ABSTRACT
MIKKELSEN, SARAH ROCHELLE. The Role of Regulatory T Cells during Feline
Immunodeficiency Virus Pathogenesis. (Under the direction of Dr. Gregg Dean.)

Human immunodeficiency virus-1 (HIV-1), simian immunodeficiency virus (SIV),
and feline immunodeficiency virus (FIV) are members of the Retroviridae family in the
Lentivirinae genus. Lentiviral pathogenesis involves a prolonged period of immune
dysregulation that eventually results in acquired immunodeficiency syndrome (AIDS). Data
exploring the roles of CD4" T helper cells, cytotoxic T lymphocytes, B cells, natural killer
cells, and dendritic cells during acute simian immunodeficiency virus (SIV) and feline
immunodeficiency virus (FIV) infection suggest that dysregulation of the immune response
begins early after lentiviral infection. Many studies suggest that CD4"CD25"FOXP3"
immunosuppressive regulatory T (Treg) cells are involved in regulation of the immune
response during HIV-1 and SIV infection and could be involved in modulating immune
dysfunction. Treg cells can suppress lentiviral-specific immune responses, and therefore
may play a detrimental role during infection. However, several studies point to a protective
role of Treg cells in lentiviral infection, as high PBMC Treg cell frequencies are correlated
with high CD4" T cell counts, low T cell activation, and/or low viremia. Treg cells have
been described in the cat, and their immunosuppressive capabilities have been shown to be
enhanced during FIV infection. Therefore, we sought to (1) validate a method of in vivo
Treg cell depletion via anti-CD25 monoclonal antibody (mAb) in the cat, (2) determine the
role of Treg cells during chronic FIV pathogenesis by depleting Treg cells in cats chronically
infected with FIV, and (3) determine whether Treg cells play a role in acute FIV

pathogenesis by depleting Treg cells prior to infection.



We found that anti-CD25 mAb administration in FIV naive cats immunized with
recombinant FIV p24 resulted in an 82% decrease in circulating CD4"CD25™ Treg cells at
the nadir of depletion. Treg cells and FOXP3 mRNA were reduced in the thymus, secondary
lymphoid tissues, and the gut up to day 35 post-depletion. Anti-CD25 mAb treatment did not
disturb anti-FIV p24 cellular and humoral immune responses. Anti-CD25 mAb treatment in
cats chronically infected with FIV revealed significant FIV-specific immune responses as
measured by interferon (IFN)-y production. Cats that received the Treg cell-depleting mAb
were able to produce a significantly more robust humoral response to new antigen as
compared to cats receiving an isotype control mAb. Importantly, transient Treg cell
depletion in cats chronically infected with FIV did not induce damaging proinflammatory
cytokine production or viral replication. Treg cell depletion prior to FIV infection did not
significantly alter acute FIV pathogenesis. The effects of anti-CD25 mAb treatment
appeared to be truncated in cats acutely infected with FIV as compared to chronically
infected cats or FIV naive cats, as Treg cell levels were heightened in all treatment groups
after FIV infection.

We propose that the influence of Treg cell suppression during FIV pathogenesis is
most prominent after established infection, when Treg cells are activated and more
functionally suppressive. Our findings suggest that short-term in vivo Treg cell depletion
during chronic lentiviral infection could provide a window of opportunity for therapeutic

vaccination in individuals with controlled viral replication.
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INTRODUCTION

Feline immunodeficiency virus (FIV) is a member of the Retroviridae family in the
Lentivirinae genus that infects domesticated and wild cats and is endemic in certain feline
populations worldwide (1). Of the Lentivirinae, FIV is phylogenetically more closely related
to equine infectious anemia virus and visna virus than to human immunodeficiency virus
(HIV) and simian immunodeficiency virus (SIV) (2). However, FIV pathogenesis is more
similar to that of HIV-1 rather than any other lentivirus. FIV and HIV-1 pathogenesis is
characterized by an acute phase anti-viral response involving CD8" T lymphocytes and
neutralizing antibodies that limits viremia but allows persistence of latent infection (3-5).
This is followed by an asymptomatic phase that is perpetuated over the course of years and is
associated with generalized immune dysregulation and lymphocyte activation (6-10). FIV
infection in cats eventually results in acquired immunodeficiency syndrome (AIDS) and
opportunistic infection in 10 years average post-infection, as does HIV-1 infection in humans
(11, 12). The similarities between HIV-1 and FIV pathogenesis caused by natural infection
of susceptible hosts supports the strength and soundness of the FIV/cat model as an
appropriate analogue for understanding HIV-1 infection in humans.

Regulatory T (Treg) cells are potent regulators of many aspects of the immune
response, including cytokine and chemokine release, T cell expansion and apoptosis,
cytotoxic T lymphocyte responses, antibody production, lymphocyte trafficking, and
dendritic cell function (13-19). Regulatory T cells are classically described as

CD4*CD25™FOXP3*. Other cell surface proteins commonly associated with Treg cell



identification and function are the 1L-7 receptor CD127, glucocorticoid-induced tumor
necrosis factor receptor (GITR), cytotoxic T lymphocyte antigen 4 (CTLA-4), transforming
growth factor B (TGF-), and more recently, GARP (glycoprotein A repetitions predominant;
LRRC32), which is associated with TGF-f surface expression (20-26). Treg cells originate
in the thymus or are induced in the periphery from conventional naive CD4" cells and can
expand in vivo when activated through their T cell receptor (TCR) (13, 27-31). Treg cells
are fundamentally required for regulating autoreactive immune cells, as demonstrated by the
fatal autoimmune disease that results in the absence of Treg cells when the lineage
determining transcription factor gene, Foxp3, is corrupted (30, 32). In addition, many studies
have elucidated Treg cell modulation of the immune response to pathogens (13, 17, 33-37).
Collectively, these studies demonstrate that Treg cells are capable of limiting
immunopathology and inflammation during infection. They also show that Treg cells are
capable of suppressing immune responses to pathogens and influencing the development of
adaptive memory immunity.

Immunosuppressive Treg cells have been described in the cat and are functionally
activated during FIV infection (38). It is unknown whether Treg cells are harmful or helpful
to feline hosts during the acute and chronic phases of lentiviral infection as they could
potentially suppress both beneficial antiviral immune responses and harmful generalized
immune activation simultaneously. This dissertation explores the effect of Treg cell depletion

on the pathogenesis of FIV. The following specific aims are addressed:



1.

Determine the in vivo kinetics of CD25" Treg cell depletion and rebound in cats
and identify any potential changes within effector cell populations after treatment
with anti-CD25 monoclonal antibody.

Determine whether in vivo depletion of CD25" Treg cells improves or diminishes
the anti-FIV immune response in chronically FIV-infected cats.

Determine whether CD25" Treg cell depletion prior to FIV infection boosts acute

antiviral responses or affects viral pathogenesis.



LITERATURE REVIEW

A. Introduction of the FIV Model

Experimental FIV infection in domestic cats is a well established model for
HIV-1 infection in humans. FIV was first described in 1987 by Niels Pedersen and
colleagues, who recognized the usefulness of FIV as a model for HIV-1 (11). FIV,
like HIV-1, can be transmitted horizontally through blood, saliva, and semen, and
vertically through milk and placenta (12, 39-42). FIV pathogenesis is remarkably
similar to HIV-1 pathogenesis, typified by a short acute phase, involving high levels
of viremia, followed by a long asymptomatic phase, involving persistent latent viral
infection, which eventually culminates in opportunistic infection and AIDS as the
immune system becomes increasingly dysfunctional (7, 10, 43). FIV infection causes
substantial CD4" T cell depletion and inversion of the CD4:CD8 T cell ratio, which is
one of the major hallmarks of HIV-1 infection (7). In addition to infecting CD4" T
cells, FIV infects CD8" T cells, Treg cells, macrophages, dendritic cells, and
thymocytes, as does HIV-1 (44-47). Clinical signs of FIV immunodeficiency are
remarkably similar to human AIDS and include lymphadenopathy, diarrhea, wasting,
neurologic syndromes, skin conditions, respiratory tract and urinary tract infections,
and B cell lymphosarcomas (11, 48). FIV is genetically and molecularly similar to
HIV-1, with genes encoding gag, pol, vif, env, and rev (48).

The advantages of using the FIV/cat model over other in vivo models of HIV-

1 infection include affordability and readily available specific-pathogen-free animals.



Domestic cats are not endangered unlike some monkey species used in SIV research.
FIV infects domestic cats naturally, without requiring manipulation of the virus or use
of a host not normally susceptible to lentiviral infection. The FIV model has been
employed to study lentiviral pathogenesis for two decades, and many FIV-specific
and feline-specific assays and reagents have been developed.

FIV research continues to expand the knowledge base that contributes to
understanding HIV-1 transmission, pathogenesis, and treatment. Importantly,
research done in the FIV model has allowed elucidation of issues that must be
addressed in order to develop a preventative lentiviral vaccine. This review will
cover general theories of lentiviral pathogenesis advanced by HIV-1, FIV, and SIV

research, and survey theories of Treg cell involvement in lentiviral pathogenesis.

B. Current Theories of Lentiviral Immunopathogenesis

1. Cellular Receptors of Lentiviruses

Most invasive pathogens are equipped with various weapons that allow them
to delay obliteration by host immune defenses, but perhaps no pathogens are as
directly destructive to the immune system as HIV-1, FIV, and SIV. These
lentiviruses primarily target CD4" T cells for infection, but CD8" T cells, B cells,
dendritic cells, and macrophages are also affected during lentiviral pathogenesis (45,
46). The cellular receptor for most HIV and SIV strains is CD4. The chemokine

receptors CXCR4 or CCRS serve as coreceptors for HIV/SIV infection.



The characteristic decline of CD4" T cells that begins during HIV-1 acute
infection, and continues through the asymptomatic phase, is mirrored in FIV
infection, even though the cellular receptor for FIV is CD134. Because CD134 is
predominantly expressed by CD4" T cells in the cat, these cells are targeted first for
FI1V infection (44, 49). FIV infection is mediated by the coreceptor CXCR4 only.

Only cells that express a receptor and/or a coreceptor amenable to HIV-1
attachment can be infected directly by the virus, but cells not expressing viral
receptors can also be infected through virological synapses involved in cell-to-cell
transmission (50-52). Most HIV-1 strains use CCRS as a coreceptor upon
transmission to a new host. The majority of CD4"CCR5" T cells are effector memory
cells that reside in extra-lymphoid effector mucosal sites, especially the intestine.
These cells are the first targets for CCRS5 (RS5)-tropic lentiviral infection (53-55). In
association with this aspect of HIV-1 pathogenesis, o437 integrin, a homing receptor
that guides immune cells to gut-associated lymphoid tissue (GALT), has been
suggested to be a putative HIV-1 coreceptor (56, 57). Arthos and colleagues showed
that the HIV-1 envelope protein gp120 is able to bind a4f3; in its active form on
lymphocytes through a conserved Leu-Asp-Val motif (56). This may be part of the
reason why HIV-1 is able to destroy gut effector memory T cells so quickly after
infection. DC-SIGN and syndecan-3 have also been suggested as attachment
coreceptors for HIV-1 on dendritic cells, and may play a key role in disseminating
virus systemically as dendritic cells migrate from sites of mucosal viral exposure to

draining lymph nodes (58-61). More in vivo studies are required to support the



theory that a4f7, DC-SIGN, and syndecan-3 are involved in lentiviral infection and
dissemination, but in vitro and ex vivo evidence indicates that this is the case.

It is important to note that during chronic phase HIV-1 infection, coreceptor
tropism switches from predominantly CCRS to predominantly CXCR4 in about half
of HIV-1" patients (62, 63). Coreceptor switching is associated with progressive
disease, but is not necessary for progression to AIDS (64, 65). Multiple factors likely
play a role in coreceptor switching, including changes in chemokine receptor
expression as the immune system responds to viral presence, and increased CXCR4
(X4)-tropic virus survival as selective immunological pressures shift over time (66-
69). Changes also occur in cell tropism of FIV during chronic infection. The
expression of CD134 and/or CXCR4 correlates well with FIV infection in CD8" T
cells, B cells, dendritic cells, and macrophages as disease progresses and viral tropism
expands beyond infection of CD4"CD134" T cells (44-47). Lentiviral infection
causes drastic changes in overall immune system composition as cell targets expand

over time.

2. Acute Phase Infection

The loss of CD4" T cells during acute R5-tropic lentiviral infection is
typically most dramatic in the intestinal mucosa where CD4"CCR5" memory T cells
reside. During the asymptomatic phase of R5-tropic viral infection, CD4" T cell
counts gradually decline in peripheral blood and secondary lymphoid organs such as

lymph node and spleen (53-55, 70). On the other hand, acute CXCR4 (X4)-tropic



lentiviral infection is characterized by a notable loss of CD4" T cells in the periphery
and secondary lymphoid organs, as these organs house higher proportions of naive
CXCR4" T cells (70, 71). X4-tropic viruses eventually target and deplete CD4" T
cells situated in the GALT during chronic infection (72), as about 50% of memory T
cells express CXCR4 (71, 73, 74).

It has been proposed that the initial depletion of effector memory T cells in the
GALT by R5-tropic viruses during the acute phase is a definitive event in the
corruption of immune responses during lentiviral infection. However, this event by
itself is not sufficient or necessary for direct progression to AIDS, as demonstrated by
the fact that rapid disease progression rarely occurs after mucosal CD4" cell depletion
during HIV-1 infection or during nonpathogenic SIV infection. In addition, X4-
tropic virus infection can progress to AIDS without causing acute phase GALT CD4"
cell depletion (75, 76).

Immune activation during acute lentiviral infection includes antiviral
responses that, at first glance, appear to be appropriately specific. The burst of viral
replication that results in partial depletion of CD4" T cells is countermanded by
cytotoxic T lymphocyte (CTL) and humoral immune responses. Neutralizing
antibodies can be detected as early as 14 days post infection in SIV-infected
macaques (77) and are present in FIV-infected cats (78-80). In addition, Gag-specific
CTL responses or tetramer” CD8" T cells can be demonstrated as early as 7 days post-
SIV infection, 14 days post-FIV infection, and are present in HIV-1 infected acute

phase patients (77, 81-83). Indeed, CD8" T cell depletion via monoclonal antibody



prior to SIV infection allows relatively unchecked SIV replication, demonstrating the
importance of CD8" CTL activity in combating lentiviral replication (81).

