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ABSTRACT

DTH is an in vivo manifestation of cell-mediated immune response. T cells and
their cytokines are important participants and regulators of DTH response. In this study.
I investigated the activities of T cell cytokine subsets in DTH induction, and

characterized the regulatory effects of their cytokines and other molecules on DTH.

IL-10 is a Th2 cytokine that inhibits Thl, macrophage and neutrophil cytokine
synthesis. The effects of [L-10 on DTH were tested. Mouse rIL-10 was purified to >
90% homogeneity. The IL-10 in vivo half life was 2 to 5 hr. Systemically administered
[L-10 inhibited footpad swelling induced by Thl clones. The inhibition was
accompanied by a similar suppression of tissue edema. IL-10 inhibited the levels of [L-2.
[L-6, IL-10, IFNvand TNFo/LT in DTH footpads. IL-10 also inhibited footpad swelling

and TNF/LT induced in SRBC DTH.

The ability of the CD8 Tcl and Tc2 cell to induce DTH was tested. Allo-reactive
Tcl and Tc2 cells induced comparable levels of antigen-specific footpad swelling with
similar time courses. They induced similar levels of footpad edema and infiltration of
macrophages and neutrophils. Furthermore, Tc2 cells recruited more eosinophil
infiltration. Tcl and Tc2 cells retained their distinct in vitro cytokine profiles in the
injected footpads and induced similar inflammatory cytokines. However [FN7 and IL-4
were not the critical mediators of the Tcl or Tc2 DTH. Tcl and Tc2 cells also induced
tissue swelling when injected into footpads of syngeneic mice together with allo-APCs.
Furthermore, Tcl and Tc2 cells were able to migrate to local inflammatory sites.
Together these results suggested that both Tcl and Tc2 cells are able to mediate DTH

during certain immune responses.
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The contribution of perforin-mediated cytotoxic activity to DTH was studied.
Perforin-deficient Tcl or Tc2 cells were able to induce DTH, although at a lower
magnitude. Perforin-deficient Thl and Th2 cells induced similar footpad swelling as
their control counterparts. Perforin-deficient cells produced similar levels of cytokines as
did their control counterparts. Thl cells produced similar levels of cytokines as did Tcl
cells in the injected footpads, Th2 cells produced only one tenth of cytokine levels in the
Tc2 footpads. Therefore, the poor activation of Th2 cells in vivo may account for their

lower ability to induce DTH.
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Chapter 1. Introduction

A. Prologue

The Ag-specific immune response is an important defense mechanism against a
large range of invading microorganisms or non-self substances such as allergens and
toxins. Based on the major components in the immune system that mediate the response,
immune responses can be generally classified into two types, humoral immunity and cell-
mediated immunity (also called cellular immunity). Humoral immunity is mediated by
circulating antibodies (Abs) and can be transferred from an immunized to a naive
individual by cell-free serum. Cellular immunity, on the other hand, is mainly mediated
by T lymphocytes and can only be transferred by Ag-specific T cells. Humoral and
cellular immunities are usually appropriate for controlling of different types of pathogens.
Generally speaking, humoral immunity is more effective in clearing extracellular
pathogens, while the cell-mediated immune response is more efficient in controlling
intracellular infections. Thus, the choice of the type of immune response towards certain
infectious microbes often determines the progress of the disease and the fate of the host.
Humoral and cellular immunity against the same pathogen can be coexpressed in an
individual, but during strong or chronic infections, these two types of immune responses
are often mutually exclusive. Thus, understanding the regulation within each type, and
between the two types of immune responses, can provide important information for

manipulating our immune system to control diseases.

CD4 T helper (Th) cells are important regulatory cells required for both humoral
and cellular immune responses. The immune regulatory functions of the Th cells are
mainly mediated by their secreted cytokines. Effector Th cells produce heterogeneous

patterns of cytokines and can be classified into distinct cytokine subsets. For the last ten



years the classification of Thl (producing IL-2, [FNyand LT) and Th2 (synthesis of IL-4.
IL-5, [L-6, IL-10 and IL.-13) cells has been well established. In general, through their
distinct cytokine profiles, Thl and Th2 cells mainly regulate cellular and humoral
immunity respectively. Furthermore, Thl and Th2 cells express mutual cross-
suppressive effects through some of their cytokines. More recently distinct cytokine
patterns, similar to those of the Thi and Th2 cells, have been identified among CD8 T
cells, which are called Tcl and Tc2 respectively. Tc!l and Tc2 cells showed similar in

vitro activities, but their potential in vivo functions are still under investigation.

DTH is an important in vivo manifestation of cell-mediated immune responses
which is particularly critical for controlling many intracellular infections. The ability to
induce an Ag-specific DTH reaction often represents the reactivity of cellular immunity
towards that Ag. Thus DTH provides an important mode! to study cell-mediated immune
responses in vivo. DTH reaction is a cascade of events involving multiple types of cells
and soluble factors. T cells are important regulators and effectors of the process. Both
CD4 and CD8 T cells can induce DTH, depending on the MHC restriction of the Ags.
Cytokines produced by T cells and other immunoactive cells are also important
regulatory factors of DTH. In general, DTH is associated more often with Thl than Th2
cytokines, although there are exceptions. The contribution of Thl and Th2 cells and their

cytokines to DTH responses is not fully understood.

Work reported here is mainly concerned with the regulation of DTH by CD4 or
CD8 T subsets and their cytokines. Therefore in the first part of the introduction. I will
present a brief review of different T cytokine subsets, the functions of their cytokines, and
the potential physiological roles of the cytokine subsets during immune responses. In the
second part of the introduction, I will give a brief summary of the general aspects of DTH

and the cellular and molecular participants in DTH process.
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B. T cytokine subtypes and their roles in immune regulation

Cytokines

The term cytokine was introduced (Cohen et al, 1979) to describe a group of
regulatory polypeptides secreted by white blood cells and other nucleated cells. Up to
now about 50 distinct cytokines have been identified, including the interleukins (ILs), the
interferons (IFNs), the tumor necrosis factors (TNFs), the transforming growth factors
(TGFs), the colony stimulating factors (CSFs) and many chemokines. Most cytokines are
produced only transiently after cell activation. The same cytokine is usually produced by
several unrelated cell types upon various stimuli, whereas one cell type is often able to

secrete multiple cytokines after being activated.

Cytokines usually act over short distances as autocrine or paracrine intercellular
signals. Released cytokines bind to high affinity receptors on the surface of target cells
and lead to changes in proliferation rate, differentiation state, or expression of function in
these cells. The effects of cytokines are often pleiotropic and redundant. One cytokine
may exert different actions on different cells, while several structuraily dissimilar
cytokines can show remarkably similar actions on the same cell type. Furthermore,
functions of two cytokines can sometimes be synergistic or antagonistic, and one
cytokine can stimulate or inhibit the synthesis of others. Thus, the numerous cytokine
types, the pleiotropic functions of each cytokine and their complex interregulations make

cytokines important regulatory mediators of immune responses.

General introduction of Thl and Th2 cells
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CD4 T helper (Th) cells are the major regulatory cells in all tvpes of immune
responses. Most of the immunoregulatory functions of Th cells are mediated through
cytokines produced after the cells have been activated. Cytokine profiles of individual Th
cells are usually heterogeneous, but not randomly distributed (Mosmann and Sad, 1996).
By studying large numbers of mouse CD4 T-cell clones, Mosmann and colleagues have
found that Th cells can be classified into at least two groups, based on their distinct
cytokine patterns (Mosmann et al., 1986; Cherwinski et al., 1987). Type 1 Th (Thl) cells
produce IL-2, IFNy and lymphotoxin (LT) after activation through the T cell receptor,
whereas Th2 cells secrete [L-4, IL-5, IL-6, IL-10 and IL-13. Both Thl and Th2 cells
produce IL-3, TNFo, GM-CSF as well as many chemokines. Similar Th subsets have
also been identified among human T cells isolated from chronically stimulated
respondents (Romagnani, 1991a; Romagnani, 1991b). However, the production of IL-2.
[L-6 and IL-10 in human Th cells is not as restricted to one subset as that of mouse Th
cells. Functional studies of the Thl and Th2 subsets show a general trend in the roles of
these two types of cells in immune regulation (see below). Thl cells normally activate
cell-mediated immune responses such as DTH, while Th2 cells often induce humoral
immunity and enhance allergy. The dichotomy of the immunoregulatory functions of

Th1 and Th2 cells indicates the physiological importance of the Th1/Th2 classification.

Thl and Th2 are not the only possible cytokine subsets among Th populations.
Rather they represent two extreme phenotypes that correlate with certain strong immune
responses (Kelso, 1995). Other cytokine producing subsets exist both in vitro and in
vivo. For example, ThO cells produce a mixture of Thl and Th2 cytokines (Mosmann
and Coffman, 1989). Furthermore, Thl or Th2 cells are not homogenous within their
populatiods. According to the single cell cytokine synthesis (Bucy et al., 1994), not all
Thl or Th2 cells produce the full range of their characteristic cytokine profiles, and the
level of cytokine production by any single cell within the population varies.

Nevertheless. the Thl and Th2 distinct cyvtokine subsets provide us with a good system to
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study the class regulation of immune responses, particularly those associated with
infectious diseases. Understanding of the regulation of immune responses can provide
important information for manipulating the immune system to generate the most effective

response for disease protection and cure.

The mechanisms of Thl and Th2 cell differentiation have been extensively
studied, but are not fully understood. Naive Th cells secrete only IL-2 when first
stimulated by Ag/Ag presenting cell (APC). This type of cell is called T helper precursor
(Thp) cells (Seder and Paul, 1994). Thl and Th2 phenotypes can be generated from a
single Thp cell under different differentiation conditions (Swain et al., 1990a; Sad and
Mosmann, 1994). The pathway leading to Thl and Th2 differentiation is still under
investigation. There is evidence that the IL-4 gene is activated during Thl cell
differentiation, which suggests that the generation of Thl cells may go through a
intermediate ThO phenotype (Kamogawa et al., 1993). However, whether Thl cytokines
are also produced during Th2 differentiation is not clear. The differentiation of Thl or
Th2 cells is influenced by multiple factors. From both in vitro and in vivo studies,
Cytokines are the most potent differentiation factors for generating Thl and Th2 cells.
IL-4 stimulates the generation of Th2 cells, while IFNY, IL-12 and TGFJ each induce the
development of Th! cells (Seder and Paul, 1994). The choice to differentiate into Thl or
Th2 cells may also be affected by the costimulatory molecules on APCs, such as the B7
family (Keane-Myers and Nickell, 1995); and the dose of Ag (Hosken et al., 1995).
During infections, differentiation of Thl or Th2 cells is also controlled by the genetics of
the host, hormone environments (Seder and Paul, 1994) and certain products of the
pathogens (Hsieh et al., 1993). Thus, the generation of Thl and Th2 cells is determined

and regulated at different molecular and cellular levels.

Functions of Thl and Th2 cytokines
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Cytokines are one of the major mediators of the regulatory functions of Th cells.
Thus, the activities of Thl and Th2 cells during immune responses often correlate with
the functions of their distinct cytokine profiles. In this section I will briefly review the

biological functions of the characteristic cytokines of Thl and Th2 cells.

The overall function of Thl cytokines is to activate the cytotoxicity of multiple
cell types, in order to mount an effective cell-mediated immune response. IL-2 is the
principal growth and costimulatory factor for both CD4 and CD8 T cells (Smith, 1934;
Erard et al., 1985). High doses of IL-2 result in the expansion of a potent cytolytic T cell
population against tumor target cells (Rosenberg and Lotze, 1986). Similarly a high dose
of IL-2 induces the proliferation, IFNy production and cytolytic activity of NK cells
(Ortaldo et al., 1984; Ortaldo et al., 1986; Trinchieri et al., 1984). IL-2 activated cytolytic
cells (LAK cells) also provide a valuable tool in anti-tumor clinical practice. In addition,
[L-2 also acts as a growth factor for activated human and murine B-blast cells, and

increases Ig secretion (Miyawaki et al., 1987; Callard and Smith, 1988).

IFN7 is a potent activator for both macrophages (Le et al., 1983; Nathar et al.,
1983) and neutrophils (Stevenhagen and van Furth, 1993), the major nonantigen-specific
effectors of cellular immunity. IFNY induces the production of TNFa and the reactive
oxygen intermediates of macrophages (Philip and Epstein, 1986), and therefore activates
the tumoricidal and antimicrobial activities of these cells. It also enhances the expression
of both class I and class I MHC on macrophages (Sztein et al., 1984; Kelley and Pitha.
1985), which makes them better APCs for T cells. [FNY increases IgG2a production by B
cells (Snapper and Paul, 1987b) and the Fc receptor expression on macrophages (Warren
and Vogel, 1985), and accordingly increases Ab-dependent macrophage phagocytosis and
cytotoxicity. IFNy also stimulates the expression of MHC class I Ag on virus infected
cells and enhances CD8 T cell mediated cytotoxicity (Blackman and Morris, 1985:

Bukowski and Welsh, 1985). All these results indicate that [FNv is an important cytokine
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in cell mediated immune responses. Another Thl cytokine, LT, in synergy with IFNv,
induces cytokine mediated cytotoxicity toward target cells (Lee et al., 1984). Overall Thl
cytokines stimulate the functions of macrophages, granulocytes, CTL and NK cells, the
major participants in cell-mediated immune responses. Therefore, Thl cells are most

likely to activate cellular immunity such as DTH responses.

Th2 cells produce a number of factors that enhance Ab production and induce
proliferation and activation of eosinophils and mast cells. IL-4 strongly increases the
expression of class I MHC (Noelle et al., 1984), CD40 (Gordon et al., 1988; Valle et al.,
1989) and BB1/B7 (Valle et al., 1991; Ranheim and Kipps, 1993) on B cells. These
effects of IL-4 can enhance the cognate T-B-cell interaction and lead to increased Ab
production. IL-4 also induces the clonal expansion of B cells activated by Ag (Alderson
et al., 1987) and allows the proliferation of Ag-specific B cells in the presence of helper T
cells (Stein et al., 1986). IL-4 causes the sustained proliferation of B cells activated
through CD40 (Banchereau et al., 1991). During B cell differentiation, [L-4 regulates the
Ab isotype switch to IgG1 and IgE (Rothman et al., 1988; Gauchat et al., 1992a; Gauchat
et al., 1992b), the major isotypes in humoral and allergy responses. In IL-4 knock out
mice, the production of IgGl and IgE are strongly reduced (Kuhn et al., 1991),
confirming the in vivo importance of IL-4 in generating these isotypes. I[L-13, another
Th2 cytokine, induces IgG4 and IgE synthesis independent of IL-4 in the human system
(Punnonen et al., 1993). IL-5 also induces Ab production (Rasmussen et al., 1988) and B
cell proliferation (Swain et al., 1988). But unlike IL-4, IL-5 acts at the late stage of B cell
differentiation and induces IgM, IgG and IgA synthesis (Bond et al., 1987; Yokota et al.,
1987) by selectively enhancing the proliferation of B cells bearing the above isotypes
(Lebman and Coffman, 1988b). Furthermore, IL-5 synergizes with [L-4 to promote IgE
secretion (Coffman et al., 1987) and enhances TGFf-induced IgA production by LPS-
stimulated B cells (Lebman et al., 1990). IL-10 also cooperates with TGFJ in inducing
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IgA secretion by anti-CD40-activated human B cells (Defrance et al., 1992). I[L-6
markedly enhances the production of all isotypes of Abs (Splawski et al., 1990) by B
cells, and it appears to act at a late-stage of B-cell maturation (Muraguchi et al., 1988).
Furthermore, IL-6 is especially crucial for IgE production driven by IL-4 (Vercelli et al..
1989). Overall, Th2 cells produce a cocktail of cytokines that activate B cells and

enhance Ab production via different mechanisms.

Besides helping Ab production, Th2 cytokines also support the generation of mast
cells, basophils and eosinophils. In the presence of I[L-3, [L-4 induces the generation of
both human basophils (Favre et al., 1990) and mouse mast cells (Rennick et al., 1987)
from progenitor cells. IL-4 is an essential growth factor for the in vitro growth of
connective tissue-type mast cells (Hamaguchi et al., 1987; Tsuji et al., 1990). IL-10 also
enhances the proliferation of mast cell lines in synergy with IL-3 or IL-4 (Thompson
Snipes et al., 1991). Furthermore IL-10 drives the differentiation of mast cells by
inducing their protease MMCP1 and MMCP2 production (Ghildyal et al., 1992a:
Ghildyal et al., 1992b). However, IL-10 inhibits the production of soluble factors such as
histamine and TNFa from mast cells (Arock et al., 1996). IL-5 specifically induces the
differentiation of eosinophils during hemopoiesis in vitro (Sanderson, 1992) and in vivo
(Dent et al., 1990). In combination with IL-3, IL.-4 induces the generation of eosinophils
from human progenitor cells (Favre, et al., 1990). Both IL.-4 (Tepper et al., 1989; Tepper
et al., 1992) and [L-5 (Yamaguchi et al., 1988; Wang et al., 1989) are chemotactic factors
for eosinophil homing to local tissue. IL-5 increases the expression of integrin CD11b on
human eosinophils (Lopez et al., 1986), increases the adhesion of eosinophils to
endothelial cells (Walsh et al., 1990), and thus may enhance the extravasation of these
cells during inflammation. Together the above results indicate that Th2 cells have the
potential to induce eosinophilia and mastocytosis in vivo. Furthermore, IL-5 has also
been reported to modify basophil function and induce basophil differentiation (Bischoff

et al., 1990; Denburg et al., 1991).
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In vivo functions of Thl and Th2 cells during immune responses

The in vivo functions of Thl and Th2 cells are strongly influenced by the
biological functions of their cytokines. In general, Thl cells are often involved in cell-
mediated inflammatory reactions. Thl cytokines are commonly expressed at sites of
DTH reactions (Tsicopoulos et al., 1992; Yamamura et al., 1991). Ag-specific Thl cells
are often isolated from individuals undergoing cell-mediated immune responses (Heinzel
et al., 1991; Del Prete et al., 1994; Del Prete et al., 1991b; Haanen et al., 1991). On the
other hand, Th2 cells are often found in association with strong Ab production and
allergic responses (Mosmann and Sad, 1996). Th2 clones induce both B cell growth and
IgE secretion (Lebman and Coffman, 1988a; Lebman and Coffman, 1988b), and the
levels of Ig production are proportional to the number of Th2 cells added to B cells. Th2
phenotypes are often isolated from the sites of allergic responses (Van Reijsen et al..

1992:; Robinson et al., 1992; Robinson et al., 1993).

The development of certain type of immune response can be either protective or
deleterious to a given infection. Generally speaking, cell-mediated immune responses
can control intracellular microorganisms, but may not be effective in clearing the
extracellular pathogens and their secreted products. Ab responses are good at
neutralizing free pathogens and their products, but are not efficient in controlling
intracellular infections. The correlation between the Th subsets and the different types of
immune responses in vivo (Mosmann and Sad, 1996) strongly indicates the crucial effects

of Thl and Th2 cells in immunoregulation.

The mouse Leishmania major infection model provides a clear demonstration of
the immune regulation of Thl and Th2 cells in disease progression. The control of this

infectious disease requires the development of effective cell-mediated immunity capable
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of activating macrophages to a microbicidal state. Ab responses have weaker effect in
clearing the intracellular organisms or in establishing immunity to reinfection. Choice of
the type of immune response is dependent on the mouse strains (Scott et al., 1988;
Locksley and Scott, 1991). Resistant mouse strains such as C57BU/6, effectively localize
the infection and are cured eventually. In these mice, macrophage activation and a strong
DTH reaction develop after the infection, with only very low levels of Abs in the serum.
Ag-specific T cells isolated from these animals show high IFNy but low IL-4 production.
suggesting a Thl cell type (Locksley and Louis, 1992). In contrast, susceptible strains
such as BALB/c, usually develop a severe and progressive disease that leads to death of
the infected mice. These mice produce very high serum levels of Abs including IgE, but
fail to mount L. major specific DTH reactions. T cells collected from these mice express
high IL-4 but low [FNYy, which represents a Th2 phenotype (Locksley and Louis, 1992).
The importance of the Thl and Th2 cytokines to the disease progress has been confirmed
by anti-cytokine Ab treatment. Anti-IFNy Ab inhibited the cell-mediated immunity
against L. major in the resistant strain and made these animals susceptible to the infection
(Belosevic et al., 1989). On the other hand, anti-IL-4 treatment lowered Ab responses in
susceptible mice and led to cure of the disease (Sadick et al., 1990). Direct evidence
showing the distinct regulatory effects of Th1 and Th2 cells on disease progress has been
demonstrated by adoptive transfer. When L. major specific Thl and Th2 cell lines were
transferred into L. major infected mice, Thl cells transferred L. major specific DTH
responses and provided protection for further infection, while Th2 cells exacerbated the
course of the disease (Scott et al., 1988). Similar results have been obtained by
transferring Th1 or Th2 cells into L. major infected SCID mice (Holaday et al,, 1991).
Effects of Thl and Th2 cells in the transferred mice were mediated by IFNy and IL-4
respectively. However as an exception, a L. major specific Thl clone that was able to
adoptively transfer parasite specific DTH exacerbated cutaneous leishmaniasis in infected

naive mice. The mechanism of this action was not known (Titus et al., 1991).
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Unlike the L. major infection, which is cured by a Thl dominated cell-mediated
immunity, the cure of mouse intestinal helminth infection is associated with a IL-4
dependent Th2 response (Locksley, 1994). In Trichuris muris infection, the nature of the
immune responses towards the pathogen is also determined by the genetic backgrounds
of the mice. Resistant mice such as BALB/k, expel adult worms and acquire protective
immunity to rechallenge. Susceptible mice such as AKR, fail to clear the worms from the
body and thus maintain a persistent infection (Else et al., 1994). These disparate
outcomes of the infection are correlated with Th2 or Thl cytokine profiles produced by
mesenteric lymph node cells isolated from resistant and susceptible mice (Finkelman et
al., 1991). The Th2 mediated response in resistant mice activates eosinophils, intestinal
mastocytosis and IgE production. However, these hallmarks are not the critical mediators
for host protection (Sher and Coffman, 1992), suggesting that some yet undetermined
mechanisms related to Th2 responses may coniribute to the resistance. Blocking of IL-4
results in persistent infection in the resistant mice, whereas neutralization of IFNy allows
the susceptible strains to clear worms (Urban et al., 1991; Urban et al., 1993). Thus, this
system is another example demonstrating the dichotomous effects of Thl and Th2

responses in infectious diseases.

Although direct tests, such as Th clone adoptive transfer or cytokine blockage.
cannot be done in human systems, correlations between Th1/Th2 subsets and types of
immune response also suggest distinct roles of Thl and Th2 cells during
immunoregulation. Th! cells are normally associated with contact dermatitis,
autoimmunity and some chronic inflammatory disorders. In contrast, Th2 cells appear to
be involved in allergic responses against common environmental allergens and are
responsible for triggering allergic atopic disorders (Romagnani, 1994). T cells isolated
from the sites of tuberculin DTH reactions express high levels of IL-2 and IFNvy but low
levels of IL-4 and IL-5, indicating a Thl phenotype (Romagnani, 1991a). Similarly.

nickel-specific T cell clones generated from individuals with nickel induced contact
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hypersensitivity, secrete IL-2 and high levels of IFNYy but low or undetectable levels of
IL-4 and IL-5 (Kapsenberg et al., 1992). In contrast to DTH or contact hypersensitivity.
atopic allergy is associated with elevated serum levels of allergen-specific IgE and local
eosinophils. The allergen-specific Th cells from both peripheral blood and skin lesions of
allergic patients showed elevated IL-4 and [L-5 production, but low levels of IL-2 and
IFNY, suggesting a Th2 phenotype (van der Heijden et al., 1991; Van Reijsen et al.,
1992). T cells producing IL-4 and IL-5, but not IFNY, are also found at the epithelial
basement membrane in endobronchial mucosal biopsies (Hamid et al, 1991) and in the
bronchoalveolar lavage fluid from patients with atopic asthma (Robinson et al., 1992:
Robinson et al., 1993). Thus, similar to their mouse counterparts, human Thl and Th2

cells are involved in the regulation of different types of immune reactions.

The dichotomy of Thl and Th2 cytokines in immunoregulation has also been
shown in many other animal or human diseases such as tuberculosis, leprosy,
Trypanosoma cruzi and T. equiperdium infection, Nippostrongylus brasiliensis infection.
and several autoimmune and allergic diseases (Mosmann and Sad, 1996). Based on these
studies, a general trend of the physiological functions of Thl and Th2 cells in immune
regulation is demonstrated. Thl cells generally mediate cellular immunity such as DTH.
while Th2 cells are effective in supporting Ab production and enhancing allergy.
However there are exceptions to this trend, e.g. the granulomas, chronic DTH responses,
to the egg Ags of Schistosoma mansoni are caused by Th2 rather than Thl cells (Wynn et
al., 1993). The difference in regulatory mechanisms between Thl and Th2 cell mediated
DTH responses has not been fully understood, and will be further discussed in later

sections.

Counter-regulations between Thl and Th2 cells during immune regulation



Thl and Th2 cells not only regulate different immune responses, but also
mutually inhibit the functions of their reciprocal phenotypes through some of their
characteristic cytokines. These cytokines inhibit the generation, the proliferation, or the
biological functions of the reciprocal phenotypes. Furthermore, Thl and Th2 cells often
express opposite effects on non-T effector cells such as macrophages and B cells. This
cross-regulation between Thl and Th2 cells may partially explain the strong bias towards
either Thl or Th2 response during many infectious diseases (Mosmann and Sad, 1996),
and the mutually exclusive phenomena between strong DTH and Ab responses (Parish,

1972; Katsura, 1977).

Thl and Th2 cytokines mutually inhibit the generation and functions of the
reciprocal phenotype. The Thl cytokine, IFNY, inhibits the proliferation of Th2 clones in
response to IL-2, [L-4 or IL-1 (Gajewski and Fitch, 1988; Fernandez-Botran et al., 1988).
The Th2 cytokine, IL-4, suppresses the development of Thl cells by inhibition of IL-2
and IFNY synthesis during T cell differentiation (Swain et al., 1990b). Another Th2
cytokine, IL-10, inhibits the cytokine productions of Thl cells stimulated by
macrophages (Fiorentino et al., 1989) and dendritic cells (Macatonia et al., 1993), and
accordingly suppresses the biological functions of Thl cells. The inhibitory effect of IL-
10 is indirect, which acts through the inhibition of ILL.-12 production and the costimulator
B-7 expression of the APCs (Murphy et al., 1994; Ding et al., 1993; Flores Villanueva et
al., 1994; Chang et al., 1995). IL-10 also inhibits macrophage-stimulated Thl cell
proliferation, which is partially caused by the inhibition of synthesis of autocrine IL-2

from Th1 cells (de Waal Malefyt et al., 1991b; Ding and Shevach, 1992).

Thl and Th2 cells often express opposite effects on other immunoactive cells,
which further contributes to the inhibition of immune responses induced by the reciprocal
phenotypes. Thl and Th2 cytokines show different effects on macrophages and

neutrophils. IFNYis a potent activator for both macrophages and neutrophils, while some
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Th2 cytokines show double edged effects on these cells. I[L-4 (Crawford et al.. 1988:
Stuart et al., 1988) and IL-13 (McKenzie et al., 1993) are capable of inducing MHC
expression on macrophages, which may enhance their ability to stimulate T cells. IL-+
increases the tumoricidal activity of murine peritoneal macrophages (Crawford et al,,
1988) and it also acts on neutrophils to enhance their respiratory burst and their
phagocytic properties (Boey et al., 1989), however the stimulating effects of IL-4 on
macrophages and neutrophils are not as potent as that of IFNy. On the other hand, IL-4
shows profound suppressive effects on macrophages. It downregulates expression of the
three Fcy receptors (Te Velde et al., 1990), and therefore blocks Ab-dependent
cytotoxicity. IL-4 also inhibits the spontaneous and induced production of monokines.
such as IL-1, IL-6, IL-8 and TNFc (Essner et al., 1989; Hart et al., 1989; Standiford et
al., 1990; Miossec et al., 1992). IL-4 inhibits the synthesis of collagenase (Corcoran et
al., 1992: Lacraz et al., 1992), superoxide (Abramson and Gallin, 1990; Ho et al., 1992),
nitric oxide (Taub and Cox, 1995) and PGE7 (Hart et al., 1989) of macrophages. These

results suggest that IL-4 could be an anti-inflammatory factor.

IL-10 is a major suppressor of monocytes/macrophages and neutrophils. IL-10
inhibits the synthesis of several cytokines produced by LPS activated
monocytes/macrophages, including IL-1, [L-6, IL-8, IL-10, IL-12, GM-CSF and TNF (de
Waal Malefyt et al., 1991a; Fiorentino et al., 1991). The inhibition of its own production
suggests a self-regulated expression pattern during immune responses. Besides cytokine
production, IL-10 inhibits the microbicidal activity of macrophages during inflammatory
responses. IL-10 reduces macrophage cytotoxic activity in synergy with IL-4 or TGEB
(Oswald et al., 1992a). By suppression of TNF synthesis, IL-10 reduces the TNF-
mediated cytotoxicity of macrophages (Gazzinelli et al., 1992b; Oswald et al., 1992b).
while the inhibition of nitric oxide synthesis (Cunha et al., 1992; Gazzinelli et al.. 1992c¢)
blocks another macrophage cytotoxic mechanism. Furthermore, IL-10 reduces the

expression of class Il MHC on certain types of macrophages (de Waal Malefyt et al..
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1991b), thus, makes them poor APCs for T cells. IL-10 decreases the synthesis of [L-8
and Macrophage inflammatory protein (MIP) by neutrophils (Wang et al., 1994; Kasama
et al., 1994). IL-10 also inhibits the production of IFNY by NK cells (Hsu et al., 1992),
partially through inhibition of the production of IL-12 (Germann, Rude and Mosmann,
unpublished data), an NK cell stimulatory factor (Kobayashi et al., 1989; Chan et al.,
1991). Thus, IL-10 is very likely to function as a potential anti-inflammatory reagent.
However, IL-10 induces the expression of FcyR and increases cytotoxicity of human
monocytes, which also suggests a potential role for IL-10 to enhance Ab-dependent

cytotoxicity (Te Velde et al., 1992).

Thl and Th2 cells also show different regulatory effects on B cell activation and
Ab production. Th2 cytokines, in general, provide B cell help, and the degree of Ig
production is proportional to the number of Th2 cells added to B cells (Snapper and Paul,
1987a; Del Prete et al., 1991; Del Prete et al., 1995). Th2 cytokines stimulate B cells to
synthesize IgM, IgE and IgGl1, but inhibit the production of IgG2a and IgG2b, while the
Thl cytokine, [FNY, preferentially enhances IgG2a production but inhibits the production
of IgGl and IgE (Snapper and Paul, 1987b). IgG2a is very effective at fixing
complement and promoting NK cell-mediated killing, so IFNy can also enhance humoral
immunities to destroy microbial pathogens. However, B cell help provided by Thl cells
shows a peak only at a T to B ratio of 1:1. At higher T:B ratios, the Ab production of B
cells is suppressed (Coffman et al., 1988; Del Prete et al., 1991b). Furthermore, IFNY
blocks the responses of resting B cells to IL-4 (Rabin et al., 1986) and inhibits growth-
stimulation and MHC class II enhancement of [L-4 on resting B cells (Mond et al., 1986).
Collectively, these results suggest that Thl cells can be both helpful and suppressive for

B cells and their Ab production.

The mutual-inhibitory effects of Thl and Th2 cytokines suggest a counter-

regulatory modulation between polarized Th1/Th2 responses. There are evidences
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indicate the counter-regulation between Thl and Th2 responses in vivo. During
pregnancy, high levels of Th2 cytokines are expressed in the placenta, which may benefit
fetal survival and placental maintenance (Lin et al., 1993). Interestingly, increased Th2
cytokine production correlated with the biased humoral and reduced cellular immunity
often observed in maternal immune responses (Wegmann et al., 1993). Compared with
nonpregnant mice, pregnant mice express higher Ab, but diminished DTH responses,
against foreign Ags (Dresser, 1991; Holland et al., 1984). These phenomena suggested
that the Th2 environment during pregnancy may be the cause of the enhanced Ab and
suppressed DTH responses. More direct evidence provided recently showed that
pregnancy impaired the Thl immune response toward L. major in resistant C57BL mice
(Krishnan et al., 1996). In pregnant C57BL mice, L. major infection became persistent

correlated with reduced levels of IFNy and TNF production upon L. major Ag

stimulation.

The cross-regulation between Thl and Th2 responses was also demonstrated in
the mouse S. mansoni infection model. During the time of egg deposition, infected mice
exhibited down-regulated IL-2 and IFNy production toward parasite Ags. with a
simultaneous increase in the production of Th2 cytokines (Pearce et al., 1991).
Furthermore, these mice showed reduced Thl and elevated Th2 responses to an unrelated
foreign Ag (Kullberg et al., 1992). These results suggested that the elevated Th2
response towards schistosoma Ags may also alter cell-mediated immunity to other
microbial agents. When the helminth infected mice were further infected with
recombinant vaccinia virus, in contrast to control vaccinia-infected animals, the double
infected mice failed to produce a detectable level of IFNy toward the challenge by virus

Ags, and virus clearance was delayed (Actor et al., 1993).

Both cell-mediated and humoral immune responses can be either protective or

harmful to the host, depending on the pathogen. The counter-regulatory effects between



the Thl and Th2 cells and their cytokines provide the possibility to modulate immune
responses during disease progression. Thus, determining which cytokines express
mutual-inhibitory functions between Thl and Th2 responses and understanding their
functional mechanisms would provide potential therapeutical agents to regulate humoral

or cell-mediated immune responses.

