohn, 1974). However, not all tissue M@ are derived from
circulating monocytes. Inthe mouse, about 55% of splenic M@ are derived from monocytes,
whereas the other 45% are descendents of a proliferating splenic precursor (van Furth and
Disselhoff-den Dulk, 1984). Whether the M@ derived from the two sources represent
functionally distinct lineages has not been determined. The maturation of blood monocytes
into M@ occurs without cell division (van Furth and Cohn, i968) but with a substantial
. (3-fold) increase in cell size (reviewed in Gordon and Cohn, 1973; Steinman and Cohn, 1974).
The level of pcroxidas:: in M@ granules serves as a usefui cytochemical marker of MO
differentiation, since M@ maturation is assoc'iated with a decrease in peroxidase activity (van
Furth et al, ~1970; Simmons and Karnovsky, 1973).

Mature M@ reside in many different lymphoid and nonlymphoid tissues, including the

spleen, lymph nodes, thymus, bone marrow, peritoneal cavity, lungs, kidneys, and liver (Lec et
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al, 1985). The percentage of MO and the proportion that are la* (and therefore capable of
functioning as APC) vary greatly among different tissues (reviewed in Unanue, 1984) .
Resident peritoneal cells contain about 40% M@ that are predominantly mature. as evidenced by
their low peroxidase content (Lee and Berry, 1977). Although unactivated peritoneal M@ have
APC activity (},ee et al, 1979b; Zicgler and Unanue, 1979), only activated MO express tumor
cytolytic activity (reviewed in Adams and Hamilton, 1984). Size-fractionation of activated
peritoneal cells by velocity sedimem:mon reveals that APC activity is associated primarily with
small (less mature) M@ (despitc :Jbsumtial numbers of la‘ cells in the Jarge activated MQ)),
whereas the anti-tumor acitivity is mediated predominantly by |arge activated M@ (reviewed in
Lec,_ 1980a). The enhanced nonspecific suppressive activity, of activated MO s also
concentrated in the large MO (Lee and Berry. 1977). Activaied and size-fractionaied
culture-derived bone marrow (BM)-MQ display similar funclionﬁ heterogencity (l.ec and
Wong, 1980, 1982). Moreover, large aclivale?ﬁM-MQ\ére‘ nonspecifically suppressive for
antigen-specific T cell proliferation, which maf explain their pogr APC activity. Collectively.
these observations suggest that APC activity is only expressed transiently during the early phase
of MO differemiatién. and is lost when MO are large and fully mature (Lee, 1980a).

Unlike the predominantly la peritoneal M@ (Yamashita and Shevach, 1977; Cowing et
‘al, 1978b), the majority of splenic M@ are la- (Cowing et al, 1978b), fmall (Lee, 1980b), and
immature (Steinman ef a/, 1979), and have thus been a popular source of APC (Cowing ef al.
1978a; Schwartz et a/, 1978). However, it should be emphasized that the major (and usualls
only) criterion for purification of splenic M@ in most of these earlier studies was adherence.
and although these splenic adherent cells were enriched for phagocytic cells, nonphagocytic DC
were probably present as well. Very few studies have assessed the ability of highly purified
splenic M@ to present xenogeneic antigens for T cell activation, althoug'ﬁ'Stcinrﬁan and
co-workers reported that splenic M@ are ineffective A cells for the in vitro activation of
primary anti-TNP CTL (Nussenzweig et al, 1980). Most studies with purified spienic M@ have

assessed A cell function in terms of allogeneic MLR stimulation, with contradictory rcsulls.

Steinman et a/ (1983) found that splenic (as well as peritoneal) M@ are virtually inactive in this



N

\ regard, whereas Minami ef o/ (1980), and Sunshine et a/ (1982) obtained good allogeneic MLR
stimulation by splenic M@. The reasons for this discrepancy are not clear, but in view of-
Steinman's contention that all of the MLR -stimulating capacity in M@ preparations can be
attributed to contaminating DC (Steinman :l al, 1983), this matter will not be fully resolved
until a source of M@ free from DC is assessed for the potential to activate MLR.

Humphrey has identified two types of splenic M@, according to their localization
wit‘h:ﬁ the spleen, la expression, and selective retention of different polysaccharides
(Humphrey, 1981, Huﬁphrey and Grennan, 1981). Marginal zone MO are large,
predominantly la-, selectively trap ficoll and starch, often form clusters with ‘B cells, and are
only released upon collagenase treatment of spleen cells. In contrast, red pulp M@ are small,
mostly la-. selectfbely trap pneumococcal polysaccharides. and do not cluster wm; Bcells. The
la positivity and immaturity of the red pulp M@ makes them the most likely candidates for
APC, although this was not evaluated in these studies.

Macrophages from several other tissues have alsé’been assessed for APC function.
Thymic MO are 50-75% la- and can present L. monocytogenes 0 Li:vleria-specif ic T cell lines
(Beller and Unanue, 1980). Alveolar M@ have been reported to be efficient (Holt and Batty,

1980; Lipscomd et a/. 1981) or inefficient (Ulirich and Herscowitz, 1980; Weinberg and
Unanue, 1981) APC, according to different studies. These discrepant reports may be due to
variation in the levels of la- alveolar M@ in different species, ranging from 5% in mice
(Weinberg and Unanue, 1981) to 80% in guinea 'pigs (Lipscomb et al, 1981) and humam‘
(Toews et al. 1984). Moreover, there have been several reports that alveolar MO are
suppressive (Herscowitz ef al, 1979; Holt and Batty, 1980:&30mbs et al, 1982; Toews et al,

1984) probably due to prostaglandin secretion (Schulyer and Todd, 1981). Hepatic MQ

(Kuppfer celis) are 20-50% la‘ and present antigen (Richman er a/, 1979; Rogoff and Lipsky,

1980), support mitogen-induced T cell proliferation (Rogof f and Li.psky, 1979): and stimulate

MLR (Nadler et al, 1980). Finally, la* renal mesangial M@ are capable of antigen presentation

(Schreiner et a/, 1981). Thus, most organs contain la- M@ that have APC activity in vitro, and

these may be important in vivo in the pathogensis of autoimmune diseases.
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Regulation of la Expression on Macrophages

la expression on different M@ populations varies greatly, and is subject o both positive
and negative regulation by soluble factors. Prostaglandins (Snyder et a/, 1982). corticosteroids
(Snyder and Unanue, 1982), and u-fétoprotein (Lu er al, 1984) down-regulate surface la on
M@, whereas secreted products of activated T cells (Scher er a/. 1980; Steinman er o/, 1980,
Steeg et al, 1981), at least one of which is interferon-y (IFN-y) (Steeg ef al, 1982), enhance it.
Corllsequently. the percentage of la* M@ depends on the immune status of the animal.
However, maintenance of the low basal Jevel of la- M@ is apparently T cell-independent. since

athymic mice are not deficient ip thig r Lueral 1981).

Regulation of la expression s been extensively studied with peritoneal M().

Various inflammatory stimuli admi traperitoneally, such as thioglycolate, oil, and |
peptone, stimulate an influx of M@ inio the peritoneal cavity, but the ratio of la‘/la Mb does
not change (Beller e a/, 1980). In contrast, intraperitoneal injection of immunological #émuli.
including microorganisms (Belier er al, 1980; Nussenzweig er al, 1980; Behbehani er a/, 19%})
and adjuvants (Behbehani er al. 1985), greatly increase the proportion of la MO, The
radiosensitivity of the increase in la- MQ (Scher et al, 1982) suggests that it is due to
-recruitment and-onversion of Ia' proliferating percursors rather than conversion of resident la
peritoneal M@ to la- M@. The enhancement of la expression is relatively transient and
disappears after 48 hr m éullure in the absence of lymph;)kines (Steinman er a/, 1980; Beller
and Unanue, 1981). In contrast, la gxpression on resident peritoneal M@ appears to be

relatively stable (Walker et af, 1983).

Dendritic Cells

Dendritic cells were initially identifted by their unu§ual morphoiogy in murine lymphoid
cell suspensions (reviewed in Nussenzweig and Steinman, 1980: Steinman, 1981), and have since
been described in hur‘nans (Kuntz Crow and Kunkel, 1982; Van Voorhis et a/, 1982) and rats
(Klinkert et a/, 1980, 1982), with minor differences. Notably, human DC possess complement

receptors (CR) (Van Voorhis et a/, 1982) and rat DC are noriadherent (Klinkert ef af, 1980,
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1982). Murine DC are only lran#mly adherent; they detach spontaneously after overnight

culture, and unlike M@, wilt not readhere. A .

The coystitutive expression of high levels of 1a (reviewed in Nussenzweig and Steinman,”

1982) makes DC good candidates for APC. Accordingly, murine splenic DC were shown to

stimulate allogenéic MLR (Steinman and Witmer, 1978; Sunshine et a/, 1982), support primary

tn vitro AFC responses (Inaba er al, 1983), and present antigens to T cells in an MHC -restricted
manner. The extreme potency of even small nurﬁbers of DC in stimulating allogeneic MLR
suggests that they may be importani in evoking allograft rejection. This notor has recently

4.
received experimental support (Lechler and Batchelor, 1982; Faustman ef al/, 1984).

Al

DC have the unique capacity to elicite a proliferative response in svngeneic T cells
. . .

f(syngeneic MLR), whereas monocytes and M@ are very inefficient in this regard (Nussenzweig

'and Steinman, 1980; Van Voorhis et a/, 1983). The thymus determines the specificity of the

syngeneic MLR (Glimcher et al, 1982¢). and the responding T cells recognize syngeneic la in
t . . .
the apparent absence of xenogeneic antigens (Glimcher ef a/, 1981). The bromodeoxyuridine

rd

and light suicide lechni‘que revealed that the T cells protiferating in the syn;zeneic MLR! are a
subset of those that proliferate ift response to antigen and syngeneic Ia (Dos Reis mlvach,
1981). Furthermore, some antigen-specif 1c\\T cell clones and hybridomas can be activated by
syngeneic APC in the absence of anligen (Rpek and Benacerraf, 1983c; Dos Reis and Shevach,
1985). The ability of some T cells do be' activated by syngen&c la alone contradicts ’
immunological dogma that such cells should n’miexist in normal individuals. Unclear at present
is whether ‘the syngeneic MLR is an in vitro artefact, perhaps du‘e to thi?yremoval of T cells from
critical in vivo immunoregulaiory influences, or has some as yet unappreciated physfelogical‘
relevance. ’

Epidermal Langerhans cells (LC) are morphologically similar to DC, nonphagocytic,
and contain characteristic Birbeck granules, although the similarity w’neif\sﬁfface phenotype
(FcR-, CR") to that of M@ led to suggestions that they are part of thé‘ mononuclear phagocyte
dystem (Sting! ef a/, 1980). However, it has recently been shown that LC mature into DCdin

vitro, suggesting that DC and LC belong to the same lineage of cells (Schuler and Steinman,
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1985). Like DC, LC are strongly la* and can present antigen and stimulate allogeneic and
syngeneic MLR in vitro (Stingl et al, 1978; Bienenstock c:“al. 1985). Several studies indicate
that LC are the primary APC in" vivo for skin _hypei’scnsitivily responses (reviewed in
Silberberg-Sinakin et a/, 1980), although la* skin keratinocytes may also be furctional in this
regard (Roberts et a/, 1985). Interestingly, if LC ar?depleled by UV irradiation of the skin,
exposure to contact allergens leads to specific unreSponsnveness (Toews et al, 1980).

‘ Other cells with certain phenotypical and mo& hological similarities to 1.C rand
~lymphoid DC have been described, but their develbpmenlal relationship to DC and 1.C has not
a beenestablished (reviewed in Tew et al, 1982). Thymic dendritic cells are‘la' (Rouse et al,
1979) and have AP function in vitro (Kyewski er al. 1984, 1986). Veiled cells, which are

| present in the afferent lymph draining the skin, are similar to LC in surface phenotype, and
some contain Birbeck granules. The APC function of thése cells has not been fully assessed,
but they do serve as accessory cells for Con A- or heterologous Ig-induced l_vmiahocylc
proliferation (Balfour er a/, 1981; Knight er a/, 1982). The T-dependent area (paracories) of
lymph nMeMomams dendritic -like interdigitating cells which may be denved from veiled ulls

‘ lThe\ express Ia (Lampert er a/, 1980) and thus may have APC function, but this has not bccn
B 'teSled Smcé interdigitating cells have been 1dennf1ed only in tissue sections of lymphoid
organs, " their relationship to lymphoid DC is not established, but they may be idenuical.

3

Finally, cells with dend:m morphologv have been identified histologically in the follicles (B
cell areas) of. l)mﬁh node and spleen ( revxewed in Klaus £l al, 1980; Mandel et a/, 1980). Thesc
WPCR CR" follicular DC have been shown to bc responsnble for trapping and retenuon of
immune complexes in lymphoid organs, and may be involved in the generation of
immunological memory. Originally, they were reported o be la~ (Barclay, 1981, Humphrey

and Grennan, 1982), but later studies have reported follicular DC as la (Gerdes et af, 1983;

R}

Kosco e al, 1985; Schnizlein er al, 1985). Follicylar DC have recently been isolated

-

suspension (Schndzlein ef al, 1985); thus, their APC potential should soon be known -

*

-.‘\\ '
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B Cells

" Antigen-bridge " models were fhitially invoked to acdtliunt for observations that T, and
B cells are required to recognize determinants on the same molecule (Raff, 1970; Mitchison,
1971; Rajewsky, 1971). However, the subsequent demonstration by Katz er a/ (1973) that
T, -B cell interaction is I region-restricted made this model untenable, since it was not obvious
hew T, could simultaneously recognize antigen ahd Ja if the ahtigen was engaged in bridging T,
and B cells via their specific receptors. Central to the resolution.of this conundruin was the -
observation of Chestnut and Gr;:y (1981)wthal B cells can process and present antigens to T
cells in an MHC-restricted manner. Linked associative recognition is thus a manifestation of
the fact that B cells efficiently present only those antigens for which they are specific, as Will be
discussed in the following paragraphs.

" The capacity of B cells to serve as efficient APC is a direct consequence of their ability
lo concentrate antigen via antigen-specific Ig receptors (Chestnut et a/, 1982b; Kakiuchi er al,
1983; Rock ef af?1984; Lanzavecchia, 1985). Although activated B cells {Chestnut et a/, 1982b;
Kakidchi er a/, 1983) and several B cell tumors (McKean et al, 1981; Chestnut et al, 1982a.b;/-
Glimcher'el al, 1982a.b; Issekutz et al, 1982; Kappler et al, 1982; Walker er al/, 1982b)
effectively present many protein antigens without participgtion of tieir Ig' receptors, this may
be due to the greater pinocyticA activity of these cells as compared to normal resting B cells
(Chestnut et al, 1982b). Furﬁermore-. resting hurﬁan B cells have been reported to be less
- efficient at processing?fantigen, .becaus;: . in contrast to monocytes, a;ltigen-pulsed resting B cells
are not capable of specifically binding T cefls (Brozek et al/, 1984). Consistent with the
proposed rple gir;ccpto? in ind’eaﬁn?the efficiency of antigen uptake, normal B cells

e

.

ey e b
~exhibit much
. 2

e

ater uptake of an antigen that is capable of binding to its Ig receptors
(Chestnut et al, 1«‘982b; Kakiuchi & a/, 1983). In addition to acilitating antigen uptake, the A
’bi'iiding) of some antigens to surface Ig may activate the B cell such that it becomes a more
- effective APC (Kakiuchi er a/, 1983, Casten et al, 1985) by virtue “of xfs increased pinocytic
activity or increased la expression (Mond et al/, 1981; Monfm Camﬁier, 1983). However,

la. density is not aiways positively correlated with APC function (Walker et a/, 1982a).
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Therefore, the increased la expression following B cell activation may not be critical 1o the APC
function of the B celi. Moreover, since activated B cells are als(; more efficient than resting B
cells in supporting the Cbn A response  (Krieger e(_‘ al, 1985) factors other than increased
pinocytic activity o increased Ia expreésion must be relevant 1o the greater cf‘ﬁcicncy of

activaied B cells as APC.

Ly . P
Unlike the APC func‘kiw:;\ .Ai\ DC, the APC function of resting B celis is ablated
by high (> 3000 rad) doses of y-‘fﬁ:ﬂfatﬁn. (Ashwell er al, 1984). This may explain why some
investigators have failed to observe B cell APC function~ (Bandeira et af, 1983). B ccll
activation results in the acquisitipn of radioresistance (Frohman and Cowing, 1985; Kricger er

al,"1985), although the appearance of APC function and radioresistance following activation

. are temporally dissociated (Krieger et al, 1985). The radiosensitivity of B cell APC function

may be due to the dual requiremenrt for activation and antigen processing, both of which may '

be adversely affected by radiation ( Abbas et a/, 1985). J .
The Ig receptor is involved only in the uptake of antigen, and plays no role in antigen
presentation, sincc antigen uptake, but not p?esemation, is inhibitable by anti-lg antibody
(Abbas er al, 1985, Lanzavecchia, 1985). Like M@, B cells process anﬁgcn into
immunologically relevant moieties via a chloroquine-sen_si_tivc pathway (Chestnut et a/, 1982a;
Lanzav;zcchia. 1985), and lhgse two cel types displa_y similar degradative capacities for a
soluble protein antigen (Grey et al, 1682). At exlrgmely lbw antigen concentrations, B cells are
the most effective APC by virtue of their specific antigen receptors, which serve to specifically
concentrate antigen (Rock er al, 1984; Abbas e; al. 1985; Lanzavecchia, 1985; Malynn et al,
1985). One study reportqd that splenic adherent cells were 4 times more effective than B ceils
as APC, but purified antigen-specific B cells were not used (Frohman and Cowing, 1985).
Activated B cells (Chestnut and Grey, 1985) and some B cell tumors (Glimcher et al,
1982a,b) also stimulate allogeneié MLR, although this ability is dependent on the addition of
exogenous IL-1. B cell production of IL-1 has been reported (reviewed in Oppenheim et al,
1986)}, but not all Bcells mﬁy be equivalent in this capacity.. Chu et al (1985) réporlcd that B

cells transformed oy Epstein Barr virus were IL-1 deficient and failed to present antigen to

o
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resting T cells. However, it is difficult to assess the effects of IL-1 in such systems, since it
may augment the function of B cells independently of its effect on T cells (Kakiucki et al,

1983).

"«{‘ Activation of T cells by antigen presented on B cells vs M@ or DC may not be .

functionally equivalent. Ashwell er a/ (1984) found that some T cell clones proliferate to
aﬁligcn presented on B cells, whereas other clones produce B cell activating factors withous
p}oliferating. Similarly, McKean et a/ (1985b) réported that some B lymphoma APC co;xld not
induce antig}n-specif ic T cell proliferation, despite the stimulation of IL-2 release. DeK;'l’Jyf f
et a/ (1986) found that some T cell clones could not be activated by Amigen on B cells, and
Minami et al (1985) descnbed B}cell-reactive and B ceg,nonreacuve alloreactive T cell
hybridomas. Cullen et aI (1981) demonstrated that M@ and B cell Ia molecules are
differemially glycosylated; this coum provnde a blochemxcal basis for T cell discrimination
between the two APC types (Cowﬁng,gnd Chapdelaine, 1983).