Betts and colleagues demonstrated that up to 18% of CD8" T cells in HIV
patients are virus-specific (84). However, in the same study it was shown that high
frequency of HIV-specific T cells does not correspond directly with reduced viral
load, indicating that other factors in addition to CTL activity are involved in control
of viral replication (84). Accordingly, SIV-specific CD8" effector T cells are present
at very low levels in gastrointestinal mucosa during acute infection and are most
robust after peak viremia, alluding to the possibility that antiviral CTL responses are
misdirected and delayed during early infection (85). Acute pathogenic SIV infection
in rhesus macaques, but not nonpathogenic SIV infection of sooty mangabeys, is
characterized by robust IFN-a production by plasmacytoid dendritic cells (pDCs),
which implicates pDCs as potentiators of damaging immune activation during acute
infection (86). Increased activation-induced cell death of CD4" T cells is linked to
increased IFN- a production by HIV-1 exposed human pDCs, suggesting that pDC
activation is linked to immune dysregulation during HIV-1 infection (87, 88). Early
natural killer cell responses during nonpathogenic SIV infection are linked to control
of viral replication, but are rarely observed in pathogenic SIV infection (89). SIV
infection of macaques, but not sooty mangabeys, is characterized by activation of
non-SIV specific immune responses and increased bystander cell apoptosis (90). It

appears that though immune responses eventually control early viral replication, acute



stage infection is characterized by a crippled immune response that continues into

chronic infection.

3. Chronic Phase Infection

a. Overview

Chronic lentiviral infection is characterized by a sustained increase in
cytokine production of IFN-a, IFN-y, TNF-a, TGF-, IL-1p, IL-6, and IL-10 (8, 88,
91-96), macrophage activation (97), B cell activation (10, 98, 99), and NK cell
dysfunction (89, 100). Increased frequencies of memory and activated T cells is
concurrent with decreased naive T cell frequency (6, 71, 101, 102). T cell
proliferation due to generalized immune activation (103, 104), increased bystander
cell apoptosis, and constant replacement of lymphocytes and NK cells (105, 106) lead
to T cell exhaustion and general immune dysfunction during lentiviral infection. The
generalized immune dysfunction caused by lentiviral infection is described by
coinfection studies. FIV-infected cats exhibit significantly impaired immune
responses to experimental Listeria monocytogenes and Toxoplasma gondii
coinfection (8, 9).

b. Immune activation marker expression correlates with disease

progression

CD38 is an enzyme that catalyzes multiple reactions involved in lymphocyte
activation, proliferation, and cytokine production, and it is involved in lymphocyte

adhesion to endothelial cells (107). Interestingly, data collected over the past 16

10



years conclusively shows that CD38 expression by CD8" T cells correlates strongly
with HIV-1 disease progression and can be used as a predictor of CD4" T cell loss
(108-112). However, the extent of viral infection of individual cells and levels of
lentiviral antigen do not explain the extent of immune activation and CD4" T cell
depletion that is observed during chronic lentiviral infection. The frequency of
infected T cells during chronic disease is relatively low, around 0.01 — 1% (113). The
death rate of CD8" T cells is about the same as CD4" T cells during HIV-1 and SIV
infection even though infected CD8" T cells are far less frequent than infected CD4"
T cells (105, 106, 114-116). This indicates that direct cellular infection is not
necessarily the main cause of cell death during lentiviral pathogenesis. In recent
years, T cell activation as a major cause of cell death has been shown to be a hallmark
of lentiviral pathogenesis (6, 117-119). But what factors unique to lentiviral infection
could be responsible for sustaining immune activation during the asymptomatic
phase, which is characterized by low viral load?

c. Microbial translocation as a cause of immune activation

One probable cause of immune activation during chronic lentiviral infection
can be traced back to depletion of about half of mucosal CD4"CCR5" T cells during
acute infection (54, 55, 120, 121). Even after low viral set-point is reached, effector
memory T cell compartments in the gut are never fully restored (122), except if
highly active antiretroviral therapy (HAART) is administered soon after infection
(123, 124). Microbial translocation, the movement of bacteria or bacterial products

through the gut lining, can occur with increased lining permeability and perturbation
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of immune defenses in intestinal lumen (125). Brenchley et al. (126) found that
plasma LPS levels are much higher in asymptomatic HIV-1" patients or patients with
AIDS as compared to healthy or acutely infected patients. Plasma LPS levels
correlate positively with circulating CD8"CD38" T cells and plasma IFN-a, and are
increased during pathogenic SIV infection, but not during nonpathogenic SIV
infection. LPS levels are reduced somewhat upon initiation of HAART treatment and
are lower in HIV™ patients who are able to maintain low viremia versus those who
exhibit progressive disease, demonstrating that LPS levels are linked to viral load
(126). Administration of bioactive LPS in chronically SIV infected African green
monkeys results in a burst of viral replication 2-4 hours post-treatment (127). These
data suggest that the escape of microbial products from the intestinal tract during
chronic lentiviral infection could contribute to continuous systemic immune
activation.

These findings have been confirmed in a study that links increased plasma
LPS to HIV-associated dementia and substance abuse by HIV-1" patients (128). But
another study found that plasma LPS levels did not change after HIV-1 infection in an
African cohort (129). Importantly, LPS can induce Treg cell activation and
proliferation, leading to enhancement of Treg cell immuosuppression (38, 130).
However, the relationship between plasma LPS levels and Treg cell induction during
lentiviral infection has not been explored. Additional studies will be required to

determine the importance of microbial translocation in causing generalized immune
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system activation during lentiviral infection, perhaps including prolonged antibiotic
treatment of HIV-1" patients.

d. Lentiviral-cellular interactions as a cause of immune activation and

dysregulation

Non-virus-specific immune responses could be stimulated by lentiviruses
themselves. In vitro evidence strongly suggests that gp120 is capable of eliciting
cytokine and chemokine production after binding CD4 and coreceptors, even without
productive infection or traditional viral antigen presentation (97, 131, 132). In
addition, gp120-CD4 interaction has been shown to prime CD4" T cells for apoptosis
and promote FasL expression on T cells and macrophages, which likely leads to
bystander cell death in the absence of direct infection (133, 134). Membrane bound
gp120 on the surface of infected cells is able to induce cell death in non-infected cells
(135, 136). IFN-a production by plasmacytoid dendritic cells has also been
implicated in mediating bystander cell death, in that it induces TNF-related apoptosis-
inducing ligand (TRAIL)/death receptor (DR) 5 expression by CD4™ T cells (88).
And of course, gp120 is involved in direct apoptosis of infected cells as syncytium
form (137-139). Thus, during lentiviral infection the immune system is forced to
cope with ongoing cell death, which leads to replacement of T cells from the thymus,
and immune activation, which leads to increased naive and memory T cell turnover.
NF«B and NFATCc are directly involved in T cell activation signaling pathways.
Activation of NFxB and NFATCc leads to lentiviral LTR transcription in infected cells,

which results in production of new virions (140-142). The attempt to reconstitute lost
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immune effector cells also leads to the generation of new target cells (103, 106). The
debilitating effects of lentiviral infection on the immune system are therefore linked
to the continuous generation of new target cells and new virions which is in turn

linked to exhaustive T cell activation and immune dysregulation.

C. Regulatory T cells

1. Overview

Treg cells were hypothesized to exist in the 1970s, but when researchers were
not able to phenotypically identify a Treg cell population or characterize mechanisms
of Treg cell suppression, the theory that T cells could negatively regulate the immune
response fell out of favor among immunologists. But in 1995, the Sakaguchi
laboratory published that CD25 expression is constitutive on immunosuppressive T
cells (143). Since their renewed appearance in the literature, Treg cells have received
much attention from researchers. Treg cells have been shown in both in vitro and in
vivo experiments to be capable of repressing immune responses through a variety of
mechanisms which act directly on antigen presenting cells or effector cells.
Mechanisms of regulation employed by Treg cells have been reviewed recently [see

refs. (144-146)] and will not be covered in detail here.
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2. The Transcription Factor FOXP3

a. Expression in naturally occurring, thymically derived Treg cells

The most well characterized molecule associated with Treg cell development
and function is the transcription factor FOXP3. FOXP3 is associated with CD25
expression as early as the double positive stage in thymic lymphocytes (26, 147).
Thymic Treg cell development as a distinct lineage depends on the presence of
FOXP3 (26, 30); however, a heterogenic FOXP3 allele knock-out mouse model has
shown that some of the properties of murine Treg cells are not dependent on FOXP3,
including expression of CD25, paucity of cytokine production, and in vitro anergy
(148). In contrast, suppressor function and in vivo proliferative ability were shown to
be dependent on FOXP3 (148), and these results are confirmed in a report by Lin and
colleagues (149). FOXP3 is proposed to be a stabilizing element that locks into place
gene regulation that supports the Treg cell phenotype, which is first directed through
T cell receptor (TCR) activation, CD28 costimulation, or some other unidentified
signal in the thymus (148, 150, 151).

b. Expression during Treg cell conversion

It is worth noting that most of the experiments done to characterize the
consequences of lymphocyte FOXP3 expression have been performed using mouse
models. In humans and cats, FOXP3 is not an exclusive identifier of Treg cells, as is
the case in mice (152-157). FOXP3 is transiently expressed at low levels upon
conventional CD4" T cell activation, with no corresponding suppressor function,

much like CD25 (153, 155, 157). It is possible for conventional CD4" T cells to
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permanently adopt a Treg cell phenotype extra-thymically, but this requires sustained
FOXP3 expression (157, 158). It is probable that both scenarios are present during
typical immune reactions to infection, and that new antigen-specific Treg cells are
converted hand in hand with the development of immunity. Indeed, it has been
shown that human CD4"'CD25 CD45R0O" memory T cells and CD4"'CD25"CD45RO"
Treg cells are related based on shared TCR V3 family populations between the cell
subsets (159-162). Likewise, murine memory T cells and Treg cells share substantial
CDR3 sequence homology in the TCR™™ mouse model, which is characterized by
limited TCR diversity, (163, 164) or after experimental immunization with pigeon
cytochrome c in wildtype mice (165). These studies estimate that up to an 80%

overlap exists between FOXP3" Treg cell and FOXP3™ memory T cell TCR

repertoires.

3. Treg Cell Activity during Infection

a. Adaptive Treg cells

Treg cells that are generated through conversion in the periphery rather than
being generated de novo in the thymus are called induced or adaptive Treg cells.
Adaptive Treg cells are indistinguishable from naturally occurring Treg cells because
both populations express the same phenotypic markers and perform the same function
in regulating the immune system. In vitro studies using human and murine cells have
shown that exposing CD4"CD25™ T cells to TCR stimulation (29, 158, 166, 167)

and/or TGF-B (29, 168-171), or IFN-y (172) can induce FOXP3 expression and
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immunosuppressive activity. In vivo studies in mice have shown that prolonged
exposure to antigen and/or TCR costimulation can induce Treg cells (27, 173-175).

The presence of IL-2 is required for maintenance of the Treg cell population.
The production of IL-2 during immune responses would support the survival of
induced Treg cells (175, 176). Perhaps during the resolution of an immune response,
decreased levels of IL-2 would promote apoptosis in Treg cells, which are more prone
to apoptosis than conventional T cells due to their highly differentiated state, high Fas
expression, and low Bcl-2 expression (161, 177, 178). As a result, normal immunity
could proceed uninhibited during secondary exposure to antigen because relevant
Treg cells would be absent until the conversion of a new round of antigen specific
Treg cells. However, it is important to note that during chronic infection and
continual exposure to antigen, the pool of antigen specific Treg cells could be
maintained or replenished indefinitely and could prematurely inhibit needed antigen
specific immune responses.

b. Treg cell proliferation in vivo

Another event that may play a key role in Treg cell influence during immune
responses is expansion of the pool of naturally occurring or adaptive Treg cells. Treg
cells exhibit a doubling rate of 8 days in healthy human peripheral blood
mononuclear cells (PBMCs) as compared to a doubling rate of 24 days for CD4"
memory T cells (161). Treg cells are more frequent and express more Ki67 as a
measure of proliferation in the PBMCs of acute myeloid leukemia patients (179).

Infection of mice with herpes simplex virus induces Treg cell expansion in draining

17



lymph nodes (13). Expanded Treg cells were better able than Treg cells from naive
mice to suppress herpes virus-specific responses (13). Other studies in mice have
confirmed antigen-induced Treg cell expansion in vivo (180, 181).

In vitro studies have determined that Treg cell expansion in vitro is at least
partially dependent on IL-2 and does not cause loss of function (38, 182, 183). In
fact, several studies point to evidence that Treg cell suppression is enhanced after
exposure to antigens and subsequent expansion (13, 162, 181, 182). Antons et al.
(162) have described enhancement of suppressive activity in the
CD4"CD25"CD45RA™ naive Treg cell subset upon expansion in the presence of IL-2.
Treg cell induction and expansion during infection may explain the recent finding
that, contrary to previous thought, FOXP3" Treg cells are not enriched in expression
of TCRs specific for self antigens. Instead, a study by Pacholczyk and colleagues
shows that self-reactive T cells are scarce in both Treg cell and conventional CD4™ T
cell populations (163).

¢. Synchronous activation of Treg cells and T effector cells during

infection

Recently, evidence has emerged which indicates that though Treg cells may
be generated and activated during infection, their suppressive effects may not be felt
until the effector immune response is waning. This topic has been recently reviewed
in ref. (184). Certain cytokines produced during infection can counterbalance Treg
cell suppression, including IL-2, IL-4, IL-7, IL-15, and IL-21, which bind receptors

containing the common y chain (185-189). Conventional T cells and Treg cells
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express toll-like receptors (TLRs) that recognize molecular patterns displayed by
pathogens (130). Ligation of TLR-2, TLR-8, or TLR-9 on either cell subset has been
shown to render conventional T cells refractory to Treg cell suppression and/or
temporarily disrupt Treg cell suppressive function (190-193). Some reports show
evidence that Treg cells are activated and more suppressive after TLR-2, TLR-4, or
TLR-5 ligation (130, 192, 194, 195). It is possible that during infection, Treg cells
gather strength upon antigen exposure, but do not exert their regulatory abilities until

after a potent immune response occurs.

D. The Role of Treg Cells during Lentiviral Pathogenesis

1. Treg Cell Dynamics during Lentiviral Infection

a. Treg cells in lymphoid tissue

Lentiviruses replicate in lymphoid tissue, and studies suggest that Treg cells
accumulate in lymphoid tissue during lentiviral infection, resulting in higher Treg cell
to conventional CD4" T cell ratios at sites of viral replication (96, 196-198). This has
important implications for lentiviral disease pathogenesis. During lentiviral infection,
Treg cells are depleted systemically as is the total CD4" T cell population (199-201).
But evidence suggests that Treg cells may be depleted at a slower rate than
conventional CD4" T cells. Treg cells in cats are relatively resistant to apoptosis and
apoptotic resistance remains unchanged when feline Treg cells are infected with FIV
(202). Nilsson and colleagues found that HIV-1 gp120 engagement of CD4 promotes

the survival of Treg cells by decreasing the incidence of apoptosis. In the same study,
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it was shown that the presence of HIV-1 virions in culture increases the proportion of
FOXP3™ cells to total CD4™ T cells over 3-5 days (96). An in vitro study conducted
by Ji and Cloyd supports these data, and furthermore, asserts that HIV-1 binding to
human Treg cells enhances expression of CD62L and a4f7 and enhances Treg cell
homing to lymph nodes and the duodenum in SCID mice (203). A report by Epple et
al. (197) states that Treg cells make up 40% of the CD4" T cell subset in the
duodenum of untreated HIV-1" patients, compared to 1.2% in uninfected individuals.
In contrast, Chase et al. (121) found a decrease in the percentage of Treg cells in the
lamina propria, but not lymph nodes, of SIV infected macaques from day 4 to 114
post-infection.