CDS8 T subsets and their functions

CDS8 T cells play an important role in anti-viral immunity, allo-graft rejection and
anti-tumor responses. They are also of major importance in many bacterial and protozoan
infections such as Listeria monocytogenes, Mycobacterium tuberculosis, Toxoplasma
gondii, Plasmodium spp, Theileria parvum, Leishmania major and Trypanosoma cruZi
(Scott and Kaufmann, 1991). The physiological functions of CD8 T cells are mainly

mediated by either the cytolytic activities of these cells or by their secreted cytokines.

One of the major functions of CD8 T cells, also known as cytolytic T
lymphocytes (CTL), is to mediate MHC class I restricted killing of infected or foreign
target cells. The short-term cytotoxic activity of CD8 T cells is mainly mediated by two
distinct mechanisms (Lowin et al., 1994; Henkart, 1994; Kagi et al., 1994b) depending on
the target cells. Most of the target cells are killed by perforin-mediated pathway, which
involves the regulated and polarized secretion of lytic granules, containing perforin and
granzymes, upon contact of the T cell with a target (Liu et al., 1995). While for the Fast
target cells, they can also be killed by the Fas-mediated pathway, which involves the
interaction of membrane-bound Fas ligand on T cells with the Fas molecule on the
surface of the target cells (Rouvier et al., 1993). In both cases, CD8 T cells induce

apoptosis of the target cells (Berke, 1995).



Like CD4 T cells, CD8 T cells also produce multiple cytokines when activated.
In general, most CD8 T cells produce Thl cytokines (Fong and Mosmann, 1990).
However, IL-4 producing CD8 T cells from naive mice have been reported (Seder et al.,
1992). High proportions of CD8 T cell clones derived from gut mucosa secreted IL-5
(Taguchi et al., 1990), and CD8 clones specific for Mycobacterium leprae Ags comprised
both cytotoxic clones that produced IFN7 and suppresser clones producing IL.-4 (Salgame
et al., 1991). Recently distinct Thl- and Th2-cytokine patterns have been generated
among CD8 T cells, which were named Tcl and Tc2 cells respectiveiy (Sad et al., 1995;
Croft et al., 1994). Tc2-like cells were also isolated in vivo from microorganism-infected
individuals (Coyle et al., 1995; Maggi et al., 1994; Paganelli et al., 1995) as well as

normal human peritoneum (Birkhofer et al., 1996).

Allo-reactive Tcl and Tc2 cells can be generated from naive CD8 T splenocytes
in the presence of IL-12 with anti-IL-4 and IL-4 with anti-IFN7 respectively. and their
cvtokine phenotypes are not reversible (Sad et al., 1995). Cytokine regulation of Tcl and
Tc2 cells was studied in vitro. IL-2 was a potent growth factor for both Tcl and Tc2
cells, while IL-4 also supported the growth of both subsets to a lesser extent (Pimlott and
Mosmann unpublished data). IL-4 totally inhibited IL-2 production and reduced the
level of other cytokines, such as IFNY and LT, of mature Tcl cells in an APC
independent manner (Sad and Mosmann, 1995). These IL-4 treated Tcl cells were then
called cytokine-deficient Tcl cells. TGFP1 effectively inhibited the growth of both Tcl
and Tc2 cells. Unlike on CD4 Th2 cells, [FNYy did not inhibit the proliferation of either

Tcl or Tc2 cells (Pimlott and Mosmann unpublished data).

Since Th1 and Th2 cells usually exhibit different biological functions both in vitro
and in vivo, functional differences were also expected from Tcl and Tc2 cells. However
the in vitro functions of allo-specific Tcl and Tc2 cells were quite similar. They are both

cytotoxic, mainly by the perforin-mediated pathway, with the Fas-mediated killing
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contributing to a lesser extent (Carter and Dutton, 1995). Neither Tcl nor Tc2 cells
provide cognate B cell help, probably due to their cytotoxicity to B cells, but Tc2 cells
can provide bystander B cell help (Maggi et al., 1994; Sad et al., 1995). There are no
obvious differences between Tcl and the cytokine-deficient Tcl cells in short term
functional studies such as 4hr cytotoxicity assay and B cell help assay. But the cytokine-
deficient Tcl cells lost the ability for autonomous proliferation due to their loss of IL-2

production (Sad and Mosmann, 1995).

There is evidence for in vivo existence of Tc2 cells during infectious diseases.
Some CD8 T cell clones (Maggi et al., 1994) derived from HIV infected patients with
Job's-like syndrome produced high levels of IL-4 and IL-5, but no IFNy. These cells
expressed reduced cytolytic activity and provided bystander B cell help for IgE synthesis.
In LCMV-specific TCR transgenic mice, a strong bystander Th2 response resulted in
high levels of IL-5, but little IFNy was produced by lung CD8 T cells. Airway
eosinophilia developed in these mice when they were challenged intranasally with a
LCMV-specific peptide (Coyle et al., 1995). These results indicate that Tc2 cells may be
generated in vivo during a strong Th2 response, consistent with in vitro cytokine
requirements for Tc2 differentiation. Furthermore, CD8 T cells producing IL-4 and IL-5
but not [FNy were found in normal human peritoneum. These cells exhibited reduced
cytolytic activity but provided substantial B cell help for IgG and IgA (Birkhofer et al.,
1996). The generation and the in vivo biological roles of these cells need further

investigation.

Like CD4 T cells, CD8 T cells can also mediate DTH reaction to MHC class [
restricted antigens (Liew, 1982; Kundig et al., 1992). CD8 T cells are especially
important in DTH toward infections by some viruses, such as LCMV (Doherty et al.,
1990) and influenza virus (Leung and Ada, 1980), and other intracellular microbes, such

as Listeria monocytogenes (Goossens et al.. 1992), Leishmania major (Muller. 1992:
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Muller et al., 1991), and Cryptococcus neoformans (Mody et al.. 1994). In those
infections, the DTH responses mediated by CD8 T cells either provide protection to the
host, or are responsible for the pathogenesis of the disease. CD8 T cells are also the
major mediators in certain contact hypersensitivity reactions (Bour et al., 1995; Xu et al..
1996). Furthermore, CD8 T cells can induce adoptively transferred footpad DTH (Lin
and Askonas, 1981). However, the involvement and contribution of the CD8 T subsets

with different cytokine secreting profiles to DTH responses is not known.

C. Delayed type hypersensitivity (DTH)

Concept, physiological significance and detection of DTH

The original concept of DTH came from the delayed skin reaction induced by
tuberculin. A century ago, Robert Koch (1890) observed an induration and swelling at
the local skin site after injecting tuberculin into previously sensitized individuals. This
recalled skin reaction was first named the "Koch phenomenon"”. Later, similar skin
reactions were induced by Ags from many other microbial organisms, e.g. bacteria, fungi.
parasites and viruses, as well as by foreign proteins, tumors, allografts and simple
chemical molecules (Turk, 1980). Generally, the reaction started a few hr after the Ag
challenge as a white or rose colored swelling, and reached its peak at 24-72 hr. The skin
reaction at its height was red and indurated, sometimes with hemorrhages at the center.
The histological appearance was characterized by a perivascular accumulation of
mononuclear cells, including lymphocytes and monocytes/macrophages. In mouse and
rat, higher percentages of granulocyte infiltration also appeared (Boughton and Spector.
1963; Martins and Raffel, 1964, Turk, 1980). The ability to induce this reaction could be

transferred to naive individuals by Ag-primed cells (T celis) but not by serum or Abs
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(Chase, 1945, Zinsser, 1925, Zinsser and Mueller, 1925). This characteristic
distinguished this reaction from immune responses caused by Ab-Ag complexes, such as
the Arthus reaction. Collectively, this type of Ag-specific, T cell dependent, delayed skin

recall reaction was later called delayed-type hypersensitivity or type IV hypersensitivity.

The physiological relevance of DTH has been explored extensively since the first
discovery of this reaction. DTH is one of the major types of cell-mediated immunity, and
can be both helpful and harmful to the body depending on the situation. The correlation
between DTH and protection from many infections makes it a defined defense
mechanism against a wide range of microorganisms, especially intracellular pathogens
(Liew, 1982; Bochner and Schieimer, 1994). Whether or not a DTH is induced often
becomes an important criterion in determining the effect of vaccines toward intracellular
pathogens. Furthermore DTH skin test is widely used in estimating the prevalence of
tuberculosis, histoplasma infection and coccidioisis infection in a given population, and
the epidemiological information is valuable in directing-public health programs against
these diseases (Ahmed and Blose, 1983). On the other hand pathogen induced DTH
often causes tissue damage. In some cases it contributes to the major pathogenesis of the
disease, as in lymphocytic choriomeningitis and tuberculosis (Crowle, 1975; Doherty et
al., 1990). DTH is believed to be responsible for the destruction of self tissues in many
autoimmune diseases, such as EAE (Turk, 1980), and to be one of the mechanisms that
causes allograft rejection (Mason, 1988; Cramer, 1987). It has also been suggested that
DTH participated in immunological surveillance and defense mechanisms against tumors.
DTH induced by tumor-associated Ags or recall Ags often correlates with the clinical
progress and the prognosis of tumors (Ahmed and Blose, 1983). Due to the involvement
of DTH in a variety of immunological or immunophathological processes, understanding

of this reaction is apparently important in the control of many diseases.
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In human systems. DTH is tested by intradermal injection or epidermal painting
of the Ags. Reactions are normally measured by the area of swelling (Ahmed and Blose.
1983). In animal studies, animals are immunized through a variety of routes such as
cutaneous, subcutaneous, intradermal, epidermal etc. Very often the Ags are
administrated with adjuvants to enhance the reaction (Crowle, 1975). DTH reactions are
then induced by challenging the sensitized animals, often in footpads or ears, 1-2 wk after
the immunizations. The magnitude of the DTH responses is recorded by the size of the
tissue swelling, using either thickness or weight. Further studies of DTH include the
histological study for cellular infiltration and the vascular permeability test for tissue
edema. Infiltrated cells are often analyzed by dve or immunohistochemical staining.
Vascular permeability is tested by iv injection of radio- or dye-labeled protein, and the

radioactivity or content of dye in DTH tissue is then measured.

Classification of DTH responses:

DTH response is not simply one homologous type of reaction, rather it is
characterized by considerable diversity. According to the nature of the Ags and the
routes of immunization, the kinetics of DTH induction and expression, the induration and
the histological profiles of DTH can be quite heterogeneous. Therefore, DTH responses
are often subclassified into four types: The classical tuberculin type, Jones-Mote reaction.

the granuloma and contact hypersensitivity.

The classical tuberculin DTH: Tuberculin DTH was so named to represent the
type of skin reaction induced by tuberculin. It is the most common type of DTH induced
in many infectious diseases. In animal studies, tuberculin DTH was induced by
immunizing animals with Ags in complete Freund's adjuvant (CFA) containing

mycobacteria. DTH was elicited 7 days after sensitization and inducibility was persistent

9



MR Ll AL LR D A

for several weeks. This type of reaction was characterized by predominantly monocytic
infiltration, sustained duration, and substantial fibrin deposition leading to marked
induration (Dvorak et al., 1970; Turk, 1980). Striking microvascular alterations,
basement membrane thickening and variable amounts of endothelial cell injury were also

accompanied by the classical type of DTH reaction (Turk, 1980; Dvorak et al., 1980).

Jones-Mote Reaction: The concept of Jones-Mote reaction was introduced when
it was found that the DTH reaction induced by soluble protein was not phenotypically
similar to tuberculin DTH (Nelson and Boyden, 1964). In animal studies, Jones-Mote
reaction was induced by immunizing animals with Ags in Freund's incomplete adjuvant
(FIA) (Nelson, 1964), the Ag dose needed was much larger than that for classical DTH
(Dvorak et al., 1980). The sensitizing time for DTH induction appeared earlier but was
transient. The skin reaction was less persistent than that of classical DTH (Jones and
Mote, 1934; Raffel and Newel, 1958), with little induration, probably due to less
deposition of fibrin. Histologically, this reaction was characterized by granulocyte
infiltration, especially basophils in guinea pigs. Therefore the Jones-Mote reaction was
once called cutaneous basophil hypersensitivity (CBH) (Richerson et al., 1970). Basophil
infiltration was suppressed when guinea pigs were treated with CFA before immunization
(Nakamura et al., 1986). However, histological differences between tuberculin and
Jones-Mote reactions were not absolute, and in many cases the type of infiltrates were
quite similar in both reactions (Turk et al., 1980). Furthermore, T cells isolated from
guinea pigs with a tuberculin DTH adoptively transferred Jones-Mote reaction in naive
recipients (Askenase, 1976), suggesting that the cause of differences between tuberculin
and Jones-Mote reactions may not be T cell dependent. However the mechanism that

causes the differences between these two reactions is still not clear.

Granuloma: A granuloma is a localized collection of cells of the mononuclear

phagocyte system (MPS) with or without other types of inflammatory cells. Granulomas



are induced both non-immunologically by plastic beads, carbon particles, silica etc.. and
immunologically in tissues undergoing certain chronic infectious diseases such as
tuberculosis, leprosy and schistosomiasis (Turk, 1980). Surrounding the central core of
mononuclear phagocytes, there are usually lymphocyte, plasma cell, eosinophil and
neutrophil infiltrations. Many of the mononuclear phagocytes show varying degrees of
differentiation into epithelioid cells or giant cells. Central necrosis or caseation is often
seen in a granuloma. Towards the periphery of the granuloma are varying degrees of
fibroblast proliferation and collagen formation, which can lead to a site of intense
fibrosis. Depending on the Ags, the T subsets that regulate the formation of the
granuloma, and the histological appearance can be heterogeneous (Chensue et al., 1994:
Chensue et al., 1995). Granulomas induced by Ags from schistosome eggs were
mediated by Th2 cells, and the granulomas were largely infiltrated by eosinophils (Wynn
et al., 1993). Endogenous Thl cytokines inhibited both the size and the cellular
infiltration of the schistosome granulomas (Chensue et al., 1995). Granulomas induced
by the purified protein derivative (PPD) of M. ruberculosis on the other hand were
mediated by Thl cells and were mainly infiltrated by monocyte/macrophages (Chensue et

al., 1995b) or CD8 T cells (Hernandez-Pando et al., 1995).

Contact hypersensitivity: Contact hypersensitivity (CH) is a delayed skin reaction
induced by small chemical molecules instead of protein Ags (Eisen et al., 1952;
Landsteiner and Jacobs, 1936; Chase et al., 1941). This reaction can be sensitized by
repeated skin painting (Eisen et al., 1952) or multiple intradermal injections (Landsteiner
and Jacobs, 1936; Chase et al., 1954). In vivo the chemicals covalently bind to skin
proteins and create neoantigens (Eisen et al., 1952, 1958) to activate Ag-specific T cells
(Moulon et al., 1995). CH is normally induced two weeks after the last sensitization.
Histological appearance of CH is characterized almost solely by mononuclear cells with a
low proportion (only 20-30% ) of macrophages (50% in the tuberculin DTH) (Flax and

Caulfield, 1963). The histological picture of CH is similar between human and guinea
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pig (Turk et al., 1966b). In general there are few polymorphonuclear cells at the site of

reaction.

The process and the molecular and cellular participants of DTH:

DTH process: DTH is a cascade of cellular and molecular events expressed as a
T cell dependent delayed inflammatory response. The whole DTH process can be
arbitrarily divided into at least two sequential stages: the initiating phase and the effector
phase. The initiating stage of a DTH response includes the generation of Ag-specific
DTH-initiating T cells and the DTH effector T cells after the immunization, the activation
of the endothelial cells and the recruitment of circulating DTH effector T cells after Ag
challenge. The effector stage of DTH involves local activation of Ag-specific DTH
effector T cells: svnthesis of a cascade of chemotactic and activating cytokines from T
cells, endothelial cells, and other infiltrating cells; further activation of endothelial cells:
recruitment and activation of Ag-nonspecific monocytes/macrophages and neutrophils:

increase of vascular permeability and deposition of fibrin (Askenase, 1992).

DTH initiaring cells: DTH-initiating T cells, isolated from contact
hypersensitivity reactions, were critical for the initiation of a DTH response (Askenase,
1992). These cells were Ag-specific, Thy-1%, CD5+, CD4-, CD8-, CD3~, TCRuf}",
TCRYS-, B220%, IL-2R" and [L-3R*, and were normally induced in the lymph nodes or
spleen within one day after immunization. DTH-initiating cells function by releasing an
Ag-specific DTH initiating-factor that binds to cutaneous mast cells in the tissue. After
Ag challenge, binding of Ags to DTH-initiating factors on mast cells caused the release
of serotonin from mast cells. Serotonin altered the integrity of endothelium, facilitated
the rapid influx of mononuclear cells and triggered the effector stage of the contact

hypersensitivity response. By adoptive transfer it was found that the Ag specificity and



MHC restriction of the DTH-initiating cells and DTH effector T cells did not need to be
matched. Although the corresponding DTH-initiating cells have not been isolated from
other DTH systems, mast cells and vasoactive amines were generally involved in all DTH
initiation. This observation suggests that similar initiating procedures may occur in other
types of DTH as well (Askenase, 1992). DTH could also be triggered by local tissue
damage during the Ag challenge. The damaged tissue may send the so called "danger
signals" through dendritic cells to the draining lymph node. This event induced the
activation of Ag-specific T cells and caused cellular migration to the tissue (Matzinger,

1991). However the "danger signal" has to be further defined.

Vascular endothelial cells: vascular endothelial cells at sites of Ag challenge are
critical players for both cellular infiltration and vascular permeability during a DTH
reaction (Pober and Cotran, 1990a). Immediately after the initiation of inflammation.
endothelial cells are activated by histamine or thrombin, etc., and later by cytokines.
TNF is the major activating cytokine of vascular endothelial cells; other cytokines such as
[L-1, IL-4, IFNYy and some chemokines are also able to activate endothelial cells. After
activation endothelial cells produce cytokines (e.g. IL-6) and chemokines (e.g. IL-8 and
RANTES), increase levels of existing adhesion molecules (e.g. [CAM-1) and induce
expression of additional adhesion molecules (e.g. VCAM-1) on their surface (Pober and
Cotran, 1990a). These changes slow the movement of circulating leukocytes, induce the
attachment of these cells to the endothelium and enhance their extravasation. In addition,
activated endothelial cells produce vasodilator substances such as prostacyclin (PCI2) and
nitric oxide (NO), which cause increased blood flow and optimize delivery of leukocytes
to the site of inflammation. Endothelial cells also undergo shape changes and basement
membrane remodeling, therefore increase vascular permeability and cause tissue edema.
Plasma macromolecules such as fibrinogen also leak into the tissue. The deposition of
fibrinogen and its insoluble cleavage product fibrin, as well as plasma fibronectin. serve

as the basis of the induration often found in classical DTH (Geczy. 1984). Collectively. it



has been demonstrated that vascular endothelial cells are active participants of DTH

responses.

Adhesion molecules: Adhesive interactions, mediated by adhesion molecules
expressed on both leukocytes and endothelial cells, are requisite for subsequent leukocyte
extravasation at inflammatory sites (Anderson and Shaw, 1994). Three families of
adhesion molecules are involved in this event: selectins, including L-selectin, E-selectin
(ELAM-1) and P-selectin; the Ig superfamily, including intercellular adhesion molecule-1
(ICAM-1), ICAM-2 and vascular cell adhesion molecule-1 (VCAM-1); and the integrins.
especially the B2 subfamily, lymphocyte function-associated molecule 1 (LFA-1), Mac-1.
pl150,95, and the very late activation antigen 4 (VLA-4) (Hogg, 1992). Integrins are
mainly expressed on leukocytes (Springer, 1990). L-selectin is expressed on
lymphocytes, while P- and E-selectin are found on endothelium. ICAM is found on both
leukocytes and vascular endothelium, while VCAM-1 is restricted to endothelial cells. It
has been hypothesized that emigration of circulating leukocytes into tissues involves
sequential events: (a) initial rolling of leukocytes on inflamed vascular endothelium via
selectin interaction with carbohydrate ligands on the endothelium; (b) activation of
leukocytes by chemoattractants on glycoproteins on the surface of endothelium; (¢) firm
attachment to the blood vessel walls mediated by interactions between integrins and
members of the Ig superfamily; (d) transendothelial migration (Shimizu et al., 1992).
Activated or memory T cells express higher levels of adhesion molecules, indicating a
selective migration of these cells to the inflammatory sites, although in an Ag

independent manner (Anderson and Shaw, 1994).

During DTH or other inflammatory responses, infiltrates of varying cellular
compositions are associated with the patterns of endothelial adhesion molecule
expression (Silber et al.. 1994). The expressions of E-selectin, ICAM-1 and VCAM-1 are

induced or enhanced after the activation of endothelial ceils. E-selectin mediated the
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adhesion of neutrophils and CD4 memory T cells to activated endothelium. and its
expression was paralleled with neutrophil and lymphocyte infiltration (Silber et al.,
1994). ICAM-1 induces T cell and monocyte/neutrophil infiltration by interacting with
LFA-1 and Mac-1 respectively (Zimmerman et al., 1992). Blocking LFA-1 or ICAM-1
with Abs completely abrogated tissue swelling of Th2 cell mediated DTH, and the early
granulocyte infiltration was inhibited by the Ab to ICAM-1 but not by that to LFA-]
(Muller et al., 1995a). Furthermore ICAM-1 deficient mice expressed diminished DTH
(Xu et al., 1994). VCAM-1 mainly mediated the initial attachment of memory T cells
through VLA-4, and anti-VLA-4 Ab blocked T cell migration to DTH sites (Issekutz,
1991; Elices et al., 1993). All these results suggest that the increased expression of these
adhesion molecules on endothelial cells is responsible for the migration of different cell
types. High levels of E-selectin were induced early (2-6 hr), while induction of VCAM-1
and [CAM-1 was delayed (12-48) (Pober and Cotran, 1990a). Sequential expression of
adhesion molecules on the endothelial cell surface, at least partially controls the
sequential dominant cellular infiltration seen in many DTH responses (Doherty et al.,

1996).

Chemokines: The term chemokine is used to represent a group of low molecular
weight (7-10 kD) proteins that express chemotactic activities for circulating leukocytes
(Strieter et al., 1996). All the identified chemokines (about 30) are basic heparin-binding
proteins structurally related by three highly conserved cysteine residues. Most
chemokines are subdivided into two branches based on whether the first two cysteines in
the motif are adjacent (termed C-C) or separated by an intervening residue (C-X-C).
Recently a third subfamily containing one cysteine (-C-) was reported. In general, most
of the C-C chemokines such as the monocyte chemotactic protein (MCP) family.
RANTES, and the macrophage migration inhibitory factor (MIF) family, are chemotactic
to monocytes and T cells, while the C-X-C chemokines such as IL-8 and platelet factor 4

(PF4), attract neutrophils (Schall, 1994). Chemokines are produced by multiple cell types
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including endothelial cells, T cells, macrophages, keratinocytes, fibroblasts etc. Secreted
chemokines bind to endothelial cell surface heparin sulfate glycosaminoglycans, where
they preferentially interact with leukocytes bound to endothelial cell through adhesion
molecules. Chemokines express three separate actions on leukocytes. First, they increase
the affinity of integrins on leukocytes to Ig superfamily adhesion molecules on the
endothelium. Second, they change leukocyte spreading from a round immobile form to a

flat migrating form. Last, they stimulate cell locomotion (Schall, 1994).

The expression and functions of some chemokines has been demonstrated in DTH
responses. IL-8 (Larsen et al., 1995), v interferon-induced protein (IP-10), MCP-1
(Kaplan et al., 1987; Gautam et al., 1994), RANTES (Devergne et al., 1994), macrophage
chemotactic factor 1 (MCF 1) (Higashi et al., 1995) and MIF (Bernhagen et al., 1996)
were elevated during classical DTH or contact hypersensitivity. These results suggest
that these chemokines may be important participants in DTH responses. Furthermore.
anti-IL-8 Ab suppressed the tissue swelling, and neutrophil infiltration of tuberculin DTH
in rabbits (Larsen et al., 1995) and neutralizing anti-MIF Abs inhibited tuberculin DTH in
mice (Bernhagen et al., 1996), which further confirms the important role of these
chemokines in DTH. Local administration of IL.-8 or zymosan-activated plasma (ZAP), a
source of C3a, enhanced accumulation of large numbers of neutrophils and some
lymphocytes in a PPD induced DTH sites in sheep (Colditz and Watson, 1992),
suggesting their physiological roles in DTH. The production of chemokines during
immune responses is often regulated by T cell derived cytokines. IFNY induced the
expression of IP-10 in macrophages and other cell types during DTH reaction (Kaplan et
al., 1987). IFNy and TNF« induced IL-8 and MCP-1 production from endothelial cells
(Pober and. Cotran, 1990a; Pober and Cotran. 1990b). [FNyand TNF« induced, while IL-
4 and IL-13 inhibited the production of the RANTES by endothelial cells (Marfaing-
Koka et al., 1995). These results indicate a regulatory network of cvtokines and

chemokines in cellular infiltration during DTH responses.



T cells: T cells are both effectors and regulators of DTH responses. They not
only control the Ag specificity of DTH, but also amplify the response by activating other
Ag-nonspecific effector cells through a variety of cytokines and chemokines. Ag-specific
T cells were generated in local lymph nodes (Cruz, 1994) stimulated by Langerhans cells
or dendritic cells, the principal epidermal APCs that migrate to lymph nodes after Ag
immunization (Bergstresser et al., 1991, Morikawa et al., 1992). Primed or memory T
cells preferentially stay in the circulation and are able to transfer DTH responses in naive
syngeneic animals. After skin Ag challenge, T cells are rapidly recruited in the site of Ag
challenge where they react to the Ag, become activated, start proliferation and release
cytokines. Both CD4 and CDS cells migrated into the tissue of DTH responses (MacPhee
et al., 1993; Gocinski and Tigelaar, 1990), but only less than 10% of the T cells were Ag-
specific, while the vast majority of infiltrated cells were non-specifically recruited (Turk
and OQort, 1963, Kalish, 1991). However. the efficiency of Ag-specific T cells in
inducing DTH is high; it was demonstrated that under the right conditions, a single T cell
is sufficient to locally transfer a footpad DTH response (Marchal et al., 1982). Activated
T cells produced a group of cytokines and chemokines that recruited and activated Ag-
nonspecific infiltrated effector cells (Pastore et al., 1996). Local or systemic
administration of Ag after waning of the DTH still caused a flare-up reaction, indicating
that some functional T cells still persisted at the inflammation site after DTH (Klasen et

al., 1987).

DTH suppression: DTH is often under the negative regulation of suppressor cells.
DTH suppressor cells can be T cells, B cells (Dorf and Benacerraf, 1984), or
macrophages (Buchanan and Murphy, 1994). They function at either the induction or the
effector stages of DTH. in either an Ag-specific or non-specific manner (Richard et al.,
1990; Dorf and Benacerraf, 1984). DTH was often suppressed during strong humoral
responses (Parish, 1972; Sher et al., 1983), or during certain infections (Liew, 1983;

Richard et al., 1990; Nakamura et al., 1989). DTH suppression can also be induced by iv
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injection of a large dose of Ag (Dorf and Benacerraf, 1984) or by ultraviolet (UV)
radiation of the animals (Denkins et al., 1989). The mechanisms of the DTH suppression
were various. In certain cases, B cells and Ag-specific Abs mediated the suppression of
DTH (Sher et al., 1983; Morikawa et al., 1989; Morikawa et al., 1990; Morikawa et al.,
1991), which could partially explain the suppressed DTH during strong humoral
responses. The mechanisms of DTH suppression by B cells and Abs are not clear. It was
reported that some Ab suppressed DTH through idiotype-anti-idiotype interactions (Sy et
al., 1979). CDS8 T cells often serve as DTH suppressers. They function through their
secreted Ag-specific suppressor factors that mediate suppressive activity at either the
induction or effector phase of DTH (Ptak et al.. 1986; Kuchroo et al., 1990). However
the functional mechanisms of these suppressor factors are not well understood. It has
been demonstrated that many suppressor factors contained two linked chains, one directly
recognized the Ags while the other was I-J + that may control the genetic restriction (Dorf
and Benacerraf, 1984). In addition, a few suppressor factors carry anti-idiotype
specificity, and therefore might function via an idiotype-anti-idiotype interaction (Nash
and Gell, 1981). UV radiation suppression of DTH was partially mediated through
epidermal cells (Tamaki and Tijima. 1989). These cells inhibited DTH through direct
production of suppressor cytokine. IL-10 and TNFa were the suppressor mediators for
DTH and contact hypersensitivity respectively (Rivas and Ullrich, 1992; Brown et al.,
1995). UV induced DTH suppression was also mediated by epidermal resident APCs
that caused differentiation of Th2 cells instead of Thl (Simon et al., 1990; Araneo et al.,
1989) or functionally inactivated Thl cells (Simon et al., 1994). The inhibition of DTH
induced by Th2-like T suppressor cells was mediated by IL-4 and IL-10 (Rivas and
Ullrich, 1994), while the inhibition of contact hypersensitivity was mediated either by IL-
10 (Yagi et al., 1996) or by undetermined mechanisms (Rivas and Ullrich, 1994).
Furthermore, in some cases, the impairment of the DTH response was due to a clonal

deletion or anergy of DTH effector T cells (Thomsen and Marker, 1986; Marker and
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Thomsen. 1986). Collectively, the wide existence of DTH suppressor cells and a variety

of suppression mechanisms may explain the lack of DTH responses in certain systems.

Cytokines involvement in DTH: The general correlation between Th1 cells or Thl
cytokines to DTH reaction (Heinzel et al,, 1989; Tsicopoulos et al., 1992; Pirmez et al.,
1993) has been discussed previously. However, this correlation is not absolute. In
certain cases both Thl and Th2 cytokines were detected in DTH biopsies (Buchanan and
Murphy, 1993; Ng et al., 1995), and the Ag-specific Thl, Th2 or ThO cells were isolated
from DTH sites (MacPhee et al., 1993; Picker et al., 1995). These results suggested that
the micro-environment of DTH tissue was not always clearly Thl biased. Furthermore.
both [FN7 and IL-4 were elevated in the lymph nodes during initiation of oxazolone (OX)
induced DTH, which suggested the involvement of both Thl and Th2 cells in this type of
DTH (Thomson et al., 1993), however, blocking Abs to neither [L-4 nor [FNv altered the
DTH swelling, suggesting that these two cytokines might not be the crucial mediators for
the effector stage of the DTH reaction. The granulomas to the of S. mansoni egg Ags
were caused by Th2 rather than Thl cells (Wynn et al., 1993). Preactivated Th2 cells
induced a DTH-like footpad inflammation that was inhibited by both anti-TNFa and anti-
IL-4 Abs (Muller et al., 1993; Muller et al., 1994). These results suggest that Th2 cells

also have the potential to induce DTH.

Direct functions of Thi or Th2 cytokines in DTH responses have been studied by
in vivo administration or by depletion of these cytokines. IL-2 given shortly after
immunization suppressed, while given 4-10 days later enhanced SRBC induced DTH
(Harada et al., 1986). Systemic injection of IL-2 during Ag challenge, but not
immunization, increased the magnitude of dinitrochlorobenzene (DNCB) induced DTH.
probably through the enhancement of T cell activity (Zaloom et al., 1991). Intradermal
injection of IFN7 alone or in synergy with [L-1 recruited monocytes and lymphocytes

into the skin. while anti-IFN¥ inhibited lymphocyte recruitment to DTH sites (Issekutz et



al., 1988a; Issekutz et al., 1988b). Anti-IFNy also inhibited DTH induced by auto-
reactive T cells (Shiohara et al., 1988) and a variety of Th! clones (Fong and Mosmann,
1989). All these results directly indicated the positive effects of Thl cytokines on DTH.
However herpes simplex viral Ag-specific DTH was induced in [FN'y-deficient mice with
no significant difference from that in control mice (Bouley et al., 1995), suggesting that
[FNy was not absolutely required, at least for certain DTH reactions. Furthermore, anti-
[FNy administered during Ag challenge enhanced DNFP induced contact hypersensitivity
in rats (Skoglund et al., 1988), and IFNY administration prior to challenge reduced the
reaction (Skoglund and Scheynius, 1990), suggesting that [FNy could also be a negative
factor in DTH induction. IL-4, through its action on y3 T cells, played a critical role in T
cell migration in a systemically transferred DTH response (Salerno et al., 1995).
Furthermore, anti-IL-4 treatment not only suppressed the DTH induced by
trinitrochlorobenzene (TNCB), but also blocked the ability of T cells to transfer DTH to
naive mice (Dieli et al., 1994). These results indicate that IL-4 plays a crucial role, at

least in certain types of DTH.