What is the imporiance (;f B cell APC function to the immune system? Chestnut and
Grey (1985) proposed that mma}lv M@ would activate T cgus since they greatly oumumbe;

'
the antigen- specnf ic B cells capable of presenting a partlcular antigen. Once T cells hve been

activated and clonally expanded by MQ-associated antigen, the likelihood of mteracung with

specific B cells which display processedJ antigen on their surface is much greater. This
antigen-specific, MHC-restricted interac_tion then leads to B cell activation. Thus, the APC
f unctiqn of B cells is crucial to the regulation and speéif icity of B cell activation. Activated B
cell-could then amplify the T cell response by presenting other antigens nonspecifically.
cher Antigen-Presenting Cell Types and Artificial Antigen-Presepting Systems |

Other la- cells that can function as APC under certain circumstances are natural killer
cells (Scala er al, 1985), T cells (Forre et al, 1982; Sopori et al, 1985; Reske-Kunz et al, 1986),
and neﬁtrophils (Fitzgerald er al, 1983). Furthermore, IFN-y induces la expression and APC

function in a variety of Ia- cell types, including astrocytes (Wong et al/, 1984; Fierz et al, 1985),

endothelial cells (Wagner‘ et al, '1984), and some M@ wumor lines (Birmingham et al 1982;

-
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Walker et al, 1982a). The acquisition of APC function by L cells (Malissen et al, 1984;
Norcross et al, 1984) and B cell lymphomas (Germain et al, 1983; Ben-Nun ef al, 1984 Folsom
et al, 1984) transfected with class Il MHC genes, or fused with la-bearing liposomes (Coeshott
and Grey, 1985). suggests that any cell expressing la can function as an APC. This minimalist
view of APC function has been tested in several wa;s. Walden er al (1985) inserted class 11
MHC molecules into synthetic lipid vesicles which contained OVA or beef insulin covalently
linked to the lipid, and found that such vesicles activate cloned T cells and hybridomas in an
, antigen- and MHC-specific manner. However, this /mode of T cell stimulation was not
compared to stimulation by antigen and conventional APC, making it difficult to assess the
significance of these resulls.. Watts et a/ (1984) found that planar lipid membranes, but not
liposomes, containing purified 1-A% and a noncovalently associated OVA fragment, stimulatce
IL-2 production from T cell hybridomas, but this mode of stimulation is much less efficicnt
than activation by antigen and fixed APé (Watts et al, 1985). This could reflect the important
stabilizing influence of accessory molecules such as LFA-1, the ‘gand for which is not prescnt
in such artificial constructs (Gay et al, 1986).
"These results suggest that even when IL-1 secretion (since T hybridomas were used)
‘and antigen processing are not considerations, the presence of la in a cell membrane 15 not
sufficient to induce maximal T cell activation. Although 'ar,l.if icial antigen-presenting systems
are valuable for examining the interaction of the T cell receptor with antigen plus la, they do
not allow examination of the full complement of A cell functions and heterogeneity. This point
is well-illustrated by the recent study of Malissen et a/ (1984) demonstrating that la-transfected
L cells and hamster B cell lines can present KLH, but not OVA, for unknown reasons.
Simjlatly, Shastri et a/ (19853 found that la-transfected L cells can present a lysozyme peptide
lo“sgwiﬁ_(T cells, but not the native‘protein. This indicates that besides la expression, a major
factor determining the ability of a cell to function as an APC may be its antigen- processing

capacity. However, Ia* cells with poor processing function may be able to present processed

fragments released from another more capable antigen - processing cell.
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D. Rationale and Objectives

The preceeding discussion has documented the substantial progress that has been made
concerning our understanding of the nature Iof antigen processing, the regulation of la antigen
expression, the specificity .of T cells for Ia and processed antigens, ard the existence of
accessory cell heterogeneity. Nevertheless, several major questions remain. F;r example, why
are there so many A cell lineages?” More specifically, why are thefe several types of specialized
APC (M@. DC , and B cells), whose functions appear to-overlap? It is unlikely that one A cell

type is omnipotent, but since extensive functional comparsions of different A cell types has not

been done, this remains a possibility. Division of labor between various A cells is mare likely,

so that functionally hcterogeneous APC can complement each other fo:' prooess{ng andgv. -

presentation of a whole range of anugens To test this hypothes:s cell fractionation and’
purification techniques were used to obtain very pure M@ and DC populations. Fractionation

is particularly important for M@, which are functionally heterogeneous. B cell APC function

was not assessed, since, in preliminary experiments, they were shown not to be involved under
. .

the conditions used. M@ and DC were functionally compared for their ability to induce T
proliferative responses 10 various xenogeneic':— antigens, as well as to syngeneié and allogeneic la.
The mechanism of antigen processing was investigated using the lysosomotropic agent
chloroquine to inhibit lysosomal function. Although the M@ and DC fractions were very pure,
cross-contamination is always a consideration when cell purification methods afe used.
Therefore, the results obtained with purifie$ M@ and DC were confirmed with pure
culure-derived BM-M@ and homogeneous cell lines with DC-like or M@-like properties.
Finally, the possibility of cell collaboration between DC and M@ was assessed by usiné limiting
numbers of each cell type to complement each othet as APC in T proliferative responses.
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I1. MATERIALS AND METHODS

’

Sources of mqterials. These are listed in Table 2.

Antigens. Polynicric flagellar protein (POL) was prepared dccording 10 Ada et al

N

(1964). Monomeric llin (MON) was prcpa‘rcd by dissogiation of POL in 0.05 N HCI
immediately before use. CoFynebacterium, parvum (CP, élso known as Propionibacterium acnes
strain 0009) was grown under nitrogen in a stamdard med\iym containing Trypticase, glucosc,
cysteine, Tween 20, yeast extract, hemin, and vitamin K. The bacterig were heat-killed (56 C,
30 min) and stored at 4 C in Ca’* and Mg* -free phosphate-buffered saline (PBS) at 7 mg/ml.
Lyophilized Bacillus Calmette Gydrin (BCG) organisms were reconstituted with PBS to a final
concent;'aliqn of 7 mg/ml, hea -killed as described for CP, and stored at 4' C.

Antigens were labeled with '** by the chloramine T method of Parish and Ada (1969)
when required and dialyzed (POL, MON and KLH) or washed (CP) extensively before usc.
Where indicated, CP was fixed with ).51’: {v/v) glutaraldeh_vde in PBS for 20 min, ncutralized
with 0.2 M lysine, and then washed MYee times before use.

Antibodies. Ascitic fluids were raised with hy'bridomas secreting anti-1-A* (10-2.16),
ami-I-Ad (MKD6), or and anti-sheep red blood cell (SRBC, N-S.8.1 and S-S.1) monoclonal
- antibodies. For somé experiments, the 16-3-1N, MKD6 and 10-2.16 hybridomas were adapted
to grow in defined serum-free medium (DSI medium) so that the supernatants would not
contain extraneous IgG and could be used without further purification.

la-imducing lymfhokines. T'he lymphokine-containing supernatant of Con A-activated
rat spleen cells was used to induce Ia expression on BM-M®@ (Glasebrook and Fitch, 1980).
Spleen cells (1.25 x 10¢/ml) from Sprague-Dawley rats were suspended in Dulbecco’s modified
minimum ess;ntial medium (DMEM) containing 2% fetal bovine ‘?n (FBS). 5x 10*' M
2-mercaptoethanol (2-ME), and 2.5 ug/ml Con A, and incubated in 500 ml glass bottles
(60 mi/bottle) for 48 hr. The celi-free supernatant was then absorbed with Sephadex G-25

(1 g/100 ml supernatant) for 4 hr with gentle stirring at room temperature. The Sephadex was

removed by centrifugation and the supernatant absorbed once more with Scphadex G-25
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'. ‘ TABLE 2

" I‘ l( ]
- Sources of Materials
) Material Source
Animals Health Sciences Animal Center,
’ University of Alberta
Mice .

CBA/Cal (H-2*, Mis®)
‘C3H/He) (H-2*, MisS)
BALB/cCR (H-2*. M)
DBA/2) (H-2%, Mis*)
CBA/) (H-2*. M)

Sprague-Dawley Rats

Antigens, Mitogens and Adjuvants
BCG '
CFA H37Ra, IFA, LPS
Con A, KLH
Ccp
ova _ -

PPD
POL
S. paratyphi SL1699

Antibodies ;
peroxidase-anti-mouse 1gG F(ab'),
Bacto anti-sheep hemolysin
FITC-SAMIG

Tissue Culture Medium
DSI serum-free
DMEM, HBSS, Medium 199, RPMI
FBS, horse serum
gentamicin sulphate
human serum
penicillin-streptomycin

Institute A)u\and-Frappier

Difco Laboratories

Calbiochem-Behring

Dr: C.S. Cummins, VA Polytechnic Inst.
Sigma Chemical Co. ‘
Connaught Laboratories

prepared from S. paratyphi 811699

Dr. B.A.D. Stocker, Stanford University

¢

Tago e

Difco Laboratories
Cappel f

Quadralogic Co.

Gibco

Hyclone i

United States Biochemical Corp.
Canadian Red Cross, Edmonton
Flow Laboratories

This table is continued on the next page.
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TABLE 2 - continued

Meterial Sources
Tissue Culture Supplies
24-well plates Linbro
96-well plates Linbro
(flat- V-, or round-bottomed)
17 x 100 mm centrifuge tubes Falcon 200!}
50 ml polypropylene tubes Falcon 2070
50 ml polystyrene tubes Corning ~
75 em’ flasks Falcon 3024
100 x 20 mm Petri dishes Falcon 1005
100 x 20 mm tissue culture dishes Falcon 3003
Hybridomas and Cell Lines
10-2.16 (al-A*, 1gGy) ATCC
16-3-IN (aH-2k*, 1gG,,) ATCC

EL4 -thymoma

J774A-1

L cells (clone L-929)

MKD6 (al-A%, 1gG,;)
NKDI11

N-S.8.1 (aSRBC) %
P388AD .4

P388D, -

$-S.1 (aSRBC)

Chemicals
chloroquine, sodium metrizoate
OPD
all others

/ Radiochemicals

// 125)

[methyl-*H]-thymidine

Miscellaneous

agarose

Bacto gelatin

collagenase (CLS HI)

ficoll, percoll, Sephadex G-25
- guinea pig complement
IL-1 (pure recombinant murine)
mitomycin C
nylon wool
SRBC

Dr. V. Paetkau, University of Alberta
ATCC

Dr. C. Stewart, Los Alamos Nat. l.ab.
ATCC

Dr. H. Tse, Merck Instiute

ATCC :

Dr. D. (;,ohen, University of Kentucky
ATCC

ATCC

Sigma Chemical Co.
Aldrich Chemical Co.
Fisher Scientific Co.

Edmonton Radiopharmaccutical Center
New England Nuclear

L'Industrie Biologique Francaise

Difco Laboratories

Worthington

Pharmacia

Flow Laboratories

Dr. P. Lomedico, Hoffman-La Roche
Sigma Chemical Co.

Fenwall Laboratories

Morse Biological Supplies
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overnight. After removal of the Sephadex by centrifugation, the supernatant was.sterilized by

filtration (0.2 ym filter) and stored at -70° C in 10 m! aliquots. )

Cell Lines. The DC-like line P388AD.4 and the MQ-like lines P388D, and J774A-1
were grown as monolayers in RPMI 1640-10% FBS. To harvest the adherent cells, the medium
was removed and enough 0.02% (w/v) disodium ethylenediaminetetracetic acid (EDTA) was
added to cover the bottom of the culture vessel. After 10 min at room temperature, the cells
were dislodged by squirting with a pipette and washed 3 times in RPMI-5% FBS before use. To
block cell proliferation for assessment of APC function, P388AD.4 and P388D, cells
(5-10 x 10*/ml in RPMI-5% FBS) were pretreated with mitomycin C (25 ug/ml for 45 min at
37°C) and washed three times before use. The IL-2 sensitive cell line NKD11 was maintained -
in RPMI1-10% FBS conlaini'ng 5 x 10°* M 2-ME and an optimal dilution of partially purified
IL-2 (see Interleukin-2 assay for preparation of IL-2).

Preparation of cell suspensions from lymphoid organs. Mice were killed by cervical
dislocation and the lymphoid tissues required (spleen or popliteal lymph nodes) ren;;)ved. Cell
suspensions were obtained by finely mincing the tissue on a sterile stainless steel sieve resting in
a dish of Puck's saline. Large debris was removed by sedimentation at 1 g for 5 min, after
which the cells were centrifuged at 400 g for 7 min and resuspended in the appropriate medium
for further manipulations. Cell counts wérc performed using the modified Neubauer
hcm&ytqmcter and viability was determined using the eosin dye e;clusion test (Hanks and
Wallace, 1958).

Purification of splenic M@ and DC. Splenic APC were enriched by irradiation and
adherence, and were separated into DC-rich and M@-rich fractions by a modification of
several ;;ublished methods (Steinman et a/, 1979; Inaba et al/, 1981; Klinkert et al, 1982) . as
depicted in Figure 1. Forty to fifty spleens were finely minced on a stainless steel sieve, and
the loose cells were collected. To recover more M@, the small fragments remiqed by the sieve
were incubated in 20 ml of Medium 199 (37 C, 30 min, 2 spleen equivalents/ml) in the

presence of collagenase (CLS III, 1 mg/ml). The fragments were then mashed on a stainless

steel sieve and the cells were pooled with those recovered before collagenase treatment. After
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Figure 1. Protocol for purification of splenic DC and MOQ.
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exposure to 2000 rad y-irradiation (from a '‘Gamma Call 40_‘. Atomic Em?;y @ Canada Lud.,
Ottawa’, Ont.,), the cells were incuh@ for 4 hr in 100 x 20 mm Falcon plastic tissue culture
dishes (10* cells in S ml of RPMI-10% FBS per dish). Nonadherent cells were suspended by
rocking 8-10 times and uﬁinted off. After ovclﬂght (18 hr{ incubation, the DC and some

M@ detached spontaneously, and vigorous pipetting dislodﬁed most adherent M@. To remove

dead cells, the recovered cells (no more than $ x 10'/ml) were suspended in 10 ml of R‘_PMI-S%
FBS and centrifuged (2000 g, 25 min, 20' C) through 15 m! of Ficoll-sodium metrizoate
(density=1.09 g/cm’). in a 50 ml polystyrene centrif uge tubc. a'ccording to Parish ef a/ (1974).
The viable cells were mixed with 100 l;mes their number of 1gG-capted SRBC (see below) in
serum-free RPMI and incubated for 30 min in ice (Erb ef a/. 1980). To separate rou;ued MO
from non-rosetted DC, 10 ml aliquots of the cell suspension were layered over 15 ml of 56.05%
percoll (density=1.08 g/cm’) in 50 mil polystyrene centrifuge tubes and centrifuged (20" C,

2000 g, 30 min). This resulted in a top fracuon (1 to 2% of initial splecn cells)Q)mammg 70 to0

»

80% DC, 20 to 30% lymphocytes and granulocyles < 1% Fc rosettes, and a boltmﬂ fracuon

(0.3 10 0.7% of initial spleen cells) predominantly consisting of MQ) (98% Fc noseuq) W

i - 54,

cells in the percoll between the fractions were discarded. IR SR . S *7". sr;'!h
To prepare 1gG-coated SRBC for roscumg with splenic adhercm ceHs l ril of shpd r .‘
packed SRBC was added to 19 ml of PBS contalmng Bacto anu%cp‘hemolysm at. J.gne h&ggest R

.a"~‘
LRI

conccmrauon (usually 1/100) that did not agglutinate the SRBC. Afht’er mm mgoe followéé

L
FULDY

by 30 min at 37 C, the SRBC were washed 3 times with PBS and stored fn P umil use pnithe ‘

Ey

following day.

. N o
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Cultivation, fractination, and activation of BM-M@. The W’j is depicled in <

Figure 2. BM-MQ@ were grown from bone marrow cells in the presen# ?’ L,cell-cqndmoned
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. After remaqyal of large debris by sedimentation at 1 g for S min and washing in DMEM-5%

FBS % 10° nucleated bone marrow cells were added to each 100 x 20 mm Petri/dish (not
lreated for cell attachment) in 25 mhof{ DMEM com@oing 10% LCM, 18% horse serum?md 2%
FBS. The’ adherent M@ were harvested after six days. Although lhe M(D could be easily
dislodged by squirting with a Pasteur pxpette they were harvested in Ca’™ and M@’ -free PBS
conLammg 0. 02% (w/v) disodium EDTA to minimize clumping during cell f racttonauon

" To separate functionally distinct M@ sybpopulau;ms, M@ were f racuonated according
to size by the velocity sedimentation technique of Miller and Phillips (1969),*e$-modified for
M@ (Lee and Berry, 197:/). Briefly; the sells were allowed to sediment at /1 g through a

gradien{ of FBS, which served to stabilize the lay?rs of separted cells. Sedimentation velocity is

. proportional to the square of the cell radius and was calculated as described by Miller (1976).

.

Usuall\' 75-80% of lhe’M@ were recovered in 40 fractions and were paoled into five fractions

(A to E) for experiments. For activation, the MQ) were incubated at 37° C in DMEM-10% FBS

, comammg 3 yg/ml Salmonella typhosa LPS plus 10% Ia- mducmg lymphokmes 'Af[er 20 hr,

LS

lhc medium was removed and the cells were washed three times in situ with warm meSium.
A" - ..
\4
Antigen and responding T cells ' were added as indicated in the figure and table legends.
A . k) X

Determination of la" cells. Three different mgthogs were employed.

1) Amibody -mexliated cylotoxicity Cell suspensions (5 x 10¢/ml) were incubated for 1

- hr in ice (O C) in Medium 19‘; contama,o .1% (w/v) Bacto gelatin and an appropnale

dilutign of 10 2 16 (anti- W or MKD6 (anti-1- Al , specificity control) ascitic fluid. The

cells were then washed once and mcubaled for 45 min at 37 C in the same medium containing

cw» —

'guinea pig’ complemem diluted six times. Immediately bﬁi use, guinea pig compiement was

absorbed with agarese. (80 mg/ml) for 1 hr.at 4 C with constant stirring. The percentage of

~

ive cells was determmed by eosin dye exclusion. » 2

2) Enzyme-linked immunosorbent assay (ELISFf To reduce nonspecific background

< binding, BM-M(Z) monolayers (activated or unactivaled’) in 96-well flat-bottomed tissue culture

trays were preincubated wnh 0.2 ml of aka s balanced salt soluuon (HBSS) containing 0.2%

(w/v) Bacto ‘gelatin at 4 C for 1 hr. ﬁ1e mediunt was then replaced with 0.1 mi of HBSS

‘. B4
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containing 0.1% (w/v) Bacto gelatin and an optimal dilutio

ascil%c Muid or serum-free
supernatant from hybridoma cell lines secreting ant nti-1-A¢ oi other control‘
monoclonal antibodies (anti-SRBC). This was foliow Ol ml of affinity-purified
per‘oxidase-conjugaled goat anti-mouse 1gG F(ab'), diiuled- 300 times in HBSS-0.1% gelatin.
Both ir)\cu§alions were for 45 min at 4 C with 3 washes after :cach incubalior;. A fresh 5 mg/ml
{in methanol) stock solution of thg peroxidase substrate o-phenylenediamine (OPD) was
diluted 100 times in phdsphate-citric acid buffer (0;1 M, pH 5.0) containing 0.003% H,0,
(added ju5} before use) and 0.1 ml added to each well. After ‘30 min incubation at room
. *vemperature in the dark, the reaction was stopped with 0.025 ml of 8 N H,SO,. The absorbance
ﬂ(’)f each well at 49_2 nm was rcad'immedialel_v with a Titertek Multiskan plate reader.