Rapid induction or accumulation of Treg cells expressing TGF-, IL-10, and
IDO in lymph nodes during acute pathogenic SIV infection has been demonstrated
(201). FOXP3, IDO, and CTLA-4 mRNA is increased in CD4" T cells from the
lymph nodes, spleen, and colon, but not jejunum, of high viremic SIV-infected
macaques (198). Increased levels of Treg cells in lymph nodes corresponded
positively with induction of Ki67" cells 1 to 4 weeks post-SIV infection, but not post-
CMV infection, indicating that immune activation during SIV infection may drive the
induction or accumulation of Treg cells (201). Treg cell induction in pathogenic SIV
infection does not appear to be able to limit immune activation in macaques (201),
but very early Treg cell and TGF-f induction 24 hours post-SIV infection in African

green monkeys is correlated with control of immune activation (204).
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b. Treg cells in the periphery

Many studies have reported either a loss (199, 205, 206), an increase (207,
208), or no change (38, 109, 121, 197, 209) in Treg cell levels in the blood of viremic
chronically lentiviral-infected individuals as compared to non-viremic or uninfected
controls, with no definite conclusions possible regarding Treg cell dynamics in
response to lentiviral infection based on Treg cells from PBMCs. It is important to
consider that analysis of peripheral Treg cell levels through percentage versus
absolute number may lead to widely divergent conclusions that may not necessarily
reflect Treg cell levels at sites of viral replication in the tissues.

In a comparison of Treg cell dynamics in pathogenic and nonpathogenic SIV
infection, it was found that pathogenic infection increases PBMC Treg cell frequency
at week 3 post-infection, with an eventual decline in PBMC and tissue Treg cell
levels by week 11 post-infection (206). In contrast, nonpathogenic SIV infection did
not change PBMC Treg cell frequency, though Treg cell levels in lymphoid tissue
were not reported at any time from these animals. The authors hypothesize that
during pathogenic SIV infection Treg cell induction may occur early enough to
inappropriately prevent needed antiviral responses during the acute phase but not
soon enough to prevent immune hyperactivation in the chronic phase (206).

c. Possible CD25 downregulation by Treg cells during lentiviral infection

A phenomenon of Treg cell CD25 downregulation or shedding during
lentiviral infection has been proposed (96, 196). Only 19% of tonsilar FOXP3" T

cells in HIV-1 progressors are CD25", compared with 44% in HIV nonprogressors
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and 75% in uninfected individuals (96, 196). A separate study confirmed the
presence of a substantial portion of FOXP3*CD25" T cells in lymph nodes of HIV-1"
patients, but almost all CD25"™ cells express FOXP3 in these patients and
FOXP3*CD25" T cells were potently suppressive against HIV-specific immune
responses (210). Cellular expression of FOXP3 was found to correlate very well with
CTLA-4 expression (86%) in tonsils of HIV-1 progressors (96, 196), but not in lymph
nodes of chronically infected HIV-1" patients (210). In addition, FOXP3"CD25 T
cells were found to inversely correlate with levels of CD8"CD38" T cells in the blood
of chronically infected HIV-1" patients, while no obvious relationship was found
between CD8" T cell activation and FOXP3"CD25" Treg cell levels. This suggests
that FOXP3"CD25" Treg cells may be partially responsible for mediating
immunosuppression during HIV-1 infection, but their function has not been
determined in an ex vivo coculture suppression assay. The theoretical
downregulation of CD25 on Treg cells during lentiviral infection remains a
controversial topic, as CD25 expression is important for IL-2 signaling and Treg cell

homeostasis.

2. Direct Lentiviral Infection of Treg Cells

Treg cells and conventional CD4" T cells may be differentially susceptible to
lentiviral infection, but this remains a controversial topic. Feline Treg cells express
CD134 and CXCR4 at higher levels than CD4"CD25 T cells (47). Human

CD4'CD25"CD45RO" memory Treg cells and expanded CD4"CD25"CD45RA"
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naive Treg cells both express high levels of CXCR4 and CCRS (162). Both subsets
are susceptible to infection by R5-tropic HIV-1 strains, but are not more infected than
CD4'CD25 CD45RO" memory T cells (162, 211). Additional studies have found that
Treg cells are either not more infected (200, 201) or less infected (212) by
lentiviruses than CD4"CD25" cells. However, some studies suggest that Treg cells
are more productively infected than CD4"CD25™ T cells (211, 213). Feline Treg cells
require a much lower activation threshold compared to CD4"CD25™ T cells in order to
initiate virus production and feline Treg cells constitutively express transcription
factors that are important for FIV replication (47, 213). In providing a mechanism for
this observation, Holmes et al. (214) writes that transfection of FOXP3 into Jurkat
cells promotes HIV-1 gene expression because FOXP3 enhances NFkB binding to
HIV-1 LTR. Itis possible that Treg cells, while probably not more infected on a per
cell basis than other CD4" cells, could serve as long-lived viral production factories

and contribute substantially to viral load in lymphoid tissues.

3. Evidence for a Detrimental Role of Treg Cells during Lentiviral Pathogenesis
Treg cells are present during lentiviral infection and studies have shown no
evidence of loss of function in Treg cells from HIV-1 or FIV infected hosts (96). In
fact, work done by the Tompkins laboratory has shown that lymph node CD4*CD25"
Treg cells are more suppressive during FIV infection compared to Treg cells from
healthy cats (38, 215). In vitro exposure of healthy human Treg cells to HIV-1

enhances the suppressive abilities of Treg cells 2-5 fold and upregulates FOXP3
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expression by Treg cells (203). A study from Kinter et al. (207) resulted in somewhat
different conclusions, as no difference was evident between the general suppressive
potential of human PBMC Treg cells from HIV-1" patients and healthy controls. But
a later study by that same group indicates that lymph node Treg cells from HIV-1
patients with higher viremia are more suppressive against HIV-specific CTL activity
than Treg cells from low viremia patients, indicating that Treg cell fitness is linked to
higher viremia as antiviral responses are suppressed (210). SIV infection of rhesus
macaques has been shown to decrease the ability of ileum (121) or circulating (206)
Treg cells to inhibit allogeneic T cell proliferation, however the same Treg cells were
able to potently suppress SIV-specific IFN-y production (206).

Many studies have shown that viral specific CD4"CD25 or CD8" T cell
responses in lentiviral infected individuals are revealed when CD4"CD25" Treg cells
are removed from cell culture as measured by non-Treg cell proliferation, CTL killing
of target cells, or chemokine or cytokine production in the presence of lentiviral
antigens (167, 199, 206, 207, 210, 216-220). In vivo observations confirm the
assertion that Treg cells could suppress needed antiviral responses, as HIV-1 and SIV
infected individuals with inherently vigorous CD4" Gag- or Tat-specific immune
responses have lower frequencies of Treg cells in the blood (199, 201, 209).
Andersson et al. (196) found that before HAART treatment, viral load positively
corresponds to FOXP3 mRNA levels in tonsils. HAART treatment dramatically
reduced viral load and FOXP3 mRNA in tonsils, but the reverse was found in the

blood. HAART treatment increased FOXP3 mRNA in peripheral blood cells,
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cautioning the use of PBMC:s to assess correlations between Treg cells and disease
progression markers (196). Also, when lymphoid tissue FOXP3 levels are compared
between HIV and SIV disease progressor and non-progressor patients (status
determined by viremia levels), non-progressors display lower FOXP3 expression in
tonsils, lymph nodes, or spleen at levels on par with uninfected patients, and a high
perforin to FOXP3 ratio is associated with nonprogressive disease (96, 198). These
studies highlight the possibility that Treg cells are one of the causes of immune
dysfunction during lentiviral infection by suppressing potentially effective antiviral
responses. However, it is unclear whether removal of Treg cells in an in vivo
situation would unleash effective antiviral T cell responses resulting in viral load
reduction because effector responses have been shown to be impaired during
lentiviral infection, although these studies did not take into account the presence of

Treg cells in vivo (8, 9, 221, 222).

4. Evidence for a Protective Role of Treg Cells during Lentiviral Pathogenesis
Several studies point to a protective role of Treg cells in lentiviral infection, as
high PBMC Treg cell frequencies are correlated with higher CD4" T cell counts,
lower T cell activation, and/or lower viremia, or vice versa (109, 206, 207, 209, 211,
212, 218). FOXP3 mRNA copy number in blood is decreased in non-HAART treated
viremic patients and HAART treated patients, but higher on average in elite
suppressor patients (individuals who control viral replication naturally without

HAART treatment) as compared to uninfected controls (212). These data indicate
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that greater Treg cell levels are associated with a lack of disease progression.
However, no significant correlation between FOXP3 copy number and CD4 count
was found in this study (212).

It has been shown that HIV-1" patients who possess Treg cells with strong
immunosuppressive activity in vitro also possess CD4"CD25" effector T cells that are
able to produce significantly higher levels of TNF- a and IFN-y than effector T cells
from HIV-1" patients with weak Treg cell activity (207). It is difficult to determine
whether low viremia in HIV-1 infected patients with more prevalent Treg cell
presence is due to Treg cell suppression of immune activation or some other factor

mediating more effective antiviral responses.

E. Experimental Treg Cell Depletion

1. In Vitro CD25" Cell Depletion

Depletion of CD25" T cells from ex vivo cell cultures is an effective method
used to evaluate immune responses in the absence of Treg cells. While it is true that
not all FOXP3-expressing CD4" T cells also express CD25 (96, 196, 210), a great
deal of immunosuppressive potential lies in the CD25" population, as incubation of
CD4*CD25" Treg cells from lentiviral infected or uninfected hosts with CD25 T
cells results in immunosuppression. Likewise, depletion of CD4*CD25™ Treg cells
from ex vivo cell cultures using either magnetic activated cell sorting or fluorescence
activated cell sorting reveals immune activity upon stimulation (167, 199, 206, 210,

216-219, 223, 224). One study compared the efficacy of anti-CD25 antibody coupled
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to magnetic microbeads, Ontak (denileukin diftitox; diphtheria toxin conjugated to
human IL-2), and anti-CD25 immunotoxin (RFT5-deglycosylated ricin A chain) in
removing CD25" T cells from activated PBMCs in vitro (225). Ontak was found to
be far less effective than anti-CD25 magnetic beads or anti-CD25 immunotoxin in

depleting CD25" T cells in vitro (225).

2. In Vivo CD25" Cell Depletion

a. CD25" cell depletion in cancer models or cancer patients

Reagents that have been used to deplete or functionally inactivate CD25
expressing cells in vivo include anti-CD25 monoclonal antibodies (mAb), Ontak, and
low dose cyclophosphamide, which targets rapidly dividing cells (224, 226-228).
These three methods of in vivo CD4"CD25" Treg cell depletion were compared in a
mouse melanoma model when administered through the intraperitoneal route (229).
The anti-murine CD25 mAb PC61 was found to be the most effective Treg cell
depleting reagent. PC61 administration resulted in prolonged depletion of 75% of
Treg cells without perturbation of B cells, CD4"CD25" T cells, or CD8" T cells, and
also resulted in slower tumor growth. Cyclophosphamide depleted Treg cells but also
depleted the majority of lymphocytes and CD8" anti-tumor T cells, and Ontak only
depleted half of the Treg cell population (229).

Taken one step further, Treg cell depletion via PC61 mAb enhances anti-
melanoma immune responses when administered with antigen-pulsed dendritic cells

or tumor antigen loaded particles (229-232). Anti-CD25 mAb-mediated depletion of
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Treg cells enhances vaccine efficacy directed against pancreas adenocarcinoma
tumors, herpes simplex virus type 1, and human papillomavirus in mouse models
(233-235). Though it reduces the Treg population only by half on average in humans,
Ontak has been shown to enhance the anti-tumor effects of a therapeutic dendritic cell
vaccine directed against metastatic renal cell carcinoma (224). Ontak also boosted a
carcinoembryonic antigen-dendritic cell vaccine in human cancer patients and
allowed regression of metastases in 31% of melanoma patients enrolled in a clinical
trial (236, 237). Taken together, these studies demonstrate that depletion of Treg
cells in vivo is an effective method of boosting vaccine elicited immunity, especially
against tumor antigens.

b. CD25" cell depletion in models of pathogenic infection

Murine studies have shown that in vivo Treg cell depletion is sufficient on its
own to boost immune responses to herpes simplex virus 1, malaria, Litomosoides
sigmodontis helminth parasites, and Trypanosoma congolense even when a vaccine is
not administered (37, 238-241). But the lack of a role for Treg cells in depressing
protective immune responses has been shown during rotavirus infection, chronic
Toxoplasma gondii infection, and acute Pseudomonas aeruginosa infection in mice
(242-244). Depletion of Treg cells actually augments pathogenesis in coronavirus-
induced acute encephalitis (245). These studies demonstrate that effects of Treg cell

depletion in vivo are specific to the experimental model and infectious agent used.
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c. Efficacy and limitations of in vivo CD25" cell depletion using anti-

CD25 monoclonal antibodies

Rat anti-mouse CD25 mAbs PC61 (IgG isotype) and 7D4 (IgM isotype) have
been shown to abrogate Treg cell function by two different mechanisms, causing
depletion of CD4"CD25" Treg cells or CD25 shedding from Treg cells, respectively
(246-250). Actual depletion of Treg cells by anti-CD25 mAb can be detected by
observing a reduction in total CD4" T cell absolute number, a reduction in
CD4*CD25" T cell absolute number without a corresponding increase in CD4*CD25"
T cell absolute number, a reduction in CD4"FOXP3" T cell percent or absolute
number, or a reduction of FOXP3 mRNA levels in lymphocytes.

Some limitations exist when an anti-CD25 mAb is used to deplete Treg cells
in vivo, as anti-CD25 mAb does not eliminate all CD25" Treg cells in any species,
and some FOXP3"CD25 T cells remain after mAb treatment that may or may not
possess immunosuppressive capability (250). Still, even without complete depletion
of Treg cells, many studies have shown clinical differences in disease progression
when the Treg cell to T effector cell ratio is disrupted. The transient nature of Treg
cell depletion must be taken into account when analyzing the effects of anti-CD25
mADb treatment in vivo, as it is often applied to animals exposed to some type of
infectious agent. For example, Couper et al. (250) have shown that the duration of
Treg cell depletion is reduced when followed by acute malaria infection in mice, as
an increase in peripheral CD4"FOXP3" T cell absolute number occurs between 7-10

days post mAb treatment. This is not surprising, considering that adaptive Treg cells
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are induced and proliferate following antigen exposure. Another key factor to be
considered when using anti-CD25 mAb in vivo is immune status of the recipient
animal. As demonstrated by Couper et al. (242), exposing animals to infectious
agents within four days of anti-CD25 mAb administration results in depletion of
effector T cells as well as Treg cells, because anti-CD25 mAb was still present at the

time of CD25 upregulation by activated T cells.