Besides Th1 and Th2 specific cytokines, inflammatory cytokines such as IL-1, IL-
6 and TNFa, which are produced by many cell types, are actively involved in DTH
responses (Chu et al., 1992, Pastore et al., 1996). TNFa is the most potent activator of
vascular endothelial cells (Pober and Cotran, 1990a; Pober and Cotran, 1990b). In
addition, TNFa recruited lymphocytes to local skin in a dose-dependent manner (Kalaaji
et al., 1989). Furthermore, both [L-6 and TNFa showed augmented effects to DTH
responses (Jayaraman et al., 1990). However, in vivo administration of TNFa inhibited
DTH, probably due to its suppression effects on T cells (Gordon and Wofsy, 1990). The
physiological functions of TNFa during inflammation also depended on local cytokine
profiles of T cells. In a Thl cytokine environment it acted as an additional macrophage-
activating factor, while in mixed Thl and Th2 (or ThO) responses it caused more severe

tissue damage (Hernandez-Pando and Rook, 1994). Although IL-6 was elevated during



DTH responses (Chu et al., 1992), in vivo administration of IL.-6 inhibited both the
induction and the effector phases of SRBC induced DTH (Mihara et al., 1991). IL-1 was
elevated during DTH responses, but IL-1B-deficient mice developed normal DTH,
suggesting that IL-1B was not an essential mediator for DTH (Zheng et al., 1995).
TGFp1 inhibited the initiation and the effector stages of SRBC-induced DTH (Meade et
al., 1992). An IL-10-containing keratinocyte supernatant inhibited the initiation of DTH
against alloantigens (Rivas and Ullrich, 1994). All these results demonstrate that DTH is
regulated both positively and negatively by multiple cytokines derived from a variety of
cell types. IL-12 may be a positive regulator for DTH by promoting Thi functions.
Macrophage migration inhibitory factor (MIF), the first cytokine found in DTH responses
is crucial for DTH induced by tuberculin (Bernhagen et al., 1996)

Granulocvtes: Granulocytes are important nonspecific DTH effector cells and are
the earliest infiltrates at DTH sites. The degree of neutrophil infiltration was directly
correlated with the intensity of both DTH and CH (Lee et al., 1988), and proportional to
the degree of hemorrhagic necrosis of the dermis (Weissmann, 1989). Deletion of
neutrophils inhibited both the priming and effector phases of DTH, and the recruitment of
monocytes and T cells (Kudo et al., 1993a; Kudo et al., 1993b). Direct injection of
neutrophils or neutrophil protease induced monocyte infiltration and tissue swelling
similar to Ag-induced DTH or CH (Lee et al., 1988). All these results suggest the
contribution of neutrophils in the inflammatory process of DTH. Besides neutrophils,
other granulocytes are also involved in DTH. Although eosinophils are normally
dominant in Th2 responses, significant numbers of activated eosinophils were isolated at
human DTH sites (Gaga et al., 1991). But the role of eosinophils in DTH responses is
not clear. Basophils are the major infiltrate of Jones-Mote DTH in guinea pigs
(Richerson et al., 1970). In human DTH reactions, basophils were related to the early
phase of DTH (Chavance et al., 1991). Mast cells were critical for initiating

vasoactivation in DTH responses (Van Loveren et al.. 1983), T cell recruitment
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(Askenase et al., 1983) and the infiltration of other inflammatory cells (Herrmann et al..

1988). Therefore, these cells are also active participants in DTH.

Monocyte/macrophages: The recruitment and local activation of macrophages is
often considered the hallmark of DTH responses. Perivenous mononuclear cell migration
begins as early as 2 hr after Ag injection, and progressively increases to a maximum at
about 48 hr (Turk et al., 1966a). Infiltrated macrophages were primed by T cell derived
cytokines, mainly IFNy but also GM-CSF and IL-4, to become cells ready to be activated
(Adams and Hanna, 1984). The primed macrophages were then activated by bacterial
products or lymphokines, such as LT, TNFa and IL-1, or by tumor cells. The activated
macrophages increased their capacity to effect cytotoxicity against a broad range of
neoplastic and infectious targets, and are major players in expressing the biological
functions of DTH responses. The cytotoxic activity of macrophages increases within 4 hr
after being activated, and reaches maximal levels by 8 to 12 hr, then progressively
decreases to baseline by 24 hr. The loss of the cytotoxicity is irreversible, which might
be one of the mechanisms that quenches the DTH response after 24-48 hr. The activated
macrophages also result in activation of the coagulation cascade and the fibrinolytic
pathways causing deposition of fibrin (Ahmed and Blose, 1983; Geczy, 1984). The
insoluble deposits of fibrin trap both proteins and fluids and assume the structure of a gel.
It is the local fibrin gel formation rather than the accumulation of mononuclear cells that

is responsible for both edema and induration of DTH responses.

Summary: In a very brief summary, the DTH response is a multi-step process with
the participation of many cell types and soluble factors. DTH initiating cells sensitize the
tissue for an obligatory initial vasoactivation, which allows DTH effector T cells and
other Ag-nonspecific effectors to enter the local tissue. Ag-specific T cells are activated
in situ. producing a variety of cytokines and chemokines. These soluble factors further

activate the vascular endothelial cells and the infiltrated macrophages and granulocytes.
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which express the biological functions of DTH, such as controlling and clearing

pathogens or other foreign substances.

Adoptively transferred DTH

DTH response can be transferred from a sensitized individual to a naive individual
by T cells (Zinsser, 1925, Klasen et al., 1987). This characteristic of DTH not only
demonstrates the T cell dependence of this response, but also provides an important
model to study DTH. The Ag specificity, the MHC restriction of DTH (Miller et al..
1975; Miller et al., 1976), and more recently, the contribution of CD4 T cytokine subsets
to DTH responses were all investigated using adoptively transferred DTH models (Cher
and Mosmann, 1987). The systemicallv and locally transferred DTH are two commonly

used DTH models.

Systemically transferred DTH: This DTH is induced by injecting Ag-specific T
cells intravenously or intraperitoneally into naive animals, then challenging the animal's
skin with the corresponding Ags. A skin swelling occurred at the site of Ag challenge
which appeared similar to the DTH induced in the donor animals (Chase, 1945; Stavitsky.
1948; Kirchheimer et al., 1949). This process bypassed the stage of Ag-specific T cell

generation, and made the naive recipients similar to primed individuals.

The fate of transferred cells in the recipient has been studied using radio-labeling.
The majority (around 80%) of the cells were trapped in the liver and lung 10 min. after
transfusion, and only less than 4% of the injected cells were remained in the circulation
(Turk, 1962). These results suggested that adoptively transferred DTH was induced by
only a small fraction of the injected T cells. The proportion of labeled cells in the lesion
was related to the proportion of labeled cells in the peripheral blood. More than 90% of

the infiltrating cells were of recipient origin and injected cells did not make a significant



contribution to the cellular infiltrate (Turk and Oort, 1963). Furthermore, there were
similar amounts of labeled cells in Ag challenged sites and control sites. However, using
an Ag-specific T cell clone, it was found that there were more clone cells infiltrated at the
Ag challenged DTH sties than control sites (Sano and Shimao, 1993), which could be due
to retention or further recruitment of the Ag-specific cells by the ongoing inflammation or
local T cell proliferation. This result demonstrated that local cellular recruitment was not
Ag dependent, but it was the activation of the Ag-specific T cells that caused the lesion

induced by the specific Ags significantly larger than that induced by control Ags.

When using pure Ag-specific T cells or clones, it was found that T cells alone
may not be sufficient to induce systemically transferred DTH, at least in certain cases
(Cher and Mosmann, 1987; Dieli et al., 1994). These observations suggested that other
Ag-specific signals or cells were required for DTH responses. As previously discussed.
DTH initiating T cells were required to initiate the DTH reaction in the systemically
transferred DTH process (Askenase, 1992). Recently another study reported that IL-4.
through its action on v8 T cells, was required for Ag-specific ff T cells to systemically
transfer contact hypersensitivity (Dieli et al., 1994). However the mechanism of the [L-4

and 8 T cell functions in DTH is not clear.

Locally transferred DTH: Locally transferred DTH is induced by injecting
primed T cells together with their corresponding Ags intradermally or subcutanously into
naive animals (Bianchi et al., 1981; Scovern and Kantor, 1982). This type of DTH
presented a similar time course and histological appearance to DTH induced by direct Ag
challenge of primed animals. The reaction represents only the effector stage of the DTH
process, since T cell generation and recruitment are not required. Besides primed T cells
and their Ags, this reaction can also be transferred by activated syngeneic T cells (Muller
et al., 1993), naive «f TCR transgenic T cells with Ag (Sato et al., 1994) and activated

xenogeneic T cells (Trial. 1989). These results demonstrate the importance of the T cell
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derived signals to the DTH reaction. In the locally transterred tuberculin DTH, the
reaction was detectable as early as 4hr after T cell and Ag injection, with erythema,
induration and often hemorrhage. Blood vessels at a distance from the injection site were
surrounded with a dense cuff of mononuclear cells, which was not seen in control sites
injected with T cells without Ags, or nonrelevant Ags (Metaxas and Metaxas-Buhler.
1955, Waksman and Matoltsy, 1958). There was a marked polymorphonuclear
infiltration around the center of injection site. The polymorphonuclear infilirate between
test and control sites was quantitative rather than qualitative, but the perivascular
infiltrate observed around peripheral vessels at 4 hr after the T cell injection was not
present in the control sites (Blazkovec et al., 1965, Turk and Polak, 1967), therefore it is &

hallmark for the locally transferred DTH.

The locally transferred DTH model provides a useful system to study the potential
contribution of different T subsets to DTH reaction. Resting Thl but not Th2 T cell
clones induced DTH when injected together with their Ags into the footpads of naive
mice (Cher and Mosmann, 1987). This reaction was dominated by neutrophil infiltration
and was partially inhibited by anti-IFN7y (Fong and Mosmann, 1989), which agreed well
with the general correlation between Thi, but not Th2 cells, and DTH responses.
However, later it was found that not all Thl clones induced footpad DTH (Wong et al..
1988). Furthermore Th2 cells, when pre-activated, also induced a DTH-like footpad
inflammatory responses (Muller et al., 1993). The Th2 mediated reaction was
accompanied by both neutrophil and macrophage infiltration, but unlike the footpad DTH
induced by Thl cells, this reaction was IL-4-dependent (Muller et al., 1993). These
results suggest that Th1 cells are more active in DTH induction, while Th2 cells also have
potential to induce DTH-like inflammation through different mechanisms. Why Th2
cells and their cytokines are not normally associated with DTH responses is not currently

understood.



Chapter II. Ratiorale and objectives

A. Rationale:

DTH is an important type of cell-mediated immune response crucial in controlling
many intracellular infections. T cells are important participants and regulators of DTH
response. Functions of T cells are often mediated by their secreted cytokines that express
various effects on other cell types. Studies based on large numbers of human or mouse
diseases have shown that DTH is often associated with Thl cells and their cytokines.
These results suggest that Thl cells and their cytokines are the activators or positive
regulators of DTH responses. However, it was reported that in certain cases, Th2 cells
are also involved in DTH-like inflammation or granulomas. This indicates that Th2 cells
also have the potential to mediate DTH. But the mechanism of Th2 cell inducing a DTH
response has not been fully understood. Studies of the contribution of different T subsets
and their cytokines to the DTH reaction are important for understanding this response.
The physiological function of DTH is mediated at the effector stage of the reaction
through the actions of multiple cell types and their soluble factors. DTH effector T cells
and their cytokines function mainly at the effector phase of the reaction in local tissues.
Therefore the local adoptively transferred DTH model, which represents the effector
stage of DTH after the event of T cell migration, was used to study the contributions of

CD4 or CDS8 T subsets and their cytokines to DTH reaction.

In vitro, Thl and Th2 cells are often negatively cross-regulated through their
cvtokines. This suggests that the same cytokines may also cross-regulate the immune
responses induced by the reciprocal phenotypes. Therefore some of the Th2 cytokines
may inhibit Thl cell induced DTH. IL-10 produced by Th2 cells and macrophages

inhibits the activation, cytokine production, and proliferation of Thl cells, It also inhibits
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monokine productions and microbicidal activity of macrophages, as well as chemokine
productions of neutrophils. Furthermore, in vivo IL-10 expression is often associated
with increased Th2 type of responses and suppressed Thl type of responses. All these
results suggests that [L-10 may inhibit Thl cell induced DTH. Using mouse recombinant
IL-10, I tested the direct effects of IL-10 on the effector stage of DTH responses induced
by Thl cells. We believe that the results from this study not only provide information on
cytokine regulation of DTH, but also help to search for therapeutical agents for DTH
inhibition, since DTH can also cause serious tissue damage and be harmful to the host in

certain diseases.

Although numerous studies have investigated the potential role of Thl or Th2
cells in DTH responses, little is known about whether the different cytokine protiles
would affect the ability of CD8 T cells to induce DTH. CD8 T cells are important
effectors and regulators in DTH responses, especially in certain virus and intracellular
pathogen infections. Both the bulk CD8 population and CD8 T cell clones were also able
to adoptively transfer DTH in naive animals. Recently subsets of CD8 T cells with
distinct cytokine patterns (Tcl and Te2 cells) were generated in vitro and isolated in vivo.
Therefore, the potential in vivo functional difference of these two CDS8 cytokine subsets
needs to be elucidated. Since resting Thl and Th2 clones show different abilities to
locally transfer DTH in naive mice, the contribution of Tcl and Tc2 cells in DTH
responses was studied using the locally transferred DTH model. Furthermore, the
characteristics and cytokine regulation of DTH induced by Tcl and Tc2 cells were

investigated.

Rapid cytotoxicity mediated by perforin is one of the major biological tunctions
of CD8 T cells, and sometimes it is also expressed by CD4 T cells (see chapter VI).
However whether the perforin-mediated cytotoxicity contributes to the DTH responses

induced by different T subsets is not clear. Among the in vitro generated allo-reactive T



cells, both Tcl and Tc2 cells are highly cytolytic mainly by the perforin pathway. and
Th1 cells also showed moderate perforin-mediated killing. The rapid killing of certain
target cells in vivo by these allo-reactive T subsets could be a positive factor to the DTH
reaction, since dying cells rnay.release pro-inflammatory or other signals to initiate an
inflammation. The generation of perforin-deficient mice provides a unique system to test
the involvement of perforin in DTH reactions. Therefore, using Tcl and Tc2, and also
Thl and Th2 cells generated from perforin-deficient mice, the involvement of perforin-

mediated cytotoxicity in DTH responses was tested.

B. Objectives:

A. Purify a large amount of recombinant mouse IL-10 expressed by mammalian cells. test
the effects of IL.-10 on Th! clone adoptively transferred DTH, and the effector stage of
DTH induced by sheep red blood cells (SRBCs), and address the mechanisms of the IL-
10 effects on DTH.

B. Generate alloreactive Tcl and Tc2 cells in vitro; test the potential abilities of these
cells to adoptively transfer footpad DTH responses in naive mice bearing target MHC
molecules; and study the edema, cellular infiltration and the local cytokine environment

of the DTH responses induced by Tc1 or Tc2 celis.

C. Generate alloreactive Thl, Th2, Tcl and Tc2 cells from perforin-deficient mice, test
and compare the abilities of these cells to adoptively transfer DTH in naive mice bearing

target MHC, and test the in vivo activation of these cells.



Chapter III. Materials and methods

A. Materials and Methods (General)
Animals

Female BALB/c mice, 8-12 weeks old were purchased from Health Sciences
Laboratory Animal Services (HSLAS, University of Alberta). Female C57BL/6, F1 mice
of BALB/c x C57BL/6, and the SCID mice, 8-12 weeks of age, were obtained from the
Jackson Laboratories, Bar Harbor, Maine. The perforin-deficient mice were kindly
provided by Dr. D. Kagi (Toronto, Canada) and Dr. H. Hengarnter (Zurich, Switzerland).
The mice were maintained in Health Sciences Laboratory Animal Services, Edmonton,
Alberta, Canada, in accordance with the guidelines of the Canadian Council on Animal

care.
T cell clones and cell lines

JE 9-2 cell line was kindly provided by Dr. J. F. Elliott. (detail see chapter IV).
M264-15 is an A.TL-derived allospecific Thl clone specific for H-2d MHC (Cher and
Mosmann, 1987). HDK-1 is a BALB/c-derived Thl clone specific for a soluble antigen,
keyhole limpet hemocyanin (KLH) (Cher and Mosmann, 1987). MD13-5.1 and MD13-
10 are BALB/c-derived Thl clones specific for chicken red blood cells (CRBC)
(Mosmann et al., 1986). WEHI 164.12 is a TNF/LT-sensitive cell line (Torres et al.,
1982). MI2.4.1 is a B lymphoma expressing H-2d, and was obtained from Dr. L.
Glimcher (Glimcher et al., 1983). J774 is a macrophage cell line expressing H-24, and
was obtained from Dr. M. Belosevic (Edmonton, Canada). Sheep red blood cells (SRBC)
and Chicken red blood cells (CRBC) were purchased from Triage Microbiologicals

(Ardrossan, Alberta, Canada).



Reagents
Cytokines:

Mouse recombinant IL-2 was expressed in Escherichia coli (Zurawski et al. 1986)
and used as a partially purified preparation. Recombinant IL-3, IL-4, IL-5, IL.-6, [L-10,
GM-CSF and IL-12 were expressed in COS cells (Lee et al., 1986), and used as a dilution
of COS transfected supernatants. JE 9-2 IL-10 was expressed by a BW3147 mouse

lymphoma cell line transfected with mouse IL-10 cDNA (Li et al., 1994).

Antibodies:

Anti-IFN7v and anti-IL-4 antibodies were purified from the supernatant of
XMG1.2 (Cherwinski et al., 1987) and 11Bl1 (Ohara and Paul, 1985) hybridomas
respectively, using a protein G column (Sigma, Mississauga. Ontario). Rat-anti-mouse
Gr-1 (IgG2b), CD4, Ly-2-FITC (anti-CD8a, clone YTS 169.4) and L3T4-PE (clone YTS
191.1) monoclonal antibodies were purchased from Cedarlane Laboratories Ltd.
(Hornby, Ontario). Rat-anti-mouse Mac-3 (IgG1), Ly3-PE (anti-CD8b, clone 53-5.8).
NK-1.1-PE (clone PK136) and CD44-FITC (clone IM7) monoclonal antibodies were

bought from Pharmingen (San Diego, CA).
Others:

Methotrexate (MTX), 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide (MTT), Insulin-Transferrin-Sodium Selenite (ITS) serum-free medium. 3-
amino-9-ethyl-carbazole (AEC), 2,2'-azino-bis(3-Ethylbenz-Thiazoline-6-Sulfonic acid)
(ABTS), Bovine serum albumin (BSA), collagenase I, DNase, Evans Blue and
paraformaldehyde (PFA) were purchased from Sigma Chemical Co., (St Louis. MO).
Fetal Bovine Serum (FBS) was obtained from Hyclone Labs (Logan, Utah). RPMI 1640.
Hanks' balanced salt solution (HBSS) and CFA were from GIBCO (Grand Island. NY).



The Lympholyte-M CL5030 ficoll, was purchased from Cedarlane Laboratories Limited.

Peroxidase-conjugated streptavidin was bought from Jackson (West Grove, PA).
Cytokine ELISA

Most cytokines reported in this thesis were measured by double mAb sandwich
enzyme-linked immunosorbent assays (ELISA). First and second antibodies for each
cytokine were: IL-2, JES6-1A12 and JES6-5H4-biotin (Pharmingen. San Diego, CA.
USA); IL-4, BVD4-1D11 and BVD6-24G2-biotin (PharMingen); IL-5, TRFKS and
TRFk4-biotin (PharMingen); [L6, MP5-20F3 and MP5-22C11 (Pharmingen); IL-1O.
SXC1! and SXC2 (Mosmann et al., 1990); IFNy, R4B6 (ATCC) and XMGI1.2
(Cherwinski et al., 1987). For all the cytokine assavs, PBS was used as the coating Ab
butfer, while PBS with 1% BSA and 0.02% Tween 20 was used as secondarv Ab and
streptavidin dilutent. ABTS was used as the substrate. All incubation steps were done at
37°C for 30 min. The sensitivities of those assays are: [L-2, 0.06 ng/ml; [L-4, 0.6 ng/ml;

[L-5, 0.6 ng/ml; [L-6, 0.6 U/ml; IL-10, 1.2 ng/ml; and IFNYy, 0.6 ng/ml.

Cytokine bioassays

The I[L-10 inhibition of IFNY production by IL-2-stimulated mouse spleen cells
was measured to determine the IL-10 biological activity. 106 spleen cells were cultured

with 10 ng/m! of mouse recombinant [L.-2 and different concentrations of IL10 in a total

volume of 200ul. Plates were incubated at 37°C for 36 hr, and the supernatants were
assayed for IFNy by ELISA. The inhibition of IFN7y production by IL10 samples was
compared with inhibition by an IL.10 standard, and units of [L10 biological activity were
calculated. The bioactivity of LT/TNF was tested as WEHI 164.13 cytotoxicity using
MTT assay as previously described (Lewis et al., 1986). The sensitivity of TNF bioassay

is 0.01 pg/ml.

Measurement of footpad swelling



Footpad DTH was induced by different cells according to the experiments (sce
materials and methods specific for the later chapters). Footpad swelling was measured
using a Mitutoyo gauge (NO.7312, Mitutoyo, Elk Grove Village, IL, USA). Each
number of footpad swelling was an average of three sequential measurements.
Occasionally a quality control experiment was performed to check the consistency of the
measurement. Each mouse was placed in a separate cage, the footpad swelling was
measured and recorded in a card, the card was folded and kept in the corresponding cage.
The cages were then rearranged and another round of measurement was performed.
Normally three or four rounds of measurements were done, and the mean and standard
deviation (SD) were calculated. Figure 3.1 shows the results of one representative

experiment. In most experiments, the animals were coded and measured blind. Blind

and non-blind experiments yielded similar results.

B. Materials and Methods Specific for Chapter I'V
Recombinant IL.10 purification

JE 9-2 cells were cultured in 8% FBS in RPMI 1640 with 0.5uM MTX and then
transferred to ITS serum free medium at a density of 100 cells/ml and cultured for 3 days.
The supernatant was then concentrated about 100-fold by ultrafiltration using an Amicon
YM3 membrane (Amicon, Danvers, MA, USA). The concentrated supernatant was
passed through a Blue 3GA reactive dye column (Sigma), the column was washed with
10mM Tris-HCI, pH 7.6, and [L10 was eluted with 10mM Tris-HCI, 1.5 M NaCl, pH 7.6.
All the fractions were tested for IL10 by ELISA, the positive fractions were pooled.
concentrated using an Amicon YM3 membrane and dialyzed overnight against 20mM
Tris-HCI, pH 8.6. This material was further purified on a Mono Q HR 10/10 ion

exchange column (Pharmacia, Baie D’Urfe, Quebec, Canada). Elution was carried out



with a linear salt gradient of NaCl from O to 0.2M in 20mM Tris-HCl, pH 8.6. The IL10-
positive fractions, identified by ELISA, were concentrated and dialyzed overnight in
PBS. The purified IL10 was stable at -70°C for at least a year. The protein concentration
of purified IL10 was tested by Bio-Rad protein assay (Bio-Rad, Ontario, Canada ), or
determined by the extinction coefficient (I mg/ml = 0.36 A280) (Howard et al., 1993).
The endotoxin level in the purified IL10 was tested using an endotoxin test kit (Sigma),
and all the batches used in the experiments reported here contained <0.5ng
endotoxin/100ug of IL10. Intraperitoneal injection of 1.5ng LPS per mouse had no effect

on M264-15-induced footpad swelling.
I1.10 western blot

[L10-containing samples were separated by SDS-polvacrylamide gel
electrophoresis (SDS-PAGE) on a 15% gel. Proteins on the gel were transferred onto a
nitrocelluiose membrane (MSI, Westboro, MA, USA) using an electrophoretic transter
cell (BIO-RAD, Mississauga, Ontario, Canada). The membrane was blocked with 2%
BSA/PBS with 0.05% Tween 20 (blocking buffer) at 4°C overnight and then incubated
with 1pg/ml anti-IL10 antibody (SXC5) (Mosmann et al., 1990) in blocking buffer at
room temperature for | hr. The membrane was washed with 0.2% Tween 20 in PBS
(PBST) and incubated with 1pg/ml Biotin-SP-conjugated goat anti-rat IgG in blocking
buffer for 1 hr. The membrane was then washed with PBST. and incubated with 0.02%
peroxidase-conjugated streptavidin in blocking buffer for 1 hr. After washing the
membrane with PBST, the IL 10 bands were visualized by soaking the membrane in the

substrate solution, AEC in 0.1M CH3COONa with 0.4mM H202 pH 5.0. Colour

development was stopped by washing with water.

Measurement of the in vivo half life of IL-10
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Naive BALB/c mice were injected ip, sc, or iv with 100ug per mouse of JE 9-2
[L-10. Tail blood was collected with a microtainer serum separator (Becton Dickinson.
USA) in a2 to 4 hr intervals. The blood was set at room temperature for half hour, and
centrifuged to separate the serum from the cells. Serum were then tested for IL-10 by
ELISA or Bioassay. The time course of the blood IL-10 levels was plotted as a linear
curve for each individual animal, and the half-life values were calculated from the slopes
of individual curve-fitted lines (Cricket Graph III, Computer Associates International.
Islandia, NY). Control mice were injected with PBS, their blood samples were collected

and the circulating IL-10 measured as described above.

Thl DTH assay

This assay was performed as described previously (Cher and Mosmann, 1987).
Resting Thl cells (2 weeks after antigen stimulation) were washed in RPMI and
resuspended in PBS. The Thl cells (5x103 to 106 cells with appropriate Ag) were
injected s.c. in a volume of 30yl into the left hind footpads of naive BALB/c mice using a
30G1/2 needle. KLH was used at 30ug/foot and CRBC at 1.5x107 cells per foot. The
right hind footpad was injected with control samples, consisting of an equal number of
the Thl cells in PBS without antigen, or PBS alone as a control for alloantigen-specific
clones. Footpad swelling was measured and expressed as the percentage increase of the
experimental foot over the control foot. In some experiments, the animals were sacrificed
and their hind feet were cut off at the fur line. The percentage weight increase of the
experimental foot over the control foot was recorded. Each cage contained mice from
different experimental groups, in order to randomize any cage effects. In most
experiments, the animals were coded and measured blind: Blind and non-blind
experiments vielded similar results. A two-tailed student’s t-test was performed on the

data (show as % above control in this thesis and mm thickness in the publication (L1 et



al., 1994) and significance was assumed at p<0.05. Other statistic analysis was also used

and indicated in the corresponding figures.
SRBC DTH assay

BALB/c mice were immunized s.c. with 103 SRBC/mouse, with or without CFA.
Fourteen days later, mice were challenged with 2x108 SRBC/mouse in a volume of 30ui
into the left hind footpad, with' the right hind footpad receiving an equal volume of PBS.
The measurement of footpad swelling and calculations were the same as those for the Thl

DTH assay.
Footpad histology

Twenty-four hr after DTH induction, mice were terminated, their feet were
collectad and fixed with Formaldehvde (Fisher Scientific, Pittsburgh, PA) over night.
The tissue slicing and H-E staining were done in the pathology laboratory in the

University of Alberta Hospital.
Footpad cytokine extraction

Twenty-four hr after Thl cells were injected into mouse footpads, the animals
were sacrificed and their footpads were cut off. The footpads were minced and incubated
in HBSS at 4°C for about lhr to allow cytokines release from the tissue. In some
experiments, the footpads were digested with 1mg/ml of collagenase I and 25ug/ml of
DNase at 37°C for 30 min. The supernatants were collected after centrifugation at
5.000xg for 15 minutes. The cytokine levels were tested in the supernatants by ELISA

(IL2, IL6, IL10 and IFNY) or a bioassay (TNF/LT).

Measurement of vascular permeability
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0.1ml of 1% Evans Blue in PBS was injected iv 18hr after injection of Thl cells.
Two hr later the animals were sacrificed, the right ventricle cut open and perfusion
carried out via the left ventricle with PBS containing 0.4% heparin (Sigma) until the
control feet blanched. A modified method based on (Udaka et al., 1970) was used for
Evans Blue measurement. Footpads were excised and Evans Blue was extracted by
incubating the footpads in formamide (Fisher) at 37°C overnight. The Evans Blue in the
footpad was quantitated by measuring the absorbance of the supernatant at 650 nm with a
spectrophotometer (Molecular Devices, Menlo Park, CA, USA). Vascular permeability

was represented by the amount of Evans Blue extracted.

C. Materials and Methods Specific for Chapter V

CDS8 T cell purification

Splenocytes from naive mice were incubated with a rat-anti-mouse CD4 (1pg/ 106
cells) and a rat-anti-mouse NKI.1 antibody (lug/lO6 cells) in 1 ml of RPMI with 8%
FCS on ice for 20 min. These cells were then loaded onto a Rat T glass bead column
(Biotex Laboratories Inc, Edmonton, Alberta) coated with sheep-anti-rat immunoglobulin
(cross reactive with mouse immunoglobulin). This procedure removed most of the
macrophages. B, NK, and CD4 T cells. Cells that passed through the column were 80-
90% CD8 T cells as analyzed on a FACScan (Becton Dickinson, Mountain View.
California). Cells collected from the column were then stained with rat-anti-mouse Ly3-
PE and rat-anti-mouse CD44-FITC, and further purified by sorting CD8 positive and
CD44 low (Tough and Sprent. 1994) cells on a Coulter EPICS Elite cell sorter (Coulter
Electronics, Hialeah, Florida). The purity of the CD8 T cells was > 99% after this

procedure.

Allo-reactive Tcl and Tc2 cell generation
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Purified naive CD8 T cells (1x103/well) were stimulated with 1x10%Avell
irradiated (10,000 RADs) M12.4.1 or J774 cells in flat-bottom 96-well tissue culture
plates (Costar, Cambridge, MA, USA) in 200ul/well of RPMI with 8% FBS and Ing/ml
IL-2 in the presence of different cytokines. To generate Tcl cells, [L-12 was used as
1:200 of the COS transfected supemnatant, while the Tc2 culture contained 30ng/ml IL-4
and 50pg/ml anti-IFNy (XMG1.2). Media (120ul) were replaced on d 3 and 5, and the
cells were ready to be used by d 7. In some experiments the Tcl and Tc2 cells were kept
in IL-2 containing media for an additional 2 wk with their media changed every 3-5 days.
Aliquots of Tcl and Tc2 cells (2x103/well) were stimulated with Con A (5pg/ml) for
24hr, and the secreted cytokines were measured by ELISA to confirm the cytokine
production of the T cells. Additional aliquots of Tcl and Tc2 cells were stained with
anti-CD4-FITC and anti-CD8-PE antibodies, and their surface antigens were checked by

FACScan.
Tecl and Tc2 cloning

Tcl and Tc2 clones were generated either by limiting dilution from purified naive
CD8 T splenocytes, or by single T cell culture (add a single CD8 naive T cell into each
well of a 96-well plate by FACS sorting). CD8 T cells were stimulated with allogeneic
cells, J774 (H2d), in Tcl or Tc2 differentiation conditions for 7 d. These cells were
further restimulated every 7 d with their media changed every 3 to 5 d. The cytokine
profiles of the cloned cells were checked by ELISA of their Con A stimulated

supernatants, and their CD4/CD8 expression checked by FACScan analysis.

CD4 T cell purification

Splenocytes from naive mice were incubated with a rat-anti-mouse CD8 (1pg/ 106
cells) in 1 m! of RPMI with 8% FCS on ice for 20 min. These cells were then loaded

onto a Rat T glass bead column coated with sheep-anti-rat immunoglobulin (cross
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reactive with mouse immunoglobulin). Cells collected from the column were then
stained with rat-anti-mouse L3T4-PE and rat-anti-mouse CD44-FITC, and further
purified by sorting CD8 positive and CD44 low (Tough and Sprent, 1994) cells on a
Coulter EPICS Elite cell sorter. The purity of the CD4 T cells was > 99% after this

procedure.
Allo-reactive Thl and Th2 cell generation

Purified naive CD4 T cells (1x104/well) were stimulated with 5x10%well
irradiated (10,000 RADs) M12.4.1 or J774 cells in flat-bottom 96-well tissue culture
plates in 200ul/well of RPMI with 8% FBS and Ing/ml IL-2 in the presence of different
cytokines. To generate Thl cells, IL.-12 was used as 1:200 of the COS transfected
supernatant and anti-IL-4 (11B11) was added at 30pg/ml, while the Tc2 culture contained
30ng/ml [L-4 and 50p:g/m! anti-IFNv (XMG1.2). Media (120ul) were replaced on d 3
and 5, and the cells were ready to be used by d 10. In some experiments Thl and Th2
cells were kept in [L.-2-containing media for an additional 2 wk with their media changed
every 5 d to generate resting Th cells. Aliquots of Thl and Th2 cells (2x105/well) were
stimulated with Con A (5pg/mi) for 24hr, and the secreted cytokines were measured by
ELISA to confirm the cytokine production of the T cells. Additional aliquots of Tcl and
Tc2 cells were stained with anti-CD4-FITC and anti-CD8-PE antibodies, and their

surface antigens were checked by FACScan.
The CD8 and CD4 DTH assay

The adoptively transferred DTH assay was performed as previously described
(Cher and Mosmann, 1987). Briefly, d 10 Tcl or Tc2 (Thl or Th2) cells were washed
twice with RPMI, and resuspended according to required concentrations. The cells were
then injected sc (30ul) into the left hind footpads of naive mice bearing target MHC

molecules using 28G needles (Becton Dickinson and Company, Franklin Lakes. New



Jersey). The right hind footpads of these mice were injected with 30ul of RPMI as
internal controls. Footpad DTH was also induced by injecting Tel or Tc2 cells with their
APCs into the left hind footpads of syngeneic mice, the right hind footpads of these mice
were injected with Tcl or Tc2 cells only as internal controls. Both hind feet were
measured with a Mitutoyo gauge at different times post-injection. Footpad swelling was
expressed as the percentage increase of the experimental foot over the control foot. In all
the experiments, each cage contained mice from different experimental groups to
randomize any cage effects. The measurement was done with all the animals coded in a

blinded manner.
Measurement of vascular permeability

The test for vascular leakage was performed as previously described in Materials
and Methods Specific for Chapter IV, except that Evans Blue was injected iv 12 hr after

the DTH induction, and animals were sacrificed and their feet collected 6 hr later.