3) Flow cytometry. Cells were treale. with monoclonal antibodies (1/100 diluliprl‘ of
serum-free supernatants from the indicated hybridomas) essentially as described for the ELISA -
technique, except that V-bottomed microtiter wells were used and'the HBSS contained 0.02%
(w/v) sodium azide for all steps. The second antibody was affinity purified flﬁorcscc/jn
isothiocyanate (FITC)-conjugated sheeb anti-mouse 1gG F(a'b'), (SAMIG) (1750 f‘i/rnél
dilution). Following the last wash, the cells were fixed in 2% (v/v) f ormal‘dehyde-PBS anq
analyzed immediately or- on.the next day with an EPICS V f luosescence-activated cell sorter
(FACS)‘(.Coultcr Electronics, Hialeah, FL) using ém argon laser exciting at 488 nm, a 492-502
nm bloclzing filter, aﬁd-a 525 nm bandpass filter. Flubrescence (log amplification) data were

- collected at a constant gz}in setting with the gates for forward angle light sgatier adjusted o
e'f(clu’de dead f:ells and debris. Data were displayed on a h.stograrﬁ with a 255 channel abcissa.
On this‘ sca;le, an increase of 25.6 channels represents a doubling of fluorescence intensity.
‘Relative fluorescence intensities were calculated according to ‘the formula 2PO¥Y¢
negauve/25.61 - here posiéi»’e and negative refer to the mean fluorescence intensities of the
positive and negative (or specjficity) control pc;pplations\ Jespectively (Weeks et al, 1984).
"Forward angle light scatter and log 9 C (LQd) f.ligl:u, sca?iQer of each cel| type were also
collected. All data were afalyzed on the Couilter MDAI?S c‘f)mpuger.

.
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Assessment of APC function. The amigen-preséﬁting activity pf various A cell
populations was, assessed by their ability to induce antigen-specific prolif;:ralion in
antigen-primed, nylon wool-purified lymph node (LN) T cells or ant*n specnﬁc T cell lines.
Both sources of T cells required exogenous A cclls‘(o proliferate in response to antigen, which
was either bound to antigen-pulsed A cells, or added 10 A cells and T cells at a predelermined
optimal concentration. For _pulsing with amigen.‘-A cells (not.more than 1.5 x 10/ml) in
'RPMI-5% FBS were incubated in 17 x 100 mm tubes with antigen (70 ug/n: for CP and BCG,
100 ug/ml for soluble antigens) for 2 hr at 37 C. The cells. were then washed three times to
remove antigen before use. Unless otherwise stated, chloroquine ,,(,0'3 mM) was added' 20 ;n‘in
before the addition of .antigen and was removed together wilh,anu‘lgen‘by washing after pulsit;g
(Lee et al, 1982).

Nylon wool purification of T cells. ‘Before use, the nylon wool was aul'oclaved with
0.1 N HC1 and then washed by auloc‘laving 6 times with double distilled water, after which it
was -thoroughly"air d?ied for 1 wk. Each nylon wool column was prepared by packing 2.5 g of
dry nylon wool intd the barrel of a 20 ;111 disposablé syringe and autoclaving for sterility. -

LN cells were nylon wool filteréd by a modif iéation of the technique described by Julius
et al (1973). The packed column was filled with warm (37" C) RPMI 5% FBS and allowed to

-drain while long stcnle TbrCeps were used 1o squeez%l air bubbles. Once the medium
reached the top of th: nylon wool, LN qells {no more than 2.5 x 10' in 4 ml warm meJum)
were slowly added\to the top of the column. Oflce the célls had entered ih(_e column, 2 n'11 warm
medium was added and allowed to enter the column. After 45-60 min inc:bau'on at 37 C, the
column was washed with 40-50 m] warm medium and the T cell-enriched effluent coljected.

Antigen-spe.ci‘ﬁc T cell lines. T cell lines were gengrated by the ps)locol of Kimoto and .
Fathman (1980) as shown in Figure 3. Mice were‘immunized in the hind footpa'ds with an
emulsion containing equal proportions of soluble antigen in saline and Gompléte Freund's
Adjuvant H37Ra (CFA) (10 ug ahtigen in 50 ul/foot). For CP (diluted 10 times in saline),
incomplete Freund's Adjuvant (IFA) was used. Popliteal LN were removed after 7 109 days -

and single cell suspensions were passed over nylon wdol 10 obtaifr a T‘lymphocytt-enri‘ched. A



7.9 Days
-
Popliteal
LN Celis
\

Soluble Antigen/CFA
Particulate Antigen/IFA

Nylon Wool
Filtration

Syngeneic
Spleen Primed
Calls + LN T Celis
N .
Antigen *
T Cell

Proliferation
34 Days I I l | I Assay
Stimulation

Syngeneic
Ficoll Spleen .
P
o TColl Cells
Blasts

: Dead
. -—
- Celis Y

¢
-+ ' 10 14 Days
F{nl

*

Frcoll

.,
T Cetls

TCcﬂllIIl

Prolifesation

P
. AR

,.>. i # £
o

Assay ‘ 3 4 Days Sumulstion

36
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cell- and B cell-depleted population. T cells (2 x 10¢/ml) were then cultured (in RPMI-10%

FBS wit'h S x 10* M 2-ME) with irradiated (2000 rad) syngeneic spleen celis (10‘/ml) and
)
an{gcn (100 ug/ml for soluble antigens or 70 ug/ml for CP and BCG) in Linbro 24-well tissue

_culture trays (1 ml/well)'at 37 C in a 10% CO,/alr humxdng atmosphere. After 3 or 4 days

cells were harvested, washed, layered over Ficoll-sodium metrizoate (densuy—l.09). and

centrifuged (800 g. 25 min, 20" C). Blast cells were recovered at the ficoll-mediumn interface,

. wa'shcd and recultured (10°/mi, 37" C) with irradiated syngeneic spleen cells (2.5 x 10*/ml)

wnthoul antigen in Linbro 24 well tissue culture trays (2 ml/well). After 10-14 days, cells were
hanfcsted and,wtg:u.llured (following removal of dead cells by éentrlf ugation through
Fncoﬂ sodnum,ﬁ'k(nzoate) under the same conditions as above, except that antigen was again
included. 'ﬂus cycle of anugcmc stignulation (for 3-4 days) and resting periods without antigen
(10-14 days) was continued indefinitely. Usually, cells were used for experiments after the rest
periods |

Proliferative responses. Aniigen-specific T cell proliferation was measured as the
u'plakef}pf tritiated thymidine given on‘ the third or fourth day of culture (Figure 4). Nylon - i
wool -filtered primed LN T cells (4 x 10*/cuiture) or cells from a T cell line (10*/culture) wg{g" '
cultured with amigen‘fvimlsed APC or ;&PC plus free antigen (Figure 4). For MLR responsés.
unfrationated or adherence-depleted spleen cell responders (5 x 10°/culture) were used and
tritiated thymidjne was given on the fourth day of culture. For T cell proliferation assays in
which hy"lon wool - purified Tdcells were used as responders and MLR, RPMI containing 10%
hux;nah‘serum was uéed since FBS gave high backgrounds. For assays @sing T cell lines,
RPMl 10% FBS and 5 x 10-* M 2-MB was used. All tissue culture media contained 50 ug/ml
genu;cm sulphate and 50 1U/ml penicillin -streptomycin. .

Six to eight hr before harvcsung 0.6 uCi of [methyl-*H] thymidine (specific activity
20 Cl/mmol) in 25 ul RPMI was added to each well. In some experiments tritiated thymidine
of lower specific activity (2 Cx/mmol) was used and was added 10-18 hr before harvest.mg
Cells were harvested onto Titertek filter paper with a Titertek cell harvester (Flow

Laboratories, Inglewood, CA) and the radioactivity was determined by liquid scintillation
' ®
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Figure 4. Protocol for T cell proliferation assay. The method is based on lee et al,
(1979a) and is fully described in Materials and Methods.
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’$pectro.nelry w I:KB 1218 Rackbeta Counter (Wallac). The results are expressed as mean

cpm £ sundi iation (SD) of triplicate cultures. In some cases, proliferative responses {0
yC without antigen were subtracted and the results expressed as acpm.

lmerlcﬁkin-l assay. The activity of pure, recombinant IL-1 (Lomedico et a/, 1984)
was assessed by a thymocyte proliferation assay (Lec et al, 1981). Briefly, thymocytes
(&x 10:/wcll) from 4-6 wk old C3H/HeJ mice were cultured with or without 6 ug/ml Con A
and with various concentrations of IL-1 in RPMI 1640-10% FBS and 5 x 10* M 2-ME in
96-well round-bottomed trays. Tritiated 'lhymidinc uptake was determined on day 3.

Interleukin-2 assay. For IL-2 assays.elL-2~'dependenl NKDI1 cells (10*/culture) were
cultured in medium only, or with sérial dilutions of supernatants from antigcn-activa;ed T cell
lines. An optimal dilution of partially purified IL-2 was included as a positive tontrol. The
uptake of tritiated t.hymidine was determined on the second day. "

IL-2 was partially purified from the supernatant of the EL-4 thymoma cell line. To
increase IL-2 .production. EL-4 cells (0.5 - 1 x 10*/m! in RPMI with 5% v/v horse serum) were
cultured with phorbol myristate acetate (10 ng/ml) for 18-24 hr prior to harvesting the
supernatant. The IL-2 was concentrated by precipitating with 51.6 g ammonium sulphate per
100 ml supemﬁtam. After 2 hr with stirring, the IL-2-containing prccipilale‘ was pelleted by
centrifugation at 10,000 rpm for 15 min (GSA rotor, Sorval‘RC,,3), dissolved in a minimum
a&noum of PBS, and dialyzed exhaustively agait‘l__st PBS. After removal of any remaining
brecipitaté by centrifugation (800 g, 20 min), the solution was sterilized by filtration (0.2 um

filter) and stored at -70° C.

3



IIl. RESULTS

A. Purifigation of DC and M@ from Mouse Spleen ' i
'ﬂ!}?lly; several published methods for the purification of DC and M@ from mouse
spleen were tried. The original Suir';mgn method, which involves first separating Io.w density
spleen cells (primarily M@ and SC) from high density tymphocytes using bovine serum
albumin gradients, was difficult to work with and did not result in M@®- and DC -enriched
fractiory of acceptable purity. lnaba et al (1981) cultured splenic adherent cells overnight,
collected those celis which deté?.fhed, and subjected them to Fc-rosetting to sepatate M from
DC. This procedure resulted in only 20-30% DC in the non-rosette fraction., which was not
considered sufficiently pure for ;he studies to be underfak-?.n in this thesis. Klinkert er af
(1980,1982) adapted the Steinman technique for the purification of rat DC. which are
nonadherent, by irradiating the cells prior to overnight cullturbe.so that most of the non-1C
nonadherent cells (mostly lymphocytes) die during the culthre ?criod and can be sclectively
removed the next day by centrifugation through Ficoll-metrizoate. Thus, the final procedurc
(described in .Materials and Methods and depicted in Figure 1) adopted for these studies is a
modification of several published techniques and was found to be surperior from the standpoint

of ease _0? execution and purity of the cell fractions obtained.

| The composition of the M@ and DC f{ractions following enrichment from murinc
splenic adherent cells is shown in Table 3. The M@ fraction was 98% FER‘ MO by morphology,
but not all of these were phagocytic for polystyrene beads, since s;;lenic M@ are immature
(Stéinman et al, 1979) and are less phagocytic than mature M@ (Lee and Wong. 1982).
Although the DC fraction was less pure, the contaminating cell lypes‘, were granulocytes,
lymphocyteé. and stromal cells, and M@ contaminants "were undetected (é\i%). This level of
contamination with non-DC and non-M® cell types is not uncommon (r&;it’o et al 1984) and
should not be critical, since a range of cell concentrations was always :_;led‘for a particular
APC function. The impc')rtant thing is that M@ CToss -contamination was Tinimal. The MQ

and DC fractions contained similar numbers (60-70%) of la" cells, ‘as'dclermincd by

. 60
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. TABLE 3

Composition of M@ and DC Fractions Following Enrichment
from Splenic Adherent Cells

-

a : .
Percoll Fraction Composition

Top (DC-enriched) 70-80% DCP
20-30% lymphocytes, granulocytes, and etromal cells
< 1% Fc rosettes

60-70% la- (minimum estimate)"

Bottom - > 98% Fc rosettes

(M@-enriched) 60-70% la (minimum estimate)

.

' ? Purification of splenic DC and M@ describeqyin Materials and Methods.

lz‘PropSrlion of DC determined morphologically in Giemsa-stained smears.

" “Determined by ala plus caggplement cytotoxicity.

. {

e

o
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. complement - mediated cytotoxic*y using anti-1-A* antibody (10-2.16), os anti-1-A¢ antibody

(MKD6) as a specificﬁy control.

B. Growth and Characterization of Culture-Deriv?d BM-MQ

Pure M@ were cultivated from sl ..‘;mbers of bone marrow cells grown with L
cell-conditiohed\mcdiurp (LCM) as a source pr M@ growth factor (Lee and Wong, 1980). The
growth curves were pubfished previously (Lee and Wong, 1980) and will not be pfesemcd here.
I have confirmed that adherent cells harvested during late logarithmic phase (five or six days of
culture) are 100% M@ based on fnorphblogy. phagocytic aé;ivity, FcR expression, and staining
for enzymes sueh as esterase amd B-glucuronidase (Lee ;nd Wong, 1980). After 6 days of
growth, M@ of various matyrational stages and sizes are present. The maturation of MQ is
associated 'with an increasc in cell size, since myeloperoxidase, an enzyme marker for immature
M@, is concentrated in the small M@ (Lee and Wong, 1982). Since BM-MQ disptay functional
heterogeneity according (o the maturational state (and therefore Zize) (Lee. 1980a; lec and
Wong, 1980,1982), BM-M@ were’ g]ways fractionated by size before‘assessmefn of APC
function. Flow cytometry analysis of cell size (represented by forward angle light scatter
profiles) confirmed the effectiveness of the velocity scdimentatipn technique for fractionation
of cells according to size (Figure 5). Thus, the mean light scatter (channel no.) for fraction A
(slowest sedimentation velocity) was 75 + 27 vs 119 # 40 for fraction E (fastest sedimentation
velocity).

Previous work has shown that BM-M@ grown under these conditions contain few la’
cells if they have not been activated with lymphokines (Calami er a/, 1982, Lee and Wong,
1982). Therefore, before assessment of APC function, BM-M@ were incubated overnight with
la-inducing lymphokines (supernatant.fluids from Con A-activated rat spleen cells) and LPS.
These activation conditions were ba.sed on previous results showing that they produce maximal

’Activatiorl and functional discrimination belw;:en small immunoStimulatory M@ and large
suppressive and tumoricidal M@ (Lee and Wong, 1982). Activation was performed on

irradiated BM-M@ without LCM since the growth stimulus of CSF-1 inhibits Ia induction by T
/< : :
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RELATIVE CELL NUMBER (Arpitrary Unitg)

CELL SIZE (Arbitrary Units)

»

Figure 5. Size comparison of BM-MQ@ fractions by flow cytometry. After 6 days of
growth LCM, BM-MQ@ were harvested and fractionated according to size by velocity
sedimentation. Forward angle light scatter flow cvtometry profiles (linear scale) of
fractions A-E and unfractionated (U) BM-MQ@ were collected. Gates were set 1o
exclude dead cells and debris from analysis. The mean light scatter (channel no.) +
SD of the fractions were: A, 75 + 27; B, 93 + 27; C, 114 * 30; D, 115 #
40, E, 119 = 40; and U. 99 % 4l. Sedimentation &elocities in mm/hr were: A,
20-58; B, 5.8-76; C. 7.6-9.1; D, 9.1-10.7; and E, 10.7-12.9. The percentages of
cells recovered in fractions A to E were: 11.1, 34.5, 229, 21.2, and 10.3.
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|
cell factors (Calami ¢t al, 1982). To confirm that activation was necessary for la induction in
the majority of BM-M@, an ELISA assay was performed on normal and activated
unfractionated BM-M@ treated with monocional anti-1-A* or anti-1-A% antibody, followed by
peroxidase-conjugated goat anti-mouse IgG (Table 4). The sesults showed that the low levels )
of I-A¥ and 1-A° expressed by unactivated CBA/CaJ and DBA/2) BM-MQ) respectively, were
increased several-fold following overnight activation with lvmphokines plus LPS. Although the
anti-1-A* and anti-1-A® antibodies were of different isotypes and therefore differential
nonspecific binding to distinct FcR (Unkeless, 1980) could have been problematic, nonspecific
bindjng to FcR was not observed at the concentrations used. Thu;. binding to unactivated MQ
(moslly_la'. but FcR") of the appropriate haplotype was muc‘h lower than the positive result,
and binding to any MQ of the wrong haplotype was indistinguishable from that obtained
without antibody, or with irrelevant anti-SRBC monoclqnal antibodies of several isotypes (eg..
N-S.8.1, lgGZb;.S-Sl. 18G,,). Similar results were obtained by Beller er a/ (1980). who used
the same antibody (10-2.16) to detect I-A* on M@. More detailed analysis of la.cxprcssion

using the FACS will be presented in a later section.

C. MLR Stimulation

Inasmuch as the allogeneic MLR is an in vitro correlate of the asllograft responsc,
identification of the stimulator cell(s) involved is central to the design of strategies for the -
prevention or reduction of host immune reactions against allogeneic tissue. Early studies in the
hl‘xman (Rode and Gordon, 1974), guinea pig (Greineder and Rosenthal, 1975) and murine
(Talmage and Hemmingsen, 1975) systems attributed this stiniulatory function to MQ,
“however, the cell purification techniques used were crude and probably did not separate IDC
from M@ in the adherem cell populations. More recently, splcnic M@ were shown to be
effective MLR stimulators (Minami et a/, 1980; Sunshine et‘}:l'.w 1982). but Steinman et al
(1983) argued that this activity could have been entirely due to low numbers of contaminating

DC, in view of their potency in this regard. In an atiempt to resolve this issue, two highly

purified M@ subpopulations were compared to DC as stimulators for allogeneic MLR.