3. Treg cell depletion or functional blockade during lentiviral infection

Two studies have examined the effects of CTLA-4 blockade in SIV-infected
macaques. CTLA-4 is expressed by activated T cells and is enriched in the FOXP3*
T cell population. It has been proposed that Treg cells compete with effector T cell-
dendritic cell interactions by ligating CD80/CD86 on dendritic cells through CTLA-4,
and that Treg cells can induce indoleamine 2,3-dioxygenase (IDO) production by
dendritic cells through CTLA-4 ligation (251, 252). In the first study conducted by
Franchini and colleagues, anti-CTLA-4 blocking mAb was administered during ART
treatment after macaques had been infected with SIV for almost two years (220).
CTLA-4 blockade did not change Ki67" T cell levels nor did it change viremia set-
point after cessation of ART. However, proviral levels and TGF- mRNA were
decreased in lymph nodes at 6 weeks following the first treatment of CTLA-4
blockade and beginning of ART as compared to macaques treated only with ART
(220). This effect may have been transient, as lymph node viral load was not

quantified after cessation of ART or after the last administration of anti-CTLA-4
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mAb. Tet-specific CD8" T cells were more frequent in the blood of two macaques 10
weeks following the beginning of CTLA-4 blockade and initiation of ART (220).

In a second study conducted by Franchini and colleagues, macaques were
given anti-CTLA-4 blocking mAb 4 days prior to SIV infection, and then given three
additional treatments of anti-CTLA-4 blocking mAb three weeks apart (253). CTLA-
4 blockade resulted in a faster loss of CD4"CCR5" T cells in lymphoid tissues and
higher viremia, indicating that CTLA-4 blockade exacerbates disease during acute
SIV infection. In a subsequent experiment designed to evaluate the effects of CTLA-
4 blockade in conjunction with ART and a therapeutic SIV vaccine on viral load,
ART was started 14 weeks after SIV infection, and 8 weeks later three groups of
macaques were administered either SIV vaccine three times five weeks apart, CTLA-
4 blocking mAb four times five weeks apart, or both treatments (253). CTLA-4
blockade prevented the decrease in viral load temporarily afforded by ART in one
group of animals and prevented a one log reduction in viremia that was observed in
animals administered SIV vaccine only (253). Ligation of CTLA-4 on T cells
interrupts cellular activation, therefore increased T cell activation provided by CTLA-
4 blockade seems to enhance SIV pathogenesis during acute and early chronic
infection (253). Treg cells have been shown to exert their immunosuppressive
properties in many ways in addition to CTLA-4 binding to target cells. Therapy that
results in actual systemic depletion of Treg cells during lentiviral infection would

likely be more able to deduce the role of Treg cells in lentiviral pathogenesis.
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In a study that attempted Treg cell depletion during chronic nonpathogenic
SIV infection, SIV infected African green monkeys were administered Ontak three
times two months apart for five consecutive days (127). Surprisingly, absolute
numbers of CD4"CD25" and CD4"FOXP3" were not decreased in these animals and
Treg cell function was not altered by Ontak treatment. Nevertheless, Ontak treatment
induced a transient increase in Ki67" and HLA-DR™ T cells that corresponded with a
transient increase in viremia. This data reinforces the theory that immune activation
increases lentiviral replication (127).

Jiang et al. (254) presented the first report of Treg cell depletion during the
acute phase of lentiviral disease in an experimental HIV-1 animal model. Using a
humanized Rag2” yC” mouse model, mice were infected with HIV-1 two days after
Ontak administration (254). Viremia was reduced at day 10 post-infection when two
mice were treated with Ontak compared to untreated mice. Because Treg cells in
HIV-1 infected humanized mice are 2-5 times more infected than conventional CD4"
T cells, the authors concluded that Treg cell depletion was able to reduce overall
viremia during acute HIV-1 infection by eliminating an important viral reservoir.

These studies emphasize the need for additional experiments examining the
role of Treg cells in natural lentiviral infection via effective depletion of the majority
of Treg cells before the acute phase or during the chronic phase of infection. The
ability to observe lentiviral pathogenesis in the context of reduced Treg cell levels
would be valuable in determining the role of Treg cells in regulating the complex and

varied immune responses that are generated during lentiviral infection.
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Abstract

To establish a characterized model of regulatory T cell (Treg) depletion in the cat we
assessed the kinetics of depletion and rebound in peripheral and central lymphoid
compartments after treatment with anti-CD25 antibody as determined by cell surface markers
and FOXP3 mRNA expression. An 82% decrease in circulating CD4"CD25" Tregs was
observed by day 11 after treatment. CD4"CD25" cells were also reduced in the thymus
(69%), secondary lymphoid tissues (66%), and gut (67%). Although CD4"CD25" cells
rebound by day 35 post-treatment, FOXP3 levels remain depressed suggesting anti-CD25
antibody treatment has a sustainable diminutive effect on the Treg population. To determine
whether CD25" Treg depletion strategies also deplete activated CD25" effector cells, cats
were immunized with feline immunodeficiency virus (FIV) p24-GST recombinant protein,
allowing them to develop a measurable memory response, prior to depletion with anti-CD25
antibody. Anti-FIV p24-GST effector cell activity in peripheral blood after depletion was
sustained as determined by antigen-specific T cell proliferation and humoral responses
against FIV p24-GST with an ELISA for antigen-specific feline IgG. Furthermore,
development of an anti-mouse response in Treg-depleted cats was similar to control levels
indicating the retained capacity to respond to a novel antigen. We conclude that despite
alterations in CD25" cell levels during depletion, the feline immune system remains
functional. We demonstrate here a model for the study of disease pathogenesis in the context
of reduced numbers of immunosuppressive CD4"CD25" Tregs throughout the feline immune

system.
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1. Introduction

CD4"CD25" regulatory T cells (Tregs) have been shown to suppress antigen-specific
CD4" and CD8" T cell responses against neoplasms, allographs, and a broad spectrum of
infectious agents. Activation of Tregs in response to infectious agents can be a double-edged
sword. While they can be important in reducing the magnitude of the immune response to
pathogens, preventing potentially harmful immunopathology, the presence of Treg cells has
also been shown to prevent complete clearance of certain pathogens.

CD4"CD25" Tregs were recently described in the cat and were demonstrated to be
chronically activated in feline immunodeficiency virus (FIV)-positive cats (Vahlenkamp et
al., 2004). Analysis of these cells from both normal and FIV-infected cats demonstrated that
they have the salient characteristics of CD4" Tregs in humans and rodents, as they constitute
about 5-10% of the peripheral T cell population, are arrested in the GO/G1 stage of the cell
cycle, do not proliferate in response to mitogen, and are relatively resistant to activation-
induced programmed cell death. When activated in vitro with LPS, CD4"CD25" T cells from
uninfected cats are able to suppress the proliferative response of Con A-stimulated
CD4"CD25 T cells. Interestingly, freshly isolated, unstimulated CD4*CD25" T cells from
FIV-infected cats significantly inhibit proliferation of Con A-stimulated CD4"CD25" T cells,
suggesting that these cells are activated in vivo as a result of the chronic FIV infection. As
activated Tregs are non-antigen specific in their suppressive function, it is possible that these
cells could in turn suppress or anergize CD4" T helper cell responses to a variety of antigens
including FIV antigen and thereby contribute to the acquired immunodeficiency syndrome

(AIDS) that is characteristic of this infection. Similar observations have recently been
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described in HIV-1 infected people (Aandahl et al., 2004; Weiss et al., 2004). Currently, it is
unknown whether Treg-mediated immunosuppression undermines a successful anti-viral T
cell response or beneficially limits a destructive cycle of inflammation and viral replication.
This question cannot be addressed in human subjects but rather requires a well-characterized
animal model such as FIV and a method for depletion of CD4"CD25" Tregs.

Antibody depletion of cells in vivo has become a commonly employed method to
determine the significance of a cell population in a particular process and recently to treat a
number of neoplastic and immune-mediated diseases. A feline CD25-specific monoclonal
antibody (9F23) is available and has been used extensively in studies of feline Tregs
(Vahlenkamp et al., 2004; Joshi et al., 2005). 9F23 is of the IgG2a isotype and can therefore
potentially support antibody-dependent cellular cytotoxicity (ADCC) and complement-
dependent cytotoxicity (CDC). In the present study we report the ability of 9F23 to deplete

CD25" cells in vivo.

2. Materials and Methods

2.1. Animals

To determine the effect of 9F23 on circulating CD25" T cells and the most effective route of
monoclonal antibody (mAb) administration, twenty specific-pathogen-free (SPF) cats
purchased from Liberty Labs (Liberty, NY) were divided into four groups of five cats each.
At the time of euthanasia cats were about nineteen months old. To determine the extent of
CD25" cell depletion in the tissues, eight cats were divided into two groups of four cats each.

Data from a separate study conducted by K. Howard provided comparative normal values for
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lymphoid compartment cell subsets in five additional untreated SPF cats. Cats were housed
in the Laboratory Animal Resource Facility at the College of Veterinary Medicine, North
Carolina State University in conditions approved of by the Institutional Animal Care and Use
Committee. Animals were anesthetized with Telazol® administered i.v. and/or i.m. (Fort
Dodge Animal Health, Overland, KS) during sample collection and euthanized with sodium
pentobarbital administered i.v. (Vortech Pharmaceuticals, Dearborn, MI). As indicated,
some cats were immunized two or three times 1.p. with 200 pg FIV p24-GST fusion protein
(Reid et al., 1991) and 0.5 ml MPL® + TDM adjuvant (Sigma-Aldrich, St. Louis, MO) per

dose.

2.2. CD25+ cell depletion strategy

The hybridoma clone 9F23 produces a mouse mAb against feline CD25 and was generously
provided by M. Honda (National Institutes of Health, Tokyo, Japan) (Ohno et al., 1992).
Mouse anti-yellow fever antigen (YFA) mAb hybridoma (CRL-1689, ATCC, Manassas, VA)
was also obtained to produce an IgG2a kappa light chain antibody as an isotype control.
Antibody-producing hybridomas were grown in serum-free medium (Gibco, Grand Island,
NY) and antibodies were protein A purified using endotoxin-free buffers. For some studies,
purified antibodies were produced and certified endotoxin-free and mycoplasma-free by
Leinco, Inc. (St. Louis, MO). To determine the best dosing strategy, two groups of cats
received 3 mg/kg of mouse anti-feline CD25 or the anti-YFA mAb i.v. on days 0, 3, and 7.
The third group of cats received 9 mg/kg of anti-CD25 mAb i.p. in one dose on day O.

Sham-treated cats in the fourth group received PBS i.v. on days 0, 3, and 7. Thereafter all
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cats received 9 mg/kg of anti-CD25 mAbD i.p. in one dose on day 0.

2.3. Sample collection and processing

Whole blood was collected via jugular venipuncture into Vacutainer™ tubes (Becton-
Dickinson, Franklin Lakes, NJ) containing ACD on days 0, 3, 7,9, 11, 14, 21, 28, and 35
after treatment. Centrifugation of blood over Histopaque (Sigma-Aldrich, St. Louis, MO)
density gradient at 400xg for 30 min at 25°C yielded isolated PBMCs. Cells were washed
once in 1x PBS and once in PBMC medium (RPMI 1640 medium supplemented with 15%
FBS, 4 mM L-glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin, and 55 uM f-
mercaptoethanol) before resuspension in PBMC medium for cell counting by trypan blue dye
exclusion. Serum for enzyme-linked immunosorbent assays (ELISA) was collected in
Vacutainer™ tubes without additive, centrifuged at 1300xg for 10 min at 25°C and aliquots
were frozen at -80°C. Plasma for complete blood counts and leukocyte differentials was
collected in Vacutainer™ tubes containing EDTA. Complete blood counts were performed
using a VetScan HMT hematology system (Abaxis, Union City, CA). Peripheral LN
biopsies were performed on anesthetized cats and one popliteal LN was surgically excised
per time point. Sectioned LN were disassociated over a #40 wire mesh screen and cell
suspensions were centrifuged at 400xg for 10 min at 25°C. Pellets were washed twice in
PBMC medium and filtered through 150 um nylon mesh (Sefar, Freibach, Austria) before
counting single-cell suspensions. Viability was routinely >90%. At necropsy, mesenteric,
retropharyngeal, and medial iliac lymph nodes as well as spleen, thymus, and distal small

intestine were harvested and processed as previously described (Dean and Pedersen, 1998;
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Howard et al., 2005). Cell aliquots were frozen in RLT buffer (Qiagen, Valencia, CA)
supplemented with 1% B-mercaptoethanol for subsequent RNA isolation with the RNeasy

Mini Kit (Qiagen).

2.4. Antibodies

Mouse anti-feline pan T cell mAb (1.572) (Tompkins et al., 1990) and mouse anti-feline
CD25 (9F23) were conjugated to FITC using standard protocols. Mouse anti-feline CD4
(30A) and mouse anti-feline CD8a (3.357) (Tompkins et al., 1990) were conjugated to FITC
using standard protocols, to PE using Alexa Fluor® 647 mAb labeling kit (Invitrogen,
Eugene, OR), or to biotin using Molecular Probes™ Mini-biotin-XX labeling kit
(Invitrogen). Streptavidin-PerCP (BD Pharmingen, San Diego, CA) or Streptavidin-APC
(Southern Biotech, Birmingham, AL) were used as secondary fluorochromes. Mouse anti-
feline CD4-PE (3-4F4, Southern Biotech, Birmingham, AL), mouse anti-canine CD21
(CA2-1D6, Serotec, Raleigh, NC), and goat anti-mouse [gG2a-FITC (R19-15, BD

Pharmingen, San Diego, CA) were also used in flow cytometric analysis.

2.5. Flow cytometric staining and analysis

At least 5 x 10° freshly isolated cells were stained for phenotypic analysis in 1x PBS and
incubated with directly conjugated antibodies for 15 min at 4°C. Cells were washed 2 times
with cold PBS and centrifuged at 600xg for 5 min at 10°C. This procedure was repeated as
necessary for complete staining with streptavidin-APC or streptavidin-PerCP. To determine

whether CD25+ cells were bound by 9F23 in vivo, PBMC were incubated with goat anti-
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mouse IgG2a-FITC only. To determine the total number of CD25+ cells, cells were first
incubated with an excess of unconjugated 9F23, washed as described, and then stained with
goat anti-mouse 1gG2a-FITC. Samples were fixed using 2% paraformaldehyde or analyzed
immediately on a FACSCalibur flow cytometer (BD Biosciences, Mountain View, CA) or
LSR II flow cytometer (BD Biosciences) using CellQuest or FACSDiva software (BD

Biosciences), respectively.