Footpad cell extraction

Mice were terminated at different time points after DTH induction, and their
footpads were cut off as close to the bone as possible. Each footpad was put into 0.5 ml
of RPMI with 8% FBS in a eppendorf tube. The footpads were cut into small pieces with
a pair of surgical scissors (about 150 cuts/footpad). The tubes were then centrifuged at
2,000 x g for 20 min. The tissue pellets were resuspended in 0.5 ml of HBSS with 20mM
HEPES and 8% FBS. The tissue pieces were digested with 1mg/ml of collagenase V
(340U/ml. Sigma) at 37°C for 30 min on a roller plate. The tissues were then further
dissociated by rubbing on a mesh, and washed twice with RPMI containing 8% FBS.
Live cells were selected by a single-step Ficoll layer and then washed twice with RPMI.
The cells were resuspended in RPMI with 1% of FBS, counted, centrifuged onto glass

slides using a SHANDON Cytospin 2 centrifuge (Johns Scientific), and air dried
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overnight. Cells on some of the cytospin slides were stained with Eosin Y and Methylene
Blue using a LeukoStat I M stainkit (Fisher). Neutrophils and eosinophils in each slide
were counted with all the slides coded. For immunochemical staining, cells on cytospin
preparations were fixed with either 4% PFA for Gr-1 staining, or acetone (Fisher) for
Mac-3 staining, the slides were then washed with PBS twice, air dried at room

temperature and stored at -79°C for later use.
Immunohistochemical staining

Before staining, cytospin slides taken from -79°C were set at room temperature
for 20 min, fixed once again with either 4% PFA or acetone on ice, and washed twice for
10 min each with ice cold PBS. The cells on the slides were then incubated with
50ul/cytospin area of 0.3% H202/H20 on ice for 3 min, washed with cold PBS as
before, incubated with 50ul/area of 1% H202/PBS at room temperature for 10 min. and
again washed with cold PBS. The cells were then incubated for 2hr at 4°C in 25ul with
the following mAbs to detect different cell surface markers: anti-Mac-3 for macrophages
(Ho and Springer, 1983), 25ug/ml; and anti-Gr-1 for granulocytes (Hestdal et al., 1991).
10ug/ml. For control staining, cells were incubated with same concentration of a
corresponding isotype-matched rat IgG. The slides were then washed with cold PBS and
incubated with 10pug/mi, 25ul/sample of biotinylated rabbit anti-rat [gG (H+L) (Vector
laboratories, Inc., Burlingham, CA) at room temperature for 30 min, and then washed
with cold PBS. The slides were further incubated with 25 pl/sample of streptavidin-
peroxidase conjugate (ZYMED Laboratories Inc., CA) at room temperature for 30 min.
and again washed with PBS. Each sample area was then overlaid with 50 ul AEC
substrate solution (ZYMED), incubated at room temperature for 20 min, and washed with
distilled water for 5 min. The slides were then counter stained with 1:8 dilution of
hematoxyvlin solution (Sigma) for 1 min, washed with tap water for 1 min, air-dried and

coverslip-mounted with GVA MOUNT (ZYMED).
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Systemically transferred DTH

H2b-anti-H2d Tcl or Te2 cells (107/rnouse) were injected iv into C57BL/6J mice
(H2b), 1 hr later, these mice were challenged with J774 cells (H2d, 106/mouse) in their
left hind footpads with their right hind footpads receiving RPMI as controls. In the
control group, mice received RPMI iv, and challenged with J774 cells in the left hind

footpads 1 hr later. Footpad swelling was measured at different times post-challenge.

Tcl and Tc2 migration assay

H2b-anti-H2d Tel or Te2 cells (5x107) were injected together with an equal
number of J774 (HZd) cells into the left hind footpads of C57BL6 mice (H?_b) to initiate a
local inflammatory reaction. The right hind footpads of these mice were injected with
RPMI as controls. Six hr after the cell injection, these mice were injected iv with 107 of
51Cr labeled Tcl or Tc2 cells (H2b-anti-H2d). Another 6 hr later, mice were sacrificed.
and both the inflammatory and the control hind feet were collected. The radioactivity in

each foot was measured by gamma counting to represent the migrated Tc cells.
Footpad cytokine extraction

Mice were terminated at different time points after DTH induction, and their
footpads were cut off as close to the bone as possible. Each footpad was put into 0.5 ml
of RPMI with 8% FBS in a eppendorf tube. The footpads were cut into small pieces with
a pair of surgical scissors (about 150 cuts/footpad) and then incubated at 37°C for 45 min
to allow cytokine release from the tissue. The tubes were then centrifuged at 2,000 x g
for 20 min, and the supernatants were collected for cytokine detection. If not used
immediately, supernatants were stored at -79°C for later use. The potential loss of
cytokines in footpad extracts was tested by adding known amounts of cytokines into the

extracts, and after lhr of incubation at 4°C the cytokines were tested from the extracts by
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either ELISA or bioassay. The recoveries of different cvtokines were: [L-2. 136%: [L-.

85%; IL-5, 169%:; IL-10, 125%; IFNY, 151% and TNF/LT,.217%.
Footpad cytokine detection by ELISA

Most cytokines were measured by double mAb sandwich ELISAs. To reduce the
assay background, 3% normal rat serum was added to all the ELISA solutions except for
the coating antibodies, and room temperature incubation was used instead of 37°C. To
confirm the specificity of the signals detected by ELISA, extra control experiments with
mismatched antibodies (i.e. wrong specificity but the same isotype, for example, anti-
IFNY was used as coating antibody, and biotinylated anti-IL4 (11B11, rat [gG1) was used
as second antibody instead of anti-IFNy (XMG1.2, rat IgG1).) were performed for all the
cytokine ELISAs. Signals of the footpad supernatants detected by the mismatched

antibodies were not higher than the assay background.
Anti-cytokine antibody effects on DTH induced by Tc1 or Tc2 cells

Anti-IL-4, anti-IFNv or the isotype control antibody GL119 was purified using a
protein G column, and was stored in PBS ai -79°C. All the antibodies contained <0.5ng
endotoxin/lmg, tested using a endotoxin kit (Sigma). All the antibodies were
administeréd ip in 0.1 ml PBS at the same time as the footpad DTH induction. In another
control group, mice received an equal volume of RPMI ip at the same time as DTH

induction. DTH was induced as described above.
Generation of cytokine-deficient Tcl cells

The cytokine-deficient Tcl cells were obtained as described (Sad and Mosmann.
1993). Briefly, d 7 Tcl cells (2x106) were cultured in 30 ml of RPMI containing 8%
FBS, Ing/ml of IL-2 and 10ng/ml of IL-4 for an additional wk. Aliquots of these cells

tn
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(2:(105/well) were stimulated with either Con A (Sug/ml) or M1i2 cells (l:1 ratio) for 24

hr, and the cytokines (IL-2 and IFNY) of these cells was measured by ELISA.

D. Materials and Methods Specific for Chapter VI
Generate Thl, Th2, Tcl and Tc2 cells from perforin-deficient mice

The perforin-deficient Thi, Th2, Tcl and Tc2 cells were generated the same ways
as those for the control corresponding cells showed in the materials and methods specific
for chapter V, except that the naive CD8 T cells were purified from perforin-deficient

mouse splenocytes.
Cytotoxicity assay

Day 10 Tcl or Tc2 cells were used as the effector cells in this assay. Target cells
(M12.4.1) were radiolabelled by incubating 107 cells with 100uCi of 1Cr in 100ul
medium at 37°C for 45 min. Cells were then washed with SOml RPMI twice, and left at
37°C for another 30 min in 30 ml medium. Various ratios of effectors to targets were co-
cultured in round bottom tissue culture plates in 100l RPMI with 8% FBS. Supernatants
were collected 4 hr after the culture, and the radioactivity was detected by gamma
counting. The percent cytotoxicity was calculated using the following formula: (cpm

experimental-cpm spontaneous)/(cpm total-cpm spontaneous)x 100

' h
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Figure 3.1 Quality control of footpad measurement. In this
experiment, footpad swelling was induced by injecting Tc1 cells
(108/mouse) into the left hind footpads of BALB/c mice. An
equal volume of RPMI was injected into the right hind footpads
of these mice as internal controls. Each mouse was placed into
a separate clean cage before the measurement of their footpad
swelling 22 hr after the T cell injection. Swelling of both hind feet
of each mouse was measured and the numbers recorded in a
card, the card was folded and kept in the corresponding mouse
cage. The cages were then rearranged and another two rounds
of measurements were performed as described above. Each
point represents the mean + SD of the three measurements of
footpad swelling for each mouse.



Chapter IV
IL-10 inhibits Th1l clone- and SRBC-induced footpad DTH

(Most of the data presented in this chapter have been published in an article entitled "IL-
10 inhibits cytokine production, vascular leakage and swelling during Thl-induced
delayed type hypersensitivity" by Li Li, John F. Elliott and Tim R. Mosmann in J.
Immunol. (153:3967-3978)

A. Introduction and rationale

[L-10 was originally isolated from mouse Th2 cells as cytokine synthesis
inhibitory factor (CSIF) of Thl clones (Fiorentino et al., 1989). It inhibits the cytokine
production of Thl cells stimulated by macrophages (Fiorentino et al., 1991b; Fiorentino
et al., 1989) or dentritic cells (Macatonia et al., 1993; Kawamura and Furue, 1993) as
APCs. The effect of IL-10 on Thl cells is indirect (Fiorentino et al., 1991b), partially
through the inhibition of IL-12 production (Germann, Rude and Mosmann, unpublished
data) and B-7 expression (Ding et al., 1993; Flores Villanueva et al., 1994; Chang et al..
1995) of APCs. In addition, IL-10 also inhibits macrophage stimulated Thl cell
proliferation (de Waal Malefyt et al., 1991b; Ding and Shevach, 1992). IL-10 suppresses
cytokine production (Fiorentino et al., 1991a) and microbicidal activities (Gazzinelli et
al., 1992c; Oswald et al., 1992a; Cunha et al., 1992) of macrophages, and pro-
inflammatory cytokine and chemokine synthesis by neutrophils (Wang et al., 1994
Kasama et al., 1994). Macrophages and neuirophils are the major antigen-nonspecific
effector cells participating in the DTH reaction. Therefore, IL-10 could potentially
inhibit DTH or other DTH-like inflammatory responses through its inhibitory effects on

Thl cells, macrophages and neutrophils.



In vivo studies of IL-10 support its potential anti-DTH and anti-inflammatory
functions. IL-10 mRNA is often expressed in situations of increased Th2 type of
responses and suppressed Thl type of responses (Yamamura et al., 1991; Heinzel et al.,
1991; Romani et al., 1993). IL-10 inhibited LPS induced septic shock, and suppressed
TNF release in vivo (Howard et al., 1993). An IL.-10-containing keratinocyte supernatant
inhibited the initiation of a DTH reaction against alloantigens (Rivas and Ullrich, 1992).
Furthermore IL-10-deficient mice developed a colitis as the major abnormality (Kuhn et
al.,, 1993). All these results indicated that IL-10 could inhibit the Thl response or other

inflammatory responses in vivo.

IL-10 is an acid-sensitive protein whose bioactivities lost below pH 5.5. The
molecular weight of mouse IL-10 is 35-40 kDa with the pl of 8.1 (Fiorentino et al.,
1989). It functions as a noncovalent-linked homodimer (Moore et al., 1993). The
monomer of mouse IL-10 contains 160 amino acids with molecular weights of 17, 19 or
21 kDa, due to different N-linked glycosylations (Moore et al., 1990a). Glycosylated and
nonglycosylated mouse IL-10 function similarly in vitro (Mosmann, 1994b), but the
potential in vivo effect of the glycosylation on the IL-10 functions is unknown. The
mouse rIL-10 used for this study was produced by a BW5147 mouse lymphoma cell line
transfected with mouse IL-10 cDNA. This cell line (named as JE 9-2) was kindly

provided by Dr. I.F. Elliott.

One of the DTH models used in this study was the adoptively transferred DTH
induced by injecting Thl clones with their corresponding antigens into footpads of naive
mice (Cher and Mosmann, 1987). This adoptively transferred DTH was antigen specific
and MHC restricted. The footpad reaction was less indurated with a transient peak
swelling around 24 hr after Thl cell injection. Histologically it was dominated with
polymorphonuclear cell infiltration (Fong and Mosmann, 1989). Collectively the

characteristics of the Thl cell induced DTH made it resembling a Jones-Mote DTH.



Furthermore, the footpad swelling was partially inhibited by the anti-IFN Ab. suggesting
that IFNvy was an important regulator in this responses. The second DTH model used was
induced by priming and challenging mice with sheep red blood cells (SRBCs), which is a

commonly used mouse DTH system.

The objectives of the this study were to directly investigate IL-10 effects on the
effector stage of DTH responses using these two mouse DTH models, and to further

address the potential mechanisms of the [L-10 effects on DTH responses.

0



B. Results

JE 9-2 cells produces high levels of mouse rIL-10 which is biologically active and

glycosylated.

JE 9-2 cells secreted high levels of IL-10 (Figure 4.1). In RPMI media with 10%
of FBS and 5uM of MTX (the purpose of using MTX was to selectively grow high IL-10
producing clones, since IL-10 gene was co-transfected with dihydrofolate reductase
gene), 106/ml JE 9-2 cells produced above 50,000 U/ml of IL-10, which was generally 50

times more than that produced by the same number of COS transfectants (700-900 U/mb).

In order to make the later purification easier, the growth condition of JE 9-2 cells
was modified to minimize the contaminated protein while maintain the IL-10 production.
RPMI media with different concentrations of FBS as well as the ITS/RPMI serum free
medium were tested for IL-10 production. The levels of IL-10 production were fairly
consistent among different conditions (Figure 4.1), and JE 9-2 cells secreted similar
amounts of IL-10 in ITS serum-free as in medium with 10% FBS. Since the ITS serum
free medium contains the least other proteins, it was then chosen to grow large numbers

of JE 9-2 cells.

The JE 9-2 IL-10 was tested by a bioassay to confirm its biological activity. One
of the functions of IL-10 is to inhibit IFNy production by activated NK cells (Hsu et al.,
1992). High concentrations of IL-2 mainly activate NK cells in a splenocyte culture.
therefore the IL-2 (10ng/ml) stimulated splenocytes were used as a source of NK cells to
test the inhibitory effect of IL-10. Equal concentrations (determined by ELISA) of COS
(Moore et al.. 1990b) and JE 9-2 IL-10 were diluted sequentially and incubated with [L-2

activated splenocytes. The two IL-10 samples showed similar inhibition of IFNy



preduction (Figure 4.2). Since the COS I[L-10 was known to be biologically active. and
the ELISA unit of the JE 9-2 IL-10 was based on the COS IL-10 standards, this result
indicated that the ELISA and bioassay measurement of the JE 9-2 IL-10 agreed to each
other, and the JE 9-2 IL-10 expressed a similar biological activity as COS IL-10. This
result was also agreed with the finding that the Abs used in the IL-10 ELISA only
detected natural but not denatured IL-10 (Mosmann et al., 1990). Therefore, in most of
the later studies, [L-10 ELISA was used to measure the concentration of JE 9-2 IL-10,

due to its convenience for operation.

The molecular weight of the JE 9-2 [L-10 was tested, and compared with the COS
cell expressed IL-10, which is similar to the natural IL-10 (Moore et al., 1990b). Western
blot was performed on IL-10 monomers separated by SDS-PAGE. JE 9-2 IL-10 censists
mainly three polypeptides with the molecular weights of 17, 19 and 21kD. these
components are similar or identical to the differentially glycosylated monomers of COS
cell expressed mouse rIL-10 (Figure 4.3). Later the JE 9-2 IL-10 was also compared to
natural IL-10 produced by a Th2 clone, and the molecule weights of JE 9-2 IL-10
monomers were also similar to those of the natural [L-10 (Figure 4.5). These results
indicated that the JE 9-2 IL-10 probably had similar post-translational modifications to

the natural [L-10.

Purification of mouse recombinant IL-10 produced by JE 9-2 cells

The acid liability of IL-10 makes it difficult to purify the bioactive protein
through an immunoaffinity column using a simple acid elution, therefore other
chromatographic methods have to be tested. A combination of an anion exchange (Mono
Q 10/10, Pharmacia) and a size exclusion (Superdex 75, Pharmacia) column was first

used. After these two steps of purification. most of the proteins were removed from the



[L-10 enriched fractions except a 30 kD protein that co-migrated with the peak fractions
of [L-10. A hydrophobic interaction column (Phenyl Sepharose CL-4B, Pharmacia) was
then tried to further purify the IL-10, but failed to separate the 30 kD contaminated

protein from IL-10.

Seven dye columns (column media purchased from Sigma)were tested next, and a
reactive blue 3GA column successfully removed the 30 kD protein from the IL-10
enriched fractions. The combination of blue 3GA and Mono Q 10/10 was sufficient to
obtain a satisfactory IL.-10 purification (Figure 4.4). The proteins in the final elusion
fractions was proportionated with the IL-10 concentrations measured by ELISA. As the
column capacity of the blue 3GA is larger than that of the Mono Q, the 3GA column was
often used as the first step for IL-10 enrichment. Thus, IL-10 was sequentially enriched
from JE 9-2 supernatant by the blue 3GA and the Mono Q 10/10 columns. The eluted
fractions were tested for IL-10 by ELISA after each step of purification. The IL-10
specific activity (ELISA units/mg protein) was increased by each step and the overall

recovery was 40-80% (Table 4.1).

[L-10 containing samples were also analyzed by SDS-PAGE and western blot
after each step of purification. The [L-10 bands revealed by western blot in the final IL-
10 preparation corresponded well with the proteins stained by Coomassie blue (Figure
4.5). As assessed by scanning of the Coomassie-stained gel, these two bands represented
>95% of the total protein. The specific activity of the purified [L-10 was 3.9x106U/mg
as tested by ELISA and BioRad protein assay, and 5.3x100U/ml as determined by the
extinction coefficient of the protein (Howard et al., 1993). These values are similar to

that reported previously for bacterial expressed rIL-10 (Howard et al., 1993).

The biological activity of the enriched IL-10 was also tested. Compared to the
COS-expressed IL-10, the bioassay units determined for the JE 9-2 crude supernatant and

enriched IL-10 were similar to the corresponding ELISA units The ratios of ELISA unit
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to Bioassay unit for crude JE 9-2 sup, samples after 3GA dye column and samples after
both dye and Mono Q columns were 1, 1.3 and 0.77 respectively. These numbers
indicated that the biological activity of IL-10 was preserved during the purification.
Thus, the biologically active JE 9-2 IL-10 was substantially enriched by a two-step

column purification.

Measurement of the in vivo half life of JE 9-2 rIL-10

In order to determine the optimal route of IL-10 administration for in vivo studies.
the in vivo kinetics of IL.-10 loss were tested. IL-10 (100pg/mouse) was injected into
BALB/c mice either ip, sc or iv, and tail blood samples were collected at 2-4 hr intervals.

The serum IL-10 levels were measured by either ELISA, or by bioassay.

With all three types of systemic administration, a high level of IL-10 was shown
in tail blood within 1 h after injection (Figure 4.6), suggesting that the injected IL-10
equilibrated into the circulation rapidly. In control animals, which were injected with
PBS, the serum IL-10 levels were either undetectable (data not shown) or less than
12ng/ml during the first 12 hr after the injection (Figure 4.6a). The rate of IL-10 loss in
the circulation was detected by measuring different time point's serum [L-10 by ELISA in
all three types of injections. The iv injected IL-10 decreased faster in circulation. The
half life was about 1.6 hr, and the serum IL-10 dropped close to the control level within
12 hr (Figure 4.6a). The IL-10 given by sc and ip injections sustained longer in the
blood, with an apparent half life of 5.3 | (Figure 4.6b) and 2.5 + 0.2 hr (Figure 4.6¢)
respectively, and the serum IL-10 stayed above control level for about 20 hr. The slower
rates of loss of the ip or sc injected IL-10 may be due to slower release of [L-10 into the
circulation. The serum levels of ip injected IL-10 were also detected by bioassay, and the

apparent half life was 1.8 £ 0.3 hr (Figure 4.6d). Overall these results indicated that IL-

[
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10 in vivo was relatively stable compared to some other cytokines, such as IL-2
(Muhlradt and Opitz, 1982). Therefore all these types of systemic route could be used for

IL-10 in vivo administration.

IL-10 inhibits M264-15 Thl clone induced footpad swelling

M264-15 (A. TL strain) is a long term Thl clone specific for H24d alloantigen.
The footpad DTH induced by M264-15 in naive BALB/c (H24) mice is typical among
DTH induced by other Thl clones (Cher and Mosmann, 1987), therefore the M264-15
clone was chosen as a representative to test the IL.-10 effects on DTH reaction induced by

Thl clones.

The dose related effect of IL-10 on M264-15 induced DTH was first examined
using a single ip injection of IL-10. IL-10, ranging from 2ug to 200ug. was administered
at the same time as the M264-15 cells were injected into the naive BALB/c mice to
induce footpad DTH. Footpad swelling was measured 24 hr later. IL-10 induced dose-
dependent suppression of the footpad swelling up to 36% of inhibition, and at least 20 g
of IL-10 was needed to show a significant inhibitory effect (Figure 4.7). At the doses of
100 and 200 wg per mouse, [L-10 gave similar levels of suppression of the footpad

swelling, suggesting that the inhibitory effect was saturated above 100 pg of IL-10 by a

single ip administration.

Considering that the in vivo half life of ip injected IL-10 was around 2 hr, it is
reasonable that a large initial amount of IL-10 is needed in order to sustain a functional
level in the circulation during the 24-hr DTH reaction. On the other hand. smaller
amounts of IL-10 given by multiple injections may also achieve a sustained effective
level in the blood. Therefore IL.-10 was also administered by multiple ip injections to test

its inhibitory effect on M264-15 induced DTH.



[L-10 was given by triple ip injections, at O, 8. and 16 hr after DTH induction. At
the same doses (10ug to 200ug) as those for the single ip injection, IL-10 given by triple
injections was more efficient in DTH inhibition. Suppression was shown at all the IL-10
doses with percentages of inhibition ranging from 41% to 52% (Figure 4.8a). When
smaller amounts of IL-10 (total doses from 1ug to 40ug) were tested (Figure 4.8b), the
suppression of footpad swelling showed a dose related pattern, ranging from 25% to 49%,
and in this case 1ug of IL-10 significantly inhibited the footpad swelling. 10ug and 40ug
of IL.-10 expressed a similar suppression of the footpad swelling (49%) (Figure 4.3b). this
suppression was also similar to that induced by 100ug of IL-10 (52%) (Figure 4.8a).

therefore, with the triple-injection protocol, 10-40ug of IL-10 induced the maximal

inhibitory effect.

The inhibitory effects of IL-10 administered by single, double and triple ip
injections were compared in the same experiment. At the higher dose (100ug/mouse),
IL-10 given by all the frequencies of injection significantly inhibited the footpad swelling
at 24 hr, however IL-10 administered by double and triple ip injections expressed a more
sustained inhibitory effect on footpad swelling (Figure 4.9a). At the lower dose
(10pg/mouse) IL-10 given by both double and triple injections inhibited the 24 hr footpad
swelling to about 30% (Figure 4.9b). Although the single ip injected IL-10 inhibited the

18 hr footpad swelling, this etfect did not last through 24 hr.

Taken together, all the above results indicated that IL-10 inhibited Thl cell-
induced DTH. This effect can be obtained by either a single injection of a large amount.
or by multiple injections of smaller amount of IL-10. However even at the optimal doses,

[L-10 only gave a partial inhibition of the footpad swelling.

To test the most effective time of [L-10 administration for DTH inhibition. [L-10

(100ug/mouse) was administered by a single ip injection at different times either betore

or after DTH induction. In one experiment, IL-10 was administered 5 hr before. at the

“0



same time or 5 hr after the DTH induction, and only the IL.-10 given at 5 hr after the DTH
significantly inhibited the 24 hr footpad swelling, and this inhibition was sustained for
about two days (Figure 4.10a). In another experiment, IL-10 was given at 0, 4, 8, or 12
hr after Thl cell injection (Figure 4.10b). IL-10 administered at all the time points except
for 12 hr after DTH induction inhibited the 24 hr footpad swelling, and the inhibitory
effect was also sustained for about two days. This result indicated that for an effective
inhibition of footpad DTH, IL-10 is needed at the early stage of DTH induction (O to 8
hr). Although IL-10 given 12 hr after DTH induction did not inhibit the 24 hr footpad
swelling, it significantly suppressed the 36 and 48 hr footpad swelling, this result
demonstrated both the ongoing DTH progress and the ongoing IL-10 suppressive effect

on DTH after 24 hr.

To 'investigate whether the effect of IL-10 varied with the number of Thi cells
injected or with the magnitude of the DTH response, different numbers of M264-15 cells
were used to induce footpad DTH in BALB/c mice. The magnitude of the 24 hr footpad
swelling was Th!l cell number-dependent as reported before (Cher and Mosmann, 1987).
IL-10 (100ug/mouse), administered by a single ip injection, suppressed the footpad

swelling induced by Thl cells at all cell numbers tested (Figure 4.11).

Since IL-10 injected iv, ip, or sc, yielded similar serum levels of IL-10 and
expressed close (within three folds) kinetics of loss in the serum, we hypothesized that
[L-10 that given by any of these three routes should show similar inhibition to the footpad
DTH. Therefore different routes of IL-10 administration were tested for their inhibition
of footpad DTH induced by M264-15 cells. In these studies, both the 24 hr footpad
swelling and the foot weight were recorded to show the IL-10 effect. IL-10 significantly
inhibited the footpad DTH (measured as weight or thickness) when administered by any

of these three routes (Figure 4.12).



IL-10 inhibits DTH induced by other Thl clones

To investigate whether the inhibition of M264-15 induced DTH by IL-10is a
general effect on DTH induced by other Thl clones, three more Thl clones were tested.
MD13-5.1 and MD13-10 are specific for CRBCs, while HDK-1 is specific for a soluble
Ag, KLH (Cher and Mosmann, 1987). These Th cells were injected together with their
appropriate Ags into the footpads of naive BALB/c mice. IL-10 was given either by a
single ip injection of 80ug per mouse (Figure 4.13) or by triple ip injections of a total
amount of 20pg per mouse (Figure 4.14). IL-10 partially but significantly inhibited the
24 hr footpad swelling in all cases, except for DTH induced by HDK-1 cells in one
experiment. However the degree of inhibition of the footpad DTH induced by different

Thl clones varies.

The time course of the [L-10 effect was studied by measuring footpad swelling
every 8 to 12 hr over several days. As previously reported, the peak reaction of the Thl
DTH reached at about 24 hr and the swelling usually lasted for 2 days or more (Cher and
Mosmann, 1987; Fong and Mosmann, 1989). In the DTH reactions induced by different
Thl clones, IL-10 did not appear to suppress the footpad swelling for the first few hours.
The strongest inhibitory effect was observed at the peak reaction, and for most of the Thl
clones, the inhibition lasted for days (Figure 4.14). Increasing amounts of IL.-10 induced
more inhibition of M264-15-induced DTH, but the time of maximum suppression was

always at the time of peak swelling ( Figure 4.14a).

IL-10 inhibits vascular permeability during the Thl DTH response

Tissue edema is often part of the pathological changes of DTH responses. IL-10
effects on edema were tested using Evans Blue dye. The dye was injected iv 18 hr after

M264-15 cells were injected to induce DTH. Two hr later the mice were terminated.



perfused with heparin-containing PBS, and the Evans Blue was extracted from each
footpad to measure the vascular leakage. The DTH footpads from IL-10 treated mice
contained significantly less Evans Blue than footpads from control mice (Figure 4.15),
suggesting that IL-10 inhibits vascular permeability during the DTH reaction. The
inhibition of Evans Blue extravasation by IL-10 was 30-50%, which was similar to the
inhibition of the footpad swelling or the foot weight increase. This result suggested that
the major inhibitory effect of IL-10 on footpad swelling may due to the inhibition of

edema.

IL-10 does not alter the cellular infiltration in 24 hr DTH footpads

Cellular infiltration is another characteristic of DTH responses. The IL-10 effects
on cellular infiltration during DTH reaction were studied on the 24 hr footpad sections
stained with hematoxvlin and eosin (H-E). A heavy infiltrate dominated by
polymorphonuclear cells was seen within or around the T cell-injected area of each DTH
foot section (e.g. Figure 4.16). The size of the infiltrated area and the density of infiltrate
varied among sections of each foot. The numbers of the mononuclear cells and the
polymorphonuclear cells were counted in five 12.5 x 40 microscope area for each tissue
section. The polymorphonuclear to mononuclear cell ratios varied between 20:1 to 2:1 in
different regions of the section, possibly related to proximity to the site in which Thl
cells were injected. When the combined data from several sections of each foot were
considered, no significant difference, either qualitative or quantitative, was found
between the IL-10-treated and the control feet. This result suggested that IL-10 may not
affect cellular infiltration in the DTH response induced by Thl clones. Figure 4.16
showed the representative sections of 24 hr DTH feet collected from either IL-10- or

PBS-treated mice.
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IL-10 reduces the level of Thl and inflammatory cytokines in the DTH footpads

In vitro, IL-10 inhibits cytokine production by Thl cells as well as by
macrophages. DTH induced by Thl cells is partially regulated by IFNy. Furthermore.
cytokines produced by macrophages and other accessory cells, such as IL-6 and TNF, are
also directly involved in inflammatory responses. Therefore the inhibition of DTH by IL-
10 could be due to the inhibition of the synthesis of these cytokines. To test this
hypothesis, the in vivo levels of cytokines were measured from footpad extracts. The
cytokines tested included those of Thl cells (IL-2. IL-3, GM-CSF, IFNy and LT).
macrophages (IL-6, IL-10 and TNF), as well as Th2 cells (IL-4, IL-5, IL-6 and [L-10).
Among all these cytokines, the levels of IL-2, IL-6, IL-10, IFNy and TNF/LT were
elevated in the DTH feet injected with Thl cells (Figure 4.17, Table 4.2), suggesting that
these cytokines could be either correlated with Thl cell activation or directly involved in
the footpad inflammatory response. IL-10 treatment reduced the levels of IL-6. IFNy and
TNF/LT consistently, and IL-2 sometimes in the DTH footpads (Figure 4.17. 4.18 and
Table 4.2). Similar suppression of the in vivo cytokines by IL-10 was shown by different
routs of administration (Figure 4.17 and Table 4.2). IL-10 levels in DTH footpads were
similar or higher in the control mice than the IL-10 treated mice, indicating that [L-10
may also inhibit its own in vivo levels. This result was consistent with the in vitro
findings that IL-10 inhibits its own production from macrophages. (In Table 4.2. tissue
extracts in Exp I and II were prepared by collagenase I digestion after mechanical
disassociation. It was found that the collagenase digested most of the cytokines except for
IFNv in the footpad extracts, therefore levels of some of the cytokines in these

experiments were low or undetectable).

The time course of the in vivo cytokine production during Thl DTH response was

studied at 8, 16 and 24 hr after T cell injection. Significant amounts of [L-2 (data not



shown), IL-6 and TNF/LT were detected at 8 hr in the DTH footpads. while elevated
[FNv started to appear later. IL-2 (data not shown), IL-6 and [FNY levels increased along
the 24 hr post-DTH induction, while TNF/LT level peaked at 16 hr and dropped by 24 hr
(Figure 4.18). In this experiment, IL-10 was administered by triple ip injections at 0, 8
and 16 hr after DTH induction. Again IL-10 inhibited both the Thl (IFNy and LT/TNF)
and the macrophage (IL-6 and TNF/LT) cytokine levels in the DTH footpad. IL-10
blocked the accumulative increase of these cytokines in the footpads, correlated with its

inhibition of footpad swelling (Figure 4.18).

Both [L-10 and anti-IFNYy antibody partially inhibit the Th1 clone-induced footpad
DTH. To further test if the inhibitory effects of IL-10 was through the inhibition of the in
vivo levels of IFNY, IL-10 and anti-IFNy was administered together. Both IL-10 and anti-
[FN7 antibody, XMG 1.2, alone showed a moderate suppression of M264-15-induced
footpad swelling (Figure 4.19). When IL-10 and anti-IFNY antibody were administered
together, the degree of inhibition was neither significantly greater than either reagent
alone, nor greater than IL-10 plus isotype control Ab, suggesting that there was no
synergy effect between IL-10 and IFNy Ab in DTH inhibition. Therefore the inhibitory
effect of IL-10 on Thl clone-induced DTH was likely to be through the inhibition of

[FN7 production.

IL-10 inhibits SRBC induced footpad DTH.

In addition to the DTH induced by Thl clones, the effect of IL-10 was also
studied on DTH induced by priming and challenging mice with sheep red blood cells
(SRBCs). BALB/c mice were immunized sc with SRBCs in the presence or absence of
complete Freund's adjuvants (CFA). Footpad DTH was induced by challenging these

mice with SRBCs in their left hind footpads 14 d after the immunization. A single dose



of [L-10 (100ug/mouse) was injected ip at the time of the antigen challenge. IL-10
inhibited the 24 hr footpad swelling induced by SRBC up to 40% (Figure 4.20).
However when a smaller amount of [L-10 (201g/mouse) was administered by triple ip
injections, [L-10 failed to inhibit the 24 hr footpad swelling induced by SRBCs (Figure
4.21). This result suggested that the amount of IL-10 required and the most effective
time of IL-10 administration in DTH inhibition may depend on the way how a particular

DTH is induced.