TABLE 4 '

ELISA Assay for la Expression on Unactivated and Activated BM-MQ

Absorbance at 492 nm (mean t S$D/culture)®

i BM-MQ
e Anubodyb
Stratn Acuvmonc
10-2.16 MKDé6 N-§$8.) $-S.1
A) CBACY, - 008 £ 002 < 0.02 ND* ND
’ + 037 + 006 < 0.02 ND ND
B) DBA/2 - < 0.005 0.01 < 0005 < 0.005
+ < 0005 012 + 001 < 0.005 < 0.005

* Absorbance of BM-M@ monolayers at 492 nm was determined in quadruplicate
following the ELISA protocol described i Materials and Methods.

® For experiment A, serum-free supernatants from the 10-2.16 (ami-l-Ak-speciﬁc)
and MKD6 (anli-l-Ad-stic) hybridomas were used at a final dilution of 1/100.
For experiment B, ascitic fluids from each hybridoma were used at a final dilution
of 1/1500. The absorbance of M@ treated with peroxidase-conjugated anti-mouse
1gG alone was < 0.02 (cxpcn'mcnt’A) and < 0.005 (experiment B). SD < 0.01
are not shown.

8.5 x 10*/well unfractionated CBA/Cal (experiment A) or 10‘/well DBA/2)
(experiment B) BM-M@® were cultured overnight in DMEM,10% FBS with or
without 10% la-induging lymphokines and 3 ug/ml LPS. M(b monolayers were
washed 3 utmes with warm medium prior to the ELISA assay.

d ND,\ not détermined



Splenic M@ and DC as Stidfflators fof MLR
o ‘ '
Jnitially, M@ and DC purified from mouse spieen were compared as stimulatogs for
R

allogeneic and syngeneic MLR. Results from a typical experiment are depicted in Fig’u}t‘&

The mouse strains chosen were identical at the mixed lymphocyte -stimulating ( M/s) locus (‘we
Tab& 1),-and hence recognition of self and allogeneic ia probably accouyr'ncd for mo:l o“f\ the
MLR. In agr;ement with previous reports (Nusseniweig and Steinman, 1980; Kuntz Crow and
Kunkel, 1982; Van Voorhis ef a/, 1983), the most striking difference betw’een the two cell types
lies in the sn‘mulatioy of syngeneic MLR; only DC had any detectéblc activity.
. Becau&. s&‘i;:;ncig MLR stiqxul'ation was obtained with DC only, at high cell
concqntralip;ls?: atﬂvf;icﬁ MO could have been suppresive, a cell-mixing experiment was
. ﬁe;fofmed to t_es‘t.' the poss'j;:ility that the failure of M@ to induce syngeneic MLR was duc to
‘nonspcﬁ.fic glibpfeasion. No evidence of this was fougd (Table 5). Thus. the proliferative
responses induced by DC mixed Ay equal numbers of non-stimulatory M@ were similar to
yDC,alch. L ;‘ k
" ’ 'F’dr« allogerfcic SM‘LK sumulation, DC and MQ had comparable activities, and their
doserpspgdse ci’ir:‘e‘s ana optimal ccl.l concentrations were similar (Figure 6). These findings
Suggésf,;ﬁq( the activity in eacH f raclviqn was not due to cro§s~contamlna1ion by small numbers
i of the' ;)’fhg‘:r “cell type. However, the possibility that shall numbers of contaminating DC
comrib;xt;e'dlv.lo‘ the magnilude,af the response induced by M@ could not be ruled out.
.~‘There‘!or.6; it ‘was necessary: lq‘ show that a pure bopulalion of MO could stimulate MI.LR. To
thisﬁcnd'. Culture-derived BM-MO (100% pure). were used. Sim':c the suppressive activity of

large MO could obscure the stimulatory activity of the small ones, the M@ were fractionated

according to size before use.

BM-M@ as Stimulators for MLR
. In accordance with their low level of la expression, unactivated BM-MQ were inactive
at initiating allogeneic MLR at all concentrations tested (3 x 10’ - 10°/cuiture), although

only
the results for one concentration are shown (Figure 7). Activated BM-MO stimulated ggud““
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® Syngeneic CBA/CaJ responder spléen cells, 5 x lOchhuregéD 41000 'c(p\m//vc ‘
B ' s’ - v

not shown. .

@

’ ’
Lack of M@-Induced Suppression of Syngeneic MLR Activation by DC
Stmulating Cells Proliferative Rcsponsca~
: (mean cpm 1 SD/culture
Type No./Culture (x 10))
(x 10" s '
. ~ Voo
0 . 3 ’ 0;’. T
¢ e g,
] - / “& ”«' ' .
DC ' 6.7 7 1 1
‘ -+ "
22 26 81
g : - 67 127 + 4 . °
200 134 + 13
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" Figore 7. MLR stimulation by activated and unactivated BM-M@. The aflogeneic

" o4

MLR stimulating capa"city of unactivated (closed circles) or activated (open circles)
CBA/CaJ BM-M@ (10°/culture) was compared. BALB/cCR ' nonadherent spleen cell
esponders (5 x 10’/culture) were used. Responses without APC were < 300 cpm.

Pridr to activation, - BM:M@ were fractionated according’ to size by velocity

sedimentation "(A-E) or left unfractionated (U). Sedimentation velbcities of BM- M@

fractions” (mm/hr) were: ‘A, 1.1-4.7; B, 4.7-64; C, 6.4-7,8; D, 78 96’nd E

9.6-12.7. The percentages of cells recovered in fractions A 10 E Were: 121,
27.2, 20.5 and 15.8. : '
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allogeneic MLR and in agreement with previous results for antigen- specrf /t/ T cell prolifgguion
(Lee and Wong, 1982), the activity was assocmed mainly with sma}‘l BM- M0 A more
@ctailed assessment of MLR stimulation by acuvated BM-M® in compayison wnh splenic l)C ,
and. M@ is shown in Figure 8. The smallest kslowest sedimenting) activated BM-M@ in
fractions A apd B were the best MO éumularors of allogeneic MLR and, were almest as potent

as DC (Figufe 8A). Similarly, they consistently stimulated the proliferation of syngeneic,

APC-depleted T cells, albeit to a much lesser degree than DC (Figure 8B). In contrast, large or

" unfractionated BM-MQ were poor stimulators of both allogeneic and svn\gcneic ML.R

Q,Figure 8). This could have been due to the suppressive acuvny of large M(D reporlcd
previously (Lee and Wong. 1982). The allogenerc MLR svmulaung tapacity of splcmc MQ wa’

variable and.could be comparabl as in the earlior studies (Frgure 6) or somewhal lower

(Fig ). ‘In the initial stpfies, splenic M@ dld not elicit syngencrc MLR from
- ——— e
unfractionated spjgen “cell r@oﬁa/ers (Figure 6); however the adherent cell-depleted splenu T
L I

cell responders used ﬁ the later studies responded slightly, but reproducibly. 0 syngeneic
splenic M@ and small acuvaled BM M@ (Frgure 8B). These results demonstrate that MR} free
from DC are effective stimulators of ,(llogcnerc MLR and, albeit’to a lesser extent, syngencnc
MLR.

' It should be emphasiied that the culture conditions for the prolif errau've responses have
been’ opumrzed and changes in the shape of cullure wells or time of thymidine pulse would not
affect the conclusrons although the responscs would be quanmauve)y different. For examplc
responder cells in raund- bouon?fd wells requrred fewer APC 10 attain a given level of
stimulation, but the background response (without APC) was higher,(data not shown)

1 . .

D. P_res”ion of Soluble and Particulate Antigens

X

,'In the initjl studie‘s>comparing'DC and M@ as APC for antigen-specific T cell

4
acuvatmn anti n}pnmed nylon wool- punf ied LN T cells were used as responders. However,
the potent syngenerc MLR -stimulating capacity of DC resulted in high background rcsponscs to

DC in the absence of antigen, thus making interpretation drffrcult. For ' this reason,

/
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Figure 8. MLR stimulation by splenic M@, splenic DC, and activated BM-M@.
Allogeneic BALB/cCR, (A) or syngeneic CBA/Calj (B) nonadherent responder, spleen
cells (5 x 10%/culture) were cultured with the indicated rembers of CBA/Cal splenic

M@, DC, or activated. size-fractionated BM-M@ (A-E). Unfr

ionated (U) -BM-MQ

were also tested. Résponsa'withom APC were < 300 cpm. Standard:- deviations were
< 10% of the mean. Sédientation velocities of BM-M@ fractions in mm/hr wer:: ,
A, 2.5-6.0; B, 6.0-7.9; C. 79-95; D, 9.5-11.}; and E, 11.1-133. The perdentages
of cells recovered in fractions A to E were: 18.9, 22.8, 21.3, 17.1, and 19.9.
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antigen-specific T cell lines selected for low background were used as responders for most pf
the antigen-presenu%on studies.

&

L4 : ' . .
Characterization of Antigen-Specific T ‘en Lines . - )

The procedure for the establishment of antigen-specific T cell lines, based on Kimoto
) .

and Fathman (1980), is fully described in Materials and Methodf mmarized in
Figure 3. The antigen-specificity f each line' was routﬁle which |
prollferat& to APC alcm or to"hnugens other than those used - discarded.

Some typlcal re‘s are sWOwn in Table. Gt urse f orantid®pendent proliferation

was also determined for each T cell the day on which the proliferation peaked

varied with the line, but was usually 4 Representative examples are displaved in

4 x4 . ! -~ ’
Table 7. Pl - . .

[ 3 L

r
f’ ) rb further demonstrate that the Proliferative response of the T cell lines was
4

comparable 10 l reshly cxplamed T cells, the requirement for MHC restriction was asscsscd

ence of H-2k APC waslsignificanlly'

Only spl}een cells syngeneic to the T cell line provided, rfrcgnl APC function (Tablc 8).
Moreover, the proliferation of H -2% T cell lines in the prg

blocked by monoclonal apu -1-AK anubody (Table 9) -but not by anti- l Al ?nubody The

incomplete inhibition by an(tl I- A could have‘gen due to the proh{erauon of I- F -restricted T

[ cells in the population. ' * '
e

. Altho T cell proliferation is generally consrdered to reflect helper activity, there

;have been repqns of T cell prohferqtron in the absence of demonstrable helper f uncuons '
(Ramila and Erb 1983 ‘Ramilla et al 1985-) Therefore, the f unctiona] capabilities o[/several T
cell lines were_ assessed. Not smnsmgly the lmes produced signifi icant levels of lL 2.in an
,anugen and APC 4 dent manifeg, and tlle levels produoed by the lines were very gimilar
(Frgure 9). In collaborauon with Dr. A. Sifiha, it was found that a RLH-specific line
_provided carrier-speclf ic help for unprimed, hapten-specific B cells (Table 10). Furthermore,
éP-specific (Tables 11 and 12) and PPD-specific lines delivered antigen'-speclf ic,

carrier-dependent help to alloreactive CTL precursors, although such help did net depepd on

Lo 2 °
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- o . TABLE 6 e
e Antigen -Specificity of T Cell Lines
‘ ' Proliferative Re‘s‘ponscc‘ -
. Line? , ‘ Anugenb » (mean Acpm % SD/culture . -
! ’ (x 10M))
C-PPD ' ' PPD 8+ 4
S ) POL 2 201
-, C-POL y ROL 83 +. 10
‘ S z PPD.” ‘ 1
9 . r
) C-CP CP, 89 + 8
‘ A »
BCG 4 + 2
K - R - (€
4 C-KLH . KLH Yo% s
' ’ PPD  °* 2 £ 1
$ ,
o ‘ Y o

° Background proliferation without APC for, CBA/Cal lines C-PPD, C-#OL. C-CP,
and C-KLH was 0.2, 0.3, 0.2, and 0.1 cpm (x 10°)/culture, respectively. -

b . . .

PPD. POL, and KLH were included in aulture at S0 ug/ml. CPafid BCG were
included at 20 ug/ml. Syngeneic irradiated spleen “cells (10¢/culture) were included

. as a sourcf of APC. -t
- Responses to APC without antigen- have been subtracted. SD < 1000 ®pm are not
shown. \ Co A e
- . T
. .
MY Y 6 &éb‘
v,



rm

M .
] * . .
P\ ‘
TABLE 7 ~ &»
Time Doursc for Antigen-Specific Proliferation Qf T Ocjl Lines
) J
Prolifemwe Respogée i
> { imeln Acpm SD/uIture (x 10')) 3
e Line? ' ‘ - - - 4? )
. day 2 day 3 . day 4
- + 4} %y ' .
S c-CPr°. = 51 1 g + 1 71 -
C-PPD 19 2 43 + 1 L X
. v . ” it hatl «.;.-ﬁ; L -
C-BCG % + 2 ° 49 & 100 o 58 % 2 ' X
) ) "'4"' v P . - -
C-KLH* 7 +1 @ 85 ’ 114 # 7 '
v ‘ : ' ;
D-CP 45 t 4 9 + 5 115 £ 7
.D-PPD ‘ 23+ 1 47 + S 79 t+ ¢ .
D-BCG 36t 1 109 t 12~ 124 £ 11
® Background proliferation without APC for CBA/Cal lines C-CP, C-PPD, C-BCG.
“and C-KLH. and for DBA/2]:lines D-CP, D-PPD and D-BCG was 0.1, 0.2, 0:1,
0.3, 0.2,°0.2, 'and 0.3 cpm (x 10*)/culture, fespectively. Concentrations of anligen .
®mnd APC were the same as described for Table 6. - ¢
> Proliferative responses were assessed on ‘the indicated days. Rtsponscs o APC .
without aitigen have been subtracted. < ) -

»

[
-

™y

{

A
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TABLE 8
o MHC Restriction of Antigen-Specific T Cell Lines
! Proliferative Rgponsgb
; ‘% s (mean Acpm % SD/culture (x 10°%)) Y
- !
-‘i‘ - * " APC .
. { od R
N .w’: B L 9 . B . A*‘ ‘
M oad "CBA/Cal BALB/¢cCR
*68 + 9 3+ 1
32 £ 3 2 1
37 £ 5 1
5 + 2 g5 = 10
3 1 y 48 t S
4 + 2 - 37 ¢ 4

. * Backgrowdd; “grofiferalion fof 'CBA/Cg) lines C-CP, C-KLH, and C-PPD and for
BALB/cCR lines. B- .CP,.B-PPD, and B-BCG was 0.3, 02, 0.2, 0.3, 0.1, and 0.2,
respecuvqu Conoenmuon of antigen and APC were the same as, descaindl for
"’Table 6. ' « .

bResﬂonscs to APC whthout antigen have been. subtracted. SD < 1000 cpm not

$ " shown. 4 4 _
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APABLE 9

Specific - Ighibition of T Cell Proliferation by Monoclonal al-A* Antibody
»

. . L . R
I ! L] \

Proliferative Rcsponsec

L)

No. (mean . Acpm % SD/culture rﬂ 10")
l..lm:a APC/Cull.ureb ) £
¢ . (x 10°) medium al-Ak alAAd
c-cp ¢ 6.7 12 %2 2t 1 8 + 2
' 20 34+ 6 71 6 2+ 3
67 82 t 10 13 + 2 7 + 8
200 O 142 + 17 25 + 3 126 + 15 .
C-KLH 3 * 3+ ND? ND
10 9 + 2 3t ] 9 + |
30 16 + 3 7 %1 S 14 )
w
1 17 £ 2 4 *+ 1 15 + 1

. &

® Background proliferation without APC for CBA/Cal lines C-Cl; and C-KLH was
0.5 and 0.1 cpm «x 10*)/culture respectively; CP and KLH were included at

20 ug/m! and 25 ug/ml, respectively. = ® . # .
bSyngeneic irradiated spleen cells (10¢/culture) were ,inclu\k@ asqa source of- APC. ..
)
4

‘ Responses ‘to APC without antigen have been subtracted. Monoclonal al-AY or
al-A% were included in culture as serum-free culture supernatants (171000 dilution) .
of the B cell hybridomas 10-2.16 and MKD6, respectively.

-

d ND, not determined. \ -
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Figure Q. T cell lﬁcs release IL-2 in response to anfigen aid) APC. CBA/Ca) T
ceil lines (10*/culture) specific for PPD (circles), KLH ( ares); or CP (triangles)
were cultured with 10* CBA/CaJ sirradiated spleen cells as( a source of APC in the
absence (closed symbols) ®r presence (open symbols) of 25 ug/mi PPD, KLH, or
20 ug/ml CP, réspectively. After 24_hr.. the indicated dilutions of supernalants were
assayed for IL-2 using the IL-2 senmsitive line NKD1l. The mean 1 “SDv/culture
(x 10') incorporated by NKDI1 cells cultured in control medium ithout IL-2) or
with an optimal dilution (1/40) of IL-2 containing supernatant ¥rom the EL-4
thymoma were 0.2 and 20.8 + 1, respectively. ‘

-




TABLE 10

B Cell Helper Activity of C-KLH T Cell Linel

No. T Cells/Culture

Mean lm;l‘NP AFC t SD/10* cely®

y b
Anugen n culture

(x 10) e e e
TNP-KLH TNP-CGG
’ |
0 < 10 < 10
A
1 ' 120+ 12 6 + 4
3 n*I + 27 9 t 6
10 629 £ 21 11+ 2
30 315 + 4] . 1t 2.
3 4

o

N

$CBA/Cal " spleen cells (10%/culture) were cultured alone or with the indicated

numbers of C-KLH T cells. AFC responses

1986) .

e assessed on da‘ S (Diner «t al, /

:

»

PTNP-KLH or TNP-CGG were included in culure at 0.1 ug/ml’ The AFC fesponse ~° ~
Sto the T-independent antigen TNP-Ba was 774 + 41 AFC/10* cells.

AFC responses in cultures without antigen were < ]0 AFC/10* cells .and have
been subtracted from %n values.