2.6. FOXP3 real-time RT-PCR

The mRNA from cats that received i.p. 9F23 injections was isolated from samples frozen in
RLT buffer and 1% B-mercaptoethanol using the RNeasy Mini Kit (Qiagen). One-step real-
time RT-PCR assays were performed on a Bio-Rad MyiQ™ PCR Detection System using
TagMan® EZ RT-PCR kit (Applied Biosystems) containing r7th DNA polymerase and
feline FOXP3- and HPRT-specific primers and dual-labeled probes (Table 1). Primer pairs
were designed to span an exon junction and the resulting amplicons were confirmed by
sequencing. In vitro transcribed FOXP3 and HPRT RNAs were used to generate standard
curves for absolute quantitation. 200 ng lymphocyte RNA was used in each assay. All
samples were run in duplicate. FOXP3 RT-PCR cycling conditions were 60°C for 30 min,
95°C for 5 min, followed by 45 cycles of 95°C for 20 s and 60.5°C for 1 min. HPRT cycling
conditions were 60°C for 30 min, 95°C for 5 min, followed by 45 cycles of 95°C for 20 s and

57°C for 1 min.
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2.7. ELISAs

For the FIV p24 antibody ELISA, Immulon-2HB plates (Dynex Technologies, Chantilly,
VA) were coated with 1.0 pg/ml p24-GST fusion protein and the assay was performed as
previously described (Staats et al., 1996). For the mouse antibody ELISA, Maxisorp plates
(Nunc, Rochester, NY) were coated with 5 pg/ml mouse anti-feline CD25 in bicarbonate
coating buffer (0.5 M NaHCOs;, pH 8.6) at 4°C overnight. Plates were blocked with 200
ul/well blocking buffer (0.5 M NaHCOs3, 5% nonfat dry milk, pH 8.6) for two hours at room
temperature. Serum samples were diluted in ELISA sample diluent (5% nonfat dry milk, 5%
goat serum, 0.05% Tween 20, and 0.1% Kathon in 1x PBS) and added to blocked plates at
100 ul/well. Plates were incubated for two hours at 37°C and then washed four times with
wash buffer (0.5% Tween 20 in 1x PBS). Antibody was identified with goat anti-cat IgG-
horseradish peroxidase (HRP) (Bethyl Labs, Montgomery, TX) diluted 1:20,000 and
incubated for one hour at room temperature. Plates were washed four times with a 5 min
incubation between the third and fourth wash before the addition of tetramethylbenzidine
substrate (Kirkegaard and Perry, Gaithersburg, MD) for 10 min. The reaction was stopped
with 1 N H,SO4before reading the optical density at 450 nm on a Tecan Sunrise absorbance
reader (Zurich, Switzerland). A threefold higher optical density of tested sample over
preinoculation samples determined positive antibody titers. Differences in post-treatment

endpoint titers were determined by t-test using a 0.05 level of significance (SAS, Cary, NC).
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2.8. Anti-FIV p24-GST T cell proliferation

Freshly isolated lymphocytes from cats were washed in 1x PBS by centrifugation at 600xg
for 5 min. Cells were resuspended to 2.5 x 10° cells/ml in 1.25 uM carboxyfluoroscein
succinimidyl ester (CFSE) (Invitrogen, Eugene, OR) diluted in 1x PBS and stained in the
dark at room temperature for 5 min. Staining was quenched by washing cells in cold PBMC
medium. Cells were plated in a polystyrene 96-well round-bottom plate (Costar, Corning,
NY)at1lx 10° cells/well in with either 2 pg/ml concanavalin A (ConA) (Sigma-Aldrich, St.
Louis, MO) or 100 pg/ml p24-GST fusion protein. Untreated cells were also plated as a
background control. Cells were incubated for four days at 37°C in 5% CO,, then washed in
1xPBS containing 10% FBS and analyzed on an LSR II flow cytometer with FACSDiva

software.

2.9. IFA for Anti-nuclear antibody (ANA)

Day 21 serum samples from five cats treated by i.p. anti-CD25 administration were evaluated
for anti-nuclear antibody activity. Positive control serum was obtained from the NCSU-CVM
clinical immunology laboratory. The control and experimental serum samples were stored at
-80°C. Ten-fold serial dilutions (1:20 to 1:200) of control serum and each sample were
prepared using PBS as a diluent. Ten pl of 1:20 dilution from the control and from each
sample was placed on ANA Hep-2 substrate slides® (Immuno Concepts, Sacramento, CA).
Slides were incubated at 37°C for fifteen minutes. The slides were then washed three times
with PBS. FITC conjugated anti-feline IgG (Cappel, West Chester, PA) was then applied to

each sample and incubated at 37°C for fifteen minutes. The slides were again washed three
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times with PBS. Slides were mounted with a coverslip and evaluated on a Zeiss IM 35
fluorescence microscope (Jena, Germany). All five samples were negative (less than 1:20)

for ANA activity.

2.10. Coculture suppression assay

Mesenteric and retropharyngeal LN from cats were stained with anti-feline CD4-PE (3-4F4)
and anti-feline CD25-FITC (9F23). CD4"CD25 and CD4"CD25" cells were purified on a
MoFlo Cell Sorter (Dako, Fort Collins, CO). Target CD4"CD25 cells were washed in
1xPBS and stained with 1.25 pM CFSE for 5 min in the dark. Target cells were added to a
96-well round-bottom plate at 5x10* cells/well and were incubated alone or with suppressor
cells. Autologous CD4"CD25" cells were added to CD4"CD25 cells to yield
suppressor:target cell ratios from 0.016:1 to 0.5:1, or were incubated alone. Cells were
incubated for 4 days at 37°C with or without 2 pg/ml ConA, then washed in 1xPBS
containing 10% FBS and analyzed on an LSR II flow cytometer with FACSDiva software.
Suppression of proliferation was calculated as (% proliferation of CD4"CD25" cells alone - %

proliferation of CD4"CD25’ cells in coculture) / % proliferation of CD4"CD25" cells alone.

3. Results

3.1. Depletion of CD4*CD25" T cells with anti-feline CD25 monoclonal antibody 9F23
Our first objective was to determine whether treatment of cats with anti-CD25 monoclonal
antibody 9F23 would result in the depletion of CD4"CD25" cells. Two routes of antibody

administration were compared. In the first, three treatments of antibody were given
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intravenously at a dose of 3 mg/kg at day O, 3 and 7. In the second strategy, 9 mg/kg of
antibody was given intraperitoneally at day 0 only. Control cats were given an equivalent
dose of isotype control antibody intravenously at days 0, 3 and 7. Depletion of CD4"CD25"
cells from peripheral blood was observed in animals receiving 9F23 antibody by both routes
of administration. But depletion was more dramatic and consistent in the group given
antibody by the i.p. route with a significant decrease seen at day 7, 11, 14 and 28 (P<0.05, t-
test) as compared to day 0. The nadir occurred at day 11 with an 82% depletion of
CD4"CD25" T cells (Fig. 1A). As reflected by the decrease in absolute CD4" T cell number
in the group given antibody by the i.p. route, CD4"CD25" cells were depleted and not
functionally inactivated by 9F23 (Fig. 1B). All animals receiving 9F23 i.v. were depleted of
CD4"CD25" cells, however, due to variability in the degree of depletion and the kinetics
within the group there was no statistical significance. Based on these results, the 1.p. route
of antibody administration was selected for further studies. The isotype control antibody did
not cause changes in CD4"CD25" cell frequency in peripheral blood as calculated by flow

cytometry and lymphocyte differentials.

3.2. 9F23 depletes CD25" B cells and CD8" T cells

In addition to high expression levels on regulatory T cells, CD25 is also expressed on
activated T and B cells. Therefore, we evaluated the effect of CD25" cell depletion on
CD8'CD25" and CD21"CD25" cells as well as CD4"CD25" cells. Indeed, all three
populations were depleted in peripheral blood by treatment with 9F23. Figure 2 shows the

kinetics of depletion and rebound of CD4", CD8", and B cell populations expressing CD25 in
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cats treated intraperitoneally. Just as depletion of the CD4"CD25" population was mirrored
by a corresponding decrease in total CD4" T cells, total CD8" and CD21" absolute cell
number was reduced surrounding the nadir of depletion in the group receiving 9F23
intraperitoneally (Fig. 1C and 1D). B cells and CD8" T cells rebounded to pre-treatment
levels by day 14 and exceed pre-treatment numbers at day 21. This is presumably due to the
antigenicity of the mouse antibody and the ensuing activation of responding B cells and

CD8" T cells.

3.3. Depletion is limited by induction of anti-mouse antibody response

As would be expected, a similar anti-mouse antibody response was induced in all cats
receiving either 9F23 or the YFA isotype control antibody (Fig. 3 and data not shown). We
explored the dynamics of CD25" cell depletion and anti-mouse antibody induction by
additionally assessing the number of peripheral blood lymphocytes that had bound 9F23
directly ex vivo by simply labeling cells with an anti-mouse FITC-conjugated antibody. All
three parameters are overlayed in Figure 3 demonstrating CD25" cell depletion occurred
when cells were coated with 9F23, but once an anti-mouse antibody response was mounted,

CD25" cells rebounded.

3.4. Depletion of CD4*CD25" T cells and FOXP3+ cells in tissues
We observed a significant reduction of circulating CD4"CD25" cells in cats given 9F23
intraperitoneally. Thus, we employed this strategy to further investigate the extent of

depletion of CD4"CD25" cells from lymphoid tissues. As before, a significant reduction in
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the percentage of CD4"CD25" cells in the PBMC population (67%) was observed by day 11
as compared to cats not treated with 9F23 (Fig. 4). Similar levels of depletion were noted in
the thymus (69%) and in secondary lymphoid compartments including the iliac lymph node
(61%), mesenteric lymph node (59%), retropharyngeal lymph node (65%), and spleen (79%).
In the gut, levels of CD4"CD25" lamina propria lymphocytes (62%) as well as intraepithelial
lymphocytes (71%) were reduced until day 35 (Figure 4). All tissues except PBMCs and
intestinal lymphocytes exhibited an increase in CD4"CD25" cell percentages by day 35 after

depletion.

The transcription factor FOXP3 is the most definitive known Treg marker. We compared
levels of FOXP3 mRNA in tissues of untreated cats to tissues of CD25" cell-depleted cats
and observed a trend of FOXP3 mRNA reduction within each lymphoid compartment
investigated; however, statistical significance could not be achieved due to variability in the
control group (Fig. 5). In secondary lymphoid tissues FOXP3 levels did not rebound by day
35 to the same degree as CD4"CD25" cells, suggesting the increase in CD4"CD25" cell
percentage is most likely due to activation of helper T cells in response to mouse antibody
rather than a repopulation of FOXP3"* Tregs. In peripheral blood FOXP3 levels were
reduced even further by day 35, suggesting 9F23 may have a sustained diminutive effect on

the actual Treg population.
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3.5. Proliferation of effector T cells is sustained during CD25" cell depletion

One of the main goals of our study was to determine if anti-CD25 antibody altered immune
function in treated cats. To do this, we tracked the effects of 9F23 treatment on an
established memory response in our depletion model. Cats were first immunized with
recombinant FIV p24-GST (200 pg/dose) and MPL®-TDM adjuvant given i.p. either two or
three times at 3 week intervals. The development of a functional memory response to p24-
GST was detected by CFSE T cell proliferation assay before cats were treated with 9F23
(data not shown). At each of the time points assessed, FIV p24-GST-specific proliferation
was detected in PBMCs from at least 50% of cats tested, with an average of 79% of cats
positively responding to the antigen over the course of the study, showing maintenance of
effector T cell function even as CD25" cells were depleted (Table 2). IgG titers to FIV p24-
GST were also monitored and showed minimal fluctuation after Treg depletion as compared

to titers before treatment with antibody (Fig. 6).

3.6. CD4°CD25" T cells are functionally consistent with Treg at day 35 after Treg
depletion

In order to characterize the rebound of CD4"CD25" T cells in secondary lymphoid organs by

day 35 after depletion, CD4"CD25" and CD4"CD25" T cells were isolated from mesenteric

and retropharyngeal LN by FACS and cocultured in a functional suppression assay. Because

of the small number of CD4"CD25" T cells in lymph nodes on day 11 after depletion, no

attempt was made to isolate this cell subset at this time point. CD4"CD25" Tregs were

cultured in a two-fold series of 1:2 to 1:64 ratios with CFSE-stained CD4"CD25" cells.
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CD4"CD25" cells remained stained with low levels of residual anti-CD25-FITC from FACS
isolation and were not included in the proliferating population (Fig. 7A). CD4"CD25" cells
displayed a Treg functional phenotype by inhibiting CD4"CD25  ConA-induced proliferation

at a suppressor:target cell ratio as low as 0.31:1 (Fig. 7B).

3.7. No evidence of autoimmunity after transient CD4*CD25" depletion

Because a main function of Tregs is to suppress responses to autoantigens, depletion of Tregs
may result in autoimmune disease. Following Treg depletion, we were unable to document
anti-nuclear antibody activity in any of cats administered 9F23 intraperitoneally. In all

probability Tregs remaining after depletion prevented inappropriate autoimmune activity.

4. Discussion

Numerous experimental approaches have been used to assess the role of regulatory T
cells in normal and pathologic immune responses. Beyond phenotypic analysis and ex vivo
functional assays, the in vivo depletion of CD25" Tregs has been particularly informative in
various mouse models of neoplasia, transplantation, autoimmune disease, and infectious
disease. The present studies report a method for the depletion of CD25" Tregs in cats using a
feline-specific monoclonal antibody against CD25.

Administration of a single dose of anti-CD25 monoclonal antibody (9F23) by the
intraperitoneal route consistently resulted in the depletion of CD4"CD25" Tregs in blood and
tissues. Clone 9F23 is of the IgG2a isotype, and can potentially support antibody-dependent

cellular cytotoxicity and complement-dependent cytotoxicity. We believe that depletion of
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CD4"CD25" cells occurred after binding by 9F23 since CD4" absolute cell numbers declined
concurrent with the nadir of CD4"CD25" cell numbers (Fig. 1A and 1B). Furthermore,
relative FOXP3 mRNA levels also declined in tissues as CD4"CD25" cells were depleted
(Fig. 5). The reduction in circulating CD4"CD25™ cells was most pronounced at day 11 post-
depletion (82%) in the blood and remained significantly low until day 28. CD4"CD25" cells
in lymphoid inductive sites and the thymus were also significantly diminished by day 11,
later rebounding by day 35. In lymphoid effector sites CD4"CD25" cells were minimally
reduced on day 11 but significantly decreased at day 35. The reasons for the unique
depletion kinetics in this compartment are not clear. Perhaps this is related to differential
distribution of the anti-CD25 antibody to tissues initially and the subsequent trafficking of
Tregs thereafter. Although poorly understood, it is clear that there are tissue-specific
mechanisms for Treg migration and retention (Annacker et al., 2005; Wei et al., 20006).