The IL-10 effects on celiular infiltrate were also assessed in SRBC-induced DTH
by H-E staining. Similar infiltrates were seen in sections of DTH feet from IL-10-treated
and PBS-injected mice (Figure 4.22). The ratios of polyvmorphonuclear to mononuclear
cells in the infiltrated area were 18.3 + 8.8 for PBS control feet, and 19.0 £ 10.7 for [L-10
treated feet. This result was a collection of three counting fields for each section and six
sections for each foot, of two PBS-injected and three IL-10-injected feet. Collectively
these results suggested that IL-10 did not significantly inhibit the cellular infiltration in a

SRBC-induced DTH response.

The in vivo cytokine profile was tested from the tissue extracts of the 24 hr DTH
feet. Although IL.-2, IL-6 and IFNY levels were high in the DTH footpad injected with
Thl cells, they were not detected in the SRBC-challenged DTH footpads. TNF/LT was
detected in the DTH feet, suggesting the involvement of this cytokine in the SRBC-DTH
reaction. IL-10 treatment inhibited the in vivo levels of TNF/LT in the DTH footpads.
but the inhibition was only significant in the mice primed with SRBC in CFA (Figure

4.23). Detection of cytokines in the control footpads was not done.



C. Summary of results

1) Mouse rIL-10 was enriched to > 95% purity by sequentially passing through 3GA blue
dye and Mono Q 10/10 chromatography.

2) The in vivo apparent half life of systematically administered IL-10 was about 2 to 5 hr
depending on the administration routes, and most of the circulating IL-10 was

biologically active.

3) Systemically administered IL-10 inhibits Thl clone-induced footpad swelling and
tissue edema without significantly altering the cellular infiltration during the peak

DTH reaction (24 hr).

4) Effective inhibition can be obtained by either a single injection of a large amount ot
IL-10 (e.g. 100pg/mouse) or by multiple injections of smaller IL-10 doses (e.g.

20ug/mouse total). The most effective time for single dose [L-10 administration is

between O to 8 hr after DTH induction.

5) IL-10 significantly inhibits the levels of Thl(e.g. [L-2, [FNyand LT) and macrophage
(IL-6 and TNFa) cytokines in the DTH footpads. The endogenous IL-10 level is also
elevated during a DTH response, and IL-10 may also inhibit its own production in

vivo.

6) IL-10 inhibits footpad DTH induced by priming and challenging mice with SRBCs.
without altering the cellular infiltration. IL-10 also inhibited the in vivo levels of

TNF/LT in the DTH footpads of the mice immunized with SRBCs in CFA.



D. Discussion

The recombinant IL-10 used in this study was purified from a mammalian
expression system in order to obtain material that was similar to natural IL-10 in post-
translational modifications, particularly carbohydrate addition, as we considered that
glycosylation of IL-10 may be important for in vivo function and stability. Natural [L-10
is 2 homodimer of polypeptides with variable glycosylation (Moore et al.. 1990b). Our
mammalian recombinant IL-10 consisted of three major polypeptides with mobility in
SDS-PAGE very similar to natural IL-10 monomers (Figure 4.5), suggesting that it may
contain similar post-translation modifications to natural IL-10. However, a recent study
using E. coli-expressed mouse rccombinant IL-10, which lacks glycosylation, inhibited
the effector stage of DTH against Leishmania major with a similar dose range (Powrie et
al., 1993). Together with the lack of glycosylation of human IL-10 (Vieira et al., 1991),
these results suggest that glycosylation may not be critical for in vivo functions of mouse

IL-10.

[L-10 has a relatively slow rate of loss in the circulation. A recent clinical trial of
human IL-10 also showed a similar in vivo apparent half life as the results in this study
(Huhn et al., 1996). The in vivo half lives of IL-10 administered ip or sc were
significantly longer than that injected iv, suggesting that the peritoneal cavity and the
subcutaneous space could serve as a slow release compartment for [L-10. For ip injected
IL-10, the half lives determined by ELISA and by bioassay were significantly different:
The half life measured by ELISA is longer (2.5 vs. 1.8 hours) and the apparent IL-10
amount was higher at any time point. This result suggests that a certain amount of [L-10
in the serum lost its bioactivity but was still detectable by ELISA. Since the antibodies
for the [1.-10 ELISA recognize the natural form of IL-10 but not some denatured forms

(Mosmann et al., 1990), it is also possible that [L-10 formed complexes with other



protein(s). such as soluble IL-10 receptors, which could block the biological activity but

were still immunoreactive.

During immune responses, the production of IL-10 often correlates with a strong
Th2 response and a inhibited cell-mediated response (Mosmann and Coffman, 1989;
Mosmann, 1994a). In this study, mouse IL-10 directly inhibited the DTH induced by Thl
clones. This DTH model represents only the effector stage of DTH without requiring
endogenous T cell recruitment. Activation of the injected Thl cells by antigen and
endogenous APC leads to Thl cytokine synthesis, recruitment of other effector cells, and
increase of vascular permeability leading to edema. This reaction peaks at about 24 hr
and can last for days. The properties of the Thl clone transferred DTH are quite similar
to those of the Jones-Mote type of DTH. [L-10 inhibited footpad swelling, vascular
leakage, and the cytokine production by T cells and other cells, but cellular infiltration

was not detectably altered.

The studies of the frequencies and the time effect of IL-10 administration on DTH
inhibition suggested that in order to show an effective inhibition, IL-10 is required
through the development of the DTH reaction, especially at the early stage (0-8 hr) after
T cell injection. In this study, relatively large amounts of IL-10 were needed for the
suppression of the footpad swelling. Similar findings were reported on the IL-10 effects
on the effector stage of the DTH induced by L. major (Powrie et al., 1993). However
when administered at the initiation stage of the DTH responses, a relatively small amount
of IL-10 (at ng level) gave an effective inhibition of allospecific footpad DTH (Rivas and
Ullrich, 1994). These results suggested that it could be more difficult to suppress the
DTH at the effector stage, when the animal has already acquired the ability to mount the
reaction. Furthermore, the effective ways of IL-10 administration was different between
Thl- and SRBC-induced DTH. For SRBC-DTH, a large amount of IL-10 given at the

time of challenge effectively inhibited DTH, while smaller doses administered through
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triple ip injections, which were efficient in inhibiting Th1-DTH. failed to inhibit SRBC-
DTH. Since the effector stage of SRBC-induced DTH involved local recruitment of DTH
effector T cells, the cellular events in SRBC-DTH process was different from that of the
Thl adoptively transferred DTH, which may explain the difference in the IL-10 dose
required and the effective time point of action between these two types of DTH

responses.

IL-10 did not detectably affect either the quantity or the type of infiltrated cells in
the DTH footpads, as assessed by the relatively crude method of simple H-E staining.
Thus, suggests that IL-10 may not effect the gross changes in adhesion molecules and
chemotaxis in the DTH models we studied. However IL-10 may express different effects
on cellular infiltration depending on the experimental systems. I[L-10 inhibited [CAM-1
expression on human monocytes (Willems et al., 1994), it inhibited both [CAM-1 and
VCAMS-1 upregulation on IL-1 activated human endothelial cells (Krakauer, 1995) and
ICAM-1 expression on rat lung vascular endothelial cells (Mulligan et al.. 1993). The
suppression of adhesion molecule expression suggests its potential inhibitory ettect on
cellular infiltration. IL-10 inhibited migration inhibitory factor (MIF) production from T
cells and MIF mediated macrophage activation (Wu et al., 1993), suggesting potential
inhibitory effects on local macrophage infiltration. IL-10, together with [L-4, reduced the
mononuclear cell infiltration during a DTH response induced by L. major Ag (Powrie et
al.. 1993). But IL-10 did not inhibit human monocyte chemotaxis induced by monocyte
chemotactic and activating factor (MCAF) (Yano et al., 1995). Furthermore. IL-10
reduced neutrophil migration to the inflamed lung in rats (Mulligan et al.. 1993),
inhibited the adhesion of leukocytes to IL-1 activated human endothelial cells, and
suppressed both neutrophil and eosinophil infiltration in a mouse airway inflammation
(Zuany-Amorim et al., 1995). Collectively these results indicate that IL-10 can

potentially suppress cellular infiltration in certain inflammatory responses.



DTH is often accompanied by an increase in vascular permeability, which may be
mediated by a number of factors, including histamine, serotonin, prostagiandin E2
(PGE2), platelet-activating factor (PAF), substance P, IL-8 and TNF (Pober and Cotran.
1990). IL-10 may reduce vascular leakage by directly affecting the vascular endothelial
cells, or by suppressing the release of one or more of these vasoactive mediators. IL-10 is
known to inhibit the production of TNF and IL-8 (Fiorentino et al., 1991a; de Waal
Malefyt et al., 1991a), and here I showed that IL-10 inhibited the levels of TNF/LT in the
DTH footpad, thus providing a potential explanation for the ability of IL-10 to inhibit

vascular leakage.

The elevation of both Thl (e.g. IL-2, IFNy and TNF) and non-Thl (e.g. IL-6, IL-
10 and TNF) cytokines in the DTH footpads indicates the activation of Thl cells in vivo
and the participation and activation of other accessory cells during the Thl DTH
responses. Most of the cytokines (e.g. [L-2, IL-6 and IFN7y) showed an accumulating
pattern in the footpads during the 24 hr DTH reaction. The accumulation of the Thl
cytokine suggested the gradual activation of these cells in vivo or the accumulative
production of their cytokines, while the increase of the non-Thl cytokine indicated the
increasing activation of endothelial cells or increasing infiltration and activation of other
accessory cells, such as neutrophils and macrophages. Thus for the first 24 hr after T cell
injection, cells in the footpads are continuously being activated, and their functions being
upregulated. This phenomena may explain why IL-10 is consistently required during this

period of time for an effective inhibition of the DTH response.

I[L-10 inhibits the synthesis of inflammatory cytokines (IFNy, IL-{, [L-6, IL-8, LT
and TNFa) by Thi cells. monocytes and macrophages in vitro (Fiorentino et al.. 1989:
Fiorentino et al., 1991a). During DTH induced by Thl clones. the inflammatory
cytokines were elevated in the footpad, probably because of local synthesis. and svstemic

[L-10 substantially reduced the levels of both the primary Thl cytokines (e.g. IFN7Y.



TNF/LT) and secondary cytokines (e.g. IL-6, IL-10 and TNFa) in the tootpads ef
ongoing DTH reactions. The TNF bioassay potentially detects TNFa., produced by Thl
cells and macrophages, and TNFB (LT) produced by Thl cells. Thus, the TNF
measurements in footpad extracts do not distinguish between direct and indirect
production of TNF, and therefore could indicate a combination of Thl and macrophage
activation. IL-6 can be produced by both macrophages and endothelial cells but not Thl
cells. The suppressive effect of IL-10 on the synthesis of these cytokines indicated its
inhibition of Th! cells and macrophages in vivo. The inhibition of IL-6 levels by IL-10
suggests that endothelial cells may not be the major source of IL-6 in the footpad. as IL-
10 does not inhibit the synthesis of IL-6 by endothelial cells (Sironi et al., 1993). The
combined inhibition of direct and indirect cytokine production provides a possible
explanation for the ability of [L-10 to inhibit the DTH-swelling reaction. These results
e.g. reduction of IFN7 levels, also suggest that the cells presenting Ag to Thl cells in the
foot are IL-10 sensitive APCs, such as macrophages (Fiorentino et al., 1991b) or

dendritic cells (Macatonia et al., 1993).

Interestingly, increased expression of IL-10 was also detected in footpads
undergoing Th! DTH. This IL-10 was probably secreted by secondary cells, e.g.
macrophages or keratinocytes, as mouse Thl cells do not normally secrete IL-10. The
increased expression of IL-10 was also reported in other inflammatory responses. such as
endotoxemia (Frankenberger et al., 1995; Standiford et al., 1995) and inflammatory
bowel disease (IBD) (Kucharzik et al., 1995). Furthermore, stronger CH and more severe
tissue damage occurred in I[L-10 deficient mice compared to wild type controls (Berg et
al., 1993). These findings raise the possibility that the endogenous IL-10 could be
responsible for quenching of inflammatory responses. The secondary expression of IL-10

later in the DTH reaction may be a cause of the rapid decline in swelling that often occurs



after 24 hr. A similar role for IL-10 has been demonstrated in contact hypersensitivity

(Ferguson et al., 1994).

[L-10 also inhibits the DTH induced by priming and challenging with SRBCs.
which is another commonly used mouse DTH model. This result suggests that the
inhibition of DTH by IL-10 could be a general effect. However the triple ip injections of
smaller amounts of [L-10 that was effective in inhibiting Th1 DTH failed to inhibit this
type of DTH. These results suggested that the effective amounts and time of IL-10
administration may be different among different reactions. Unlike the Thl cell
adoptively transferred DTH, which initiated by the direct activation of injected Thl cells
in situ, the effector stage of the SRBC DTH is initiated by the activation of endothelial
cells and the recruitment of DTH effector T cells. Therefore the DTH processes of these
two type of responses were different. No significant levels of IL-2 and IFNy werc
detected, indicating that the Thl cell frequency in the footpad may be low. However,
significant levels of TNF/LT were detected in the DTH footpads, suggesting the
involvement of this cytokine in the SRBC-induced DTH responses. The cellular sources
of TNF/LT could be Thi cells and macrophages. Suppression of TNF levels by IL-10
was detected in the DTH footpads of the mice immunized with CFA, suggesting that [L-
10 may also inhibit the functions of either macrophages or Thl cells this DTH model.
CFA augmented the reaction, thus providing more room for studying the inhibitory effect

of IL-10.

Studies of IL-10 effects on DTH or other inflammatory responses have been
reported by other groups recently. Classical tuberculin-type DTH induced by Leishmania
antigens was partially inhibited by E. coli-derived recombinant IL-10 (Powrie et al..
1993). IL-10 inhibits both the induction and the effector phase of DTH induced by
trinitrophenyl-coupled spleen cells (Schwarz et al., 1994), and the initiation stage (Kondo

et al.. 1994) or the effector stage (Schwarz et al., 1994; Ferguson et al.. 1994) of contact



hvpersensitivity (CH). Beside the DTH responses. IL-10 also suppresses other
inflammatory reactions. IL-10 protects lung injury induced by immune complexes
(Mulligan et al., 1993). and prevents experimental allergic encephalomyelitis (EAE) in
rats, which is an autoimmune disease mediated mainly by Thl cells (Rott et al., 1994).
IL-10 suppresses inflammatory cytokine production during IBD (Schreiber et al., 1995),
inflammatory arthritis (Hart et al., 1995), endotoxemia (Standiford et al., 1995) and graft
versus host (GVH) diseases (Smith et al., 1995). The in vivo inhibition of inflammatory
cvtokines by IL-10 was also confirmed in human by an IL-10 trial (Chernoft et al., 1993).
All these results together with the studies presented in this chapter demonstrate the

negative role of IL-10 played in DTH anc other inflammatory responses.
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Figure 4.1 JE 9-2 cells produce high levels of IL-10. JE
9-2 cells (108/ml) were cultured in medium conditions
indicated. Supernatants were harvested different days
after the culture, and the IL-10 concentrations were tested
by ELISA. Each bar represents the Mean =+ SD of the
IL-10 levels in three separate wells.
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Figure 4.2. JE 9-2 IL-10 is biologically active. 100 U/mi
(determined by ELISA) of JE 9-2 and COS cell expressed
IL-10 were titrated two folds sequentially, and cultured
with IL-2 (10 ng/ml) stimulated BALB/c splenocytes
(108/well). Thirty-six hr later, the supernatants were
collected and IFNy concentrations were tested by ELISA.
The bioactivity of IL-10 was expressed as the inhibition of
IFNy production in the supernatants. Each point
represents the mean £ SD of triplicated wells.
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Figure 4.3 JE 9-2 IL-10 monomers have similar
molecular weights to those of the COS cell expressed
mouse riL-10. Concentrated supernatants of JE 8-2 or
IL-10 transfected COS cells were analyzed on a
SDS-PAGE gel. Proteins on the gel were transferred onto
a nitrocellulose membrane and incubated sequentially
with a rat- anti-mouse I[L-10 antibody (Sxc-5), a
biotin-goat-anti-rat Ig antibody, and peroxidase-linked
streptavidin. The IL-10 bands were visualized by soaking
the membrane in an AEC substrate buffer.
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Figure 4.4 1L-10 purification by Mono Q and 3GA blue
dye columns. Concentrated JE 9-2 supernatant was
passed through a Mono Q column, and the IL-10 positive
fractions were pooled, concentrated and loaded onto &
3GA blue dye column. The elusion fractions from 3CGA
blue dye column were tested for IL-10 (A), and analysed
by SDS-PAGE (B). Proteins on the SDS-PAGE were
stained with Coomassie blue.
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Figure 4.5 The purity of IL-10 after each step of
purification.  Aliquots of [L-10 (2000U) from each
purification step were analyzed by SDS-PAGE. Gels were
either stained with Coomassie blue or processed for
Western blot. D10 supernatant (10pl concentrate,
containing about 200U of IL-10) was used as a natural
[L-10 control in the Western blot.
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Figure 4.6. Kinetics of in vivo loss of [L-10. IL-10
(100ug/mouse) was injected into BALB/c mice i.v. (A), s.C.
(B) or i.p. (C and D). A control moues received an equal
volume of PBS iv (A). Tail blood was collected at 2-4 hr
intervals. Serum IL-10 was measured by ELISA (A, B,
and C) or bioassay (D). Each line represents an
individual mouse.
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Figure 4.7. The dose effect of single ip injected IL-10 on
DTH induced by M264-15 cells. DTH was induced by
injecting 108 M264-15 Th1 cells into the footpads of naive
BALB/c mice. Different amounts of IL-10 were administered
by a single ip injection at the same time as DTH induction.
control mice were injected ip with an equal volume of PBS.
Footpad swelling were measured at 24 hr after Th1 cell
injection. Each bar represents the mean £ SD, (n=3). * p<
0.05, ** p< 0.005, compared to PBS injected group. Similar
significance was showed by one-way ANOVA analysis.
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Figure 4.8. The dose effect of triple ip injected IL-10 on
DTH induced by M264-15 cells. DTH was induced by
injecting 108 M264-15 Th1 cells into the footpads of naive
BALB/c mice. Different amounts of IL-10 were administered
by triple ip injections at 0, 8, and 16 hr after DTH induction.
control mice were injected with equal volumes of PBS.
Footpad swelling were measured at 24 hr after Th1 cell
injection. Each bar represents the mean + SD. ~p<0.05, *°
p< 0.005, compared to the control group.
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Figure 4.9. The frequency effect of IL-10 administration on
DTH induced by M264-15 cells. DTH was induced by

injecting 108 M264-15 cells into the left hind footpads of
naive BALB/c mice. IL-10 was administered at a total dose of
either 100ug/mouse (A, n=3) or 10ug/mouse (B, n=5) by
one(at 0hr), two (0 and 12 hr) or three (0, 8, and 16hr) ip
injections. Control mice were injected ip with equal volumes
of PBS. Footpad swelling was measured at different times
post-DTH induction. Each bar represents the mean=S8D. -~
p< 0.05, ** p< 0.005, compared to the control group.
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Figure 4.10. The time effect of IL-10 inhibition on DTH

induced by M264-15 cells. DTH was induced by injecting 10°
M264-15 cells into the left hind footpads of naive BALB/c
mice. IL-10 (100ug/mouse) was administered by a single ip
injection at different time points either before (-) or after DTH
induction. Control mice received an equal volume of PBS at
the same time as Th1 cell injection. Footpad swelling was
measured at different time points indicated. Each bar
represents the mean + SD (n=8). * p< 0.05, compared to the
control group.
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Figure 4.11. IL-10 inhibits DTH induced by diiferent
numbers of M264-15 cells. Different numbers of M264-15
cells were injected into the left hind footpads of naive
BALB/c mice to induce DTH. For each Th1 cell dose, the
animals received either 100ug IL-10 or an equal volume of
PBS by a single ip injection at the same time as DTH
induction. Footpad swelling was measured 24hr later.
Each point represents the mean = SD (n=3, Exp |; n=5, Exp
I). * p< 0.05 compared to the control group.
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Figure 4.12. IL-10 administered by different systemic
routes inhibits DTH induced by M264-15 cells. Each BALB/c
mouse received 100ug (A, n=3) or 80 ug (B, n=5) IL-10 by a
single iv, sc, or ip injection at the same time as DTH was
induced by M264-15 cells (10%/mouse). An equal volume of
PBS was given by the corresponding routes as controls for
each group. Twenty four hr later, either the footpad swelling
or foot weight was measured. Each bar represents the mean
+ SD. * p<0.05, ** p< 0.005 compared to the control group.
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Figure 4.13. IL-10 inhibits DTH induced by other Th1
clones. DTH was induced by injecting 10° HDK-1 cells with
30 ng KLH, or 5x105 MD13-5.1 cells with 1.5x107 CRBCs, or
5x105 MD13-10 cells with 1.5x107 CRBCs into the left hind
footpads of naive BALB/c mice. The right hind footpads of
these mice were injected with equal numbers of the
corresponding Th1 cells only. IL-10 (80ug/mouse) was
given by a single ip injection, while the control mice received
an equal volume of PBS. Footpad swelling was measured
24 hr after DTH induction. Each bar represents the mean %
SD (n=3). *p<0.05, compared to the control group.
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Figure 4.14. Time course analysis of the [L-10 suppression
of DTH induced by Th1 clones. Footpad DTH was induced in
naive BALB/c mice by the following Th1 clones and their
antigens: 108 M264-15 cells (A, n=5), 10° HDK-1 cells with
30 ug KLH (B, n=3), 5x10° MD13-5.1 cells with 1.5x107 CRBC
(C, n=4), or 5x105 MD13-10 cells with 1.5x107 CRBC (D,
n=5). IL-10 was given by triple ip injections with the total
doses indicated. The control mice received equal volumes of
PBS. Each point represents the mean £ SD. * p< 0.05, ** p<
0.005, compared to the control group.
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Figure 4.15. IL-10 inhibits tissue edema in DTH induced by

M264-15 cells. DTH was induced by injecting 10° M264-15
cells into the left hind footpads of naive BALB/c mice. PBS or
IL-10 (20ug/mouse total) was administered to these mice by
triple ip injections. Eighteen hr after DTH induction, 0.1 ml of
1% Evans Blue dye in PBS was injected iv, 2 hr later the
footpad swelling was measured, the mice were terminated
and perfused. Their feet were collected and weighted. The
Evans blue from each footpad was extracted and quantitated
to represent the degree of vascular leakage. Each bar
represents the mean £ SD (n=5). *p<0.05 compared to the
control group.



Figure 4.16. [L-10 dose not alter cellular infiltration in DTH

induced by M264-15 cells. DTH was induced by injecting 108
M264-15 celis into the left hind footpads of naive BALB/c mice.
[L-10 (100ug/mouse, B) was administered by a single ip
injection at the same time as DTH induction. The control mice
received an equal volume of PBS (A). Twenty-four hr after DTH
induction, mice were sacrificed, their feet were collected, fixed
with formaldehyde, sectioned and stained with Hematoxylin and
Eosin (H-E).
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Figure 4.17. IL-10 inhibits cytokine levels in DTH footpads.
BALB/c mice received 80ug/mouse IL-10 by a single iv

injection at the same time as 10° M264-15 cells were injected
into their left hind footpads to induce DTH. Twenty-four hr
later, the footpads were collected, cut in HBSS and incubated
on ice for 1 hr. The supernatants were then tested for
cytokines by ELISA (IL-2, IL-6 and IFNy) or a bioassay
(TNF/LT). Each bar represents the mean = SD (n=5). ~
p<0.05, ** p<0.005, compared to the control group.
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Figure 4.18. The time course of cytokine levels in DTH
footpads, and the inhibitory effects of IL-10 on these

cytokines. DTH was induced by injecting 10% M264-15 cells
into the left hind footpads of BALB/c mice. PBS or a total dose
of 20ug/mouse of IL-10 was administered by triple ip
injections. Footpads were collected at 8, 16, and 24 hr after
DTH induction. Cytokines were detected by ELISA (IL-6 and
IFN+) or a bioassay (TNF/LT) in the footpad extracts. Each
bar represents the mean + SD (n=3). *p<0.05, *"p<0.001
compared to the control group.
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Figure 4.19. [L-10 does not show synergistic eifect with
anti-IFNy in DTH inhibition. DTH was induced by injecting 10¢
M264-15 cells into the left hind footpads of BALB/c mice.
These mice were treated with either 20ug of IL-10, or 1mg of
anti-IFNy antibody (XMG1.2), or 1mg isotype control
antibody (GL113), or an equal volume PBS, or combinations
of the above reagents as indicated. IL-10 was given by triple
ip injctions at 0, 8 and 16 hr after T cell injection, while
antibodies by a single ip injection at the same time as DTH
induction. Footpad swelling was measured 24 hr after DTH
induction. Each bar represents the mean = SD (n=3).
*p<0.05 compared to PBS or GL113 treated groups
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Figure 4.20. IL-10 inhibits the effector stage of DTH
induced by priming and challenging with SRBCs. BALB/c
mice were immunized sc with 108 SRBCs either with or
without CFA. Fourteen d later, the mice were challenged
with 2x108 SRBCs in their left hind footpads, the right hind
footpads of these mice receivd an equal volume of PBS as
controls. [L-10 (100ug/mouse) was administered by a single
ip injection at the same time as the SRBC challenge.
Footpad swelling was measured 24 hr later. Each bar
represents the mean £ SD (n=3). * p< 0.05, ™" p< 0.005,
compared to the control group.
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Figure 4.21. Smaller amounts of IL-10 administered by
triple i.p. injections did not significantly inhibit DTH
induced by SRBCs. BALB/c mice were immunized sc
with 108 SRBC either with or without CFA. Fourteen d

later, DTH was induced by injecting 2x10° SRBC into the
left hind footpads of the primed mice, and an equal
volume of PBS was injected into the right hind footpads of
these mice as controls. IL-10 (total 20ug/mouse) was
administered by triple ip injections at 0, 8, and 16 hr after
DTH induciton. Footpad swelling was measured &t 24 hr.
Each bar represents the mean = SD (n=5).



Figure 4.22. IL-10 does not alter cellular infiltration in
SRBC-induced DTH. BALB/c mice were immunized with 108
SRBC with CFA, 14 d later DTH was induced by challenging
these mice with 2x108 SRBC in their left hind footpads. [L-10
(100ug/mouse, B) was administered by a single ip injection
at the time of antigen chalienge, while the control mice
received an equal volume of PBS (A). Twenty-four hr after
the Ag challenge, mice were sacrificed, and their feet were
cut off, fixed with formaldehyde, sectioned and stained with
Hematoxylin and Eosin (H-E).
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Figure 4.23. IL-10 inhibits levels of TNF/LT in SRBC DTH

footpads. BALB/c mice were immunized sc with 108 SRBC
with or without CFA. Fourteen d later, the mice were

challenged by injecting 2x10® SRBCs into their left hind
footpads. IL-10 (100ug/mouse) was given by a single ip
injection at the time of SRBC challenge. Footpads were
collected 24 hr later and cut in HBSS. TNF/LT was
detected from the footpad extracts by a bioassay. Each bar
represents the mean + SD (n=3). * p<0.05, compared to
the control group.
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Table 4.2

I1L.-10 inhibits cytokine levels in the DTH footpads

147

Exp# Cytokines PBS(exp) [L-10(exp) PBS(con) IL-10(con) p*
Expl IL-2 9.09 + 3.69 8.8+ 145 3.6+152 4.17 +3.58

IL-6 NDT NDT NDT NDT

IL-10 24 +5.2 19 +5.2 8§+£3.8 105

IFNY 1836 £ 5.7 3.1+1.38 -0.57 £0.24 -0.82 £0.34 0.003

INF/LT 5%12 3£0.34 0 0 0.02
Exp I1 IL-2 ND ND ND ND

IL-6 ND ND ND ND

IL-10 NDT NDT NDT NDT

IFNy 108 £31.3 32.6+5.5 0.88+£2.4 -0.7 +0.4 0.002

TNF/LT 3+£0.7 1£0.24 0 0 0.001
Exp III IL-10 156 £ 40.7 77 £ 30.2 85+18 67 £31.7

Other cytokine values shown in Figure 4.17

DTH was induced by injecting M264-15 (106celis/mouse) into the left hind footpads (exp) of
naive BALB/c mice, the right hind footpads of these mice received an equal volume of PBS as
controls (con). 1L-10 (80ug/mouse) was injected sc (Exp ), ip (Exp ll) or iv (Exp Ill), while the
control mice received an equal volume of PBS with corresponding administration routes. The
footpads were collected 24 hr after DTH induction, digested with coilagenase and DNase (Exp
I, ) or minced in HBSS (Exp 1ll) solution at 4C. The supernatant was collected and the
cytokines were detected by either ELISA (IL-2, IL-6, IL-10 and IFNy) or bioassay (TNF/LT)

NDT: undetectable; ND: not done

*The cytokine values from the IL-10 treated footpads were compared to those from the control

footpads. Significance was assumed at p<0.05 analyzed by a two-tail student's T test.



Chapter V
CDS8 Tcl and Tc2 cells secrete distinct cytokine patterns in vitro and in

vivo, but induce similar footpad DTH

(Most of the data presented in this chapter have been published in articles entitled "CD3
Tecl and Tc2 cells secrete distinct cytokine patterns in vitro and in vivo but induce similar
footpad inflammatory reactions” by Li Li, Subash Sad, David Kagi and Tim R. Mosmann
in J. Immunol. (158:4152-4161) and "Cytokine-deficient CD8+ Tcl cells induced by IL-
4: Retention of inflammation and pc_:rforin-and Fas-cytotoxicity but compromised long-
term killing of tumor cells" by Subash Sad, Li Li and Tim R. Mosmann in J. Immunol.

(159: July 15 issue)
A. Introduction and rationale

Either CD4 or CD8 T cells can dominate a DTH response depending on the MHC
restrictions of the antigens (Liew, 1982; Kundig et al., 1992). CDS8 T subsets mediate
DTH reactions to MHC class I restricted antigens, and are especially important in DTH
toward infections by some viruses (Doherty et al., 1990; Leung and Ada. 1980) and other
intracellular microbes (Muller, 1991; Muller et al., 1992; Goossens et al., 1992; Mody et
al.,, 1994). In these infections, the DTH responses mediated by CD8 T cells either
provide protection to the host, or are responsible for the pathogenesis of the disease.
Therefore studies on the CD8 T cell mediated DTH could help us to understand the

disease progress and to control the infections.

Similar to CD4 T cells, naive CD8 T cells can also differentiate into at least two
subsets of effector cells with distinct cytokine patterns: Tcl cells secrete a Thl-like

cytokine pattern, including [L-2 and IFNvy; while Tc2 cells produce Th2 cytokines.
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including IL4 and IL5. These Tcl and Tc2 cells were stable phenotypes that were not
interchangeable (Sad et al., 1995). But when treated with IL-4, the cytokine production
of mature Tcl cells was dramatically decreased, and their ability to secrete IL-2 was
totally lost (Sad and Mosmann, 1995). Thus, they were called the cytokine-deficient Tcl
cells. Due to the lack of IL-2 production, the autonomous proliferation of the cytokine-
deficient Tcl cells was affected. However their short term functions, such as perforin-

and Fas-mediated cytotoxicity, were similar to those of normal Tcl cells.

Local adoptively transferred DTH, induced by injecting primed T cells and their
Ags into naive mouse footpads, represents the effector stage of the DTH process. The
reaction presents a similar time course and histological appearance to DTH induced by
direct antigen challenge of primed animals (Bianchi et al., 1981: Scovern and Kantor.
1982). Therefore it is often used to test the ability of certain cell types to induce DTH. In
this model, resting Thl but not Th2 clones induced footpad DTH, which was partially
regulated by IFNy (Cher and Mosmann, 1987; Fong and Mosmann, 1989). When pre-
activated, Th2 populations were able to mediate [L-4-dependent DTH-like inflammation
(Muller et al., 1993). The cellular infiltration of the Th2 induced DTH was similar to that
induced by Th1 cells, but the peak reaction was significantly earlier (Muller et al., 1993).
These results suggest that Thi cells are more active in DTH induction, but Th2 cells also
have the potential to induce DTH-like inflammation through different mechanisms. A
CD8 T cell clone could also induce adoptively transferred footpad DTH (Lin and

Askonas, 1981), however the cytokine pattern of this clone is not known.

As CD8 T cells are important regulatory cells of DTH responses in many
diseases, and CD4 Thl cells induce DTH more effectively than Th2 cells (Cher and
Mosmann, 1987 and Figure 5.1), the potential abilities of Tcl and Tc2 cells to induce
DTH were tested in this study using the adoptively transferred DTH model. As DTH

induced by Thl and Th2 cells can be partially inhibited by anti-IFN+ and anti-IL-4 Abs.
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respectively, the Thl and Th2 characteristic cytokines can be important regulatory factors
of CD4 T cell-induced DTH. To study the cytokines potentially involved in the DTH
induced by CD8 T cells, the cytokine levels were measured from the tissue extracts of the
footpads injected with Tcl or Tc2 cells. Furthermore using IL-4 and IFNY blocking Abs,
and cytokine-deficient Tcl cells, the regulatory roles of [L-4 and IFNY during Tcl and

Tc2 induced responses were addressed.

This project provides information about the contribution of the Thl- or Th2-like
cytokine-producing CDS8 T subsets to DTH responses, the characteristics of the DTH

reactions, the potential cytokines involved and their regulatory roles.
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B. Results

Both Tcl and Tc2 cells adoptively transferred footpad DTH.