TDone in collaboration with Dr. A. Sinha®
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TABLE 11

Carrier-Dependent CTL Helper Activity of the D-CP T Cell Lime!
)

g

Arct No. T Cell/Culiuse® L2 % Specific Lysu‘
(x 107)
Unpulsed 0 - <1l -
. | o°® + 88 ¢ 50 .
., 01 . - < 1
- <1
I
. ¢ . ‘ 10 - <1 i N
L4 ; t.' *
CP-pm’i , 0 .- <1
(7 ug/fl) 0 + L, 48.4 = 8.6
oY - o< -
s 1 B ; 109 % 1.9
A . “10 - o 215 £ 3.6
2 .., ; [ ‘o
, CP-pulsed:e ‘ 0 ' - < 1
(70 ug/ml) 0 + C 441+ 46 ..
' 0. - -t 52 + 29
- - 6.0 £ 47
. 10 -4, 317 % 6.7
J : :
. : I
* (BALB/cCR x CBA/JJF, irradiated sumulalor cells (3 x 10°/culture) were pulsed
.. .with the indicated CP concentrations for 90‘mm at 37 C, or left unpulsed, after
whnch 10° CBA/] thymocyte rcsponden (frdn 4-6 wk old mnce) were added
e cod 4 '
"“" . Qﬁ? .cclls (D CP T ccll hnq) wmt’m{@ (’1600 rad)’ pnoi‘f to culture. =7 - <
Opnmal conoenuauon (1/100) nt‘»f partially punfled EL-4 culture supematam
, Gytotoxmty, assay, (4 hr *'Cr rejease) against. BALB/cCR Con A-induced blast cells
“* ‘was performed after 5 days of culture (Krowka et al, 1984). '

TDonc in collaboration with Dr. J. Krowka. -

«

’

. . .
° { . .
;. . . -
- ' , ‘ . - ) :
. .
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TABLE 12 ¢
.- ‘ ‘v !
Antigen -Specific CTL. Helper Activity of the C.CP T Cell LineT

APC* No. T Cel’ls/Cultmeb : % Specific 1van
(x 10
: *
:‘ CP-pulsed 0 < 1
] ‘~< 1
¢ 3 ., < 1
10 : 12 & 34
30 208 + 38
. ‘
PPD-pulsed B¢ <
1 Co<
3 - . < 1
10 < :
' "' ' Ny S < /’

*

* (BALB/GCR x CBA/J)F, irradiated stimulator cells (3 x 10*/gulture) wc'r} pulsed
with CP (70 ug/ml) or PPD (50 ug/mi) for 90 min at 37 C, and Mwashed 3
times prior to the addition of 10° CBA/) lhymocylcs (from 4-6° wk old mice) as
‘responders. : v - -~ ,’ ‘

»

T cells (C-CP T cell line) were irradiated (1&)'0 rad) before culture.

o Cvzgpmu sy (4 'br “Cr release) against BALB/CCR Con A induced biast cells

- performed aftks days of cultire (Krowka el al, 1984). An optimal

. concentration (1/100) of partially-purified IL-2 from the EL-4 thymoma -induced

535 * 6.2 and 437 £ 72 % specific lysis in the atSence of T cells but in the
presence of CP-pulsed and PPD- -puised stimulators, respectively.

2

1’Done in collabaration with Dr. J. Krowka.
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the ability of the T cells to proli'ferate (d6n¢ in collaboration with Dr. J, Krowka).
These results demonstrate that the T cell lines used in these studies proliferate in an
antigen specific, 1 region-restricted manner, and deliver antigen-specific help for in vitro B cell

and CTL activation. .

'
!

Comparison of Splenic M@ and DC as APC for Soluble nn:l Particulate Antigen Presentati(;;t
"The existence of separate phagocytic (M@) and nonphagocytic (DC) APC lineages

suggests that functional and cellular diversity is needed to process 'an‘g present the large vzricly'
of antigenic forms in nature. By virtue of the;r phagocytic and lysosc;mal activity, M@ may be
\the main’ processors of“complex antigens, whereas DC, with strong constitutive la cxﬂpression
and minimal phagocytic actii'ity (reviewed in .§teinma\n and Nuséenzweig, 1980), may be

i :3pa.x&icularly' suited for surface presentation of antigens not requiring processing. To test this
possibiliiy. splenic M@ and DC were comgared for the abil_it_y to present soluble antigens (both
small and large) and whole ba‘cteria td antigen-specific T cell lines.

M@ at low cell concentrations had similar or slighlly lower activity thaﬁ DC at
presenting soluble antigens such as PPD and POL to the corresponding T cell lines (Figﬁre 10).'
At higher concentrations, the activity of M@ fell significantly, possibly due to nonspecific
suppression. On the other hand, M@ were between three 1o nine times better (on a per cell
bagis) than DC at presenting heat-killed CP to the CP-specific lines CG-21, K -43. and K -66
(Figure 11 and Table 13). | I

It has been reported that some T cell clones preferentially collaborate with a particular
APC type (Katz and Feldmann,.1983). Although the T cell lines used here wérc polyclonal, the
apparent greéte; efficiency of M@ for CF? presentation cgpld have reflected selective expansion
of MQ-prefering T cell clones, rather than ar"l inherent deficiency of DC in presenting whole
bacteria. Since T cell ling€ established from CFA-immunized mice proliferated to both PPD
and BCG, this possibility could be assessed using a single line displaying specificity for both a
soluble and particulate antigen. The results esécmial!y confirmed the observations made with

the individual T cell lines (ﬁble 14). At -lower cell concentrations, M@ and DC wc'r'c

( ~ o my
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Figure 10. Comparison of splenic M@ and DC for PPD and POL presentation. The
indicated numbers of CBA/Cal splenic M@ (squares) or DC (eircles) were cultured
with a CBA/Cal T cell line specific for PPD (left panel) or POL (right panel).
APC were pulsed 100 ug/ml PPD (left panel, closed symbols) or POL (right panel,
closed symbols) for 2 hr -at 37 C, or used unpuised (open symbols). Background
responses of PPD-specific and KLH-specific T cell lines without APC were 0.3 and
0.2 ¢pm (x 10 *)/culture, respectively.
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Figure 11. Comparison of splenic M@ and DC for CP presentation. The indicated
numbers of CBA/Cal splenic MO (circles) or DG (squares) were cultured with a
CBA/Ca) CP-specific T cell line. APC were ecither pulsed with CP (100 ug/ml for
2 hr at 3T C, closed symbols) or unpulsed (open svmbols). Background response
. without APC was (0.3 cpm (x 10 ?*)/culture.



o TABLE 13 *°
Presentation of CP to CP-Specific T Cell Lines by Splenic M@ and DC

)

[} ) “

, Proliferative Responscb
Expt./CP Line® APCyCulture (mean acpm t SD/culwre (x '10°))
(x 10?) - .
DC M@
. Exp 1CG-2 09 <1 1
27 1 s 1
. 8 ' 8+ 1 Yot
\ 23 19 t 2 « 8t
CExpt. 2/K-43 ,710 3t 5
‘ | 33 9 + 2 18 + 3
1000 19 + 2 L w2
° ' 300 . 31 22 ND°
Expt. 3/K-66 2.7 s oot
8 14+ 2 R
1 23 % + 2 46 + 1
N 70 2+ 4. 'ND
210 .49 % 1 ND

I‘Backg;ound proliferation for lines CG-21, K-43 and—K-66 was 0.2, 0.1, and 0.2
cpm (x 10°*)/culture, respectively.

‘ ’ . 'y
_ \bRcsponses to unpulsed APC have been subtracted. SD < 1000 cpm are not shown. z

.

*ND. not determined. Yy
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R ' TABLE 14 ]
Comparison of PPD and BCG Presenution by Spienic M@ and DC
P
W ‘
APC? Prolif erative Responscb
(mean Acpm * SD/Rulture (x 10'))
Type No./Culture e
' (x 10) ~ PPD BCG
0 o 0.1 0.2
Dc,. 0.7 .21 < 0l
24 — 8 t 2 0.2
6.7 16 + 2 311
“ 22 2 + 4 - 16 t 3
67 53 %+ 5 32 15
- 2
MO 0.7 - 1 0.2
2.2 5 -1 2 t 1
6.7 13 + 2 10 £ 1
22 30 + 1 31 £ 1
67 R ot B+ 4

1
®MQ@ and DC were purified f&m CBA/Cal spleen cells.

b'l‘he; PPD-specific or BCG-specific proliferative responses induced by PPD- or’
BCG-pulsed M@ or DC in a CBA/CaJ T cell line were assessed. The T cell line
was derived from mice immynized with CFA, and was reactive to both PPD and
BCG. The responses to A without antigen have been subtracted. SD < 1000
cpm are not shown. ' k!

——
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com'fmable for PPD preschﬁtiun. whereas at high céll concentrations, DC were more effective. -
lxi contrast, MO were more efféctfve than DC at presenting whol'e' washed BCG omnisg,
especially at low cell concentrations. Thesf results provide f gnher supporifor the notion that
DC are relatively inef f icient as APC for whole bacterial orga;isms. ‘ '
A _

Antigen Presentation by Activu& BM-M@’

The observation that splenic M@ were more efficient than DC at presenting whole
bactena suggests that the phagocyuc and degradative activities of M@ are more suited to the
prqccssmg ql parueulate aptigens. The validity of this notion was further evaluated using
achvated BM-MQ subpopulauons with the predlcnon that the best antigen- presenlmg BM-MQ
(i.c.. the smallest) should be more effective than splen‘lc M(b at presentjng particulate antigens,
by virtue of the maturity and greater phagocytic activity of the former cells (Adams and
Hamilton, 1984). This was indeed the case (Figure 12). About oqe-third as many of “tHe
smallest BM-M@ (fraction A) as splenic M@ were suff icient to induce the same lével?f
CP-specific T cell proliferation. Consistent with earlier results (Figure 11 and Table 14), DC
were about three times less efficient (on a per cell basis) than splenic M@ as APC in this
system (Figure 12). When BM-Md were compared with splenic M@ and DC-for the
presentation of KIH, a different pattern emerged (F’ngﬁ're 13). In contrast to CP preschtation.
DC were slightly better than the smallest aétivated BM-MO for the presentation of this soluble
protein antigen (Figure 13). As observed with MLR' activation (Figures 7 and 8) and CP
presentation (Figure 12), larger BM-M® had lower aktivities.

‘Antigen Presentation by the DC-Like Cell Line P388AD .4

In view of the lack of phagocyiic activity by DC, it is surprising that they could present
whole bacteria at all. M@ contaminants in the DC fraction could have generated enough
processed antigen t0 be presented by DC, even though sucl; contamination was minimal
immediately after DC purif icaTic;n'( < 1% Fc rosettes), and remained so after 3 days in culture

(< 0.5% of the rosettes in the M@ fraction). Thus, there was no evidence for development of

——
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Figure 12. Comparison of splenic M@, DC and activated BM-MQ for presentation
of CP. The proliferative response of a CBA/Cal CP-specific T ‘céll line 1o CP (12
ug/ml) presented by CBA/Ca) splenic M@, DC, and activated, size-fractionated
BM-MQ (A-E) was assessed. Unfractionated (U) BM-MQ@ were also tested. Standard
deviations were < 10% of the mean, and background responses to APC alone have
been subtracted. Sedimentation velocities of BM-M@ fractions in mm/hr were: A,
3.0-6.2; B, 62-7.7; C. 7.7-9.8; D, 9.8-11.5; and E, 11.5-14.4. The percentages of
cells recovered in fractions A to E were: lﬁ\é. 17.1, 25.9. 184, and 21.1.
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Figure 13. Comparison of splenic M@, DC, and activated BM-M@ for presentation
of KLH. THE proliferative response of a CBA/CaJ KLH-specific T cell line to KLH
(50 ug/ml) presented by CBA/Cal ‘splenic M@, ‘DC, or .activated. size-fractionated
BM-MQ@ was assessed. Unfractionated (U) BM-MQ were also tested. Standard
deviations were < 10% of the mean, and background responses to APC alone have
been subtracted. Sedimentation velocities of BM-MQ fractions in mm/hr were: A,
3.5-6.2; B, 6.2-8.0; C, 8.0-99; D, 9.9-11.9; and 5 11.9-14.4. The percentages of
cells recovered in fracuons A to E were: 18.9, 22.8, 215, 19.9, and 17.1.
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FcR* MO frgm FcR precursors in the non-rosetting DC fraction. Nonetheless, the possible
role of M® |contaminants could not be rigorously excluded. Therefore, P388AD.4, a‘
nonphagocytic, FcR-, la*, DC-like cell line derived from the DBA/2 P388 leukemia (Cohen and
Kaplan, 1981), was used to determine whether a pure population of nonphagocytic cells could
process and present whale bacteria. P388AD.4 could indeed present CP and BCG, albeit much
~less efficiently than unfracgonated splenic APC (Table 15). Consistent with the results of
Cohen and Kaplan (1981,1983). P388AD.4 stimulated syngeneic land allogeneic MLR
(Table 16) and prescmed soluble antigens to T cell lines (Ta.ble 17). Thus, poor CP
presentation by P388AD .4 did not reflect generalized APC dysfunction. These results confirm
that nonphagocytic AP.C are relatively inefficient for the processing and presentation of wholc
bacterial organisms, especially in the absence of the potential for contamination by MQ®

(Table 15).

Flow Cytometric Analysis of la Expression
Previous work has indicated that the product of [la] x [antigen] is a critical factor in T

cell acti’aﬁon (Matis ef al, N983; Lechler er al; 1985). To obtain precise quantitative data on la

levels, splenic M@, DC, and -MQ subsets were analyzed by indirect immunofluorescence

and flow cytomeuy to determin ether the observed functional differences among APC
subsets correlated with differences in la expression.

Monoclonal anti-I-A* and anti-1-A° (specificity control) antibofies were used as
serum-free culture supernatants of the 10-2.16 and MKD6 B cell hydr?domas. respectively .
The specificity of thcsé antibodies was verified in preliminary ELISA assays done on MQ
monolayers (Table 4). The rgsults in Figure 14 ;how that the binding of anti-1-A* 10
unactivated H-2* BM-MQ was very much lower than to activated H-2* BM-MQ. whereas
activation had little effect on the expression of the class I MHC antigen H-2K*. The profiles
of negative control cells (treated with FITC-SAMIG only) were almost iaentical to the
specificity controls. Thus, nonspecific binding (to FcR) wals negligible. The channel above

which no more than 5% of negative (and specificity) control cells fell was selected as the



TABLE 18

[

Preseniation of Particulate Antigens by the DC-Like Cell Line P388AD.4

APC . Prolif erative Ruponu'
—— - (mesn Acpm t SD/culture (x 10'))
Type No./Culture

‘(10 \ cP BCG

0 0.1 0.2
Spieen Cells” 100 127 ¢ 18 56 t 12,
300 88 t 0.5 456 + 1.7
. 1000 237 + 44 945 + 48
P38§AD.4 3 ND¢ 01 + 01
| 10 » " 01 t 01 07 + 04

" |

30 13 + 06 20 0.1
’ 100 32 + 05 53 £ 0.4

*DBA/2) T cell lines specific for CP or BCG were cultured with CP or BCG at
10 ug/ml and 20 ug/ml respectively. The responses to APC. without amign have

boen subtracted. SD < 100 cpm are not shown.
*DBA/2], irradiated (2000 rad).
¢ Mitomycin € treated.

dND. not determined.
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TABLE 16

Syngeneic and Allogmeic MLR Stmulition by P388AD.4 ~

) 7
APC Praliferauive Response®
- == (mesn acpm 2 SDv/cultutze (x 10°))
Type . No./Culture e
(x 10) , DBA/U® cha/cas®
—
' C 0 08 12
Spleen Ceils® 67 12 ¢ 0.2 HOo £ 15
20 . 24 % 0.2 4.7 ¢+ $4
670 36 £ 05 825 = 42
2000 42 06 317 % 27
P388AD 4° 3 26 0.4 272t S6
10 64 + 09 546 * 65
30 13.3 = 1.6 723 2 172
100 25.1 = 43 959 t 146

*SD < 100 cpm are not shown.

b‘Syngencic DBA/2] or aliogencic CBA/Cal) adherence-depleted spleen cell responders
(5 x 10%/culture)./ .

\

© DBA/2J, irradiated (2000 rad).

dMitomycin C treated.
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TABLE 17 }.,

Pressaiation of Soluble Antigsns by PISSAD.4

APC Proliferstive Respones®
~ (mesn Acpm % SD/culture (x 10'))
Type No./Culiure ‘ '
ALY (x 107 KLH® rep®
/ 0 © 03 0.8
| |
Spleen Cells® 3 14 + 04 329 + 8.6
- | 100 6.1 ¢ 09 43 % 37
b 300 N 293 + 22 674 + 63
1000 ' 469 + 1.3 694 % 3.6
P388AD.4° 3 11 = 0. 43 t 136
10 35 + 03 41 t 18
30 : 350 + 58 750 t 6.4
k4 100 ND® | 939 + 13

" "Responses 10 APC without antigen have been subtracted. SD < 100 cpm are not
shown. .

/ :
/
/ °DBA/2) KLH-specific or PPD-specific T cell lines were cultured with the indicated
~. APC and KLH or PPD, respectively, at 25 ug/ml.
‘ DBA/2J, irradiated (2000 rad).

dMitomycin C treated.

¢ ND, not determined.
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Figure 14. Flow cytometric analysis of la expression on unagtivated and activated
BM-M@. Unfractionated CBA/CaJ BM-MQ were analyzed for expression of H- K"
(16-3-IN) and I-A¥ (10-2.16)* by indirect immunofluorescence. Cells were also
treated with anti-I-A° (MKD6) as a specificity control. The channel above whi¢h no
morg than_$% of the negative control cells fell was selected as the min%n
channel defining positive cells and is indicated with an arrow in each pand.
Numbers in the top ‘right hand corners of the first four panel3 refer 10 the.

percentage of positive cells in the population.
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_mingmum channél'" defining I-A¥ positive cells, and is indicated with an arrow in each gagel:
: Usin“gl this'cr‘iterign. unactivated BM-MQ> had few (13%) la* cells, in accordance with their
inac(;vil_v ’in MLR stimulation. Both the percentage and the mean fluorescence intensity (la
density) of la“ BM-MQ) were dramatically increased by activation.

Tp_g results of flow cytometric analysis of splenic MQ) DC and activated BM-M@®
| fractions treated with anti-I- A* or anti-1-A¢ antibodies are sﬁown in Figure 15. Neganve
comrc:l)f trcalcd wnh the ﬂuoresccm second antibody " were mdxst\ngulshable from
anti-1-A% treated’ cells and are not, shown The meaft fluoreseence intensities of the
anti-1-A*-treated cells exhibiting fluorescence above the threshold were 3-7 times greater than
those of cells treated with anti-1-A% or no antibpdy (legend, ‘Figuré 15). A better estimate of
the 1-A*-specific fluorescence for each cell .type is the relative fluorescence index,” which
‘represents the difference in degree of brightness of a single cell population ‘treated with
different antibodies. Calculatio.n of this figure (Weeks et a[ 1984) shows that the
anti-1-A* trealed cells ranged from 3 (fracuon B) to 18 (DC) times brlghter than the same

cells treated with anti-I-A°. In view of the aulofluorescence of MO, thxs represents a

substantial level of I-Ak-specif ic fluorescence.