There are two concerns regarding the use of anti-CD25 monoclonal antibodies to
deplete Tregs. First, not all Tregs are CD25", however, we have shown in the cat that,
similar to human and mouse, the majority of FOXP3™ cells (>70%) are also CD25"
(unpublished observations). Currently, FOXP3 expression is the most specific marker for
Tregs (Banham et al., 2006). However, there are no means to selectively deplete FOXP3*
cells due to the intranuclear localization of this transcription factor. Given the limitations of
in vivo antibody-depletion strategies, CD25 remains the best target available to eliminate
Tregs.

The second concern with CD25" cell depletion is that other cells in addition to Tregs

express CD25 and depletion of these cells may negatively impact pre-existing and novel
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immune responses. CD25 is expressed by a subpopulation of natural killer cells and
dendritic cells (Malyguine et al., 1996; Yrlid et al., 2006) and it is also transiently expressed
by activated T and B cells (Taniguchi and Minami, 1993; Brisslert et al., 2006), while resting
memory T cells and mature B cells express little to no CD25. The very low frequency of
CD25" dendritic cells and natural killer cells in circulation limited observation of these
populations in the present studies; however, depletion of CD8"CD25™ T cells and
CD217CD25" B cells with kinetics similar to the Treg population was observed. Despite
this, we established that cats depleted of CD25" cells are capable of mounting an effective
primary humoral response to antigen similar to untreated cats as indicated by robust anti-
mouse antibody production, as well as maintaining IgG titers after a secondary response to
FIV p24-GST. Furthermore, the cellular memory response was also intact after depletion.
Cats immunized with recombinant FIV p24-GST maintained their T-cell mediated memory
function after depletion as measured by antigen-specific proliferation.

In addition to a significant, but not complete, depletion of CD4"CD25" cells in
lymphoid tissues, we also observed a profound and more prolonged reduction of FOXP3
expression in blood, secondary lymphoid tissue, and intestinal lymphocyte populations. The
CD4"CD25" T cell population rebounded to some degree by day 35 after depletion in all
compartments analyzed except the blood and intestine. Surprisingly, FOXP3 levels did not
rebound, remaining low through the terminal time point at day 35. Because FOXP3 remains
a more reliable Treg marker than surface CD4 and CD25 coexpression, we conclude that
removal of Tregs in our depletion strategy is sustained longer than suggested by CD4"CD25"

cells percentages, extending to at least day 35 post-depletion.
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Total removal of Tregs allows the development of destructive autoimmune disease in
the murine model (Fontenot et al., 2003). We were able to isolate Tregs at day 35 after
depletion and analyzed them for functional activity. CD4"CD25" cells inhibited mitogen-
induced proliferation of autologous CD4"CD25™ T cells at a Treg: target cell ratio as low as
1:32. As a possible measure of the development of auto-immune disease, we observed that
cats tested negative for antinuclear antibody activity following CD25" cell depletion. We
suggest that small amounts of Tregs remaining after depletion are adequate to suppress
autoreactive responses and that fully functional Tregs are included, at least in part, in the
CD4"CD25" cell population present after depletion treatment. Other redundant regulatory
mechanisms are also in place to prevent autoimmunity (Prud’homme, 2004).

Immunosuppressive activity by Tregs during lentiviral infections such as HIV, SIV
and FIV has been hypothesized to be both helpful and detrimental to the affected individual.
On one hand, it has been proposed that increased Treg activity contributes to slowed disease
progression by limiting a destructive cycle of inflammation and viral replication (Kinter et
al., 2004). On the other hand, data suggests the suppressive effects of Tregs inhibit an
otherwise capable antiviral response (Aandahl et al., 2004; Weiss et al., 2004; Estes et al.,
2006). Indeed, whether Tregs are beneficial or detrimental may also depend on the stage of
infection and the general status of an individual’s immune system. The depletion of Tregs in
FIV-infected cats has great potential to shed light on the role of Tregs during various stages
of infection, and is most practical considering the lack of a murine experimental model of
natural lentivirus infection. Tregs are activated during FIV infection and are demonstrably

immunosuppressive (Vahlenkamp et al., 2004). Feline Tregs are also preferentially infected
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by FIV and may serve as a reservoir for virus replication (Joshi et al., 2005), therefore
removal of these cells could allow substantial alterations in disease progression. We propose
to use the presently described methods to deplete Tregs from chronically and acutely FIV-

infected cats and determine effects on antiviral immune response and viral load.
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Figure 1. In vivo depletion of circulating cells with mAb 9F23. Cats were treated with
isotype control antibody (closed bars, n=5), or anti-CD25 mAb (9F23) at 3 mg/kg
intravenously at day 0, 3, and 7 (hatched bars, n=4), or were given 9 mg/kg 9F23
intraperitoneally at day O (open bars, n=5). Percent CD4"'CD25" (A), CD4" (B), CD8" (C),
or CD21" (D) cells was determined by flow cytometry and multiplied by the absolute number
of peripheral blood lymphocytes. Data is shown as absolute number of PBMCs. * indicates
p<0.05 and ¥ indicates p<0.06 by t-test compared to day O values for each treatment group.
Bars are SEM.
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Figure 2. CD25" B cells and T cell subpopulations are depleted by 9F23. Lymphocyte
subpopulations assessed by flow cytometry are shown for cats (n=5) treated with 9F23 by the
i.p. route. Absolute numbers of CD4"CD25" T cells and CD8"CD25" T cells are graphed to
the primary Y-axis, CD21"CD25" cells are graphed to the secondary Y-axis. Bars are SEM.
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Figure 3. Anti-mouse antibody response precedes rebound in CD25" cells. The absolute
number of CD25" cells and 9F23-coated cells detected with an anti-mouse IgG2a secondary
antibody are shown relative to the primary Y-axis for cats receiving 9F23 by i.p. route (n=5).
The log, anti-mouse IgG mean endpoint titer in serum of cats receiving 9F23 by i.p. route
(n=5) is shown relative to the secondary Y-axis. Bars are SEM.
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Figure 4. In vivo depletion of CD4*CD25" cells from lymphoid tissues. Cats were treated
with 9F23 1.p. at day O after immunization against FIV p24-GST (200 pg administered i.p. 2-
3 times). Four cats were sacrificed on day 11 and four cats were sacrificed on day 35 after
administration of 9F23. Untreated control cats (n=5) did not receive mAb. Percent
CD4"CD25" cells in circulation, primary lymphoid tissue, secondary lymphoid tissue, and
the gastrointestinal tract was determined by flow cytometry and data is shown as percent
CD4"CD25" cells of total lymphocyte population. * indicates P<0.05 and % indicates p=0.06
by t-test compared to untreated group. Bars are SEM.
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Figure 5. In vivo reduction of CD4°CD25" cells and FOXP3 by 9F23 in lymphoid
tissues. Cats immunized against FIV p24-GST were treated with 9F23 i.p. on day 0.
FOXP3:HPRT mRNA relative fluorescent units (open bars) was determined by quantitative
real-time PCR and is shown relative to the primary Y-axis. Percent CD4"CD25" cells in
PBMC (A; closed bars), iliac LN (B; horizontal-striped bars), spleen (C; hatched bars), and
LPL (D; cross-haired bars) was determined by flow cytometry and is shown relative to the
primary Y-axis. * indicates p<0.05 by t-test compared to untreated group. Bars are SEM.
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Figure 6. Maintenance of anti-FIV p24-GST IgG titers after administration of 9F23.
Cats (n=8) were immunized with FIV p24-GST and treated with 9F23 i.p. on day 0. FIV
p24-GST feline IgG ELISAs were performed on serum samples. Bars are SEM.
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Figure 7. Suppression of CD25 T cell proliferation by CD25" peripheral lymph node T
cells. FACS purified CD4"CD25 T cells from the mesenteric and retropharyngeal lymph
nodes of four cats sacrificed 35 days after 9F23 mAb i.p. administration were labeled with
CFSE and cocultured with FACS purified autologous CD4"CD25" T cells in the presence of
ConA (2 ug/ml) for four days. CD4"CD25" T cells were also labeled with CFSE and
incubated alone in the presence of ConA for four days. Histograms of T cell proliferation
from representative cocultures are shown (A). The top left and top middle histograms show
proliferation of ConA-stimulated CD4"CD25 and CD4*CD25" cells, respectively. The top
right histogram demonstrates residual FITC present on FACS purified CD4"CD25" cells.
The middle and bottom rows of histograms show the level of proliferation of ConA-
stimulated CD4"CD25" cells cocultured with decreasing numbers of CD4"CD25" cells
(Treg:Teff). The percent of cells that were proliferating are indicated on each histogram.
Suppression of proliferation was calculated as (% proliferation of CD4"CD25" cells alone - %
proliferation of CD4*CD25 cells in coculture) / % proliferation of CD4"CD25 cells alone
(B). Bars are SEM.
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Table I. Feline-specific primer and

robe sequences for real-time RT-PCR.

Forward Reverse Probe
FOXP3 | GCCTGCCACCTGGAATCAAC? GTGTGCTGGGGCTTGGGA CAGTGCTGGCTCCCTGGACACCCA®
HPRT | TTACGCTGAGGATTTGGAAAAGGT | GCCACCCATCTCCTTCAACAC CTCGGGCAAGACGCTCGGTCCTGTC

* All sequences listed 5~ to -3".
® Probes labeled at 5°- with 6-FAM™ and -3” with Black Hole Quencher™1]
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Table II. Maintenance of anti-FIV p24-GST T cell proliferation after administration of 9F23.

Positive

Day responders / N

6/7
3/3

0
3
7 5/6
9 5/6

[em—

1 3/4

22 2/4

28-31 3/4
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Abstract

Regulatory T (Treg) cells are activated in the periphery during immune responses to
pathogens, are phenotypically characterized as CD4 CD25 "FOXP3", and suppress effector T
cell responses in a cell-contact dependent manner or through production of cytokines. Ex
vivo studies clearly demonstrate that Treg cells have the potential to suppress anti-HIV-1 T
cell responses. Lentivirus-induced CD4 'CD25" Treg cells were first described and
functionally characterized in feline immunodeficiency virus (FIV)-infected cats. In the
present study we demonstrate that mouse anti-feline CD25 monoclonal antibody (mAb)
therapy effectively depletes Treg cells in cats for up to four weeks and does not induce
production of inflammatory cytokines above baseline levels nor does it exacerbate viral
replication. On the contrary, significant FIV-specific immune responses are revealed in Treg
cell-depleted cats as measured by interferon (IFN)-y production. These anti-FIV effector
cells exist prior to Treg cell depletion and are not expanded while Treg cells are depleted.
Importantly, cats receiving the Treg cell-depleting mAb are able to produce a significantly
more robust humoral response to new antigen as compared to cats receiving an isotype
control mAb. We conclude that Treg cells do suppress FIV-specific immune responses in
vivo. Treg cell function is enhanced during FIV infection. This allows the effect of Treg cell
depletion to be enhanced during chronic FIV infection, resulting in an elevated humoral
immune response to a novel antigen during Treg cell depletion. We propose that short-term
in vivo Treg cell depletion during chronic lentiviral infection could provide a window of

opportunity for therapeutic vaccination in individuals with controlled viral replication.
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Introduction

In the face of prolonged exposure to antigen, many regulatory mechanisms are in
place to restrict potential damage to the host posed by chronically activated immune
responses. Regulatory T (Treg) cells are important negative regulators of activated T cells,
are activated in the periphery during immune responses to pathogens, and are phenotypically
characterized as CD4'CD25 FOXP3" (26, 36, 54, 67). Lentivirus-induced CD4'CD25" Treg
cells were first described and functionally characterized in FIV-infected cats (34, 65). Like
HIV-1, FIV is a lentivirus that causes a chronic progressive disease resulting in AIDS (9, 22,
66).

Ex vivo studies clearly demonstrate that Treg cells have the potential to suppress anti-
HIV-1 T cell responses (1, 35, 36, 39, 67). Correlative epidemiologic studies present
conflicting pictures of the potential role of Treg cells in vivo (11, 17, 56). On one hand, the
localization of suppressive Treg cells to the lymph nodes of HIV-1-infected patients may
prevent potentially beneficial HIV-1-specific cytotoxic T lymphocyte (CTL) activity in major
sites of viral replication (35). Treg cells have been shown to redistribute to lymphoid tissue
during HIV-1 infection where they are positioned to modulate cell-mediated immunity (3,
45). On the other hand, several investigators have proposed that HIV-1-specific immune
activation in the absence of Treg cells could lead to increased viral replication and activation-
induced cell death, causing the characteristic decline of CD4" T helper cells observed in
HIV-1 infected individuals over time (1, 23, 36). Lymph node fibrosis, thymic dysfunction,

clonal exhaustion, and loss of memory T cell pools due to lasting immune activation have
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adverse effects on host health and quality of antiviral immune responses (6). Treg cells, as
key modulators of immune activity, are in a unique position to either subdue harmful chronic
hyperactivation during lentiviral infection or prevent a potentially beneficial antiviral
response. From observations made thus far, no clear resolution has been reached concerning
the undoubtedly complex role of Treg cells in the face of lentiviral infection. Direct in vivo
modulation of Treg cells in a relevant animal model is necessary to obtain straightforward
data regarding the specific function of Treg cells and their effect on host health during
lentiviral infection.

Naturally occurring, thymically derived Treg cells and adaptive Treg cells have been
phenotyped using a variety of molecules in addition to CD4 and CD25, however, no
exclusive Treg cell surface marker has been identified. Intranuclear expression of the
forkhead box P3 (FOXP3) transcription factor is associated with Treg cell function within
and outside of the CD4'CD25" cell population, but labeling of FOXP3" cells for phenotypic
identification renders them unusable in live-cell assays (26). Although CD25, as well as
FOXP3, is upregulated upon T cell activation and is thus not an exclusive Treg cell marker,
only the CD4'CD25" cell population has been consistently described as functionally
immunosuppressive across species, and detection of CD4 and CD25 expression remains the
best live-cell identifier of Treg cells (27, 43, 53).

Monoclonal antibody (mAb) depletion of cells in vivo has become a routine method
to determine the significance of a particular cell population in immune processes.

Specifically, CD25" cell depletion using mAb therapy has been shown to boost immunity
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when used in combination with a melanoma vaccine or a human papilloma virus vaccine in
mouse models (18, 28). One anti-CD25 therapeutic agent, denileukin diftitox, has repeatedly
been shown to be effective in treating cutaneous T cell lymphomas as well as other lymphoid
malignancies (68). We have developed a method to deplete Treg cells from the cat using an
anti-feline CD25 mAb (57). In a previous study, we showed that FOXP3 mRNA remained
low in immune tissues for at least 4 weeks following the nadir of CD4 'CD25" cell depletion
in FIV-naive cats (57). Here, we report that Treg cell depletion reveals a much greater cell-
mediated anti-FIV response than can otherwise be observed in FIV-infected cats, even in the
face of immune dysfunction. Although there was concern that Treg cell depletion could lead
to non-specific immune activation, proinflammatory cytokine production, or increased viral
burden, no such side effects were observed. Finally, the introduction of a novel antigen
induced much more robust humoral responses in FIV-infected cats depleted of Treg cells as
compared to Treg cell-sufficient FIV-infected cats or FIV-naive cats depleted of Treg cells in

previous studies.