Tcl and Tc2 cells were generated from naive CD8 T cells (H2b) with allo-antigen
(H?_d) stimulation in the present of IL-12 with anti-IL-4, and IL-4 with anti-IFNY.
respectively (Sad et al., 1995). Seven d after cell culture, an aliquot of these cells was
stimulated with either Con A or antigen for 24 hr, and cytokines were measured from the
supernatants to confirm the cytokine profiles of the T cells. Another aliquot of each type
of T cell was stained for CD4 and CDS8, and surface antigen expression was evaluated by
FACScan. Figure 5.2 showed the cytokine patterns and phenotypes of d 7 Tcl and Tc2
cells from a typical experiment. Usually, after checking the phenotypes and cytokine

patterns of the CD8 T cells, d 10 Tcl and Tc2 cells were used for DTH experiments.

The ability of Tcl and Tc2 cells to induce footpad swelling was first tested using
different numbers of T cells. H2P-anti-H2d Tcl or Tc2 cells were injected into the
footpads of naive BALB/c mice (H24) at doses ranging from 0.2 to 2 million per mouse.
Footpad swelling was monitored over a period of 4-5 d. Both Tcl and Tc2 cells induced
cell dose-dependent, delayed footpad swelling (Figure 5.3) with similar kinetics and
magnitude. Significant footpad swelling started as early as 4 hr after the cell injection.
and the peak reaction appeared at 16-24 hr. Footpad swelling induced by either Tcl or

Tc2 cells was transient. and declined dramatically after 24 hr.

The ability of Tcl and Tc2 cells to induce footpad swelling was also tested at
clonal level. Tcl and Tc2 clones were generated either by limiting dilution or by single T
cell culture (add a single cell in each well by FACS sorting), and stimulated with allo-

antigen (H29) in Tc! or Tc2 differentiation conditions. The cloning efficiency was about



10% after the first 7 d stimulation. These cells were further restimulated every 7 d until
0.5-1x100 cells were obtained. Only about one third of the d 7 positive clones reached
half to one million cells, and there were more Tc2 then Tcl clones. The cytokine profile
(Table I) of each clone was tested from Con A stimulated supernatants, and their CD8
expressions were checked by FACScan analysis. Most Tcl and Tc2 clones induced
significant footpad swelling in BALB/c mice 20-24 hr after T cell injection (Figure 5.4).
suggesting that Tcl or Tc2 cells alone were sufficient to induce the footpad reaction.
Table I is a summary of the cytokine production and the footpad swelling induced by all

the Tcl and Tc2 clones obtained.

The T cell activation state required for the footpad reaction was then studied by
comparing resting and activated Tcl or Tc2 cells. Resting cells were obtained by
maintainin'g the d 7 Tcl and Tc2 cells in IL-2-containing medium for another 2 wk.
These cells were smaller in size, incorporated less 3H thymidine, and expressed no
detectable cytokines in their supernatants (data not shown). Activated Tc cells were
obtained by restimulating the resting T cells with APCs for 24 hr. These cells expressed
cytokines in their supernatant. When equal numbers of resting and activated Tcl or Tc2
cells were injected into the footpads of naive BALB/c mice, surprisingly they induced
similar footpad swellings (Figure 5.5), except that activated Tcl cells induced strong

swelling slightly earlier (16 hr) than the resting Tcl cells.

Footpad swelling induced by resting or activated Thl and Th2 cells was also
compared. Thl and Th2 cells were generated from CD4 splenocytes of C57BL/6J (H2b)
mice with allo-stimulation (M12.4.1, H2d) in the culture conditions of [L-12 with anti-IL-
4, and IL4 with anti-IFNY, respectively. The resting cells were obtained by maintaining d
7 Thl and Th2 cells in IL-2 containing medium for an additional 2 wk. and the activated
Th cells were obtained by restimulating the resting T cells with APCs for 24 hr. Both

resting and activated Thl cells induced footpad swelling, but the reaction induced by the



activated cells was significantly stronger around the peak reaction. Resting Th2 cells
showed lower activity in DTH induction than Th1l cells, however when pre-activated.
these cells induced comparable footpad swelling to that induced by the activated Th!
cells (Figure 5.5), suggesting that Th2 cells may not be fully activated in vivo. In

general, both Tcl and Tc2 cells induced stronger footpad swelling than Th cells.

DTH induced by Tcl and Tc2 cells was antigen-specific, and did not require host T

cells.

The antigen specificity of the footpad reaction induced by Tcl or Tc2 cells was
tested using different strains of mice. Equal numbers of H2b-anti-H2d Tc1 or Te2 cells
were injected into the footpads of naive BALB/c (H24), C57BL/6 (H2b) and CBA ( H2K)
mice. Significant footpad swelling was induced only in BALB/c mice, but not in
syngeneic C57BL/6 mice, nor in third party CBA mice (Figure 5.6). This result indicated

that the footpad reaction induced by Tcl and Tc2 cells was antigen specific.

Since the injected Tcl and Tc2 cells (H2b) were allogeneic to the BALB/c mice
(H2d), it is possible that the footpad reaction was caused by the allo-rejection response
mounted by the host T cells. To ensure that the host immune system did not react against
the injected T cells, C57BL/6 anti-HZd Tcl and Tc2 cells were injected into BALB/c x
C57BL/6, H24/D F1 mice. Tcl and Tc2 cells both induced significant footpad swelling in

the F1 (H29/D) as in BALB/c mice (Figure 5.7).

The lack of contribution by host T cells was confirmed by using SCID mice,
which do not have mature endogenous T cells, and normally do not reject allo-grafts.
Both Tcl and Tc2 cells induced similar footpad swelling in H2d SCID mice compared to

BALB/c mice (Figure 5.8). This result suggested that host T cells were not required for
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the footpad swelling induced by Tcl or Tc2 cells, therefore the footpad reaction was not

likely to be due to the host allo-rejection response.

Tcl and Tc2 cells induced similar edema during the footpad reaction

The tissue swelling of a DTH response is normally a combined result of cellular
infiltration and edema. To determine if Tcl and Tc2 cells induced similar edema during
the footpad reaction, vascular leakage was measured using Evans Blue dye. Twelve hr
after Tc1 or Tc2 cell injection, BALB/c mice were injected iv with Evans Blue. Six br
later, the mice were sacrificed, perfused, and the Evans Blue in the footpads was
extracted and quantitated. Elevated amounts of Evans Blue were detected in both Tcl
and Tc2 injected footpads (Figure 5.9), suggesting that increased vascular permeability
was induced during the footpad reaction mediated by these cells. Similar footpad
swelling induced by Tcl and Tc2 cells was accompanied by similar levels of vascular

permeability as indicated by Evans Blue leakage.

Cellular infiltration in the footpads injected with Tcl or Tc2 cells

Cellular infiltration is another important characteristic of DTH. Neutrophils and
macrophagés are the two major cell types that migrate into local tissue during DTH
responses, therefore the kinetics of appearance of these two cell types were tested in the
footpads injected with Tcl or Tc2 cells. Immunohistochemical staining specific for Gr-1
(a surface marker for granulocytes; Hestdal et al., 1991) was performed on footpad
sections collected at 6, 12 or 24 hr after T cell injection. Gr-1 positive cells were
detectable as early as 6 hr, and the infiltrate was more intense at 12 hr and 24 hr with a

similar appearance between Tcl and Tc2 injected footpads. Figure 5.10 showed the



representative tissue sections collected at 12 hr. Sections from Thl-injected footpad were
stained for Gr-1 as positive controls, as granulocyte infiltration was dominant in tootpad
DTH induced by Thl cells (Fong and Mosmann, 1989). Tissue sections from the RPMI

injected control footpads were also stained for Gr-1 as negative controls (Figure 5.10).

Infiltrated macrophages were detected using anti-Mac-3 staining, which stains
mainly activated macrophages (Ho and Springer, 1983). Mac-3 positive cells were not
detected at 6 hr in either Tcl or Tc2 injected footpads, but were present by 12 and 24 hr
with similar intensities between Tcl and Tc2 cell induced reactions. Figure 5.11 showed
the representative tissue sections collected at 24 hr. Collectively both granulocytes and
macrophages were infiltrated in the inflamed footpads injected with Tcl or Tc2 cells.
therefore, the footpad reaction induced by the Tc cells represented a DTH-like

inflammatory response.

The extent of Tcl- and Tc2-induced cellular infiltration was compared by
preparing single-cell suspensions from footpads collected 24 hr after Tc cell injection.
The numbers of live cells recovered from Tcl and Tc2 injected footpads were (8.5 %
1.3)x10% and (8.8 % 1.3)x10% cells respectively, while (2.7 + 0.3)x10% and (2.4 %
0.5)x10% cells were extracted from the corresponding control footpads. These recovered
cells were then assessed by staining their cytospin preparations. Gr-1 staining was used
to detect granulocytes in the cytospin preparations (Figure 5.12), and the positive cells
were counted. Similar numbers of Gr-11 cells were detected from the Tcl and Tc2
injected footpads (Figure 5.13a), and these cells constituted about 20% of the total cells
recovered (Figure 5.13b). Although cells expressing high Gr-1 levels are mostly
neutrophils, eosinophils can express low levels of Gr-1 (Hestdal et al.. 1991). To
distinguish neutrophils from eosinophils, the infiltrated cells were also stained with
Methylene Blue and Eosin Y (Figure 5.14). The levels of neutrophils revealed by Eosin
i+

and Methylene Blue staining were similar to those of the Gr-1" cells in either Tcl or Tc2
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footpads (Figure 5.13), suggesting that the majority of the Gr-17 cells detected in the
footpads were neutrophils. Thus, similar neutrophil infiltration was induced by Tc! or

Tc2 cells.

Macrophages were also detected in the cytospin preparations from both Tcl- and
Tc2- injected footpads using anti-Mac-3 staining (Figure 5.15), and the positive cells
were counted with all slides coded. At 24 hr after T cell injection, both Tcl and Tc2
DTH footpads yielded large numbers of Mac-3% cells (Figure 5.16a) that constituted
about 50% of the total recovered cells (Figure 5.16b). However there was again no

detectable difference between Tcl and Tc2 cell injections.

Th2 responses are often accompanied by increased eosinophil infiltration. To test
if eosinophils also participate in DTH induced by Tc2 cells, the extents of infiltrated
eosinophils were detected using Eosin Y and Methylene Blue staining of the extracted
cells (Figure 5.14). Although eosinophils constitute less than 3% of the total blood
leukocytes, 10-20% of the cells recovered from both Tcl and Tc2 DTH footpads were
eosinophils (Figure 5.17), indicating that a preferential eosinophil recruitment occurred in
CDS8 T cell mediated DTH. Furthermore, the numbers of infiltrated eosinophils were
significantly (p<0.05, two-tailed student’s t-test) larger in the Tc2 injected footpads.
suggesting a possible contribution of the Tc2 cytokines: both [L-4 and IL-5 are eosinophil
chemoattractants (Wang et al., 1989; Tepper et al., 1992; Dubois et al., 1994), and IL-5 is

also an eosinophil survival factor (Stern et al., 1992).

The time course of the eosinophil appearance was studied in cytospin preparations
from footpads collected at 12, 24 and 40 hr after Tcl or Tc2 cell injections. In this
experiment, the numbers of eosinophils infiltrating Tcl or Tc2 injected footpads were
similar at both 12 and 24 hr (Figure 5.18), while significantly (p<0.05, two-tailed

student's t-test) more eosinophils were present in the Tc2 injected footpads at 40 hr after
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the cell injection. This result indicated that the Tc2 cytokine etffect on eosinophil

infiltration may be stronger at later time point of the DTH reaction.

Cytokine synthesis in vivo during DTH induced by Tcl or Tc2 cells

The above results demonstrated that Tcl and Tc2 cells induced similar footpad
DTH despite producing different patterns of cytokines in vitro. To confirm that Tcl and
Tc2 cells continued to produce their characteristic cytokines while inducing similar
footpad DTH, cytokine levels were measured in footpad extracts. Footpad DTH was
induced in naive BALB/c mice with either Tcl or Tc2 cells. Mice were terminated at 8.
16, and 24 hr after DTH induction, and tissue extracts were prepared from individual
footpads. The levels of the Tcl or Tc2 specific cytokines, such as [FNy, [L-4 and IL-5.
were measured by ELISA. Significant levels of [FNv (Figure 5.19a) were detected in the
footpads injected with Tcl but not Tc2 cells, while IL-4 (Figure 5.19b) and IL-5 (Figure
5.19¢) were found in the Tc2 but not Tcl footpads. All these three cytokines reached
high levels at 8 hr after the cell injections, suggesting a rapid activation of these cells in
vivo. IFNY was often low by 24 hr, whereas IL4 and IL5 levels remained high (Figure
5.19), and sometimes were still detectable at 40 hr after the T cell injection (data not
shown). IL-2 and I[L-10 were not detected in footpad extracts using ELISAs with assay
sensitivities of 0.06 and 0.2 ng/ml respectively. No significant levels (compared to assay
background) of cytokines were detected in the control footpads of any mice, suggesting

that the Tcl and Tc2 cytokines were produced by the injected T cells.

Cytokines directly involved in inflammation, such as IL-6 and TNF/LT, were also
measured in the footpad extracts. Besides T cells, these cytokines can be produced by
activated macrophages. mast cells and/or endothelial cells during inflammation, thus. the

elevation of their levels in the tissue often indicates an ongoing inflammatory response.
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Similar levels of IL-6 (detected by ELISA, Figure 5.20a) and TNF/LT (by bioassay.
Figure 5.20b) were detected in both Tcl and Tc2 injected footpads before or at the peak
DTH reaction. The relationship between the in vivo levels of these cytokines and the
footpad swelling was analyzed. A positive correlation, particularly for TNF/LT was
found between the levels of these cytokines in the footpads and the footpad swelling at
either 16 or 24 hr (Figure 5.21). This correlation suggested a direct participation of these

cytokines in the footpad DTH responses.

H2b-anti-H24d Tcl and Tc2 cells induced significant footpad swelling in the F1-

mice of BALB/c x C57BL/6J (H29/0) as well as in BALB/c (H2d) mice, but not in the
syngeneic C57BL/6J (H.’Zb) mice (Figure 5.7). In correlation, the Tcl and Tc2 specific
cvtokines were also detected in the F1 mouse footpads, except that all cytokine levels
were generally lower than those in the BALB/c mice (Figure 5.22), possibly due to
reduced levels of the target MHC in the F1 mice. There were no significant levels of
either Tcl or Tc2 cytokines in the extracts of the T cell injected footpads of syngeneic
C57BL/6 mice (Figure 5.22). These results suggested that the Tcl and Tc2 cytokines
detected in DTH footpads were produced upon antigen-specific activation of the
corresponding T cells. Elevated levels of IL-6 and TNF/LT (Figure 5.23) were also
detected in footpads of BALB/c and F1 mice, which agreed with the footpad DTH

induced in these mice.

Collectively, these results demonstrated that upon antigen-activation, Tcl and Tc2
cells produced and retained their in vitro cytokine patterns in the injected footpads.
therefore, similar inflammatory responses, accompanted with similar secondary
inflammatory cytokine production, were induced in both Tcl and Tc2 cytokine

environments.
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Anti-cytokine antibody treatment of DTH induced by Tcl and Tc2 cells

DTH induced by Thl and Th2 cells was positively regulated by IFNy and IL-4
respectively. To test if [FNy and I.-4 are also important mediators for DTH induced by
Tecl or Tc2 cells, antibodies to these cytokines were administered | hr before the DTH
induction. None of the Ab treatment significantly inhibited DTH induced by either Tcl
or Tc2 cells (Figure 5.24). This result indicated that either the antibody block was not
complete, or unlike the DTH induced by Thl and Th2 cells, IFNy and IL-4 may not be

the critical regulatory factors for DTH induced by Tcl or Tc2 cells.

Lack of correlation between Tcl cytokine synthesis and DTH induction

IFN7 is often associated with DTH responses. However the failure to inhibit Tcl-
induced DTH with anti-IFN7, and the ability of Tc2 cells, which do not produce IFNY at
all, to induce DTH, all suggested that this cytokine may not be critical for DTH induced
by CD8 T cells. This hypothesis was further tested using the cytokine-deficient Tcl cells
(Tcl-), which were obtained by incubating mature Tcl cells with IL-4. When an equal
number of Tcl and the Tcl- cells were injected into BALB/c mouse footpads, similar
footpad swelling was induced by these two types of cells with similar kinetics (Figure

5.25).

To test the cytokine levels in the footpads injected with Tcl and Tcl- cells, mice
were terminated 22 hr after DTH induction, and cytokines were measured in the footpad
extracts. Although the Tcl- cells only produced about one eighth of the [FNv produced
by normal Tcl cells (Figure 5.26b), a similar magnitude of footpad swelling was induced
by these two types of cells (Figure 5.26a), suggesting a lack of correlation between the in

vivo IFNv synthesis and the DTH induction. Similar levels of the secondary cytokine.



IL-6. were induced by these two types of cells, which agreed with the similar footpad

swelling they induced.

The correlation between IFNy and DTH induction was also tested using different
doses of Tcl and Tcl- cells. Tcl- cells induced cell dose-dependent footpad swelling
with similar magnitudes to those induced by same numbers of normal Tcl cells (Figure
5.27), although the Tcl- cells produced lower IFNYy than Tcl cells in vivo at all the
corresponding cell doses. Furthermore, the in vivo IL-6 and TNF/LT levels were
positively correlated with the cell dose-dependent footpad swelling (Figure 5.27). As
Tcl cells don't produce IL-6 in vitro (Figure 5.2), IL-6 detected in the footpads was most
likely to be secondary. The similar levels of TNF detected in Tcl and Tcl™ injected
footpads suggested that the TNF in the footpads was also secondary, as Tc1- produced
much less TNF than normal Tcl cells in vitro. Collectively, these results demonstrated
that the in vivo IFNY levels were not correlated with the footpad swelling, therefore.
either the in vivo IFNYy concentration needed for DTH induced by Tcl cells was low. or

[FNy was not as critical in Tcl DTH as it is in the Th1 DTH.

Footpad swelling was induced in syngeneic mice by injecting Tcl or Tc2 cells together

with APCs.

Adoptively transferred DTH is usually induced by injecting T cells with their
appropriate antigens into syngeneic mice. The experiments shown thus far have involved
injecting allospecific T cells into mice in which all tissues bear the target antigen. We
have also injected allo-specific Tcl and Tc2 cells into syngeneic mice with allo-APCs to
test their ability to induce DTH. The control feet of these mice were injected with Tcl
and Tc2 cells alone respectively. Two kinds of allo-APCs (H2d) were used, the B

hybridoma M12.4.1 and the macrophage cell line J774. When M12.4.1 was used as

120



121
APCs, Tcl cells induced stronger footpad swelling than Tc2 cells. while when J774 was

used, similar footpad swelling was induced by Tcl and Tc2 cells (Figure 5.28). However
the magnitude of the footpad swelling was generally less than that induced in the target

mice (BALB/c), and the peak reaction was earlier.

Systemically transferred Tcl or Tc2 cells induced only marginal footpad swelling

Local adoptively transferred footpad DTH only represents the effector stage of a
DTH process, as antigen-specific T cells are injected directly into the footpad rather than
being recruited by the normal DTH-initiating events. Since T cell homing to an inflamed
site is critical for a DTH response, a systemically transferred DTH model was used to test
the abilitv of Tcl and Tc2 cells to induce DTH. H2b-anti-H2d Tcl or Te2 cells
( 107 cell/mouse) were injected into syngeneic C57BL/6 (H?_b) mice iv, these mice were
then challenged with J774 cells in their left hind footpads, with their right hind footpads
injected with RPMI as controls. Footpad swelling was then monitored every 8-12 hr for
days. The footpad swelling induced by antigen challenge was stronger than that of the
controls, but it was often too weak to be significant compared to the control feet (Figure
5.29). These results suggested that either the challenged allo-cells were not able to
efficiently initiate a inflammatory response, or alternatively the systemically injected Tcl

and Tc2 cells cannot migrate efficiently to a local inflammation site.

Both Tcl and Tc2 cells preferentially migrated to inflamed sites

T cell homing to an inflamed site is critical for a DTH response. Since allo-
reactive Tcl and Tc2 cells did not efficiently induce footpad swelling when transferred

systemically into syngeneic mice, the ability of Tcl and Tc2 cells to migrate from the



circulation into the inflammatory tissue was tested as an event that was separated from
footpad swelling. Inflammation was induced by injecting either Tcl or Tc2 (H2b-anti-
H2d) cells together with cells bearing the target MHC (H2d) into the left hind footpad of
C57BL/6J (H2b) mice. Six hr after the induction of the inflammation, 3 1Cr labeled Tc!
or Tc2 (H2b-anti—H2d) cells (107/mouse) were injected into these mice iv. After another
6 hr, the experimental and control feet were collected and the radioactivity measured. In
all cases, significantly higher levels of radioactivity were detected in the feet with an
ongoing inflammation than in the control feet (Figure 5.30), suggesting that both Tcl and
Tc2 cells can preferentially migrate into a tissue in which inflammation has been
initiated. Similar Tcl migration was detected in Tcl and Tc2 cell induced inflammation.
Tc2 migration was slightly lower than Tcl cells in three independent experiments, but
again migration into either Tcl- or Tc2-induced inflammatory sites was similar. Thus,
neither Tcl nor Tc2 cells showed any preference for migrating into an inflammatory site
induced by either cytokine pattern. Calculated by the radioactivity, it was found that less
than 1% (<105 cell/foot) of the iv injected cells had migrated into the inflamed feet. and
this result agreed with the earlier findings that less than 4% of the iv injected cells
remained in circulation 10 min. after transfer (Turk, 1962). As both Tcl and Tc2 can
also induce footpad DTH after local adoptive transfer, together, these results suggest that

Tc! and Tc2 cells have the potential to mediate DTH during in vivo responses.
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C. Summary of the results:

1) H2b-anti-H2d Tcl and Tc2 cells induce similar footpad swelling, edema, and
neutrophil/macrophage infiltration in H2d or H2d/b mijce. Furthermore, Tc2 cells

cause more eosinophil infiltration.

2) The footpad DTH induced by Tcl and Tc2 cells is antigen-specific, and does not

require endogenous T cells.

3) Tcl and Tc2 cells retained their in vitro cytokine profiles in the injected footpads, and
induced similar secondary inflammatory cytokines, indicating that similar

inflammation can be induced in both Tcl and Tc2 cytokine environments.

4) Anti-IFNy or anti-IL-4 treatment has little effect on the DTH induced by either Tcl or

Te2 cells, suggesting that these cytokines may not be critical.

5) Cytokine deficient Tcl cells produced much less [FNyin vitro and in vivo, but induced

similar footpad DTH as normal Tc1 cells, suggesting a lack of correlation between the

ability of Tcl cells to synthesize IFN7y and the ability to induce DTH responses.

3) Both Tcl and Tc2 cells are able to migrate to local inflammatory sites.

(]
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D. Discussion.

Despite their distinct Thl- and Th2-like cytokine patterns, Tcl and Tc2 cells both
induced strong footpad swelling, a similar degree of edema and similar neutrophil and
macrophage infiltration. Tc2 cells caused significantly more eosinophil infiltration,
possibly due to the participation of Tc2 cytokines IL-4 and IL-5. This study demonstrates
that DTH-like inflammatory responses can be developed in a Tc2 (Th2) as well as in a
Tcl (Thl) cytokine environment, which also suggests that Th1/Tcl cytokines are not

always essential for DTH, while Th2 cytokines may not always inhibit DTH responses.

IL-4 expresses dual effects on inflammatory responses. Negative effects include
the inhibition of up-regulation of ICAM-1 and ELAM-1 on endothelial cells (Thornhill et
al., 1990), and suppression of the thrombomodulin pathway (Kapiotis et al., 1991), which
is normally involved in inflammation. However, in synergy with TNF or IL-1, IL-4
enhances the expression of VCAM-1 on endothelial cells both in vitro (Masinovsky et al..
1990) and in vivo (Briscoe et al., 1992), which correlates with increased adhesion and
probably infiltration of T cells and eosinophils (Thornhill et al., 1991; Schleimer et al..
1992). In the presence of TNF or [FNvy, [L-4 also induces morphological changes of the
endothelial cells and increases vascular permeability (Klein et al., 1993). These aspects
suggest that IL-4 can play either a positive or a negative role during inflammation.
depending on other environmental factors. In the Tc2-injected footpads, both IL-4 and
TNF were produced, therefore these two cytokines in synergy could induce both edema

and cellular infiltration.

I[L-10 inhibited both tissue edema (Li et al., 1994) and cellular infiltration (Powrie
et al., 1993) during the effector stage of DTH induced by Thl clones and Leishmania

antigens. respectively. But large amounts (e.g. 20-100ug/mouse) of IL-10 were required

for the DTH inhibition. Although Tc2 and to a lesser extent Tcl cells produce IL-10 in
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response to Con A in vitro, no IL-10 was detected (or less than O.1ng/foot) in either Tcl
or Tc2 injected footpads, suggesting that the in vivo production of IL-10 may be too low
to inhibit DTH. Alternatively, [L.10 may be used up rapidly in the footpad environment.
so that effective concentrations remain low. Even if [L-10 was produced during Tc cell
induced DTH, it could be a positive mediator to the inflammation, as IL-10 can
chemoattract CD8 T cells (Jinquan et al., 1993), and transgenic expression of IL-10 in the
islets of Langerhans led to a pronounced cellular infiltration in the pancreas (Wogensen et

al., 1993).

The similar DTH reaction induced by Tcl and Tc2 cells indicated that this
response may be regulated by common products of Tcl and Tc2 cells. such as TNF. TNF
is a potent activator of vascular endothelial cells, which are key players in local
inflammatory responses. TNF not only increases production of cytokines (e.g. IL-6) and
chemokines (e.g. IL-8) by endothelial cells, but also upregulates the expression of
molecules involved in leukocyte adhesion (e.g. ELAM-1, ICAM-1 and VCAM-1) (Pober
and Cotran, 1990), thereby inducing granulocyte and monocyte infiltration. Furthermore
TNF induces morphological alterations of the endothelial cells, increased vascular
leakage and tissue edema. TNF can also be produced by infiltrated macrophages and
neutrophils, thus secondary TNF could further contribute to the inflammation. TNF has
been reported as a common mediator for DTH induced by both Th1 and Th2 cells (Muller
et al., 1995b). Chemokines, which are important in cell adhesion and extravasation.
could also be potential mediators of DTH responses induced by Tcl or Tc2 cells.
Although Thl, Th2 and Tcl cells all produce chemokines (Cherwinski et al., 1987; Fong

and Mosmann, 1990), production by Tc2 cells is not yet known.

Th2 and Tc2 cells produce similar cytokines, but Tc2 cells are much more active
in mediating adoptively-transferred DTH responses, which suggested that other than the

cytokine pattern. there were additional factors that could cause the difference in DTH
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induction by these cells. Although resting Th2 cells fail to induce footpad DTH.
preactivated Th2 cells induced comparable leveis of footpad swelling to that induced by
Thl cells. The requirement for preactivation in vitro suggests that Th2 cells cannot be
fully activated in vivo. It is possible that Th2 may need more costimulators than Thl
cells, or different types of APCs. CD8 T cells could contact more allo-APCs in vivo, as
there are probably more MHC class I positive cells than Class II positive cells in the
footpads. Both Tcl and Tc2 cells induced a peak reaction (16-20 hr) slightly earlier than
that induced by Thl cells (24 hr). The detection of T cell cytokine production at early
time points, and the similar DTH reaction induced by resting and activated Tcl or Tc2

cells, also suggested a rapid activation of these cells in vivo.

The production of IFNY often correlates with DTH. However, similar magnitude
of footpad swelling were induced by normal Tcl cells; cytokine deficient Tcl cells,
which produced much less IFNY both in vitro and in vivo; and Tc2 cells, which did not
produce detectable levels of IFNYy. Furthermore, anti-IFNY Ab did not inhibit the tissue
swelling of Tcl cell-induced DTH. These results suggested either the amount of IFNY
needed to induced the responses was low, or with the presence of other factors, [FNv was
not absolutely necessary for the DTH induced by CDS cells. The later hypothesis was
supported by the findings that DTH to herpes simplex viral Ag was induced similarly in

[FNy deficient mice to that in the control mice (Bouley et al., 1995).

Neither Tcl nor Tc2 cells (107 cell/mouse) were efficient in inducing footpad
DTH when transferred systematically into syngeneic mice. In the inflamed footpads in
which cold Tc cells were injected with the allo-APCs (Figure 5.30), the numbers of the
migrated radio-labeled Tc cells were calculated by their radioactivity. Among the
injected 107 Tc cells, only less than 105 cells were recruited in the inflamed feet. The
cell number could be even less in the APC challenged footpads when testing the

svstemically transferred DTH. As at least 2x103 cells were required for inducing a
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significant footpad swelling when transferred locally (Figure 3.3), 1t was not so
suppressing that the systemically transferred Tc cells did not induce a strong DTH.
Furthermore the low efficiency of local migration of Tc cells could be due to a poor
initiation of inflammation by the APC challenge. During the initiating stage of DTH, the
DTH-initiating cells were activated after antigen challenge. These cells then release an
antigen-specific DTH initiating factor that activated mast cells to produce serotonin.
Local release of serotonin opened the gaps of endothelial cells of the blood vessels.
vasodilated and perhaps increased the expression of adhesion molecules on the
endothelial cells, which led the recruitment of circulating T cells (Askenase, 1992). The
challenge cells used in this study were either B lymphoma or a macrophage cell line.
which may not be able to induce local serotonin release, therefore may not be able to

initiate a DTH response efficiently.

Even in locally transferred DTH model, a relatively large number of Tc cells
(>2x103 cel/mouse) was needed to induce a significant footpad swelling. Analyzed from
the footpad cell extracts, it was found that most of the injected Tc cells were in the dead
cell population separated by Ficoll, as early as 12 hr after cell injection. The death of
most of the injected T cells probably was the reason why a originally large number of
cells were required. The cause of the cell death is not clear, it could be due to the lack of
growth factor, such as IL-2, or due to the killing of each other through Fas and Fas ligand

mediated pathway (see chapter VI).

T cell migration into local inflammatory sites is a critical early step in DTH
responses. Although both Tcl and Tc2 cells were able to preferentially migrate into an
inflammatory site, among three experiments, Tcl showed consistently stronger local
migration than Tc2 cells (Figure 5.30, and data not shown). This result indicated that
both Tcl and Tc2 cells have the potential io mediate DTH during immune responses. but

Tcl may be more effective than Tc2 cells.
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Figure 5.1. Allo-reactive Th1 cells are more active than Th2
cells to induce footpad DTH. Day 10 H2P-anti-H2¢ Th1 or Th2
cells (2x10® cells/mouse) were injected into the left hind

footpads of naive BALB/c mice (H2%9). An equal volume of PBS
was injected into the right hind footpads of these mice as
controls. Footpad swelling was measured at different time
points. Each point represents the mean + SD, (n=3).
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Figure. 5.2. Cytokine profiles and phenotypes of Tc1 and Tc2
cells. CD8* T cells were purified from naive C57BL/6J (H2P)
splenocytes, and stimulated with alloantigen, M12.4.1 cells
(H29), in either Tc1- or Tc2-favoring conditions. Seven days
after the culture, some of the T cells were restimulated with Con
A, and the 24hr Con A stimulated supernatants were tested for
cytokines by ELISA (A). Some Tci1 or Tc2 cells were also
stained with anti-CD4-FITC and anti-CD8-PE, and their CD4/CD8
expression was detected by FACScan analysis (B).
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Figure 5.3. Both Tc1 and Tc2 cells induce cell
dose-dependent footpad swelling. Different numbers of day
10 H2b-anti-H29 Tc1 or Tc2 cells were injected into the left
hind footpads of naive BALB/c (H29) mice. The right hind
footpads of these mice were injected with an equal volume
of RPMI as internal controls. Footpad swelling was
measured at different time points for 3-4 days. Each point
represents the mean £ SD, (n=5).
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Figure 5.4 Tc1 and Tc2 clones induce footpad swelling.

Naive CD8 T cells (H2°) were sorted one cell per well in a
96-well plate by FACS, and the single cells were stimulated

with M12.4.1(H29) in either Tc1- or Tc2- culture condition.
The clones were restimulated every 7 days until enough cells
were obtained for DTH induction. Tc1 or Tc2 cells from each
clone were injected into the left hind footpad of one naive
BALB/c mouse, and footpad swelling was measured 22 hr
after. Each bar represents the footpad swelling of one mouse
induced with cells from one Tc clone.
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Figure 5.5. Footpad swelling induced by resting or
activated Tc1, Tc2, Th1 and Th2 cells. Resting (3 weeks) or

activated (restimulated for 24 hr) H2P-anti-H29 Tc1, Tc2, Thi

or Th2 cells (10%/mouse) were injected into the left hind
footpads of naive BALB/c mice, the right hind footpads of
these mice were injected with an equal volume of RPMI &s
internal controls. Footpad swelling was measured at
different time points. Each point represents the mean = SD,
(Tc1,n=5; Tc2, n=4; Thiand Th2, n=3).
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Figure 5.6. Footpad swelling induced by Tc1 or T c2 cells
is antigen specific. Day 10 H2P-anti-H29 Tc1 or Tc2 cells

(10° cells/mouse) were injected into the left hind footpads of
naive BALB/c (H29), C57BL/6J (H2°) or CBA (H2%) mice. An
equal volume of RPMI was injected into the right hind
footpads of these mice as internal controls. Each point
represents the mean £ SD, (n=4).
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Figure 5.7. Significant footpad swelling is induced in H29/®

as well as in H29 mice by either Tc1 or Tc2 cells
(H2P-anti-H29). Day 10 Tc1 or Tc2 cells (10%/mouse) were
injected into the left hind footpads of naive BALB/c (H2¢9),
C57BL/6J (H2b) or the F1 of BALB/c x C57BL/8J mice (H29/9),
the right hind footpads of these mice were injected with an
equal volume of RPMI as internal controls. The footpad
swelling was measured at 22 hr after T cell injection. Each
bar represents the mean + SD, (n=5).
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Figure 5.8. Endogenous T cells are not required for the
footpad reaction induced by either Tc1 or Tc2 cells. Day 10
H2b-anti-H29 Tc1 or Te2 cells (108/mouse) were injected into
the left hind footpads of SCID (H29) and BALB/c (H2°) mice,
with their right hind footpads receiving an equal volume of

RPMI as internal controls. Each bar represents the mean =
SD, (n=5).
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Figure 5.9. Tci1 and Tc2 cells induce similar footpad

edema. Day 10 H2P-anti-H2¢ Tc1 or Tc2 cells (108/mouse)
were injected into the left hind footpads of naive BALB/c mice,
the right hind footpads of these mice received an equal
volume of RPMI as controls. Twelve hr after the T cell
injection, 0.1 ml of 1% Evans Blue in PBS was administered iv.
Six hr later, footpad swelling was measured, the mice were
then sacrificed, perfused, and Evans Blue in each footpad
was extracted, and quantitated to represent the vascular
leakage. Each bar represents the mean £ SD, (n=4).