The most effective APC (i.e., DC, splenic M@ and small BM-M@) had the highest |
/

level of surface la as represemed by the mean fluorescence intensity (Figure 15). M
large BM-MQ@ expressed a substantial amount of la, but minimal APC functions
(qures 7,8,12, and 13), poséfbly due to suppressive activity (Lee and Wong, 1982). Small-

M@ (BM or splenic) were not immunosuppressive (Lee and Wong, 1982), had la levels sir_nilar»

o

to DC, yet were poor stimulators of syngeneic MLR (Figiﬁes 6 and 8). Conversely, DC, which
had high levels of surface la, were poor APC for presentation of particulate antigens (Tables 13
and 14, Figures 11 and 12). Thus, there was no simple correlation between surface la

expressio‘n and the T cell stimulatory capacity of various APC.
' 3

All cell types contained a population of Ia- cells which are preéumably inactive as APC

1

(Figure 15). Since the splenic and small BM-M@ contained > 98% and 100% M@ respectively

(by morphologi¢, “phagocytic, and cytc;chcmical criteria), the Ia- cells must be M@ and not

¢ L
’

/

7
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Figure 15. Flow cytometric anaiysis of la eapression on APC subsets. CBA/Cal
splenic DC and M@, and activated, size-fractionated (A-E) or unfractionated (U)
BM-M@ were analyzed by indirect immunofluorescence for expression of 1-A¥ (thick
lines, labeled k) or I-Ad (thin lines, 6nlabeled) as a specificny control. The profiles
of negative control cells (treated with FITC-SAMIG only) were identical to those of
the specificity controls and are not shown. The channel above which no more than
5% of the negative control cells fell was selected as the minimum channel defining
positive cells and is indicated by an arrow in each panel. Numbers in the top right
corner of each panel refer to the mean fluorescence intensity and percent, positive
cells respectively. The mean [luorescence intensities of specificity controls were:
splemic M@, 30; DC, 18 A, 22; B, 23 C.'27, D, 29, E 2% -and U, 25.
Sedimentation velocities and percentages of cells recovered in fractions A-E are given
in the legend Jor Figure §. ‘
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other cell types. In contrast, the DC prcp:ration routineiy contained ‘20-30% of other cell types
(granulocytes. lymphocytes, and stromal cells, but not M@) identified morphologically
(Tabige3). To detcrmin.e whether only one or both populgtions in the DC fraction contained
la- cells; two parameter histograms of log 90" (L90) light scatter vs log fluorescence were
collecleq. The former dechnique distinguishes lymphocytes from DC or M@ based on
differences in cell-surface characteristics (e.g., membrane ruffling), nucleus to cvtopiasm
‘ratio, granularity, and size (Salzman et a/, 1975; Thompson et al, 1985); The results show thél
the populalionA displayimg the greatest ar'no;mt of L90 light scatter (i.e., DC) contained all the
la* cells (Figure 16). This is consistent with previous df‘nonstrau’ons that all DC are la*
(Steinman er al. 1979). In contrast, MQ are heterogeneoué with respect to la expression
(reviewed in Unanue, 1984), Accordingly, splehicv‘gdd(b',ia’nd BM-M@ fractions showed a
continuum or\la expression ranging from negative ‘to‘ ma‘xiﬁth. _Furthermore, Ia- and la- cells
in the M@ fractions were not cﬁ'ﬁihguishable by L90 light scatter profiles (Figure 16),
_confirming that the MO populations used in these 'Stud,ies were pure. The level of impﬁrit_v of
the DC fraction (20-30% in most experiments) shc.mld not be crili’cal, since the contaminating
cell types were la-, and < 1% MO were present. Moreover, the APC functions were evalu;led
over a wide range of cell concentrations (Figures 6-8, 10-13, Tal;les 13 and 14), and the

observed functional differences were 100 great to be accounted for b_v‘l'he impurities.
. . L

-

Antjgen Uptake Studies «

To test the possibility that <«hé observed variation among APC subsets in

amigen-p(resemalion was due to differences in their ability&o bind antigen, the uptake of

L}

123] Jabeled soluble and particulate antigens was measured. Large BM-MQ were .found to take
up more CP‘ than smatli P:;(Z) (fraction A, Tal&l%). possibly bécause of the greater phagocytic
activity of the former cells. No such dif ferenc&was observed Tor KLH (Table 18), which could
have been taken up mainly by pinocytosis. Splenic M@ and DC took up simila; amounts of CP
(Ta_xble 19). In contrast, P388AD.4 took ub about 10 Lilmcs less CP »during a 2 hr antigen pulse

than did BM-M@ and t}ie M@ -like lines P338D, and J774A-1 (0.1-0.3% vs 2-3% of the amount
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Figurg 16. Flow cytometric analysis of spienic DC, M@. and activated BM-M@® for
L%0 ‘\\ight scatter and la expression. The same cells used for the experiment shown
in Figure 15 were analyzed simultaneously for L90 light scatier and fluorescence, and
the results are displayed as 2 parameter histograms. For ecach cell tvpe, the left,~
middle, and right panels show the profiles of the negative (treated with
FITC-SAMIG only), specificity (treated with ami-l-Ad), and ami-'FKk-lrealcd cells,
respectively. The sedimentation velocities and percentages of cells  recovered in
fractions A-E are given in the legend for Figure 5. This figure is continued on the
next page. ‘



- (‘\ -
411 ;
.-
9
@
a .
[yV]
o N
2 . re
2 ;
(-3 -
H ‘ el '
F 4
(8] v ..
x 4 "y
-
-
¥ ]
- . »
I i 7]
Qo ‘
o '
[o,)
(&)
o
/
‘ .
[ 4,
? ‘
l.

. ! .

® LOG FLUORESCENCE NTENS. " o rgmne “v. =

/—’\

a

Figure 16. (Continued)




TABLE 18 - " | .

Uptake of '*I-Labeled Antigens by BM-M@ and M®-Like and DC-Like Tumors

\
~ b
N Antigen Uptake
(mean cpm % SD/culture (x 1:0'))
Cel)s’ :
. AULLCP W KLH
’ A 9.6 + 23 119 t 16
B 205 + 2.4 T 102 29
(o] 270 £ 1.9 103 + 3.0
4 S
‘D 22 + 18. 130 £ 12
U 232 + 1.3 134 % 20
P3#8AD.4 o2 98 t 31
P388D, 147 + 1.7 152 + 19
. »
J774A -1 307 £ 1.8 198 + 3.2
_ 1 ) -
none , 1.3 0,6

[

®BM-M@ were grown for 6 days and fractionated by velocity sedimentation (A-D)
or left unfractionated (U), and activated overnight in DMEM-10% FRBS containing
% ug/ml LPS and 10% la-inducing lymophokines. Sedimentation velocities in mm/hr *
:/\re: A, 2.2-6.5; B, 6.5-7.8, C, 7.8-10.0; D. 10.0-12.3. The 'percentages of celis
recovered in- fractions. A to D were: 16.4, 22.1, 34.6, and 26.9. The DC-like -
tumor, P388AD.4 and the MQ-like tumors, P338D, and J774A-1, were also used.
SD < 1000 cpm are not shown.

bCells (10* in 0.2 mi/culture) adhering to flat-bottomed ?issue culture wells (96-well
trays) were -incubated with 14 g '™I-CP (29.000 cpm/ug) or 10 ug 'I-KLH
(60,000 cpm/ug) for 2 hr. After 4 washes with warm medium, cells were
solubilized with 0.1 ml of 0.25% SDS and aliquots were taken for gamma
counting. '
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TABLE 19

Uptaké of '’|-Labeled CP Organisms by Splenic. M@ and DC

{ Antigen Upuke'

Celis Chloroquine {(mem ¢pm * SD/culiure
(x 10'))
DC ! - ) 365 £ 16
+ 314 £ 25 .
MQ B 4] + 7 \

4 ® 400 .t 12

“ Triplicate cultures (7 x 10° cells/0.5 m{/culiure) were incubated with® 70 g
123]-labeled CP/mi (2.2 x 10° cpm/ug) * 0.3 mM chloroquine for 2 hr. The cells
were washed- three times and transferred to new tubes for the determination of
radioactivity.

s

7

-~
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added, Table 19). Once again, no such differenc; was observed for the uptake of KLH.
?388AD.4 cells were also ‘less active in\ﬂw deﬁradalion of CP than were BM-MO (Table 20).
P388AD.4 released more antigen "during the post-pulse culture phase than did BM-M@. but no
acid-soluble material was detected. By contrast, BM-M@ r1gleased more acid-soluble than
acid-insolub'lg material during the same culture period, in accordance with their knqwn
c'!e}adative caﬁachy. | '

These sulRties suggest that the amount of antigen faken up by various APC populations
is not a 'limiting factor with respect to APC function in this system. klthough P388AD 4
exhibited a selective deficiency in CPMuptake during a 2 hr pulse, it was not an effective APC
for CP even when this antigen was presehl'throughout the cullﬁre pen’c')d (Tabic 15). Thus:
although poor antigen uptake may be a contributory factor, the decreased ability of P388AD .4
to catabolize CP as compared to BM-M® may be more relevant to its inefficiency as an AP.(‘

for CP.

E. Mechanism of Aﬁtigen-Presentation by DC and MO

Chloroquine, a lysosomotropfc agent, can block the processing and presentation of
soluble protein (Chestnut er al, 1982a; Lee ef a/, 1982) and particulate (Ziegler and Unanue,
1982) antigens, but not small peptides (such as PPD) or integral membrane. la (for MLR
stimulation) (Lee er a/, 1982; Scala and "Opb%nheim\‘ 1983; Finnegan er al, 1985)‘; both arc‘
apparently presented without modification. Because the splenic APC used were unfractionated,
it was impossible to tell whether the cell types themselves (DC vs M@) or individual functions
of each cell type were disu’néuishable on the basis of chloroquine sensitivity. Accordingly. DC
and M@ fractions were characterized with respect to antigen-presenting function and
chloroquine sensitivity. The results in Table 21 show the difficulties encountered if primed LN
T cells were used as responders. As expected from previous work (Lee et al, ?982), MQ@ were
capable of inducing antigen-dependent proliferation of primed LN ’T cells above background
levels, and preincubation with 0.3 mM chioroquine for 2 hr (followed by washing) prior to

J
culture suppressed the presentation of POL (MW millions) to a greater extent than that of
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-/ TABLE 20

. Uptake and Degradation of '**1-CP by BM-M@ and P388AD.4

% Anugen (after 1.5 hr) nf

Antigen Upukeb ‘
Celis® (cpm t SD N Supermu‘r'u
/Culture . Celis
(x 10)) ) TCA-Soluble TCA -1nsoluble
A 42 * 1 69 * 2 12 3
B 539 + 2 76 1 12 2
C 530 % 2 % t 7 2 3
D | 525 £ 1 6 = 5 ' 11 3
- E 56.1 t 2 A;' 4t 5 11 2
) U s41 3 80 * 2 12 2
) <1 29

P388AD 4 2.4 63

“BM-MQ@ were grown for 6 days and fractionated by velocity sedimentation (A-E)
or left unfractionated (U), irradiated and activated overnight as usual.
Sedimentation velocities in mm/hr were: A, 3.5-6.2; B, 6.2-8.0, C, 8.0-9.9. D,
99-11.9: E, 11.9-12.3. The percentages of cells#recovered in fractions A-to E
were: 12.7, 23.5, 28.6, 22.4, and 12.8. P388AQ.4 cells (mitomycin C treated) were
also used.

® Two groyps of cells (10° cells in 0.2 ml/well, 4 wells/group) adhering to
flat-bottomed tissue culture wells (96-well trays) were pulsed with 14 g
135].]abeled CP (10° cpm/ug) for 2 hr. After 4 washes with warm medium, one
group “of cells was solubilized with 0.1 ml of 0.25% SDS for determination of
antigen uptake. SD < 1000 cpm not shown.

‘ The second group of cells was incubated for a further 1.5 hr, and the amounts
of antigen remaining in cells and supernatant fluids (soluble or insoluble in 10%
trichloroacetic acid, TCA) were measured and expressed as a percentage of the
amount initially cell-bound (column 2). SD < 1% not shown.
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TABLE 21 ff

Presentation of Soluble Antigens to LN T Celis -\Effect of 'Chloroquinc

'
- \ Apc? .
(mean g t SD/culture (x }n )
Type Chloroquine No./Culture X e ——
/ Treatment T 10) Unpulsed POL.
- o i : "‘
/ s KNy
DC - 22 . 2 J 5
67 t 6 52 + 8§
200 18 ¢t 6 4 + 4 4 * S
. 2 4+ 1 10+ 20 t 3
67 25 1 23 = 1 35 + 3
200 27 + 7 33 26 9 + 6
MO - n ) 23 25 o+
67 7 + 3 62 + 13 29 + 13
200 721 60 = 1 80 = 11
~4 22 ] 2 1 2 21
67 1 9 + 2 2 21
200 2 4t s IS

®M@ and DC were purified from CBA/Ca) spleen cells, and treated with 0.3 mM
chloroquine at 37 C, or left untreated. APC were either unpuised. or puised with
PPD or POL.

bRespondcrs were nylon wool-purified LN T cells from mice that had been
immunized in the hind footpadd with POL/CFA 8 days previously. The maximal
responses . of unfractionated LN cells to PPD and POL were 64 * 9 and 39 * 4
cpm (x 107°) respectively.

e
i

R
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PPD (MW 2000 to 6000). No loss 1 viability was observed after chloroquine treatment.
However, DC roulh;ely induced high background responses that were vi\i&miuy unaffected by
chloroquine (We 21), and could be identical to the syngeneic MLR obumed with ;Pleen
responder cells ( Flgures 6 and 8). Therefore, the response stimulated by POL-pulsed,
chloroquine -treated DC remained high.

When T cell lines were used as responders, the problem with high backgrounds was
climimied. but the effect of chloroquine on antigen presentation was very similar to that
obtained with primed LN T cells. Thus the presentation of OVA (Table 22) or CP organisms
(Table 23) by DC and . M@ to T cell lines was abrogated completely by chloroquine
pretreatment, whereas the induction of syngeneic and allogeneic MLR was affected 10 a lesger
extent (Table 23). J |

* The inhibition of APC functions was dependent on the concentration of chloroquine
included during the antigen-pulse (:Table 24). Whezeas 0.1 mM chloroquine had only marginal
effects on the presentation of. BCG by DC and MQ). 0.3 mM chloroquine had a much more
pronounced effect (Table 24). The optimal chloroquine concentration varied slightly in
different experiments, but was usuali} between 0.3 mM and 0.5 mM. On the occasions when
the presentation of xenogeneic antigens was only partially inhibited, MLR activation was
unaffected (data not shown). Thus, selective inhibition of antigen-presentation was obtainable
ﬁndcr stringent conditions. R

The paucity of lysosomes in DC suggests that the presenting function of sucf{ cells may
be less chloroquine sensitive than that of M@. A T cell line reactive to PPD and BCG was used
to investigate this question. Normal and chloroquine-treated (0.3 mM) M@ and DC were |
comparoidkas APC for PPD and BCG presentation. i The effect of chloroquine pretreatment on
DC varied according to the antigen being presented (Figure 17). Consistent with previous
results (Lee er al, 1982; Table 21), chlorrqume pretreatment of DC only modcrately inhibited
PPD presentation (Figure 17). In contrast, the presentation of BCG by both DC and M@ was
almost compiletely inhibited by chbroquinc pretreatment. If M@ and DC were pretreated with
0.] mM chloroquine, PPD presentation by DC was™virtually unaffected, whereas BCG



- 108

-

TABLE 22

Effect of Chlomqume° on Presentation of OVA

apc? Prohferauve Relpomcb .
(mean cpm 2 SD/culture (x 10'))
Type Chloroquine No./Culiure — -
Treatment (x 10%) Unpuised OVA-puIs_e‘d
MO - 11 0.2
d 03 ¢ 3
1 1 12 £ 2
300 ND¢ ND
MO + 1 R 0.4
33 0.2 0.2
100 0.5 0.2
300 ND ND
DC - - 11 ' © 0.5 1
33 09 S 21
100 . 2 15 = 2
300 3 19 + 3
DC + 11 \ 0.3 0.2
33 0.5 0.1
100 2 04
i 300 3 1
i M@ and DC were purified from CBA/Ca) spleen cells. a

® Proliferative response of a CBA/CalJ OVA-specific T cell line wag' assessed.
Background proliferation without APC was 0.2 cpm (x 10°)/culture. SD < 1000
cpm are not shown.

“ ND. not determined.



TABLE 23

Selective lnﬁlbition of Xenogeneic Antigen Presentation by Chloroquine

Proliferative Response
(mean cpm % SD/culture (x 10'))

arct
MLR® CP presentation®
Type No./Culture !
(x 10") Syngenex Allogenexc Unpulsed CP-pulsed
0 2 1 8 + I 0.2
DC 2 6 £ 1 82 + 20 0.4 1 1
13 ¢ 145 + 9 0.5 1 ¢ 1
o 22 4t 19 + 6 0.3 ‘
67 89 t 82 + 9 10 £ 1
200 121 + I 61 + 14 "1 20 1
f
. DC 4 30 + 4 0.1 ]
Chloroquine - 7 9 ¢ 1 52 £ 10 0.3 1
treated 22 13 + 2 9% t 6 0.2 0.4
67 32’ 3 167 + 2 0.3 1 1
200 8 t 9 140 + 18 0.5 0.
MO 0.7 3o+ 31 + 8 0.3 0.2
2 70 0.2 2
7 %1 133 + 19 0.4 10 £ 1
22 4 t 2 14 t 14 0.6 26 t 3
MO 0.7 1 7 %2 0.2 04
Chloroquine - 2 2t 13 = 4 0.2 04
treated 1 37 + 4 0.4 0.2
22 8§ t 2 9% + 3 1 0.3

MO and DC were purified from CBA/Cal spleen cells.

bSynaeneic CBA/Cal] or  allogeneic BALB/cCR  spleen  cell responders
(4 x 10°/culture).

¢ CBA/CaJ CP-specific T cell line; SD < 1000 cpnf are not shown.

&
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TABLE U

Inhibition of Antigen Presentation by Chioroquine is Dose- Dependent

APC’ : Prolif erative lnpoucb
—— (mesn Acpm 2t SD/culture (x 10°))
Type -~ No./Culture —
(x 10) untreated® 0.1 mMm 03 mm
G .
Mo Y# 0.7~ 02 . <ol < ol
2.2 2 + L 04 < 01
67 ¢ 3 0.3
n Nt B 30t
67 3 + 4 28 + 4 9 ¢ 2
#
DC 0.7 < 0.1 < 01 < 0
2 0.2 < 0.1 < (]
6.7 3 1 J + 1 0.5
22 16 £ 3 10 + 2 < 2
Y 67 2 xS 2+ 2 7+ 00

{

*MQ and DC were purified from CBA/Cal spieen- cells.

® The proliferative  responses induced by ‘BCG-pulsed APC in a CBA/Cal
BCG-specific T cell line were assessed. The responses to APC without. anuigen have
been subtracted. SD < 100 cpm are not shown. '

- -

““APC were either untreated, or treated with the indicated concentrauon of
chloroquine during the antigen pulse. p
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Figure 17. Effect of chloroquine on the presentation of PPD and BCG by splenic
DC and M@. CBA/Cal splenic DC (left panel) or M@ (right panel) were  cultured
with a CBA/CaJ “T cell line specific for both PPD and BCG. The antigen-specific
proliferative response was determined as the difference between the response 1o
unpulsed and PPD-pulsed (open symbols) or BCG-pulsed (half-closed- symbols) DC
or M@. Results represent the proliferative response induced by chloroquine-treated
(0.3 mM) DC and MO expressed as a percentage of the response induced by
Gntreated DC and MO, respe .
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presentation by eithua Md or DC was moderately inhibited (data not shown). Thus, a

differential sensitivity of M(Z)’a"ﬂ"d DC to the effects of chloroquine could be discerned for the
presentation of some antigené, but not others. In general, the sensitivity to chloroquine
increased with the size of the a‘mig;n being ;%esemed for both M@ and DC.