Materials and Methods
Animals, viral inoculum, and monoclonal antibody administration

A total of 26 female specific-pathogen-free (SPF) cats were purchased from Liberty
Labs (Liberty, NY). Cats were housed and cared for in accordance with Association for the
Assessment of Laboratory Animal Care standards and Institutional Animal Care and Use

Committee guidelines. Cats were infected with the pathogenic molecular clone FIV-NCSU;,
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by intravaginal and intravenous routes between 24 and 43 weeks of age (61). Mouse anti-
feline CD25 hybridoma (9F23) (47), a gift from M. Honda at the National Institutes of
Health in Tokyo, Japan, and mouse anti-yellow fever antigen (YFA) hybridoma (CRL-1689;
ATCC, Manassas, VA) were expanded, purified, and certified endotoxin- and mycoplasma-
free by Leinco, Inc. (St. Louis, MO). Two groups of cats received one injection of 9 mg/kg
anti-feline CD25 mADb intraperitoneally (i.p.) at 10 to 14 months post-infection (57). Two
additional groups were treated with 9 mg/kg anti-YFA mAb 1.p. as a mouse IgG2a « light
chain isotype control mAb. Another group received 3 ml/kg 0.9% sodium chloride (Hospira,

Lake Forest, IL) i.p. as a vehicle control.

Sample Collection and Processing

Whole blood was collected into Vacutainer tubes (BD, Franklin Lakes, NJ)
containing ACD on days 0, 10, 21, 29, 42, and 60 or days 0, 10, and 23 after treatment.
PBMCs were isolated by centrifugation of blood over Histopaque (Sigma, St. Louis, MO)
and serum was processed as previously described (13, 58). Blood for plasma isolation,
complete blood counts, and leukocyte differentials was collected in Vacutainer tubes
containing EDTA. Plasma was isolated by centrifugation (800 x g for 10 min) and aliquots
were frozen at -80°C. Popliteal lymph node (LN) biopsies were performed on anesthetized
cats either 28 days before treatment and 29 days post-treatment or on day 0. At day 23 or 60
post-treatment, mesenteric, prescapular, retropharyngeal, and medial iliac LNs in addition to

spleen and distal small intestine were harvested and processed as described previously (20,
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30). In some cases, popliteal and prescapular LNs were sorted for CD4 ' CD25", CD4 CD25",
CDS8", and CD21" lymphocytes on a MoFlo cell sorter (Dako, Fort Collins, CO). Cells were
used immediately in ex vivo assays or cell aliquots were frozen at -80°C for subsequent RNA

and DNA isolation.

Phenotypic Analysis

At least 1 x 10° cells were labeled with the following antibodies for flow cytometric
analysis. Anti-CD3 (NZM1) (46), anti-CD4 (30A) (60), and anti-CD8a (3.357) (60) were
used unconjugated to fluorochromes. CD4-PE (3-4F4) and CD5-biotin (F43) were purchased
from SouthernBiotech (Birmingham, AL). CD14-PE (Tuk4; Dako) and CD21-FITC (CA2-
1D6; Serotec, Raleigh, NC) were purchased. Goat anti-mouse IgG-Cy5 (Jackson
Immunoresearch, West Grove, PA) or streptavidin-PerCP (BD Biosciences, San Diego, CA)
were used as secondary fluorochromes. Mouse anti-feline CD25 (9F23) was conjugated to
FITC using standard protocols. Anti-CD8a (3.357) was conjugated to PerCP using a kit
from Prozyme (San Leandro, CA). Intracellular FOXP3 staining was performed with
eBioscience FOXP3 staining buffers and FOXP3-PECy7 (FJK-16s; San Diego, CA)
according to manufacturer’s protocol, with the exception that cells remain in the
permeabilization/wash buffer no longer than 30 min. For intracellular cytokine staining, cells
were incubated with 1x monensin (Biolegend, San Diego, CA) for six hours, labeled for
surface markers, fixed with 4% paraformaldehyde, permeabilized with BD Cytofix/Cytoperm

kit Perm/Wash buffer, and stained with IL-2-PE (MQ1-17H12; BioLegend) and tumor
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necrosis factor (TNF)-a-APC (6401.1111; BD). Flow cytometric analysis was performed
using an LSR II flow cytometer and FacsDIV A software (BD). At least 100,000 gated

events were collected per sample.

Viral Parameters

Quantitative real-time one-step reverse transcriptase (RT)-PCR assays were
performed on a Bio-Rad MyiQ™ PCR detection system (Hercules, CA). RNA was extracted
from plasma using the QIAamp viral RNA mini kit (Qiagen, Valencia, CA) following
manufacturer’s protocol. Detection of plasma viremia in RNA samples was performed using
FIV-Gag specific primers, FIVNC.491f and FIVNC.617r, and the FIV-NCSU-specific probe
FIVNC.555p as described with minor adjustments (14). Each RNA sample was incubated
with TagMan universal PCR master mix without AmpErase® UNG (Applied Biosystems,
Branchburg, NJ), 800 nM forward and reverse primers, 80 nM TagMan probe, and 1x
Multiscribe™ and RNase inhibiter mix (Applied Biosystems). Plasma viremia RT-PCR
cycling conditions were as follows: 30 min at 48°C, 10 min at 95°C, and 50 cycles of a 15
sec step at 95°C followed by a 1 min step at 57.5°C. Fluorescence was recorded at the end of
each annealing/extension step. A 10-fold dilution series of RNA standards provided a
detection range from 10" to 10° RNA molecules per reaction (14). Bio-Rad MyiQ™ optical
system software v2.0 was used to generate a standard curve; viral RNA copies/mL plasma

was subsequently calculated.
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To detect proviral load in PBMC and tissue samples, quantitative PCR was performed
on DNA samples extracted with the DNeasy tissue kit (Qiagen). Each amplification reaction
included 0.5 ug DNA sample or standard, TagMan universal PCR master mix (Applied
Biosystems), 491f primer, 617r primer, and 555p probe as described with minor
modifications (49). Real-time PCR cycling conditions were as follows: 2 min at 50°C, 10
min at 95°C, and 45 cycles of a 15 s step at 95°C followed by a 1 min step at 57.5°C. To
normalize proviral load per 10° cells, 200 nM CCRS5 forward primer and 500 nM CCR5
reverse primer were used in the PCR with 200 nM TagMan probe and 50 ng DNA sample.
CCRS primers (forward 5’-ACGTCTACCTGCTCAACCTGG-3’, reverse 5°-
ACCGTCTTACACATCCCATCCC-3") and probe (FAM-5’-
TCCGACCTGCTCTTCCTCTTCACCCTCC-3’) were designed using Beacon Designer.
The limit of detection was <10 copies of FIV per 1 ug DNA. Standards, controls, and

samples were run in duplicate for real-time PCRs.

FOXP3 mRNA Quantitation

In order to quantify FOXP3 mRNA copy number in tissue samples, RNA was
extracted from tissue samples with the RNeasy mini kit (Qiagen). Real-time RT-PCR was
performed using the TagMan EZ RT-PCR kit (Applied Biosystems) and FOXP3- and
hypoxanthine guanine phosphoribosyl transferase (HPRT)-specific primers and probes as

described previously (57). Standards, controls, and samples were run in duplicate.
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Peptides

Peptides (Synpep, Dublin, CA) synthesized from FIV Gag p24 and FIV Env protein
sequences were 15 amino acids (aa) in length (24). Eight peptides from FIV p24 and nine
peptides from FIV Env determined to solicit optimum IFN-y production from FIV-exposed
lymphocytes were pooled as described (19). In addition, the entire FIV p24 sequence of Gag
was synthesized by JPT (Springfield, VA) consisting of 15-aa peptides overlapping by 10 aa.

Peptides were reconstituted in 10% dimethyl sulfoxide (DMSO) and stored at -80°C.

Interferon-y ELISpot

Capture and detection antibodies from the feline IFN-y detection module (R&D
Systems, Minneapolis, MN) were used with ELISPOT Immobilon-P 96-well plates
(Millipore, Bedford, MA) to quantify IFN-y-producing cells after stimulation with FIV p24
or Env optimized peptide pools as previously described (59). The protocol was modified

with the use of 2.5 or 5 x 10° fresh instead of frozen cells/well.

Anti-mouse Serum Titers
Serum IgG titers against mouse antibody were determined by ELISA as previously

described (57).
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Statistics
Data were compared by unpaired t-test using GraphPad Prism version 5.0 (GraphPad

Software, San Diego, CA).

Results
Anti-CD25 monoclonal antibody treatment depletes Treg cells in FIV-infected cats
without disturbing the immune cell profile

We sought to verify whether Treg cells could be depleted in FIV-infected cats with
the same kinetics we previously observed in FIV-naive cats (57). Eighteen cats that had
been infected with FIV for 14 months were randomly divided into three groups of six cats
each and injected intraperitoneally with either anti-CD25 mAb, isotype control mAb (IgG2a,
« light chain), or vehicle control (saline). The nadir of CD4'CD25" cell depletion occurred at
day 10 after anti-CD25 mAb treatment, similar to our previous observations in FIV-naive
cats (57). Depletion was most dramatic in the CD4"CD25"-expressing T cell population
(Figure 1A). Treg cells express CD25 at higher densities than effector cells, therefore,
CD4'CD25" T cells represent a more pure population of Treg cells (7, 57). A 92% average
reduction in the absolute number of circulating CD4"CD25™ cells compared to day 0 levels
was observed in 5 out of 6 cats receiving anti-CD25 mAb (Figure 1B). One cat treated with
anti-CD25 mAb did not display decreased numbers of Treg cells at any time after antibody
administration; therefore, the data for this cat was removed from all experimental assay

group averages to eliminate skewing of results. CD4"'CD25" cells rebounded by day 29,
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however we have previously shown that anti-CD25 mAb treatment reduces FOXP3 mRNA
levels in blood and tissues up to day 35 post-treatment, suggesting that rebound CD4 CD25"
T cells at day 29 are activated CD4 CD25" effector cells rather than Treg cells (57).

To verify the depletion of CD4'CD25" Treg cells from lymphoid tissues, a second
study including eight FIV" cats divided into two groups of four was performed. The cats
were treated with either anti-CD25 mAb or isotype control mAb. At day 23 post-treatment
the percentage of CD4'CD25" Treg cells in the lymphoid tissues of the CD25-depleted cats
was on average 84% lower than in control-treated cats (Figure 1C). Other lymphocyte
subsets were not significantly affected by anti-CD25 mAb, isotype control mAb, or saline
treatment (data not shown). Anti-CD25 mAb administration effectively depleted
CD4'CD25" Treg cells in FIV" cats with kinetics similar to FIV-naive cats without causing
significant alterations in other lymphocyte subpopulations, including no significant impact on

absolute CD4" or CD8" T cell, B cell, or total lymphocyte numbers (data not shown).

Viral burden is unaffected by anti-CD25 mAb treatment

Viral RNA in plasma and integrated proviral DNA in cells are established indicators
of virologic status, however, FIV-NCSUj-infected cats in the chronic stage of disease exhibit
low levels of viral burden compared to the acute phase (58). It has been proposed that in
HIV-1 and pathogenic SIV infection, persistent viral replication and associated T cell
proliferation result in abnormal lymphoid architecture, diminished immune function and the

development of AIDS (12, 29). Therefore, prolonged immune activation as a consequence of
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transient Treg cell depletion would be undesirable. Indeed, CTLA-4 blockade lasting over 9
weeks during acute SIVn,cos1 infection of macaques results in elevated viral replication (15).
We asked whether Treg cell depletion over a period of 4 weeks would lead to

increased viral replication due to immune hyperactivation or lead to a reduction of infected
cells and reduced viremia and provirus. Plasma viremia did not change significantly on days
10, 21 or 23, 29, 42, or 60 post-treatment as compared to baseline levels (not detectable to
10,000 viral RNA molecules/ml plasma) in the three treatment groups. Likewise, no
significant changes in provirus were observed in PBMC and most tissues between treatment
groups (Figure 2A and data not shown). However, in the CD25 depleted group, the provirus
copy number in peripheral LN was reduced at day 23 post-treatment as compared to day 0
(p=0.06; Figure 2B).

We then asked whether the decline in proviral load in peripheral LNs of CD25
depleted cats could be ascribed to changes within a specific lymphocyte subset. Peripheral
LNs harvested on day 0 and on day 23 post-treatment were sorted for CD4 CD25",
CD4'CD25", CD8", and CD21" lymphocytes. No significant changes in proviral load were
noted between day 0 and day 23 in these lymphocyte subsets from either the CD25 depleted
group or isotype control group or between groups at either time point (Figure 2C). There
may have been additional cell populations responsible for the changes we observed in the
whole lymph node, however, this seems unlikely.

In other lymphoid tissues harvested either 23 or 60 days post-treatment, proviral

burden did not significantly differ among the treated groups (not detectable to 40,000
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proviral copies/10° cells; data not shown). Overall, we observed no systemic reduction in
provirus or plasma viremia but also no detrimental increase in FIV replication. It is doubtful
that short-term Treg cell depletion in individuals with low viral burden would result in
damaging immune hyperactivation or change the established viral set-point.

It has been proposed that Treg cells are preferentially infected during the acute phase
of lentiviral infection and that Treg cells may serve as a reservoir of latent provirus or be
better producers of virions than conventional CD4" T cells (4, 33, 34, 42, 48, 63). We
examined whether CD4"CD25" Treg cells, the target of depletion in this study, carry more
integrated provirus as a population than other lymphocyte subsets during the chronic stage of
FIV infection. If so, it is possible that depletion of Treg cells could affect viral set-point. It
has previously been shown that B cells are the major lymphocyte reservoir during the
asymptomatic stage of FIV, but we questioned whether CD4'CD25" Treg cells were infected
to a greater extent than CD4 CD25 conventional T cells (21). As shown in Figure 2D, Treg
cells did not carry more integrated provirus than CD4 " CD25™ T cells, suggesting that the
Treg cells depleted in this study were not a preferential reservoir of integrated provirus in the

chronic phase of disease.

Immunologic responses against FIV are transiently improved after anti-CD25 mAb
treatment
To assess anti-FIV T cell responses in cats depleted of Treg cells, lymphoid tissue

single cell suspensions were evaluated by ELISPOT for IFN-y production in response to
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immunogenic FIV p24 and Env peptide pools. IFN-y responses to FIV antigen stimulus were
significantly greater in popliteal lymphocytes 29 days after cats received anti-CD25 mAb as
compared to control groups. However, this improvement in the anti-FIV response did not
persist to day 60 (Figure 3A).