Figure 5.10.  Similar granulocyte infiltration is detected in the
Tc1- and Tc2-injected footpads. Day 10 H2b-anti-H29 Tc1 (A, B)
or Tc2 (C, D) cells (10 %/mouse) were injected into the left hind
footpads of naive BALB/c mice (H29) to induce footpad swelling.
Twelve hr after T cells injection, the mice were sacrificed and
their footpads were frozen and sectioned. The tissue sections
were fixed with 4% PFA and stained with anti-Gr-1 antibody (A,
C) or the isotype control antibody (B, D). Tissue sections from a
Th1 injected footpad (E) and a RPMI injected control footpad (F)
were stained with anti-Gr-1 antibody as positive and negative
controls, respectively.
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Figure 5.11.  Similar macrophage infiltration is detected in the
Tc1- and Tc2-injected footpads. Day 10 H2P-anti-H29 Tc1(A, B)
or Tc2 (C, D) cells (10 8/mouse) were injected into the left hind
footpads of naive BALB/c mice (H29) to induce footpad swelling.
Twenty-four hr after T cells injection, the mice were sacrificed
and their footpads were frozen and sectioned. The tissue
sections were fixed with acetone and stained with anti-Mac-3
antibody (A, C) or the isotype control antibody (B, D).






Figure 5.12. Anti-Gr-1 staining of cells extracted from Tc1- or
Tc2-injected footpads. Footpad DTH was induced by injecting
Tc1 (A, B) or Te2 (D, E) cells into the left hind footpads of BALB/c
mice. The right hind footpads of these mice were injected with
an equal volume of RPMI as controls (C, F). Footpads were
collected 24 hr after T cell injection, cells were extracted and
cytospin preparations were made for each individual footpad.
Cells were then fixed with PFA and stained with either anti-Gr-1
antibody (A, C, D and F) or the isotype control antibody (B and
E).






Figure 5.13. Eosin Y and Methylene Blue staining of cells
extracted from Tc1- or Tc2-injected footpads. Footpad DTH
was induced by injecting Tc1 (A) or Tc2 (C) cells (10  &/mouse)
into the left hind footpads of BALB/c mice. The right hind
footpads of these mice were injected with an equal volume of
RPMI as controls (B, D). Footpads were collected 24 hr after T
cell injection, cells were extracted and cytospin preparation was
made for each individual footpad. Cells were then fixed with
acetone and stained with Eosin Y and Methylene Blue.
Peritoneal neutrophils and eosinophils were stained as positive
controls (E). For each cytospin preparation, neutrophils (open
arrow) and eosinophils (closed arrow) were counted with all the
slides coded.
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Figuer 5.14. Similar extent of neutrophil infiltration is detected from
Tc1- and Tc2-injected footpads. Footpad swelling was induced by
injecting Tc1 or Tc2 cells (108/mouse) into the left hind footpads
(exp) of BALB/c mice, and the right hind footpads of these mice
were injected with an equal volume of RPMI as controls (con).
Footpads were collected 24 hr after T cell injection, cells were
extracted and cytospin was prepared for each individual footpad.
Cells were stained with either anti-Gr-1 antibody (A, B), or with
Eosin Y and Methylene Blue (C, D). A total of 200 (Gr-1) or 400
(Eosin Y and Methylene blue) cells were counted for each
preparation with all slides coded. The results were shown either by
the total cell numbers (A, C) or by the percentage of the recovered
cells (B, D). Each bar represents one footpad.
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Figure 5.15.  Anti-Mac-3 staining of cells extracted from Tc1-
or Tc2-injected footpads. Footpad DTH was induced by
injecting Tc1 (A, B) or Tc2 (D, E) cells into the left hind footpads
of BALB/c mice. The right hind footpads of these mice were
injected with an equal volume of RPMI as controls (C, F).
Footpads were collected 24 hr after T cell injection, cells were
extracted and cytospin preparations were made for each
individual footpad. Cells were then fixed with acetone and
stained with either anti-Mac-3 antibody (A, C, D and F) or the
isotype control antibody (B and E).






Total cell number (10-3/foot)

Tct exp B4 Tci1 con
Tc2 exp El Tc2 con

[A] [B]
50 i
. %
A 4 -
/ f’ I
40 ’ L I8
’ : i-, {;
'AD f’.}"i i N
! It [N b
Y elEL L) H
30 ”" zr" E;‘
Ay f?n ! ik
el 1t i
1 il 2
0gaee il |
/ : il
;::f : B &
ViliAA 3}
10 ”” Bl |
II” ‘\i'
il il
Y101 A A 1
f”“ b1 18

Figuer 5.16. Similar extent of macrophage infiltration is
detected from Tc1- and Tc2-injected footpads . Footpad

DTH- was induced by injecting Tc1 or Tc2 cells (10%/mouse)
into the left hind footpads (exp) of BALB/c mice, and the right
hind footpads of these mice were injected with an equal
volume of RPMI as controls (con). Footpads were collected
24 hr after T cell injection, cells were extracted and cytospin
preparations were made for each footpad. Cells were then
fixed with acetone and stained with anti-Mac-3 antibody. A
total-of 200 cells were counted for each preparation with all
the slides coded. The results were shown either by the total
cell numbers (A) or by the percentage of the recovered cells
(B). Each bar represents one footpad.

% of total recovered cells



Total cell number per foot (X1O'3)

Tci exp 1 Tel1 con
Tc2 exp Tc2 con

30+ - 25
L 20
20
: - 15
{11 - 10
i 1 b
hat g
1 i
il il ’
i3} o H i 3
4 i AlH -
0 A1l AHANHADRE |

Figure 5.17. More infiltrated eosinophils are detected in
Tc2-injected footpads. Footpad DTH was induced by

injecting Tc1 or Tc2 cells (108/mouse) into the left hind
footpads (exp) of the BALB/c mice, and the right hind
footpads of these mice were injected with an equal volume of
RPMI as controls (con). Footpads were collected 24 hr after
T cell injection, cells were extracted and cytospin was
prepared for each footpad. Cells were then stained with
Eosin Y and Methylene Blue. A total of 400 cells were
counted for each cytospin preparation with all the slides
coded. Each bar represents one footpad. *p<0.05
eosinophils in Tc1 injected footpads compared to those in
Tc2 injected footpads.

% of total recovered cells
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Figure 5.18. Time course of Tc1 or Tc2 cell induced eosinophil
infiltration. Footpad swelling was induced by injecting Tc1 or Tc2
cells (10%/mouse) into the left hind footpads (exp) of BALB/c mice,
the right hind footpads of these mice were injected with an equal
volume of RPMI as controls (con). Footpads were collected 12, 24,
and 40 hr after T cell injection. Cells were extracted and cytospin
was prepared from each footpad. Cells were then stained with
Eosin Y and Methylene Blue. A total of 200 cells were counted for
each cytospin preparation with all the slides coded. Each bar
represents one footpad. *p<0.05 eosinophils in Tc1 injected
footpads compared to those in Tc2 injected footpads.



Figure 5.19. Tc1 and Tc2 cells retained their in vitro
cytokine profiles in the injected footpads. Day 10

Hob-anti-H29 Tc1 or Te2 cells (10° cells/mouse) were
injected into the left hind footpads (exp) of naive BALB/C

(H29) mice, with their right hind footpads received RPMI
as controls (con). The mice were terminated at 8, 16, or
24 hr after the DTH induction, and both the experimental
and the control footpads were collected. Tissue extract
was prepared for each individual footpad, and the levels
of IFNy (A), IL-4 (B) and IL-5 (C) were detected in the
tissue extracts by ELISA. Each dot represents one mouse
footpad, (n=5).
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Figure 5.20 Similar levels of inflammatory cytokines are
detected in Tc1- and Tc2- injected footpads. Day 10
H2b-anti-H2d Te1 or Tc2 cells (108/mouse) were injected into
the left hind footpads (exp) of naive BALB/c (H29) mice, with the
right hind footpads (con) of these mice received RPMI as
controls. The mice were terminated at 8, 16, or 24 hr after the
DTH induction, and both the experimental and the control
footpads were collected. Tissue extract was prepared for each
individual footpad, and the level of IL-6 (A) was detected by
ELISA, while TNF/LT (B) by a bioassay. Each dot represents
one mouse footpad. (n=5)
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Figure 5.21 Positive correlation between the extent of
footpad swelling and the levels of IL-6 or TNF/LT in the
corresponding footpads. DTH was induced by injecting Tc1
or Tc2 cells (10%/mouse) into the left hind footpads of
BALB/c mice. At different times after DTH induction, the
footpad swelling was measured, and these mice were
terminated. Tissue extract was prepared for each individual
footpad. The levels of IL-6 and TNF/LT were measured in
the footpad extracts by ELISA and a bioassay
respectively. The correlation was calculated by a linear
curve fit (n=10).
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Figure 5.22. Similar Tc1 or Tc2 cytokine profiles are detected in
DTH footpads of F1 (H2d®) mice as in BALB/c (H29) mice.

H2b-anti-H29 Tc1 or Tc2 cells (108/mouse) were injected into the

left hind footpads (exp) of BALB/c, C57BL/6J (H2P) and their F1
(BALB/cxC57BL/6J) mice, with their right hind footpads (con)
received an equal volume of RPMI as controls. Twenty-two hr
after the DTH induction, mice were terminated and tissue extract
prepared for each individual footpad. |IFNy and IL-5 were
detected in the tissue extracts by ELISA. Each dot represents
one mouse footpad. (n=5)
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Figure 5.23 Inflammatory cytokines are detected in DTH
footpads of F1 (H2d®) as well as BALB/c (H29) mice.
Hob-anti-H29 Tc1 or Tc2 cells (108/mouse) were injected into the

left hind footpads (exp) of BALB/c, C57BL/6J (H2b) and their F1
(BALB/cxC57BL/6J) mice. The right hind footpads of these mice
were injected with an equal volume of RPMI as controls (con).
Twenty-two hr after the DTH induction, mice were terminated and
the tissue extract was prepared for each individual footpad. IL-6
and TNF/LT were detected in the footpad extracts by ELISA and
a bioassay respectively. Each dot represents one mouse
footpad. (n=5)
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Figure 5.24 Antibody to IL-4 or IFNy does not inhibit the
footpad swelling induced by either Tc1 or Tc2 cells. DTH

was induced by injecting H2P-anti-H2¢ Tc1 or Tc2 cells

(108/mouse) into the left hind footpads of naive BALB/c (H29)
mice. The right hind footpads of these mice were injected
with an equal volume of RPMI as controls. Antibodies
(img/mouse) or an equal volume of RPMI were
administered to these mice i.p. 1 hr before the DTH induction.
Footpad swelling was measured 22 hr after. Each bar
represents the mean £ SD, (n=4).
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Figure 5.25. Tc1 and the cytokine-deficient Tc1 (Tct17)
cells induce similar footpad DTH. H2b-anti-H2¢ Tc1 or

Tc1- cells (108/mouse) were injected into the left hind
footpads of naive BALB/c (H2¢) mice, with their right hind
footpads injected an equal volume of RPMI as controls.
Each point represents the mean = SD, (n=3).
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Figure 5.26 Tc1" cells produce less IFNy in vivo but induce
similar footpad DTH as normal Tc1 cells. Footpad DTH was

induced by injecting H2b-anti-H2d Tc1 or Tci™ cells
(108/mouse) into the left hind footpads (exp) of naive BALB/c
(H29) mice. The right hind footpads (con) of these mice were
injected with an equal volume of RPMI as controls. Footpad
swelling was measured 22 hr after DTH induction. The mice
were then terminated, and a tissue extract was prepared for
each individual footpad. Cytokines were detected in the
footpad extracts by either ELISA (IL-6 and I[FNy) or a bioassay
(TNF/LT). Each bar represent the mean £ SD, (n=3).
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Figure 5.27. Lack of correlation between the in vivo IFNy
levels and the magnitude of footpad swelling induced by Tc1
cells. Footpad DTH was induced by different numbers of Tc1 or
cytokine-deficient Tc1 (Tc1-) cells in the left hind footpads (Exp)
of naive BALB/c mice, with their right hind footpads receiving
RPMI as controls (Con). Footpad swelling was measured 22 hr
after T cell injection. Cytokines were detected in footpad
extracts by ELISA (IL-6 and IFNy) or a bioassay (TNF/LT).
Each point represents the mean £ SD (n=3).

164



Figure 5.28 Tc1 and Tc2 cells together with target cells
induce footpad swelling in syngeneic mice.
H2b-anti-H29 Tc1 or Tc2 cells (10%/mouse) were injected with
either M12.4.1 (A) or J774 (B) (10%/mouse) cells into the left
hind footpads of C57BL/6J mice (H2°). The right hind footpads
of these mice were injected with 10 Tc1 and Tc2 cells
respectively as internal controls. Another group of mice

received 10° M12.4.1 or J774 in their left hind footpads, and
an equal volume of RPMI in the right hind footpads. Footpad
swelling was measured at different time post-cell injection.
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Figure 5.29. Tc1 and Tc2 cells induce marginal footpad
swelling when transferred systemically into syngeneic mice.

Day 10 H2P-anti-H29 Tc1 or Tc2 cells (107/mouse) were

injected into C57BL/6J (H2°) mice iv, the control mice
received an equal volume of RPMI only. One hr later, these
mice were challenged with J774 cells (10%/mouse) in their
left, and an equal volume of RPMI in their right hind footpads.
Each point represents the mean + SD, (n=3).
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Figure 5.30. Both Tc1 and Tc2 cells preferentially migrate to
inflamed sites. H2b-anti-H29 Tc1 or Tc2 cells (5x105/mouse)
were injected together with 5x105 J774 (H29) cells into the left
hind footpads of C57BL/6J (H2P) mice to induce a local
inflammatory response. The right hind footpads of these mice
were injected with an equal volume of RPMI as controls. Six hr
later, S1Cr labeled Tc1 or Tc2 cells (107/ mouse) were
injected into these mice iv, another 6 hr later, the mice were
terminated and the radioactivity in each foot was measured.
Each bar represents the mean £ SD, (n=3).
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Chapter VI
Effects of perforin-mediated cytotoxicity on DTH induced by CDS8 or
CD4 T subsets

(Some of the data presented in this chapter have been published in an article entitled
"CD8 Tcl and Tc2 cells secrete distinct cytokine patterns in vitro and in vivo but induce
similar inflammatory reactions” by Li Li, Subash Sad, David Kagi and Tim R, Mosmann

in J. Immunol. (158:4152-4161)

A. Introduction and rationale:

The short-term cytotoxic activity of CD8 T cells is mainly mediated by two
distinct mechanisms (Lowin et al., 1994; Henkart, 1994; Kagi et al., 1994b). The first
one involves the regulated and polarized secretion of lytic granules, containing perforin
and granzymes, upon contact of T cells with target cells (Liu et al., 1995). The second
mechanism involves the interaction of membrane-bound Fas ligand on T cells with the
Fas molecule on the surface of target cells (Rouvier et al., 1993). In both cases, the
killing activities of CD8 T cells induce apoptosis of target cells, which includes
condensation of chromatin, blebbing of cell membranes and fragmentation of DNA. The
dying cell then shrinks, its endoplasmic reticulum dilates, and finally the cell breaks and

forms sealed membrane fragments, called apoptotic bodies (Berke, 1995).

Fas (also named as APO-1 or CD95) is a type-I transmembrane receptor that
belongs to the NGF/TNF receptor superfamily, which is characterized by cysteine-rich
extracellular domains (Krammer et al., 1994). Fas is expressed on the surface of most
hematopoietic cells, and the expression of Fas gene and cell surface protein are enhanced

by IFNy and TNF and by cell activation. In vivo apoptosis via the Fas molecule is
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triggered by the Fas ligand. The Fas ligand belongs to a TNF-related type-II
transmembrane molecule, and is expressed on most killer cells. Killer cells expressing
the Fas ligand kill target cells in a Cat+-independent fashion via ligand-Fas interaction
(Rouvier et al., 1993). It was proposed that Fas ligand may act as a trimer to induce cell
death via the Fas molecule, similar to the action of cell bound TNF. But the apoptosis

signal transduced by Fas has not been fully elucidated.

Perforin, the pore-forming molecule, is a complement-like cytolytic mediator
carried by both CD8 T cells and natural killer (NK) cells. It is produced and stored
within the cytoplasmic granules of these killer cells (Liu et al., 1995). Based on many
studies, the potential functions of perforin during target killing was proposed in the
following model: Upon conjugation of killer cells with target cells, cytoplasmic granules
within the killer cells reorient towards the cell-cell contact site, and contents of the
granules, including perforin, are released into the intercellular space. Perforin monomers
then bind and insert into the target membrane and polymerize to generate transmembrane
pores in the target cell membrane. These perforin pores may assist the delivery of
granzymes into target cells. Granzymes are a group of cytoplasmic granule-associated
serine proteases (Berke, 1994). In mice, seven granzymes have been identified, named
granzyme A-G, and granzyme A and B have been characterized at both gene and protein
levels. The delivery of granzymes through perforin pores induces rapid DNA
fragmentation and causes apoptosis of the target cells (Berke, 1994). Recently, a
substrate of granzyme B has been identified as CPP32, the precursor of a protease
responsible for cleavage of poly(ADP-ribose) polymerase (Darmon et al., 1995). This
finding provided an explanation for the DNA fragmentation of target cells caused by
granzymes. Perforin pores also disturb the membrane integrity of the target cells, and

may cause cell death through osmotic lysing (Liu et al., 1995; Berke, 1995).
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Perforin is important for the cytotoxic activity of CTLs, but its role in the whole
cytolytic function of CD8 T cells was not fully evaluated until the generation of perforin-
deficient mice by disruption of perforin gene using homologous recombination (Kagi et
al., 1994b; Walsh et al., 1994). These mice are generally healthy with normal lymphoid
organs and lymphocytes, and their CTLs appear to contain cytoplasmic granules similar
to those of the wild-type cells (Kagi et al., 1994b). However, the cytotoxicity of both T
and NK cells against virus-infected or allogeneic target cells was greatly impaired in
perforin-deficient mice, and perforin-deficient mice failed to clear noncytopathic
lymphocytic choriomeningitis virus (LCMV) (Kagi et al., 1994b). These results
demonstrated that perforin is a crucial effector molecule for the cytolytic activities of
CDS8 T and NK cells. Furthermore, perforin-deficient mice provided a unique possibility
to directly test the role of perforin in certain immune responses in which cell-mediated

cytotoxicity may be involved.

Allo-reactive Tcl and Tc2 cells induced strong footpad DTH in mice bearing the
target MHC molecules. The potential role of the CTL activity of the Tc cells in the DTH
responses is not known. In vitro, both Tcl and Tc2 cells are cytotoxic to target tumor cell
lines as well as to freshly isolated target B cells (Sad et al., 1996). The cytotoxicity of
Tcl and Tc2 cells was mainly through the perforin-mediated pathway, with the Fas
pathway contributing to a lesser extent (Carter and Dutton, 1995; Sad et al., 1996). These
results implied that Tcl and Tc2 cells could express perforin-mediated killing to the
resident or recruited target cells in the footpads during DTH processes. Since dying cells
may release proinflammatory factors, or other danger signals to initiate inflammation
after cell damage, the perforin-dependent cytotoxic activity of Tc1 and Tc2 cells could be
one of the factors contributing to and enhancing the DTH response. In this project, using
Tc cells derived from perforin-deficient mice, the potential contribution of perforin to

DTH induced by Tcl or Tc2 cells was studied.
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CD#4 cytotoxic T cells have also been documented both in vitro and in certain
disease states (Krensky et al., 1982; Golding and Singer, 1985; McCarthy and Singer,
1986; Man et al., 1990). Studies on long-term Th1 clones or short-term nonspecifically
activated CD4 splenocytes suggested that different mechanisms might be involved in
CD4 and CDS8 T cell-mediated cytolysis, and CD4 T cells may not use perforin (Strack et
al., 1990; Ju, 1991). However, some Th2 clones expressed perforin-mediated lytic
activity like CD8 CTLs (Lancki et al., 1991), and a CD4 bulk population was identified
to express perforin- rather than a Fas ligand-dependent cytotoxicity (Williams and
Engelhard, 1996). Furthermore, CD4 CTLs using both perforin and Fas have been
identified among human cells (Yasukawa et al., 1996, Susskind et al., 1996). Together
these results indicated a possible role of perforin in CD4 mediated cytolytic activity.
Therefore, perforin-mediated killing was tested on the allo-reactive Thl and Th2 bulk
populations generated in vitro, and the potential effect of perforin on the footpad swelling

induced by Th1 and Th2 cells was also studied.
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B. Results

Perforin-mediated cytotoxicity enhances but is not critical for DTH induced by Tcl and

Tc2 cells.

To test the potential contribution of perforin-mediated cytotoxicity of Tcl and
Tc2 cells to DTH response, Tcl and Tc2 cells were generated from perforin-deficient
mice (H2b), as well as from normal C57BL/6 (H2P) mice, with allo-stimulation
(M12.4.1, H2d). The d 7 perforin-deficient Tc1 and Tc2 cells produced similar cytokines
to their normal counterparts, when stimulated with Con A in vitro (Figure 6.1a). Normal
Tcl and Tc2 cells were cytotoxic, but perforin-deficient Tc cells expressed no cytolytic

activity towards the Fas-negative target cells in a 4 hr S1Cr release assay (Figure 6.1b).

To study the ability of the perforin-deficient Tcl and Tc2 cells to induce DTH, d
10 H2b-anti-H2d Tc1 or Tc2 cells derived from both control and perforin-deficient mice
were injected into the footpads of naive BALB/c mice (H2d). In two independent
experiments, perforin-deficient Tcl or Tc2 cells induced either similar or reduced footpad
swelling at the peak reaction, compared to those induced by the corresponding control
cells (Figure 6.2). These results suggested that perforin-mediated cytotoxicity of the Tc
cells was not critical for but may contribute to the magnitude of the DTH responses. The
DTH inducibility of perforin-deficient Tcl and Tc2 cells was further tested using
different numbers of T cells. In two independent experiments, both perforin-deficient
Tcl and Tc2 cells induced cell dose dependent footpad swelling, which was again either
less than or comparable to that induced by the corresponding control Tc cells (Figure
6.3). Since perforin-deficient Tc cells are able to induce footpad DTH, and in certain
experiments, the extent of the footpad swelling induced by perforin-devoid cells was

indistinguishable from that induced by control cells, collectively these results suggest that



the fast cytolytic activity mediated by perforin may enhance the magnitude but was not
crucial for the DTH response induced by either Tcl or Tc2 cells. The lack of perforin
seemed to affect footpad swelling induced by Tcl cells more than that induced by Tc2
cells, these results were consistent with the generally higher cytotoxicity expressed by

Tc1 than Tc2 cells (Figure 6.1b).

To test the in vivo activation of the perforin-deficient Tcl or Tc2 cells, Tcl and
Tc2 specific cytokines, [FNy and IL.-5, were measured in footpad extracts and compared
with those produced by the control Tc cells. In experiments which perforin-deficient and
control Tc cells induced comparable footpad swelling, similar levels of Tcl or Tc2
cytokines were detected in the footpads injected with perforin-deficient or the
corresponding control Tc cells (Figure 6.4). These results suggested that perforin-
deficient cells were similarly activated as control cells in the footpads. Secondary
inflammatory cytokines, [L-6 and TNF/LT were also detected in the tissue extracts from
perforin-deficient Tc cell-injected footpads (Figure 6.4). The induction of the
inflammatory cytokines by perforin-deficient Tcl and Tc2 cells again suggested their

ability to induce footpad DTH.

Perforin-mediated cytotoxicity does not affect footpad DTH induction by Thl or Th2
cells.

The contribution of perforin-mediated cytotoxicity to DTH was also tested for
CD4 Thl and Th2 cells. Thl and Th2 cells were generated from both C57BL/6J (H2b)
and the perforin-deficient mice (H2b) with allo-stimulation (MM 12.4.1, H2d), in the culture
conditions of IL-12 with anti-IL-4, and L4 with anti-IFNY, respectively. The perforin-
deficient Thl and Th2 cells produced similar cytokines to their normal counterparts,

when stimulated with Con A in vitro (Figure 6.5a). In this system normal but not



perforin-deficient Thl cells often expressed moderate killing to Fas negative target cells
in a 4 hr I1Cr releasing assay, while neither normal nor perforin-deficient Th2 cells

expressed significant rapid target killing (Figure 6.5b).

To test the potential perforin effects on DTH induction by Thl or Th2 cells, d 10
H2b-anti-H2d Th1 or Th2 cells, derived from either perforin-deficient or control mice,
were injected into the footpads of naive BALB/c mice (H24). As reported previously,
Thl cells induced footpad DTH with a peak reaction around 24 hr after T cell injection,
while Th2 cells caused much lower footpad swelling without a significant peak reaction
(Figure 6.6). Perforin-deficient Thl and Th2 cells showed similar activity to their normal
counterparts in DTH induction, in terms of both the magnitudes and time course of the
reaction. The effect of perforin on the Th DTH was also tested using different numbers
of Th cells. Both normal and the perforin-deficient Thl cells induced similar dose
dependent footpad DTH, while Th2 cells from either normal or the perforin-deficient
mice only induced very low (around 10% of control foot) footpad swelling (Figure 6.7).
These results confirmed that resting Thl but not Th2 cells induced footpad DTH, and
suggested that perforin did not affect the ability of either Thl or Th2 cells to adoptively

transfer DTH.

The in vivo activation of the normal and perforin-deficient Thl and Th2 cells was
then tested, by measuring cytokine levels in the footpad extracts collected 24 hr after T
cell injection. Both normal and perforin-deficient Thl and Th2 cells retained their
specific cytokine profiles in the injected footpads (Figure 6.8). Similar levels of Thl or
Th2 cytokines were detected in the footpads injected with perforin-deficient cells to those
in the footpads injected with normal cells (Figure 6.8). These results suggested that the in
vivo activation stage of the perforin-deficient cells was similarly to that of the
corresponding control cells. In addition, similar levels of secondary inflammatory

cytokines, IL-6 and TNF/LT were detected in the extracts of footpads injected with either



normal or the perforin-deficient Thl cells, correlated with the similar footpad DTH

induced by these cells (Figure 6.8).

The in vivo cytokine levels were compared between footpads injected with Thl
and Tcl, as well as those received Th2 and Tc2 cells. The in vivo cytokine (IFNYy and
LT) levels in the Thl injected footpads were comparable to those in the Tcl injected
footpads, which correlated with the similar footpad DTH induced by these two T cell
subsets (Figure 6.9). But the levels of IL-4 and IL-5 in the Th2 injected footpads were
only about one tenth of those in the footpads received Tc2 cells, which also correlated
with the lower footpad swelling induced by Th2 cells (Figure 6.9). This result indicated
that the Th2 cells may not be equally activated in the footpads as Tc2 cells, which might

explain why Th2 cells were not active in DTH induction.



C. Summary of results

1) Perforin-mediated cytotoxicity may enhance but is not critical to the footpad DTH

induced by Tcl or Tc2 cells.

2) Perforin-deficient Tc1 and Tc2 cells produce similar levels of corresponding cytokines
to their normal counterparts in vivo, suggesting that these cells are activated similarly in

the footpads as normal Tc cells.

2) Normal resting Th1 but not Th2 cells induce footpad DTH, and the lack of perforin has

no effect on DTH induction by either Thl or Th2 cells.

4) Perforin-deficient Thl cells produce similar levels of cytokines to normal Thl cells in
vivo, suggesting that they can be activated similarly to the control Thl cells in the
footpads. The in vivo cytokine levels produced by Thl cells are comparable to those

produced by Tcl cells.

5) Both normal and perforin-deficient Th2 cells produce less cytokines than the same

numbers of Tc2 cells, suggesting that Th2 cells may not be fully activated in the footpads.

—
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D. Discussion:

CDS8 T cells can mediate DTH or other inflammatory responses in many diseases.
Since CD8 T cells are cytotoxic against target cells, it has always been a question whether
the direct killing of certain target cells by CD8 CTLs contributes to the inflammatory
responses mediated by these T cells as a result of the dying target cells. Tcl and Tc2
cells induce strong footpad DTH, and both subsets are highly cytotoxic mainly through
the perforin pathway, therefore, the perforin-deficient Tcl and Tc2 cells provided an
unique system to test the potential contribution of perforin-mediated killing to DTH
reactions. Despite the lack of rapid cytolytic activity in a 4 hr S1¢Cr releasing assay, the
allo-specific Tcl and Tc2 cells derived from perforin-deficient mice were able to induce
footpad DTH in mice bearing the target MHC, although in certain cases the magnitude of
swelling induced by perforin-devoid cells (especially Tcl) was significantly less than
those induced by the control cells. These results suggested that perforin was not critical
for Tc cells to induce DTH, but it might enhance the reaction by mechanisms which need

to be elucidated.

Tcl and Tc2 cells used in this study were anti-H2d allo-reactive, therefore
theoretically most cells in the footpads of BALB/c (H2d) mice were potential targets for
the injected Tc cells. Thus, the allo-system would allow the perforin-mediated
cytotoxicity of Tcl and Tc2 cells to express its maximal effect on DTH reactions.
However even in the full allo-reactive system, the direct perforin-mediated target killing
by CD8 T cells was not crucial for DTH responses. Therefore, perforin may show even
less influence on DTH in other systems, such as virus infection, in which only fewer

infected cells can stimulate Ag-specific CD8 T cells.
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The non-crucial effect of perforin on DTH responses does not rule out the
potential contribution of general target killing to DTH, because besides the perforin-
mediated cytotoxic pathway, Fas also plays an important role in short-term target killing.
In vitro assays, substantial killing activity against certain target cells still remained in
perforin-devoid CTLs, and this perforin-independent killing activity was not revealed if
Fas negative target cells were used (Lowin et al., 1994; Henkart, 1994; Kagi et al..
1994b), suggesting that perforin- and Fas-based cytolytic pathways accounted for almost
all the T cell-mediated short-term cytotoxicity in vitro. Fas is expressed on most
hematopoietic cells, which are the potential targets for Fas-mediated killing in vivo. The
effect of Fas-mediated target killing on DTH can be tested in Ipr mice, in which the Fas
gene is mutated. The effect of total rapid killing on DTH can be studied using perforin-
deficient Tcl or Tc2 cells to induce DTH in lpr mice. Furthermore, as the DTH process
lasts for days, which is beyond the time course of rapid killing, TNF-mediated

cytotoxicity could also play a role in the DTH responses.

The role of perforin or perforin-mediated cytotoxicity was studied by other groups
in several intracellular infectious disease models. Perforin-deficient mice failed to clear
noncytopathic LCMV (Kagi et al., 1994a), despite the existence of corresponding
antigen-specific CD8 T cells in vivo. However the lack of perforin did not affect the
clearance of cytopathic viruses, such as Vaccinia, vesicular stomatitis virus (VSV) and
Semiliki forest virus (SFV) in the infected mice (Kagi et al., 1995). These results
demonstrated that perforin-dependent cytotoxicity mediated by T cells was crucial for
protection against noncytopathic viruses, whereas infections with cytopathic viruses may
be controlled by other mechanisms. Mice depleted of perforin also failed to develop a
protective reaction against a secondary listeria, a intracellular bacterium, infection (Kagi

et al., 1994c).
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Cytotoxic T cells are believed to be one of the major cell types that mediate acute
allograft rejection. Although perforin-deficient CTLs did not exhibit allo-specific
cytotoxic activity in vitro, fully allogeneic hearts were rejected with a similar rate in the
perforin-deficient mice and the control mice, with the graft infiltrated predominately by
CD8 T cells (Schulz et al., 1995). In another report, perforin-deficient and control mice
showed equally full rejection of Fas-negative and TNF-insensitive allogeneic tumor cells
(Walsh et al., 1996), although CD8 T cells were the crucial players in the rejection.
Furthermore similar rejection of allo-pancreatic islets was also observed in perforin-
devoid and control mice (Lu et al., 1995). These results together suggested that although
CDS8 T cells were crucially involved in graft rejection, this immune response was not

correlated with the perforin-mediated cytotoxicity of the allo-reactive CD8 T cells.

The role of perforin was also studied in a diabetic model. In transgenic mice
expressing the glycoprotein of LCMV (LCMV GP) in pancreatic beta cells, LCMV
infection leads to a potent LCMV GP specific T cell response resulting in rapid
development of diabetes. However in the perforin-deficient LCMV GP transgenic mice,
insulitis occurred without the development of diabetes (Kagi et al., 1996). In addition.
adoptive transferring of activated LCMV-GP-specific TCR transgenic and perforin-
deficient T cells led to marked insulitis without diabetes in the LCMV GP transgenic
mice. These results indicated that although perforin is required for destruction of beta

islet cells. it is not critical for initiating an inflammatory response in pancreatic islets.