Chloroquine had no effect on antigen uptake (Tables 19 and 25) in agreement with -
previous studies (Grey er al, 1982; Le? et al, 1982; Ziegler and Unanue, 1982). In contrast to
results obtained with BM-MQ (Lee et al, 1982), the low capacities of splenic M@ and DC 10
degrade antigens into acid - soluble material was unaffected by chloroquine (Table 25). Most of
the antigen remained cell-bound after 1.5 hr. Of the rg-!;’md material, the majority was
acid - precipitable, but it was impossible d0 tell whelherlap ieges asion had taken plac'c. These

»

S . f
-Tesults suggest that the processed antigen relevant to imumggsumulation represents a very

small fraction of the total antigen initially taken up by APC.

~ i

" F. Mechanism of Particulate Antigen Presentation. by DC and DC:-like lines

Although M@ were much more effective than DC or P388AD.4 at presenting whole ‘
bacterial organisms, the abilil_\'“ of nonphagocytic APC to perform this function at all was
unexpected. Much of this low level of activity could have resulted indirectly frc;m the
pinocytosis of soluble antigen shed from the bacteria. Consistent with this, immunogenic
material was present in the filtrates of stored BCG and CP suspensions (Tables 26 and 27); the
CP filirate was presented much more efficiently by P388A1?.4 than whole CP' oréam’sms at
optimal concentrations (Table 27).

To direétly assess the role of shed bacterial antigens in CP-specific T cell activation by
different APC subsets, CP organisms were fixed with glutaraldehyde to reducc or eliminate«
antigen shedding (dolding and Singer, 1984) with the prediction that this should selectively
reduce the immunogenicity of CP presented by nonphagocytic APC when compared to
presentation by phagocytic APC. In agreement with this, DC and P388AD .4 were found 10 be
much less efficient than M@ in presenting glumralidehyde-fixed CP (Figure 18)‘. This.was

particularly striking with P388AD:.4, possibly because there were no M@ contaminants to
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TABLE 26

Presence of Soluble Antigen.in BCG Filtrate

Proliferative Resp(mseb
/\nugcna (mean c¢pm % SDvculture (x ))
Dilution . & - -
BCG BCG filtrate!
1/10 104 + 3 . 64 * 3
. 107 + 7 as + §
" 140 “ 9 + 3 24 %1
1/80 ' ‘ 80 + 4 S14 % ]
17160 - 87 * 4 ' 6

1t
[#,)
>y

17320 “ 57 | i

®BCG (7 mg/ml) or BCG filtrate were included in culture at the indicated
dilutions. .
da

bRcsponders were popliteal LN from DBA/2). mice which had been immunized in
the hind footpads with CFA 8 davs previously. The mean background responsc of
LN cells without antigen was 1.2 cpm “(x 10 ’)/culture. SD <« 1000 cpm are not
shown,

" BCG organisms (7 mg/ml in..aline) were removed by fill;alion through a 0.45 um
Millipore filer. 3@ : ‘
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TABLE 27
P388AD.4 Presentation of CP and Soluble Antigens in CP Filtrate
APC Proliferative Response?
(mean Acpm t SD/culture (x 10"))_b
Typg No./Culture - -
(x 10 cp® CP filrate?
M Ry
e 0 0.1 01
Spleen Cells T4 22 t 04 ND*
220 108 t+ 08 46 £ 01
" 670 , 437 t 19 165 £ 3.0
2000 415 + 13 282 + 5.3
P388AD.4¢ 3 < 0. 33 ¢ 0.5
10 <0l, 82 t+ 1.4
30 < 0.1 121 + 15,
100 © 23t 08 <01 _
) 3
™ |

3 The proliferative sesponse of a DBA/2J T cell line specific for CP was assessed.
Responses to APC without antigen have been subtracted. SD < 1000 cpm are not
shown. -

PCP was included in culture at 10 ug/ml. To prepare CP filtrate, 1"m! CP in PBS
(7. mg/ml) was spun in° an Eppendorf centrifuge for 10 min. The supernatant was
removed, diluted to 15 ml with RPMI-10% FBS, filtered through a Millipore
0.45 um filter, and 0. ml/culture was added (final volume 0.3 ml/culture). This ‘
concentration gave optimal proliferative responses. ‘

¢ DBA/2J, irradiated (2000 rad). ) e

dMilomycin C treated.

®ND. not determined.
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Figure 18. Presentation of glutaraldehvde-fixed CP. by splenic M@, DC, and
“P388AD.4. The proliferativé responses induced by CBA/Cal splenic M@ or DC (A),
or P388AD.4 (B) presenting normal (open bars) or glutaraldehyde-fixed (solid bars)
CP (3.5 ug/culture) to syngeneic CP-specific T cell lines were assessed. Values
shown above the hatched bars’ ‘represent the proliferative response induced by
- glutaraldehyde-fixed CP expressed as a percentage of the proliferative response
induced by normal CP. Standard deviations were < 10% of the mean. ~
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supply processed antigen. However, this selective reduction of immunogenicity after fixation
was not fully correlated with reduction in antigen shedding, since the release of soluble
radioactivity from ";l-lelﬁeled CP in 2 hr at 37 C was reduced by only 45% (from 32,440 +
1,738 t0 18,252 % 370 cpm). | |

G. Synergy Between M@ and DC for Presentation of Soluble and Particulate Antigens

The prei:eeding experiments suggest that pure populations of nonphagocytic cells can
present wlxolc bacterial antigens, ahd_thjls is aided, at least in part, by antigen shedding from
the organisms. However, the functional dich'otomy between M@ and DC indicates that cell
cooperation may be involved in the presentation of large soluble or particulate antfpens. Thus,
M® may degrade antigens into smaller fragments which can then be pinocytosed and prmmed
by‘ DC. To test this ppssibilily. mixtures of splenic M@ and DC were compared with splenic
MO or DC alone for the activation ol' CP- or KLH-specific T cell lines. Syngerism between the
two cell types was clearly observed for the presentation of both antigens (Figure 19). Thus, -
the T cell responses obtained with the APC mixtures were greater than the sums of the
responses induced by either type seperalely. Synerg;' was also observed for mixtures of
P388AD.4 and the MQ-like cell line P388D, (Koren et al', 1975) (Figure 20), both of which
were derived from the P388 leukemia. P388D, cells are la- (confirmed by FACS analysis (not
shown)) and devoid of antigen presenting a‘ctivity but their admixture with small numbers of
P388AD .4 cells greatly augmemed the proliferative response (Figure 20).

There are at leasl two possible contributions by the M@ to the cellular synergy
described above. They could provide processed antigens or nonspecific monokines such as
IL-1. The evidence obtained favors the first alternative, since neither IL-1 nor macrophage
supernatants -(M(D-SN) could synergize with DC (Figire 21). The concentration of .
recombinant IL-1 used induced maximal thymocyte proliferation (Table 28) and restored the
ability of APC treated with élutaraldehyde or UV irradiation to stimulate KLH-specific T cells
(Table 29). Fixrthermore. pretreatment of the M@ with chloroquine (0.3mM for 2 hr)
abrogated their ability to synergize with DC (Figure 21). Finally, supernatants 'from
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presented by the mixtures of CBA/CaJ splenic M@ and DC indicated. The responses
to APC alone have been subtracted.
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. Figure 20. Synergy of MO-like and DC-like lines for presentation of BCG. The
proliferative. response of a DBA/2)] BCG-specific T «cell line to BCG
(3.5 ug/culture) presented by the indicated mixtures of P388D, and P388AD .4
(mitomycin C treated) is shown. The responses to APC alone have been subtracted.
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Figure 21. Chioroquine sensitivity of MO funcuon in MO - DC synergy and the
inability of IL-1 or M@ supernatants 1o replace M@. Conditions for CP-specific (A)
and KLH-specific (B) T cell proliferation were the same as those described for
Figure 20, except for chloroquine (chl.) pretreatment of M@ (0.3 mM for 2 hr)
where indicated. Pure recombinant murine IL-1, or supernatants from CBA/Cal
splenic M@ cultured at 10¢/m! for 3 hr were included where indicated. The
concentrations of IL-1 used induced thymocvie proliferation (Table 28) and
antigen-specific T cell proliferation (Table 29).
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TABLE 28 .

Thymocyte Assay for Interleukin-1

. - Proliferative Rupomeb
nat (mean cpm % SD/culture)
(pg/culture) -
' IL-1 alone IL-1 + Con A
Y
225 ,_ 86 + 32 1,187 t 52
75 52 + 9 ' 3844 + 525
25 ’ 61 + 22 4.995 + 876
8 T 68 + 13l 1,333 t 210
3 . 39t 4 126 + 59
0 58§ + 35 8 + 37
. \ '
LAAdD!

* pure recombinant murine interleukin-1 (Lomedico er a/, 1984).

bThymocytcs from C3H/Hel mice 4-8 wks old were cultured with or without
Con A and with or without various concentrations of pure recombinant IL-1.

P
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TABLE 29

IL-1 Activity in Antigen-Specific T Cell Proliferation’

Proliferative Respome'

APC Tn:nlmemh it (mean Acpm T SD)/culture
(pg/culture) (x 10%))
medium . - 335 + 48
glutaraldehyde - 20 £ 09 ¢
glutaraldehyde TS 230 t 2.6
uv ‘ - 28 t 0.7
UV ' 25 27 £ 19

“CBA/Cal T cell line specific for KLH added at 10‘/culture. Responses to unpulsed
APC have been subtracted.

® CBA/Ca) splenic adherent cells were pulsed with KLH (100 ug/m! for 90 min at

3T C) before glutaraldeyhde fixation (0.05% for 30 s, followed by 'ncutralization
with 0.2 M lysine, Shimonkevitz et al, 1983) or UV irradiation (837
microwatts/cm’ for 5 min, DeFreitas et al,\%983).

¢ The thymocyte proliferative response to IL-1 * Con A is shown in Table 2%.

1’{)om: in collaboration with Dr. A. Sinha.
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antigen-pulsed M@, which have been reported to contain antigen-la complexes whith can
activate T cells in the absence of APC (Erb and Feldmann, 1975b; Puri u;d Lonai, 1980;
Friedman ef al, 1983; Purl f al, 1985), could not replace MO and antigen for synergy with DC
(Table 30). This suggests that MO are required for the degradation of partieulate or soluble
complex antigens into smailer fragments which can then be presented by other M@ or DC for T

cell activation.



TABLE X

Faflure of MO Supernatants to Replace M@ in M@ - DC Synergy
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Proliferstive Response

b

No. (mean Acpm 2t SDrculture (x 10'))

M@/Culuse®

“(x 10) No. DC/Culure (x 101"

0 0.3 1 3 10
0 < 0.1 < 0.1 < 0.1 0.2 1.6
1 < 0. 0.1 04 £.02 1.4 + 02 2.4 %, 0.5
3 1.0 + 0.1 20 £ 0.9 35 £ 04 38 + 0.2 70 = 08
10 49 = 08 64 £ 06 69 + 01 92 1+ 1.3 101 t 16
———

Dilution - -

M@-SN-A€
173 , < 0.1 < 0.1 o0.2 14 = 04
179 < 0.1 < 0.1 0.2 = 0. 09 = 0.
1727 < 0.1 < 0.1 0.2 = 0.1 1.2 2 03
1/51 < 0.1 < 0.1 03 x 0.} 1.0 + 0]

Dilution )

M@-SN-B¢ .
173 0.1 03 + 0.1 -1.0 + 03

) 179 < 0.1 0.2 + 0.1 1.3 2 03
1727 < 0.1 . 04 1.8 = 0.
1751 < 0.1 < 0.1 02 + 0.1 1.2 ¢ 0.1

* Splenic M@ and DIC were purified from CBA/Cal spleen cells.

bThe;prolifé'rau’ve reéponses induced in a CBA/Ca) ,CP-specific T cell line by the
various combinatidné of, APC (or M@ supernatants) with (M@-SN-A) or without
(MO-SN-B) CP (7 ‘ag/ml CP), were assessed. The responses 10 APC alone have
been subtracted. SD < 100 cpm are not shown. '

Adherent splenic M@ in Faicon 100 x 20 mm ussue culture dishes (2.4 x 10‘/dish

in 7 ml RPM] with 10% FBS and 2-ME) were left unpulsed, or were pulsed with.
70 ug/ml (washed) CP for 90 min at 37 C. After 4 washes with warm medium,

M@ were cultured for a further 6 hr.

(SN-A) and CP-pulsed (SN-B)

Millipore filter (diameter 0.45 um), and used at the indicated dilutions.

filtered

The culture supernatants from unpulsed
M@ were then collected,

through a
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1V. DISCUSSION
\ .
OThe experiments presented in this thesis demonstrate that M@ and DC possess
distinct{ve. but oveﬂapping, immunostimulatory actiyiﬁes that are consistent with their cellular

characteristics. Thus, DC, which express constitutively high levels of la, were pahicularly

) effective at MLR stimulation, whereas M@, possibly by virtue of their phagocytic and

lysosomal activity, were better al presenting whole bacterial organisms to antigen -specific T cell
lines. Both cell types were capable of presentating a variety of soluble antigens. Xenogeneic
antigens, but not aﬁ‘bgenc‘i‘c or syngeneic la, had to be processed by a ch}oroquine-aeugitive,
presumably lysosomal, pathway to be rendered immunogenic for T cells, although’differénces
between the reliance of M@ and DC on thi; pathway were discernable, especially for small
antigens. The dichotomy of APC f uncuons observed made possible the collaboration of M@

e

and DC for processing and presentation of complex antigens for T cell activation.
e .

A, Synéeneic MLR

The most striking difference in the immunostimulatory functions of M@ and DC is in

_ svngeneic MLREac(ivaLion (Figures 6 and 8). DC were always the most effective stimulators.

Splcmc M@ were consistently less active, and this appeafed to be due to true failure to
stimulate rather“ than nonspecific suppression (Table 4). The low, but significant level of
splemc MO - mduced syngeneic T cell prohf eration observed here (Figures 6 and 8) and by
others (Sunshu;e et al, 1982) has been ascribed to--contaminating DC (Nussenzweig and

Steinman, 1980). but it was also observed with small activated, BM-M@ (100% pure) (Figure

' 8). Thus, although DC are the most.active stimulators of syageﬁeic MLR, M@ are not totally

inactive in this regard. Although the DC preparations was only 70-80% pure, the functional
differences observed between M@ and DC were too great to be accounted for by cellular
impurities. _ \

Recent work on chimeras and nude mice bearing thymus grafts has indicated that the

syngcnéic MLR is a manifestation of self la recognition by T cells (Glimcher et al, 1981,

122
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4
1982c). The potency of DC in this regard may reflect their role in defining self la and hence

influencing the T cell repertoire that develops during ontogeny in the thvmus. However, the

" notion that the syngeneic MLR ref lec'.s T cell i}Ctivalion by self la in the absence of foréign

antigens has been challenged (Huber er al, 1982; Kagan and Choi, 1983). Regardless o.f‘lhc
true specificity of this response, DC are uniquely effective stimulators. One report suggested

that this may be due to 10-20 fold greater levels of la (as assessed by a. cellular

-

fadioimmunoassay) on DC than on splenic M@ (Nussenzweig et al, 1981). T nclusion is

not supported by the FACS data presented in Figure 15, which demonstrates that diffcrences in
la expression between DC, splenic M@ and small activated BM-M@ were small. This
disagreement with Nussenzweig ef a/ (1981) with respect to la expression on splenic MO could
have been -due to variation in the degree of MQ activation, or 'to the different assay systems
employed. 'Neverthe\less, there is agreement concerning the functional differences between M@
and DC for syageneic MLR activation (Figures 6 and 8, Nussenzweig and Stecinman, 1980).
ﬁeporls that activated T cells (wmgari and Moretta, 1982). B cells (von Bochmer er al, 1972;
‘GotLlieb' et al, 1979; Katz et al, 1980; Shin et al, 198}; DeKruyffl et al. 1985b) and other
non-DC, non-M@ cells (Bienenstock et al/, 1985) stimulate syngeneic or autologous MIL.R
suggest that perha.ps Ia- M@ are conspicuous in their ineflectiveness as .stimulalors for this
response. The reason for this is still obscure. |
<

B. Allogeneic MLR

Highly purified spicnic M@ and absolutely pure BM-MQ wcfc used in an cffort 10
resqlve the cont}oversy concerning the role of M@ in 'allogenelic MLR stimulation. The data in
Figure 6 indicate that purified splenic M are effective stimulators of alloggneic MLR, ana are

i

1
comparable to DC in this regard, in agreement with Sunshinegger a/ (1982). A reduction in

R was observed at high concentrations of both M@ and DC, and therefore was ﬁrobab);i not

the “yegult of nonspecific suppression by M@. Rather, it represents responses that had pa:;uscd‘

. O
their peak by the time of the thymidine pulse. Thus, the proliferation in cultures stimulated

=with high concentrations of APC peaked at an earlier time-point (data not shown).

Sy

W
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The similarity of the aosé-responsc curves of M@ and DC suggests that the activil‘y of
the M@ fraction was not due to cross-contamination by DC. Furthermore, the splenic MQ
used were very pure (> 98% FcR* M@). Although it is unlikely that < 2% contaminating DC
accounted for all the sﬁm‘ulalory activity of the M@ raction‘. it is possible that M0 synergized

with low numbers of contaminating DC. In this regard, Naito et a/ (1984) have recently shown

r

that M@ enhance allogeneic MLR stimulation by suboptimal numbers of DC. Therefore, it

was essential to show that a population of M@ free from DC coniamination could stimulate
MLR. Thus, pure culture-derived BM-M@ were compared with DC and splenic M@ for the
ability to stimulate allogeneic MLR. ' | .

.o The inactivity of unactivated BM-MQ fractions as stimulators of MLR can be
attributed to the low perc;enlage of la- cells contained in th;s M@ population (Figure 15).
Several other investigators have also reported tﬁat unactivated culture-derived BM-M@ contain
few (< 20%) la- cells (Mottram and Millef. 1980; Calami er al/, 1982; Lee and Wong, 1982;
Warren and Vogel, 1985). In contrast, Stern ef af (1979) found that 50% of culture-derived
BM-MG were Ia- without deliberate activation. However, these investigators used lung cell
conditioned medium as a source of CSF-1. This conditioned medium has been shown to
generate many more la- M@ than LCM (Lee.and Wong, 1980), probably due to the presehce of
interf erons. Less easily explainable is }hé report by Schook er a/ (1982) that BM-MQ grown
under nearly identical conditions to those used here yieided 60% Ia- M@. Perhaps the mice used
in these studies had high endogenous imcrf‘eron levels due to environmental infection, and thus
MO precursc;s could have been activaf);d before culture. Indeed, on a few occasians
lhroughoutf%lhe course of ’jstudies. l;nactivated BM -MO were found to express high levels of
la, but this was not a reprodu’cibl;: ‘ﬁnding, and ‘thus may be attributable to environmental
infection.