Collectively, the above results demonstrated the potential role of perforin in
different immune responses mediated by CD8 T cells. Although perforin-mediated
cytotoxicity is a major function of CD8 T cells, it is not absolutely required for

inflammatory responses induced by CD8 T cells.
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Figure 6.1. Perforin-deficient Tc1 and Tc2 cells produce
similar cytokines as their normal counterparts, but do not
mediate rapid killing of target cells. Naive spleen CD8 T cells
(H2°) derived from normal (+/+) or perforin-deficient (-/-) mice
were stimulated with M12.4.1 cells (H29) in the Tci- or
Tc2-differentiating conditions for 7 d. An aliquot of these cells
were stimulated with ConA for 24 hr, and cytokines were tested
in the supernatants by ELISA (A). Different ratios of Tc to 5iCr
labeled M12.4.1 target cells were piaced together and cultured
for 4 hr, supernatantsthen collected, radioactivity counted to
measure specific killing of target cells (B). Each bar or point
represents the mean + SD of triplicated wells.
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Figure 6.2. Perforin-deficient Tc1 and Tc2 cells induce
similar or decreased footpad swelling compared to their
normal counterparts. Equal numbers of Normeal or

perforin-deficient (PKO) Tc1 or Tc2 cells (10°/mouse) were
injected into the left hind footpads of naive BALB/c mice, the
right hind footpads of these mice were injected with an equal
volume of RPMI as controls. Each point represents the mean
= SD (n=4).
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Figure 6.3. Perforin-deficient Tc1 and Tc2 cells induce cell
dose-dependent footpad swelling.
normal (Control) or perforin-deficient (PKO) Tc1 or Tc2 cells

(H2b-anti-H29) were injected into the left hind footpads of
naive BALB/c mice (H29), the right hind footpads of these
mice were injected with an equal volume of RPMI as controls.

Footpad swelling was measured 22 hr after T cell injection.
Each point represents the mean £ SD (n=4).
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Figure 6.4. Similar cytokines are detected in DTH footpads
injected with perforin-deficient Tc cells as in those injected
with the normal counterparts. An equal number of
perforin-deficient (-/-) or normal (+/+) Tc1 or Tc2 cells were
injeted into the left hind footpads (Exp) of naive BALB/c mice
to induce DTH, the right hind footpads of these mice were
injected with an equal volume of RPMI as controls (Con).
Footpads were collected 22 hr after T cell injection, and
cytokines were detected in the footpad extracts by either
ELISA (IL-5, IL-6 and IFNYy) or a bioassay (TNF/LT). Each

bar represents the mean

+ SD (Tct, n=3; Tc2, n=4).
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Figure 6.5. Perforin-deficient Th1 and Th2 cells produce
similar cytokines as their normal counterparts. and Th1 but not
Th2 cells express perforin-mediated cytotoxicity. Naive spleen
CD4 T cells (H2P) derived from either normal (+/+) or
perforin-deficient (-/-) mice were stimulated with M12.4.1 cells
(H29) in the Th1- or Th2-favoring conditions for 7 d. An aliquot
of these cells were stimulated with ConA for 24 hr, and
cytokines were tested in the supernatants by ELISA (A).
Different ratios of Tc to 3'Cr labeled M12.4.1 target cells were
placed together and cultured for 4 hr, supernatants were then
collected, and radioactivity counted to measure specific killing of
target cells (B). Each bar or point represents the mean = SD of
triplicated welis.
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Figure 6.6. Perforin does not affect the abilities of either Tn1
or Th2 cells to induce DTH. An equal number of normel
(Control) or perforin-deficient (PKO) Thi1 or ThZ cells
(H2b-anti-H2d, 10%/mouse) were injected into the left hind
footpads of naive BALB/c (H29) mice, the right hind footpads of
these mice were injected with an equal volume of RPMI as
controls. Each point represents the mean £ SD (n=4).
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Figure 6.7. Both normal and perforin-deficient Th1, but
hot Th2, cells induce cell dose-dependent footpad
swelling. Different numbers of normal (Control) or
perforin-deficient (PKO) Th1 or Th2 cells (H2P-anti-H2°)
were injected into the left hind footpads of naive BALB/c
mice (H29). The right hind footpads of these mice were
injected with an equal volume of RPMI &as controls.
Footpad swelling was measured 24 hr after T cell
injection. Each point represents the mean = SD (n=3).
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Figure 6.8. [n vivo cytokine production in the footpads injected
with normal or perforin-deficient Th1 or Th2 cells. An equal
number of perforin-deficient (-/-) or normal (+/+) Th1 or Th2 cells
were injected into the left hind footpads (Exp) of naive BALB/c
mice, with their right hind footpads receiving an equal volume of
RPMI as controls (Con). Twenty-four hr later, footpads were
collected, and cytokines were detected from the tissue extracts
by either ELISA (IL-5, IL-6 and IFNy) or a bioassay (TNF/LT).
Each bar represents the mean = SD (n=3). (IL-6 was not
measured for tissue extracts of Th2 injected footpads)
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Figure 6.9. Thit and Tc1 cells produce similar levels of
cytokines in vivo, while Th2 cells produce lower levels of
cytokine than Tc2 cells, which correlates with the less
footpad swelling they induced. In two independent
experiments (A and B), an equal number of Th1, ThZ, Tc1 or
Tc2 cells were injected into the left hind footpads of naive
BALB/c mice. Twenty-two (Tc) or 24 (Th) hr later, the
footpad swelling was measured and the footpads were
collected. Cytokines were detected in the footpad extracts
by ELISA (IFNv, IL-4, IL-5 and IL-6) or a bioassay (TNF/LT).
Each bar represents the mean = SD (n=3).



Chapter VII.

General discussion and future projects

A. General discussion:

Since the discovery of the Thl and Th2 cytokine patterns among CD4 T cells,
large numbers of studies have concentrated on the physiological significance of these
cytokine subsets in immunity. Based on results of many animal studies and human
diseases, Thl and Th2 cells play different roles in immune regulation. Thl cells and their
cytokines, IL-2 and [FNY, are often associated with cell-mediated immune responses.
such as DTH, while Th2 cells and their cytokines are more active in helping antibody
production and enhancing allergic responses (Mosmann and Sad, 1996; Gemmell and
Seymour, 1994). Furthermore, Thl and Th2 cells are cross-regulated through their
cytokines, which might partially explain the reciprocal suppression of DTH and Ab
responses often seen in vivo. To test the counter regulation between Thl and Th2 cells
and their cytokines in vivo, the suppressive function of one of the Th2 cytokines, IL-10,
on DTH was studied. However the correlation between T helper subsets and different
classes of immune response is not absolute. The Thl cytokine, [FNY, can provide B cell
help and induce an Ab isotype switch to IgG2a. This isotype of Ab is effective for fixing
complement, so [FNY can be an important mediator in Ab responses. On the other hand.
Th2 cells also mediate inflammation or DTH responses. Therefore the immune

regulation mediated by Th1 and Th2 cells is more complicated than a clear dichotomy.

DTH is an in vivo manifestation of cellular immunity, which is often considered
to be a Thl rather than Th2 response. Thl cytokines e.g. IL-2 and IFNY, can be detected
from local DTH sites (Tsicopoulos et al., 1992) or from the draining lymph nodes

(Heinzel et al.. 1989). Antigen-specific Thl cells can be readily isolated from sites of
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DTH responses in human diseases (Del Prete et al., 1994). PPD induces a DTH response
in primed individuals, and human T cells specific for PPD mostly express the Thl
cytokine pattern (Del Prete et al., 1991b; Haanen et al., 1991). Resting Thl clones induce
footpad DTH in naive mice when locally transferred with corresponding antigens, and the
DTH reaction is partially regulated by IFNy (Cher and Mosmann, 1987; Fong and
Mosmann, 1989). Leishmania major-specific Thl clones adoptively transfer both DTH
and protection to L. major infection (Scott et al., 1988), which can only be cured through
cell-mediated immune responses. All these results demonstrated that Thl cells and their

cytokines are important activators of DTH responses.

Th2 cells are not normally associated with DTH reactions in many diseases
(Mosmann and Sad, 1996; Gemmell and Seymour, 1994), in fact Th2 cvtokines.
especially [L-10, showed inhibitory effects on DTH and other inflammations. The anti-
inflammatory effect of [L-10 has been shown by many studies, as well as the results in
this thesis (see chapter IV). IL-10 inhibits the production of IFNy and TNFa (Fiorentino
et al., 1989; Fiorentino et al., 1991a), and accordingly may suppress the cytokine-
dependent activation of endothelial cells and the initiation of local inflammation. [L-10
also suppresses the functions of macrophages (Fiorentino et al., 1991a; Gazzinelli et al..
1992b; Oswald et al., 1992a; Cunha et al., 1992) and neutrophils (Wang et al., 1994;
Kasama et al., 1994). Therefore, it could reduce the tissue swelling and tissue damage
caused by the activation of cells in DTH. IL-10 was produced during DTH (Chapter IV)
or other inflammatory reactions (Kucharzik et al., 1995), and was responsible fer
quenching of inflammation (Ferguson et al., 1994). This was further confirmed by the
extremely severe DTH reaction developed in IL-10 deficient mice (Berg et al., 1993).
Furthermore, IL-10 and IL-4 synergized to inhibit DTH (Powrie et al., 1993), suggesting
that Th2 cells, by producing a mixture of Th2 cytokines, could be more potent than IL-10

alone in DTH suppression.



Although DTH can not be normally induced in Th2 dominated immune responses.
and Th2 cytokines inhibit DTH, Th2 cells have been reported to be involved in some
DTH reactions. Both Thl and Th2 cytokines were detected at either mRNA or protein
levels in the DTH sites (Buchanan and Murphy, 1993; Ng et al., 1995). Ag-specific Thl
and Th2, or ThO cells were isolated from biopsies of DTH tissues (MacPhee et al., 1993;
Picker et al., 1995). These results suggested that both Th1l and Th2 cells could participate
in local DTH reaction. But whether these Th2 cells functioned as positive or negative

regulators in these DTH reactions was unclear.

The direct contribution of Th2 cells and their cytokines to DTH responses has
been studied. Th2 cells induced IL-4-dependent secondary granulomas towards
Schistosoma egg Ags (SEA), and this reaction involved heavy infiltration of eosinophils
(Wynn et al., 1993). Pulmonary granulomas induced by beads coated with SEA were
caused by Th2 cells as well (Chensue et al., 1994). These granulomas were augmented
by anti-IFNY Ab treatment, suggesting that endogenous IFNY was a negative regulator of
the granulomas (Chensue et al., 1995b). Preactivated Th2 bulk cultured cells induced an
IL-4 dependent DTH-like footpad inflammatory response (Muller et al., 1993), which
was infiltrated predominantly by both neutrophils and macrophages (Muller et al..
1995a). Furthermore, IL-4 was required for local migration of DTH effector T cells
(Dieli et al., 1994) in contact hypersensitivity. Anti-IL-4 treatment not only suppressed
the DTH induced by trinitrochlorobenzene (TNCB), but also blocked the ability of T cells
to transfer DTH to naive mice (Salerno et al., 1995). All these results suggested positive
roles of Th2 cells and their cytokines in certain DTH responses. Thus, the fact that Th2
cells inhibited DTH through the actions of their anti-inflammatory cytokines does not
necessarily mean that these cells themselves are not able to induce inflammation through

other mechanisms.



CD8 T cells are the Ag-specific cytolytic T cells whose major function is to kil
virus-infected cells, tumors and allografts. The mechanisms of CD8 T cell-mediated
cytotoxicity involve both perforin-dependent and Fas-mediated pathways (Liu et al.,
1995). CD8 T cells mediate DTH responses towards MHC class I restricted Ags such as
viral Ags (Liew, 1982; Kundig et al., 1992); they are also the major mediators of certain
contact hypersensitivity reactions (Bour et al., 1995; Xu et al., 1996). Furthermore, CD8
T cells can adoptively transfer footpad DTH (Lin and Askonas, 1981). All these results
demonstrated an important role of CD8 T cells in certain DTH responses. Like CD4 T
cells, CD8 T cells produce multiple cytokines when activated. Recently distinct cytokine
patterns similar to those of the Thl and Th2 cells were generated in vitro among CD8 T
cells (Croft et al., 1994; Sad et al., 1995), or isolated in vivo from normal or infected
individuals (Maggi et al., 1994; Birkhofer et al., 1996). But unlike Th1 and Th2 cells, the
in vitro generated Tecl and Tc2 cells showed similar functions in both CTL and B cell
help assays. Most of the in vivo isolated Tc2 cells expressed significantly less
cytotoxicity than Tel cells (Birkhofer et al., 1996; Maggi et al., 1994), but the mechanism
which caused the difference is not clear. The potential physiological functions of Tcl
and Tc2 cells need to be further investigated. Therefore, the abilities of Tcl and Tc2 cells
to induce DTH, and the contribution of their perforin-mediated cytotoxicity to DTH

reaction have been tested.

Studies in this thesis (chapter V and V1) investigated the abilities of Tc1 and Tc2
cells to induce DTH. Despite their distinct cytokine patterns both in vitro and in vivo.
Tcl and Te2 cells induce similar DTH-like inflammation when transferred locally. Tcl
and Tc2 cells were also able to preferentially migrate into inflammatory sites. Therefore.
both cytokine subsets of CDS T cells have the potential to mediate DTH during immune
responses. Furthermore, this study confirmed that DTH-like inflammatory responses
could develop in both Tcl (Thi) and Tc2 (Th2) cytokine environments. Although Thl

and Th2 mediated DTH were regulated by IFNv and IL-4 respectively. the major
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regulatory factors of Tcl and Tc2 cells were not as obvious. The magnitude of Tcl
induced DTH was not correlated with the in vivo levels of IFNY nor was it inhibited by
IFNv Ab, suggesting that [IFN may not be a critical factor for Tcl to induce DTH. DTH
induced by Tc2 cells was not significantly inhibited by anti-IL-4 Ab, suggesting it was
not IL-4-dependent. Perforin-mediated cytotoxicity sometimes affected the magnitude of
DTH induced by both Tcl and Tc2 cells, although it was not crucial for the DTH.
Collectively these results suggested that adoptively transferred DTH induced by CD8 T

cells may be regulated by multiple factors.

[L-10 and IL-4 are believed to be anti-inflammatory cytokines. then why do Th2
and Tc2 cells induce locally transferred footpad DTH? One explanation could be the
kinetics of different cytokine production. IL-10 was often produced at a relatively late
stage of activation, indicating its regulatory role in the later stage of the immune
responses (Yssel et al., 1992). When Th2 (Tc2) cells were activated, other cytokines such
as [L-4, IL-5 an¢ TNFc¢. may be produced earlier. IL-4 expresses dual effects on
inflammatory responses depending on the cytokine environment. In the presence of IL-1
and TNFa, IL-4 activates endothelial cells (Masinovsky et al., 1990; Briscoe et al., 1992)
and induces strong tissue damage (Hernandez-Pando and Rook, 1994). Furthermore. IL-
4 is a chemotactic factor for eosinophils during inflammation (Tepper et al., 1992).
Therefore, IL-4 could initiate and enhance a DTH reaction. Secondly, although IL-4 and
I[L-10 show synergy in DTH inhibition, there may not always be enough IL-10 expressed
in vivo. IL-10 was detected in DTH induced by a Thl clone, but not in Tcl and Tc2
DTH footpads at either early (8 hr) or late (24 to 40 hr) stages. This finding suggested
that either the CD8 T cells did not produce IL-10 in the footpads or the production was
very low. Since for DTH inhibition, a relatively large amount of IL-10 was required. the
low IL-10 production may not be sufficient to inhibit DTH induced by Tcl or Tc2 cells.
Thirdly, instead of inhibiting DTH, IL-10 can also be a positive mediator for

inflammation. [L-10 is a chemotactic factor for CD8 T cells (Jinquan et al., 1993), and



transgenic expression of [L-10 in the islets of Langerhans led to a pronounced cellular
infiltration in the pancreas (Wogensen et al., 1993). However, what determines the
different functions of IL-10 expressed during inflammation remains to be resolved. But
these observations suggested that cytokines may function differently in vivo depending
on the microenvironments, and Th2 cytokines may not always be anti-inflammatory
mediators,. Therefore local administration of these cytokines may not always be a good

strategy for inhibition of inflammatory responses.

Although Th2 and Tc2 cells produced similar patterns of cytokines, Tc2 cells
were much more active in mediating adoptively-transferred DTH responses. This result
suggested that additional factors other than their anti-inflammatory cytokines were
preventing Th2 cells from inducing DTH. Resting Th2 cells were poor in DTH induction
(Cher and Mosmann, 1987), but when preactivated these cells induced comparable levels
of footpad swelling to those induced by Thl cells (Muller et al., 1995b and Figure 5.5).
The requirement for preactivation in vitro suggests that Th2 cells were not fully activated
in footpads. This suggestion was further confirmed by the low cytokine levels detected in
footpads injected with resting Th2 cells compared to those in Tc2 footpads (Figure 6.9).
Th2 and Tc2 cells are activated by MHC class II and class I positive APCs respectively.
Since theré are more MHC class I than class II positive cells in the footpads, Tc2 cells
could receive more stimulation than Th2 cells. Although Thl and Th2 cells both are
activated by MHC class II positive cells, Thl cells were more activated than Th2 cells in
the footpads. These results suggested that Th2 cells may require different types of APCs
in vivo, or need more costimulations. But it needs to be further investigated whether the
lack of activation of Th2 cells in footpad tissues is also true for in vivo generated Th2

cells during infectious diseases.

Besides the in vivo activation, the ability of T cell homing to local challenged

tissue also determines if a particular T cell subtype is able to induce DTH in immune
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responses. Local inflammation stimulates the expression of adhesion molecules on
vascular endothelial cells, and these adhesion molecules together with chemokines bring
about the extravasation of circulating T cells (Pober and Cotran, 1990; Shimizu et al.,
1992). The migration of both Tcl and Tc2 cells into the tissue where inflammation was
initiated suggested their ability to mediate DTH in immune responses. Nevertheless.
among three independent experiments Tcl showed consistently stronger iocal migration
than Tc2 cells. These results indicated that Tcl may be more effective than Tc2 cells in
inducing a DTH. Accordingly a recent study showed that cultured Th1 but not Th2 bulk
populations can efficiently enter inflamed tissue sites, such as sensitized skin or arthritic
joints (Austrup et al., 1997). The preferential migration of Thl cells was mediated by P-
and E-selectin, and only Thl cells can bind to these adhesion molecules. This study
indicated that adhesion mechanisms provided an additional level of regulation for Thl
and Th2 cells in certain immune responses. However further studies are needed to test if

the in vivo isolated Tc1 and Tc2 or Th2 and Th2 cells also show migration difference.

Although Tc2 and activated Th2 cells have the potential to mediate DTH, in many
infectious diseases DTH was not induced in a Th2 type of response (Mosmann and Sad,
1996). Thus, factors other than Th2 cells and their cytokines might negatively regulate
DTH in a Th2 dominated response. One of the factors that controls the unresponsiveness
of DTH could be DTH suppressor T cells (Howard et al., 1981). Depending on the
system studied, DTH suppressor T cells can be either CD4 or CDS8 cells, and can function
at either the induction or the effector phase of DTH responses. T suppressor cells
function through their secreted Ag-specific suppressor factors (Dorf and Benacerraf.
1984). However, despite the long history of study, the mechanisms of the suppressor
factors are still poorly understood. It has been demonstrated that many suppressor factors
contained two linked chains, one directly recognized the Ags while the other was [-J*
that may control the genetic restriction (Dorf and Benacerraf, 1984). Instead of binding

to Ags, a few suppressor factors were found carrying anti-idiotype specificity. Therefore.



they might function via an idiotype-anti-idiotype interaction (Nash and Gell. 1981). A
modified soluble form of TCR o chain was also reported as a Ag-specific T suppressor
factor (Zheng et al, 1989), although whether this type of factor is involved in DTH
suppression is not known. Understanding of the relationship between Th2 dominated
responses and DTH suppressor cells, and the further characterization of these cells and
their soluble factors would provide important information to help resolve the mechanisms

of DTH unresponsiveness in Th2 responses.

Both Tcl and Tc2 cells (also some T helper cells) express perforin-mediated
cytotoxic activity. For CD8 T cells this is the major pathway of their cytotoxic activity.
However, perforin-deficient Tcl and Tc2 cells were able to transfer DTH, although
sometimes the magnitude of the responses was lower. These findings suggest that
cytotoxicity may contribute to DTH reactions induced by Tc cells, but it is not a critical
factor. Other studies have shown that allograft rejection and CD8 T cell-mediated
insulitis were induced in perforin-deficient mice to a similar extent as in normal mice
(Schulz et al., 1995; Kagi et al., 1996). Together these results suggested that perforin-
dependent cytotoxicity was not an essential factor for CD8 T cells to mediate
inflammation. However, the influence of perforin on DTH induced by Tcl and Tc2 cells
did not seem to be equal. The lack of perforin affected the footpad swelling induced by
Tcl cells more dramatically than that induced by Tc2 cells. This result indicated that the
mechanism of DTH induction by Tcl and Tc2 cells may be different. Perforin-mediated
cytotoxicity maybe involved more in the inflammatory response induced by Tcl than by

Tc2 cells.

Thl DTH often serves as the defense mechanism against infections (Mosmann
and Sad, 1996). The physiological roles of the Th2 or Tc2 cell-mediated DTH are poorly
understood. In mouse Schistosoma infection, macrophages are thought to be important

effector cells of protective immunity (Sher et al., 1992). Vaccine-induced resistance in



vivo was substantially reduced in inbred strains with genetic defects in macrophage
effector function, and macrophages activated by IFNYy treatment are potent killers of
schistosome larvae in vitro. However, a Th2 cell-dominated response was normally
developed during the time of Schistosoma egg deposition (Xu et al., 1991). Since
macrophage activities were suppressed by Th2 cytokines such as IL-4 and IL-10
(Hamilton and Adams, 1987; Fiorentino et al., 1991a), the Th2 response could also
suppress the protection against Schistosoma infection. Th2 cells predominantly regulated
the secondary granulomas induced by schistosome eggs (Scott et al., 1989), but these

granulomas are mainly the cause of pathology rather than a defense mechanism.

The ability of both Tcl and Tc2 cells to mediate inflammation could be an
advantage in responses to different pathogens. CD8 T cells are major effectors in anti-
viral immunity. Th2 type of responses were often developed in certain virus infections.
e.g. in mouse acquired immunodeficiency syndrome (MAIDS) (Gazzinelli et al., 1992a)
and respiratory syncytial virus (RSV) infection (Openshaw, 1995). Furthermore, a Thl to
Th2 response switch was observed during human immunodeficiency virus (HIV)
infection (Clerici and Shearer, 1993). Tc2 cells were generated in a Th2 biased response
(Maggi et al., 1994; Coyle et al., 1995). Therefore, Tc2 cells could be developed during a
Th2 dominated anti-viral immunity. Thus, the ability of both Tcl and Tc2 cells to
mediate DTH may benefit the host defense against viruses causing both Thl and Th2
dominated immune responses. The Tc cell-mediated DTH may enhance the clearance of
the infected target cells and the cell bound virus by recruiting Ag-nonspecific phagocytic

cells. This event could synergize with the CTL killing in clearing the infections.

In the adoptively transferred footpad DTH, although similar edema and
neutrophil/macrophage infiltration were induced by Tcl vs Tc2 (our study), and Thl vs
Th2 (Muller et al., 1995b) cells, it does not mean that the final effects initiated by these

two types of Th (Tc) cells are the same. The physiological functions of DTH are



expressed through the activation of Ag-nonspecific effector cells especially macrophages
and neutrophils. During the effector stage of a DTH, Thl (Tcl) and Th2 (Tc2) cytokines
express different effects on macrophages and neutrophils. IL-4 and IL-10 inhibit.
whereas IFNy activates the functions of these cells. Furthermore, IL-5 preferentially
activates eosinophils. Therefore different activation states of these infiltrated cells may
occur in DTH mediated by Thl vs Th2, Tcl vs Tc2 cells. This was proved recently that
different activation status of macrophages were demonstrated in Thl and Th2 cytokine-
mediated granulomas (Chensue et al, 1995a). Since the potential functional differences
of the Ag-nonspecific effector cells will affect the clearance of pathogens, DTH induced
by Thl(Tcl) and Th2(Tc2) cells may result in different disease progression and different

fates of the hosts in certain cases.

Besides the potential difference in pathogen clearance, DTH induced by Thl
(Tc1) and Th2 (Tc2) cells may also cause different tissue damage. The anti-inflammatory
cytokines produced by Th2 (Tc2) cells may cause less tissue damage in DTH induced by
these cells, but it has been reported that IL-4 and TNFa cause stronger tissue damage
than that mediated by Thl cytokines (Hernandez-Pando and Rook, 1994). Since Th2
(Tc2) cells may not efficiently activate macrophages in a local DTH site, accordingly this
DTH-like inflammatory response may not be an efficient defense mechanism in
controlling intracellular pathogens. Therefore the DTH responses mediated by Th2 (Tc2)
cells rnay' mainly cause tissue damage, and accordingly be responsible for the
pathogenesis of certain diseases. However, the physiological roles of Th2 (Tc2) DTH

need to be further investigated in infectious disease models.

It has been a century since Koch first described a DTH reaction induced by
tuberculin. Through a long history of extensive research, many of the aspects and
mechanisms of this reaction have been understood and used to benefit our fight against

many diseases. Studies presented in this thesis provide further information about the
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potential roles of cytokine T cell subsets in DTH reaction and the regulatory effects of
their soluble products on DTH. I show here that IL-10 suppressed DTH, probably
through its inhibition of Thl and macrophage functions in vivo; DTH could be induced
by local transfer of both Tcl and Tc2 cells, and the DTH was not solely dependent on the
characteristic cytokines of Tcl or Tc2 cells; perforin-dependent cytotoxicity enhance the
extent of DTH induced by Tcl and Tc2, especially Tcl cells, but it was not absolutely
required for DTH reactions; perforin has no detectable effect on Thl and Th2 cells to
induce DTH. DTH is a cascade of in vivo processes that involves multiple cell types and
a large variety of regulatory soluble molecules. Despite the long history of study, there
are still lots of unknowns about the DTH process that need to be further investigated.

Therefore there is still a long way to go before we finally understand DTH.

B. Potential future projects:

DTH has been often considered as a Thl dominated response. However, recent
studies (including the work in this thesis) have demonstrated that Th2 and Tc2 cells are
able to induce similar cellular infiltration and vascular permeability as Thl and Tcl cells
respectively, suggesting that Th2 and Tc2 can also be DTH effector cells in vivo during
immune responses. But why is DTH not normally mounted in a Th2 dominated
response? Our preliminary resuits suggested a couple of possible explanations. The
failure to mount a DTH or DTH-like inflammatory response in most Th2 mediated
immunities could be due to either the poor activation of Th2 cells in certain tissues: or
their poor ability to migrate into inflamed tissues; or to the suppression of DTH by either
Th2 cells and their cytokines or cells other than Th2 type by undetermined mechanisms.
In the adoptively transferred DTH model, the Th2 and Tc2 cells used so far were all allo-

responsive. To understand their activity to induce DTH during infection. pathogen Ag-
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specific Th and Tc cells need to be generated and their functions studied in mouse

infectious models.

The well defined mouse L. major infection system provides a good model to study
the in vivo functions of different T cytokine subsets. It has been well documented that
after infection, the resistant strain (e.g. C57BL/6J) develops a Ag-specific Thl and DTH
responses, while the susceptible strain (e.g. BALB/c) generates Ag-specific Th2 cells and
Ab response, but no DTH (Locksley and Louis, 1992). Using this model, we can study
the DTH induction by Ag-specific T subsets and their functions in disease protection. L.
major specific Th2 cell lines or clones can be isolated from the draining lymph nodes
(LN) of infected BALB/c mice (Holaday et al., 1991). Thl cell lines or clones may also
be isolated from these mice (Holaday et al., 1991), but more likely they will be
established from BALB/c mice being treated with anti-IL-4 (Sadick et al.. 1990), or
sublethal irradiation (Howard et al., 1981), or [L-12 (Seder et al., 1993) before L. mujor
infection. L. major Ag-specific Tcl cells may be generated from the draining LN of
infected BALB/c mice with pre-anti-CD4 treatment (Hill et al., 1989), and Tc2 from
infected BALB/c mice with both anti-CD4 and IL-4 treatments. All these cell lines or
clones could be cultured in vitro, and their Ag specificity checked. The Thl and Th2 that
recognize the same pathogen proteins could be matched as pairs or groups, and the same
done for Tcl and Tc2 cells. The Ag-specificity match may not be easy, since different L.
major Ags preferentially induced either Thl or Th2 cells (Scott et al., 1989). The in vivo
functions could be compared between different cell types within each group. To test their
ability to mediate the effector stage of L. major Ag-specific DTH, these cells will be
transferred into syngeneic SCID mice either locally into the footpads with corresponding
Ags, or systemically with Ag challenging in one footpad. In addition, these cells could
be radiolabeled and their migration ability to an inflammatory site could be measured by
radioactivity counting. Furthermore the physiological functions of these cells against L.

major infection will be investigated in syngeneic SCID mice. After T cell transfer. thesc



mice will be infected with L. major and their disease progress will be monitored by either
the size of lesion or by parasite count. The ability of each cell type to induce DTH and to
provide protection will be compared. I believe that this set of experiments will provide
information about the potential ability of Ag-specific Th2 and Tc2 subsets to mediate a
DTH response during an infectious disease, and the function of these cells in providing

L.major protection.

It has been reported for decades that CD4 T cells in BALB/c mice suppressed L.
tropica (maybe also L. major) induced DTH (Howard et al., 1981). The existence of
these cells maybe one of the reasons fo- the unrestrained disease progression. This
hypothesis has also been supported by the finding that depletion of CD4 T cells results in
DTH response and resistance to L. major infection in BALB/c mice (Hill et al., 1989).
However the cytokine pattern of the suppressor cells remains unclear. They could be Th2
cells inhibiting DTH through IL-10 or other mediators, or it is also possible that they are
other cell types. Further characterization of these suppressor cells and their secreted
factors will help us to understand the mechanism of DTH suppression. Alternatively
using L. major specific T cytokine subsets, we can also test the possible inhibitory effect
of Th2 or Tc2 cells on Thl or Tcl mediated DTH. The Ag specificity matched Thl and
Th2 cells or Tcl and Tc2 cells or other combinations will be co-transferred into
syngeneic SCID mice, and the mounting of the effector stage of L. major Ag-specific
DTH will be monitored to test the potential inhibitory effects of Th2 and Tc2 cells. In
addition, Th2 or Tc2 cells will also be transferred into the pre-anti-IL-4 treated, L. major
resistant BALB/c mice to test their inhibitory effects on DTH or on disease protection.
These experiments will provide information about the direct effects of Th2 or Tc2 cells

on Thl or Tcl mediated DTH and L. major protection.

The recent generation of the Tc2 phenotype and the discovery of its in vivo

existence in both normal and infected individuals make it important to understand the
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biological significance of this cell type in immune responses. Allo-reactive Tcl and Te2
cells are able to locally transfer DTH, and can preferentially migrate into an inflammatory
site, suggesting they may induce DTH during immune responses. But whether this is also
the case for pathogen-specific Tc cells during infection still needs to be further
investigated. Beside the L. major system discussed earlier, the mouse influenza infection
is another good model for the study. The peptides of influenza that can stimulate
protective CD8 T cells have been identified (Townsend et al., 1986). Using these
peptides, influenza antigen-specific Tcl and Tc2 cells can be generated in vitro from
naive or infected mouse splenocytes. These Tcl or Tc2 cells will then be systemically
transferred into irradiated syngeneic naive mice, and the protection they provide against
influenza virus infection can then be tasted. Furthermore, by challenging these T cell-
reconstituted mice with the influenza peptides in their footpads. the ability of the peptide-
specific Tcl and Te2 to induce DTH will also be tested and the correlation between DTH

induction and protection will be studied.

Besides the role of disease protection, it is also important to understand the
possible pathogenesis caused by Tcl and Tc2 cells. Using the LCMYV peptide-specific T
cell receptor (TCR) transgenic (Pircher et al., 1989) and the insulin promoter directed
LCMV gly'coprotein (GP) transgenic (Ohashi et al., 1993) systems, we can study the
activity of peptide-specific Tcl and Tc2 cells in causing inflammation. LCMYV peptide-
specific Tel and Tc2 cells will be generated form the TCR transgenic mice in vitro. It
has been reported that when activated and adoptively transferred, CD8 T cells from the
LCMV-specific TCR transgenic mice can cause both insulitis and diabetes in LCMV GP
transgenic mice (Kagi et al., 1996). By transferring the in vitro-generated Tcl and TcZ
cells derived from the LCMV peptide-specific TCR transgenic mice into LCMV GP
transgenic mice, the ability of these cells to induce insulitis and diabetes can be studied.

We will look at the cellular infiltration of the local inflammatory area quantitatively by



cell extraction and staining, and we will also check the severeness of the [} islet cell

destruction by measuring blood glucose levels of these mice.

Overall, I believe that the studies described above will provide important
information about the regulatory mechanisms of DTH in a Th2 type responses, and the
physiological roles Tcl and Tc2 cells might play in protecting against virus or
intracellular protozoan infection and in causing DTH or other inflammations. The more
we understand DTH responses and their regulation, the more likely we can manipulate
the immune system to either enhance the protective, or to suppress the harmful DTH

responses.

.
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