* Overnight in%ubation with lymphokines and LPS induced a dramatic increase in boih
thel number of la* M@ (from 13% to 65%) and the level of la expressed per cell (as represented

by the mean ﬂuorescengeqimensity (Figure 14), although the distribution of cells with different

la densities was very wide. Warren and Voge! (1985) similarly observed a great increase (from

o
%,,

-
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< 10% to 90%) in the number of la- BM-M@ after culture with recombinant IFN-y, as

assessed by complemenl-mediated cytotoxicity and ELISA. The much more modest increasc
(from 2.5% to 25%) in la- BM-MO observed by Calami er al (1982) foliowing their
la -induction protocol may have been aﬁ attificially low estixilale due ta.subjective identification
of la* cells by fluorescence microscopy. With respect to this possibility, the FACS analvsis
depicited in Figure 15 shows that many of the activated_BM-MQ@ expressed low levels of  la,
which may not have t_)eel detectable visually.

Small immature BM-MQ activated 10 induce la expression were excellent stimulators of
allogeneic MLR (Figure 7). Large (mature) activated BM-M@ weré not stimulatory despite
substantial surface la (Figure 15). jl'his 18 most\ likely due lyo the nonspecific suppressive
éctivily of these M@ (Lee and Wong, 1982). Similarly, the failure of Ssgjnman et al (1980) 1o
observe allogeneic MLR stimulation by activated péritoneal MQ (whgéh were 95% la') can
probably be attributed to the dominant suppressive activity -of this M@ population (l.ec and
Berry. 1977). Unexpectedly, the activity of ic MO relative to DC (Figure 8) was
somewhat lower than in Lhe.previous experi‘(}’-’igure 6). and was variable in othcr
experiments (not shown). !Allml%gh splenic M@ are mo§tly' small (L.ec, 1980b) and immaturc
(Steinman et al, 1979), and should therefore not have been suppressive, it is possible that
diffe%m splenic‘ M@ preparations had varying proﬁorlions of activated suppressive MQ
{possibly due to different degrees of environmental infection), thus cauging somce vanability in
the immunostiml;lalory capacity of unfractionated splenic MQ. Nevertheless, M@ were
effgctive stimulators of allogeneic MLR, and, in the absence of the suppressivé effects of large
M@, were nearlv as effective as DC (Figu‘re'8).

This conclusion depends heavily on the purity.' of the BM M@, which were g ’éwn in
medium supplemémed with LCM as a source of CSF-1. LCM supports sparsc carly grg\vlh of
granulocytes unde: some conditions. (Stern er al, 1979). but they dic off by the fifth day of )

culture (Lee and Wong, 1980). Granulocyte growth was further minimized by seeding low

numbers of BM cells (Lee and Wong, 1982). Adherent cells harvested in the middle of the

. exponential growth phase (day S or 6) are 100% FcR-, esterase-positivc.' phagocytic, and have
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thc‘vcharaclcrisilc morphology of M@ (Lee and Wong, 1980). Similar high levels of purity have
been reported by other investigators using similar growth conditions (eMomam ‘and Miller,
1980; Calami et al, 1982; Schook et a/, 1982; Walker et al, 1985). Most importaatly, growth of *
DC has never been observed. In contrast to M@, conditions for the in vitro growth of DC from
BM precursors have not been well defined. In 1982, Bowers et al reported success in growing
rat DC from precﬁrsors present in BM and ‘.periphcral blood using supernatant from
mitogen-activated spleen ‘cells, but no additional information has since been published. More
recently, Clayberger er a/ (1985) described a cloneg,(murine DC-like line derived from
limiting-dilution culture of murine een cells with contitioned medium from
Con A-stimulated spleen cells. Althoughh cell line has DC-like morphology, surface
markers (la*, Thy-1-, Ig-, FcR") and is nonphagocyuc no data on its MLR -activating capacity -
or APC funcuon were provided, making it difficult to draw conclu‘sdoris 11 fact, it ‘may
actually represent an atyp:calUT cell, since it produces a B cell sumulatorl factor similar to
those produced by T cells (reviewed in Howard er a/, 1984). Inaba et al (1981) also described a
DC-like line that secretes a B cell mitogenic factor. However, the isolation of DC-like lines by
both of tﬁesg group§ was serendipitous and has not been repeated.

| In summary, these studies have provided strong evidence that at least some M@
subpopulations are effective stimulators for allogeneic MLR. The past controversy over this
matter can prpbably be attributed to M@ heterogeneity and varying numbers of suppressive
activated M@. The finding that both M@ and DC were effective stimulators of allogeneic MLR
éuggesls that the "passenger leukoéytes' that are responsible for the rejection of some types of

allograft (Lafferty er a/, 1983) may consist of both cell types. Thus, strategies for depletion of

passenger leukocytes from donor organs should be designed accordingly.

C. Antigen Preseptation
DC and M@ were about equal in the ability to present soluble antigens, although DC
were more effective at high cell concentrations, bossibly due to the suppressive activity of M@

at these concentrations. Other workers have shown that DC and some nonphagocytic B cell
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and DC-like lines can bind a;nd preseni protein antigens such as OVA, turkey y-globulin, or
KLH (Chestnut er“al, 1982a; Cohen and Kaplan, 1983; Miyazaki and Osawa, 1983; Sunshine et
al, 1983). Thus, the minimal endocytic and catabolic activities of these cells are sufficient for
producing immunogenic moieties from soluble protein antigens. "
In contrast to soluble antigen presenuation. splenic M@ were superior to DC at
presenting whole bacterial organisms, presumably because their antigen-handling machinery is
better suited for the uptake and processing of particulate antigens. Small activated BM-MQ
(fraction A) were about three times as efficient (on a per cell basis) as splenic M@ and were
the most active APC in this system (Figure 12). This is consistent with a role for the increased
phagocytic and dégradative functions of activated BM-MO in processing particulate antigens.
Contrary to this, Kaye et a/ (1985) reported that splenic DC were the most effective presenters
of whole BCG organisms wherf compared to splenic M® and peritoneal M@. It shouid be noted
that the peritoneal M@ used in this siudy were not activat'ed and contained only 2-10% la- cells.
Furthermore, the splenic M@ population used was nonadherent after overnight incubation and
\could represent a distinct MO subset. In my experience, many splenic M@ remain adherent
aftg\r overnight culture and must be disiodged by vigorous pipeting (unpublished observations).
It is also possible that the DC were presenting soluble antigen shed from the BCG ( séc below).
Although only a small proportion of antigen ingested and deg_raded by APC can be
expected to be participate in immune induction (Unanue, 1981,1984), the possibility that
di;ferences in antigen uptake could have accoﬁnlcd for the functional differences observed
among APC subsets was examined. Clearly, large BM-M@, which functioned poorly as APC,
were not deficient in the uptake of particulate or soluble antigeps (Table 17). Moreover, the
smaliest BM-M@ bound approximately 50% less CP than the other BM-M@ fractions but were
the most efficient APC for this antigen, indicating that the grass amount of antigen taken up
by a cell does not correlateswith its efficiency as an’APC. This implies’lhit antigen up:akc was
not limiting in this system. For other APC, such as resting B cells, poor antigen uptake

~ probably is related 1o the inefficent APC function of these celis (Chestnut et a/, 1982b). No

difference between M@ and DC was observed for the uptake of particulate and soluble antigens
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(Tables 18 and 24). In contrast, P388AD.4 cells were selectively deficient in' CP uptake
~ (Table 17). i‘his cell line has been reported to take up solublg antigens poorly (Cohen and
Kaplan, 1983); this would appear to disagree with the results reported here for the uptake of
KLH by P388AD.4 (Table 17). However, Cohen and Kaplan used turkey y-g!obulin. which is
prebably taken up much more efficiently by FcR* than FcR- APC (Heusser e al, 1977),
wﬁereas FcR* and FcR- APC should take up comparable amounts of a nonsy -globulin antigen
such as KLH. The results in Table 17 are consistent with this idea. ‘

In view of the relative inefficiency of P388AD.4 to take up CP, the f ailure to observe a
s§milar selective deficiency in the uptake of particulate antigens by DC is surprising. The most -
likely explanation lies in the different protocols used for studies of antigen uptake by DC and
P388AD 4. Sﬁlenic DC are nonadherent after overnight culture and fail to re-adhere once.
detached from the culture dish (Steinman and Nussenzweig, 1980). This chargcteﬁstic
necessitated that DC and splenic M@ be pulsed with CP while free in suspension. Since CP was
removed by centrifugation, some bacteria could have been pelleted with the cells, thus
accounting for the failure to observe a difference in particulate antigen uptake between DC and
M@. Since the DC-like and M@-like lines used in these studies gre‘w as adherent monolayers,
the antigen-pulse was performed in situ, such that bacteria could be easily removed'by washing
(see Materials and Methods) . | : '

' Regardless of the potential differences in the uptake of particulate antigens by M@ and
DC or P388AD.4 during a 2 ‘hr pulse period, the dif ferences-in function* between the dif ferent
APC 1types were observed even when antigen 'was present throughout the culture period
(Figure 12 and Table 14). This reinforces the notion that antigen availability waS probably not .
a limiting factor in this system. The antigen uptake studies with P388AD 4 indicate, however,
that nonphagocytic APC may be selectively deficient in the uptake of particulate antigens, such
as whole bacteria. In addition;‘the poor degradative 'capacity of P388AD.4 for CP (Table 19)
may be germane to its inef f iciency in presenting that antigen.

Quantitativg, variation in la expression has been reported to directly influence APC

]

function (Matis er al, 1983; Zlotwnik et al, 1983; Lechler er al, 1985). Therefore, the poor
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activity of large BM-MQ as APC for presentation of soluble and particulate antigens (and
MLR activation) may be due to lower levéls of surface la, Acombared to DC, spleriiE M® and
small activated BM-M@ (Figure 15). It should be noted, however, that M@, especially large
mature MO, exhibit marked autofluorescence (Walker er a/, 1985). Thus. the proportion of la°
M@ detected by FACS analysis may be an underestimate. Consistent with this, large activated
BM-M@ expressed similar or greater levels of la as compared to small BM-M@ when assessed
by an ELISA technique (not shown). Furthermore, the level of la on APC is not always
positively correlated with effectiveness of antigen presentation. For example, Walker ef al
(1982b) found that some B cell tumors with b;\rely detectable levels of la presented antigen to T
cell hybridomas. Similarly, Glimcher er a/ (1982b) found that the inability of some la" B cell
tumors Lo present antigen or stimulate MLR wds not correlated with la antigen density.
Finally, Gepperi a;xd Lipsky (1985) reported a differential ability of endothelial cells and
fibroblasts to function as APC despite comparable Ia density. Thus, although a certain
thresho’ld density of la is probably required to activate T cells (Lechler et al, 1985). increasing
Ia density beyond this threshold may not greatly enhance APC function. Differences in APC
fun'clior} between cell types can probably be attributed 1o other cellular characteristics. In the
case of large activated BM-M@, suppressive activity probably masks any APC function that
these cells might possess (Lee and Wong, 1982).

The fabilit)' of DC to present particulate antigens was unexpected in. view of the low
endocytic cqpacity of this cell type (reviewed in Steinman, 1981). The fact that P388AD 4 also
presented CP suggests that nonphagocytic APC can process and present whole bacterial

)

antigens, albeit inefficiently, in the absence of the potential for M@ contamination. The

-

manner by which the bacterial antigens are processed is probably critical, especially for DC and

P388AD.4 which vaﬁre nonphagocytic and have low degrad;tive activity. Kaye ef al (1985)
sugg that D/C could perf ofm the processing at the cell membrane, but there is no evidence

this. Rel;gsc of soluble antigen by the bacteria (to be pinocytosed by DC) is more likely,
and evidéncJthat this can occur was presented (Tables 25 and 26, Figure 18). However, the

inhibition of antigen release by glutaraldehyde treatment was incomplete (45%). and cannot
)
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fully explain the much larger decrease in,CP immunogenicity after fixation (Figure 18). This
suggests that in addition to a dependence on shed antigen, the nonphagocytic APC may also
have a reduced capacity to process fixed bacteria. The fact that glutaraldehyde-fixation of CP
produced a more profound reduction of antigen-presenting acti;ity in P388AD.4 than in DC
(Figure 18) indicates that the DC preparation could have contained a few contaminating MO to

help in antigen processing.

D. Antigen Processing
Using chloroquine as a lysqsomal inhibitor (de Duve et af, 1974), it was shown that
antigen processing by splenic M@ and DC reqﬁires chloroauine-sensitive (presumably
lysosemal) functions (Tables 20-22), in agreement with other studies with peritoneal M@, B
cell tumors, and unfractionated splenic APC (Chestnut ef a/, 1982a; Lee et a/, 1982; Ziegler and
Unanue, 1982). Consistent with other reports (Grey er al, 1982; Ziegler and Unanue, 1982)
chloroquine had no effect on antigen uptake (Tables 18 and 24). The inhibitory effect of
chloroquine on antigen catat;oliSm by mature peritoneal M@ (Grey er al, 1982; Ziegler and
Unanue, 1982) and BM-M(Z)’(_Eee et al, 1982) ha}s been clearly démonstrated. However, MO
from spleen are small (Lee, 1980b) aad immature (Steinman et al, 1979). and it is not
surpfising that antigen degradation into acid-soluble material (in 1.5 hr) was'marginal and the
effect of chloroquine was correspondingly small (Table 24). Nevertheless, the sensitivity of
antigen-presenting function 1o chloroquine suggests that antigen processing did take plase, even
though the amount of processed material responsible for T cell stimulation might have been
‘ very small. Grey et al (1982) obtained similar results with antigen - presenting B cell tumors.
Inhibitor studies are always subject to the criticism that the inhibitor could have
additional, undetected effects on cell physiology other than the one it is noted for. Indeed,
chloroquine has recently been shown to inhibit the biosy;nthesis of whole cellular la (Nowell
and Quaranta, 1985), and this could explain its inhibitory effect on antigen presentation.
"However, since the” chioroquine sénsitivity of the response varied with the type of antigen,

inhibition of la expression was probably not the dominant effect of chloroquine in these
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studies. Furthermore, it took several hours for the block in la synthesis to be detected, thus,
the la-dependent part of the T cell activation process could have already been completed.

The specificity of the chloroquine effect was highly concentration dependent, c‘tcn
though APC viability was not affec\cd after treatment. The optimal chloroquine concentration
for selective abrogation of the presentation of large complex antigens showed some variation in
different experiments. This could have been due to varying degrees of environmental infection
and 'hcnqe Méb activation in the animals. Although MLR stimulation by purified DC and MO
was not entirely unaffected by chioroquine i;'x some experiments, it was always less sensitive 1o
chloroquine than the presentation of complex xenogeneic antigens ( Table 22). This observation
has been confirmed in the human system (Scala and Oppenheim, 1983). Furthermore,
Finnegan et a/ (1985) showed that a T cell clone with dual specifity for sellf MHC plus antigen
and allogeneic MHC had distinct processing requirements, depending on the naturc of the
antigen. Only the response to sell MHC plus antigen was significantly inhibited by
pretreatment of APC with chloroquine. Finally, experiments demonstrating effective T ccll
stimulagion by alloantigen presented in planar membranes (Brian and McConnell. 1984) or
liposomes (Weinberger et af, 1985) sug.g.est that histocompatibility molecules do not need to be
processed. |

| The processing requirement for xenogeneic antigens has been shown to vary according
to the size (Lee et al, 1982; Buus and Werdelin, 1986¢) or conformation (Buchmulier and
Corradin, 1982; Streicher et ‘al, 1984; Bover et al, 1986) of the antigen. Here. I have presented
evidence that the type of APC may also influence the processing requirement, but this also
depends on the nature of the antigen being presented. For example, presentation of BCG by
both DC and M@ was largely-inhibited by chloroquine, whereas presentation of PPI) was much

more chloroquine sensitive with M@ as APC (Figure 17). Thus, for a smaller antigen like

PPD, either processing is not stringently required ( et al, 1982) when presented on DC, or

some processing‘nakes place via a lysosome-indépendent (and chloroquine-insensitive)
pathway. The production of immunogenic moieties by M appears to depend entirely on the

chioroquine - sensitive pathway, regardless of. the antigen



132

E. MO - DC Collaboration

The dichotomy of APC functions in T proliferative responses raises the possibility of
accessory cell collaboration, with M@ and DC being primari.ly responsible for smigen
catabolism and antigen presentation, respectively. To explore this possibility, limiting numbers
of M@ and DC (and also P388D, and P388AD 4) were mixed in various proportions, and good
synergistic effects were observed. In this ‘syslcm. it appeared that M@ were limiting. Thus, a
3-fold reduction in the number of M@ co-cultured with 10* DC greatly reduced the CP-specific
proliferative response. whereas a 30-fold reduction in the number of DC co-cultured with 10
MO only marginally decreased the response (Figure 19A). Similar results were obtained f or the
activation of a KLH-specific T cell line (Figure 19B), and a BCG-specific T cell line
(Figure 20). ’

M@-DC synergy has been reported for a T-dependent B cell response (lvnaba et al,
1981) and a T proliferative response to KLH (Miyazaki and Osawa, 1983). In both cases, MO
could be replaced by nonspecific supernatant factors> On the contrary, neither recombinant
I1.-1 nor M@-SN could replace MO 1n the synergistic responses observed here, and the
sensitivity of M@ to pretreatment ‘with chioroquine suggests that processing of antigen was
required (Figure 21). Although the data are consistent with theé transfer of fragmented antigen
from M@ to DC. demonstration of supra-immunogenic antigenic moieties in the culture fluid

of antigen-fed M@ was not possible (Table 29). This could have been due to the low

concentration of antigen in such culture fluids. The proximity of M@ and DC in the white .
pulp of the spleen (Steinman et al, 1975), or in vitro, may ensure effective transfer of procesre& !

antigen to DC, which could present it directly, or after f urther processing. In an analog&;\xa
-

system of APC collaboration. Roska and Lipsky (1985) recently reported that the ability of
paraformaldehyde-fixed, la- M@ 1o stimulate antigen-specific T cell proliferation in the
presence of soluble antigen was restored by the addition of la- endothelial cells or fibroblasts,
which were themselves nonfunctional as APC. These results are consistent with the transf er of
processed antigen from la- cells 10 la* cells, although antigen processing by the la- cells was not

directly dcr;xonsmled in this study.

»
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In summary, the data presentedy in this thesis show that APC function can be
performed by cell types which have distinct cell-surface phenotypes and functional caplb'ililies.
A rationale for the functional dichotomy between MQ® and DC was provided by the
demonstration of antigen-dependent differences in efficiency of APC function. Some M@
subsets can stimulate MLR or antigen-specific T cell proliferation, depending on la expression

.and a minimum of suppressive activity. These parameters are variable and can be affected by
the stage of differentiation (Lee and Wong, 1982) or activation (Adams and Hamilton, 19%4)
of the M@. In conjrast, the potent T cell stimulatory capacity of DC is probably due to high
constitutive levels :f la (Steinman, 1981) and lack of suppressive capabilities. M@ can enhance
DC-mediated T cell activation by providing processed antigen or inhibit it nonspecifically (l.ec
and Wong. 1982). APC-dependent selection of % cell functions may be a further consequence
of accessory cell heterogeneity (Ramila and Erb, 1983; Ramila er a/. 1985). For example. MO,
but not DC, were reported capable of stimulating s;lpprcssor T cells (Usui er al, 1984). Thus,
the existence of functionally di/ytrsc APC types provides an opportunity [or immunoregulation

at the carliest stage of immuncginduction.
i
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