We then asked if the increase in FIV-specific IFN-y secretion in the CD25 depleted
group was due to expansion of anti-FIV effector cells or if the activity of these cells was
simply unmasked by in vivo Treg cell depletion. FIV-specific T cell proliferation was not
increased in cells isolated from cats that received anti-CD25 mAb as compared to cells from
control treated cats (data not shown). Next, an I[FN-y ELISPOT assay was performed in
which CD4"'CD25 and CDS8" T cells were purified and segregated from Treg cells and
cultured with Env peptides both before and 23 days after mAb treatment. We reasoned that
if antiviral effector cell frequency increased in the absence of Treg cell influence, the number
of IFN-y secreting cells would be greater in the ELISPOT cultures at day 23 than at day 0 in
the CD25 depleted group. If the effector cells are preexisting and not expanded after Treg
cell depletion, then approximately the same number of IFN-y secreting cells would be
observed at day 0 and day 23. Indeed, we found that the IFN-y-producing FIV-specific T
cells were present in vivo before Treg cell depletion and were not expanded during Treg cell

depletion (Figure 3B).
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Anti-CD2S5 treatment does not induce systemic inflammatory cytokine production

In multiple experimental models involving cutaneous, pulmonary, or intestinal
inflammation, Treg cells have been shown to possess anti-inflammatory capabilities (50, 55).
HIV-1 disease progression to AIDS correlates highly with immune activation and
inflammation (6, 29). Therefore, the possibility that Treg cell depletion in animals with
ongoing chronic lentiviral infection could induce a storm of proinflammatory cytokines was
addressed in our model. We analyzed CD4" and CDS8" T cells for intracellular IL-2 and
TNF-a by flow cytometry before and 23 days after mAb treatment in peripheral lymph
nodes. We also quantified surface TGF-f expression by lymphocytes. No significant
increase in inflammatory cytokine production in either the CD25 depleted or control group
was observed over baseline levels after treatment (Figure 4A,B, data not shown). Transient
Treg cell depletion in chronically FIV-infected cats does not result in increased T cell

proinflammatory IL-2 or TNF-a production.

FOXP3 expression is upregulated in CD4"CD25" cells of cats receiving isotype-control
antibody, but not anti-CD2S5 antibody

FOXP3 is an intranuclear transcription factor associated with the suppressive
phenotype of CD4"CD25" Treg cells in mice, humans, and cats (10, 25, 38, 69). In
chronically-infected FIV" cats receiving isotype control mouse antibody, intranuclear FOXP3
expression was significantly upregulated in the PBMC CD4 CD25" Treg cell population at

day 10 post-treatment, while cats receiving anti-CD25 antibody or receiving no antibody had
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decreased or unchanged FOXP3 expression in the Treg cell population, respectively (Figure
5). Human Treg cells have been shown to upregulate FOXP3 expression upon TCR
stimulation ex vivo (2, 62). It is probable that this upregulation observed in the isotype
control treated cats was due to transient FOXP3 expression related to Treg cell activation by
the mouse antibody (27, 43). The data suggest that depletion of CD4'CD25" cells
eliminated the Treg cell population responsible for FOXP3 upregulation in response to a
foreign antigen. Though percentage of FOXP3" cells within the CD4 'CD25" cell population
was relatively unchanged between day 0 and day 10, it is of note that the absolute number of
CD4'CD25" PBMCs in the CD25 depleted group were reduced by 76% at day 10 (data not
shown), therefore, the absolute number of CD4 CD25 FOXP3" cells was substantially

reduced by day 10 post-treatment.

Cats treated with anti-CD25 mAb produce a more robust humoral response to a
primary immune stimulus

We observed that Treg cell depletion improves the antiviral immune response to
preexisting FIV infection, but we also inquired whether Treg cell depletion would improve a
primary immune response if anti-CD25 mAb was administered during the first exposure to a
new antigen. While anti-CD25 mAb was used in this study to deplete Treg cells, the
depleting antibody as well as the isotype control mAb served as novel antigenic stimuli that
allowed measurement of a developing primary humoral response against the mouse

immunoglobulin. Cats depleted of Treg cells produced anti-mouse IgG titers significantly
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higher than cats receiving isotype control antibody. This was true whether the serum titers
were measured against the anti-CD25 mAb (Figure 6A) or the isotype control mAb (Figure
6B). In contrast, serum IgG titers against FIV p24 or FIV Env remained unchanged
throughout the course of the study (data not shown). Treg cell depletion allows the induction
of a more robust primary humoral immune response than would otherwise be possible during

chronic lentiviral infection.

Discussion

The role of Treg cells in the pathogenesis of HIV-1 is a topic of great interest. From
existing data it is difficult to predict whether Treg cells play a beneficial or a detrimental role
in lentivirus infection, depending on the experimental model used, stage of disease, and the
anatomical source of Treg cells. On one hand several studies have shown that CD4" and
CDS" T cell responses are improved after the ex vivo removal of Treg cells from cultures (1,
8, 35, 67). On the other hand, studies that show a positive correlation between Treg cell
frequency and disease non-progression argue that Treg suppression of inflammatory
responses reduces the spread and replication of virus (3, 5, 36, 48). Indeed, it is not clear
whether Treg cell frequency is increased or decreased during chronic HIV-1 infection (5, 36,
64, 67). In vivo manipulation of Treg cells using a relevant animal model can help fill the
knowledge gaps left by ex vivo and in vitro studies regarding the nature of Treg cells in HIV-
1 disease and determine the feasibility of therapeutic strategies to modulate Treg cell

function.
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In the present study we employed the well-characterized FIV/cat model to investigate
the in vivo significance of Treg cell activity during the asymptomatic phase of lentivirus
infection. Treg cell depletion results in an improved antiviral T cell response during the
period of depletion, but the increased antiviral response did not persist after a rebound of
Treg cells in lymphoid tissues. This demonstrates that CD4 CD25" Treg cells do indeed
suppress FIV-specific immune responses in vivo. We did not detect expansion of FIV-
specific effector cells, though it is possible that the antiviral response could be expanded if
there is sufficient viral antigen to drive the expansion. In the chronically FIV-infected cats
described in this paper, viremia was very low as is typical during the asymptomatic phase of
the infection and did not increase during Treg cell depletion. Without adequate viral
antigenemia there is no reason to expect an expansion of cell-mediated responses during the
asymptomatic phase. This conclusion is supported by the observation that anti-FIV antibody
responses did not increase in Treg cell-depleted animals. This is similar to what might be
expected if Treg cell depletion is attempted in HIV-1 patients that are controlling viral
replication or are receiving anti-retroviral therapy. Thus, if Treg cell depletion is to be
considered as part of an attempt to improve immune responses in HIV-1 infected people, it
would most likely be necessary to add a therapeutic vaccine to the strategy. A window of
Treg cell depletion would provide an opportunity to boost antiviral T and B cell responses.
In this regard the present study offers encouraging results.

The use of a mouse monoclonal antibody to deplete Treg cells in cats limits the

number of times a cat can be treated before a robust anti-mouse antibody response is
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generated. However, this foreign protein provided the opportunity to assess a novel immune
response in Treg cell depleted and control antibody treated animals. A subset of
CD4'CD25"CD69™ Treg cells has been shown to be capable of suppressing B cell class
switching and antibody production by interfering with T cell help in germinal centers of
lymph nodes or by interacting directly with B cells in germinal centers (40, 41). It has
previously been shown that cats chronically infected with FIV and exposed to either a variety
of infectious agents or antigens develop delayed and blunted humoral immune responses as
compared to FIV-naive cats (51, 52). However, the robust anti-mouse mAb humoral
response in Treg cell-depleted animals demonstrates the potent suppressive influence Treg
cells can have on the humoral arm of the immune system and the capacity of the immune
system to respond even during a state of CD4 depletion and immune dysfunction.
Presumably, this could be extended to cell-mediated responses but this was not directly
evaluated in this study. Perhaps equally important is that Treg cells from cats chronically
infected with FIV that receive a non-depleting isotype control mAb rapidly upregulate
FOXP3 protein. In FIV-naive cats from a previous study, no such Treg cell induction was
observed when cats were identically treated with the isotype control mAb (57). Treg cells
increase FOXP3 expression during acute FIV and SIV infection, indicating an increase in
suppressive function of these cells (24, 37, 42). It has also been reported that FIV infection
leads to increased Treg cell activation (42, 65). Our data support the notion that FIV
infection results in elevated Treg cell activity under steady-state conditions that may prime

for heightened suppressive Treg cell responses to novel antigens and contribute to impaired
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immune responses. The dramatic difference in antibody response to a novel antigen between
groups receiving Treg cell depleting mAb versus isotype control mAb is likely a combination
of removing Treg cell suppression on one hand and excessive Treg cell induction on the
other hand.

There is concern that Treg cell depletion, whether in the course of HIV-1 disease
pathogenesis or via treatment strategies, could exacerbate the vicious cycle of immune
activation, viral replication and CD4" T cell depletion. Whether this scenario could play out
likely depends on the viral set-point, the immune set-point, the duration and extent of Treg
cell depletion, and the degree to which Treg cells represent a viral reservoir. This study
suggests that a low viral set-point will not be altered if the immune system is functional in
the absence of Treg cells. Again, if Treg cell depletion were to be attempted in humans with
HIV-1, as part of the patient selection process it would be prudent to demonstrate that an
increased CTL response is possible with Treg cell depletion in vitro. From the present study
we can conclude that under the conditions of low viral set-point and a functional cell-
mediated immune response, Treg cell depletion via anti-CD25 mAb treatment is unlikely to
lead to increased plasma viremia or induce proinflammatory cytokines. In support of this
conclusion, Hryniewicz et al. (31) treated chronically SIV ac251-infected macaques with a
CTLA-4-blocking mAb in order to interfere with one mechanism of Treg cell suppression in
vivo. The study showed that CTLA-4 blockade did not increase viremia after cessation of
ART treatment and even decreased provirus in lymph nodes as compared to control treated

animals (31). And while high percentages of FOXP3" PBMCs have been associated with
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decreased T cell activation, increased CD4" cell numbers, and decreased HIV-1 provirus, a
short duration of Treg cell depletion did not cause problematic immune activation leading to
viral replication, even though the mAb treatment induced a measurable immune response
(16, 44). Whether administration of a therapeutic vaccine during Treg depletion in
chronically infected animals would be able to reduce viral set-point or be confounded by
activation-induced viral replication remains to be determined.

CD4'CD25 FOXP3" Treg cells have been shown to express CXCR4 or CCRS and be
particularly susceptible to lentiviral infection as compared to conventional T cells both in
vitro and in vivo (4, 33, 42, 48, 63). Because Treg cells have been shown to produce more
FIV viral particles than conventional T cells when activated with mitogen or IL-2 in vitro,
they are proposed to be a reservoir of viral production (32, 34). We show that Treg cells do
not carry more provirus as compared to conventional T cells in the asymptomatic stage of
FIV disease, as has been shown in HIV chronic progressors not on HAART therapy, though
we did not determine their capacity to produce virus or infect other cells (16). In our model,
because Treg cells do not appear to be a viral reservoir any more than conventional CD4" T
cells during the chronic phase, it is unlikely that Treg cell depletion would be sufficient
therapy itself to reduce viral burden in the individual.

These studies demonstrate that in vivo depletion of CD4'CD25" Treg cells unmasks
antiviral T cell responses in chronically FIV-infected cats without affecting viral load
positively or negatively. Short-term removal of Treg cells in HIV-infected patients who are

controlling viral load could be beneficial to the patients’ disease prognosis. Further
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investigation into a Treg cell depletion strategy for therapeutic vaccination is justified due to
the indication that transient Treg cell depletion can create a window of opportunity to induce

novel immune responses during lentiviral infection.
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Figure 1. Depletion of Treg cells by anti-CD25 mAb treatment. (A) Groups of six cats
each received 9 mg/kg anti-CD25 mAb (9F23) or 9 mg/kg isotype control mAb (CRL-1689,
(IgG2a, x light chain)) i.p. on day 0. A third group of cats received 3 ml/kg saline on day 0
(n=6). Lymphocytes were labeled with anti-CD4 and anti-CD25 antibodies and analyzed by
flow cytometry for Treg cell percentages. A representative dot plot of PBMCs isolated on
day 0 and day 10 of one cat receiving anti-CD25 mAb treatment is shown. P1 indicates
CD4'CD25" cells. (B) Percent CD4'CD25" cells within the total lymphocyte population
was determined by flow cytometry on days 0, 10, 21, 29, 42, and 60 following treatment and
multiplied by the absolute number of peripheral blood lymphocytes. Absolute CD4'CD25"
cell numbers are reported relative to day 0 absolute numbers, which have been normalized to
100%. Statistical significance was calculated compared to day 0 values. Means += SEM are
shown. (C) In a second study two groups of four cats each were treated with 9 mg/kg anti-
CD25 mAb or 9 mg/kg isotype control mAb i.p. on day 0. Lymphoid tissues were harvested
on day 0 or day 23. Means + SD are shown. Statistical significance was calculated
compared to isotype control group for each tissue. * indicates p<0.05.
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Figure 2. Viral burden is unaffected by anti-CD25 mAb treatment. To detect provirus
in PBMCs and tissue samples, quantitative real-time PCR was performed on extracted DNA
samples. FIV copy number was quantified relative to CCR5 copy number. (A) Provirus was
detected in mesenteric lymph node and spleen on day 60 post-treatment. (B) Provirus from
whole popliteal lymph nodes harvested on day 0 was compared to provirus from whole
prescapular lymph nodes harvested on day 23 post-treatment for each individual cat. (C)
Single cell suspensions of popliteal lymph nodes (n=4/group) harvested before treatment and
prescapular lymph nodes (n=4/group) harvested 23 days after mAb treatment were sorted on
a MoFlo cell sorter (Dako) for CD4'CD25°, CD4'CD25", CD8", and CD21" lymphocytes.
Provirus was quantified for each isolated lymphocyte subset. The last two bars in each graph
represent the sum of the provirus carried by all four lymphocyte subsets. (D) Provirus was
detected in lymphocyte subsets from popliteal lymph nodes harvested before treatment (n=8).
Means + SD are shown.
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Figure 3. FIV-specific IFN-y responses are transiently improved after anti-CD25 mAb
treatment. (A) Popliteal lymph node cells, medial iliac lymph node cells, and lamina
propria lymphocytes were incubated for 36 hours with 100 pg/ml FIV Env or FIV p24
peptide pools. IFN-y spot forming cells (SFCs) per million cells from CD25 depleted,
isotype control, and vehicle control treated groups were determined by ELISpot. (B)
CD4'CD25 and CD8" T cells from popliteal lymph nodes on day 0 and prescapular lymph
nodes on day 23 were cultured with Env peptides in the absence of Treg cells. IFN-y SFCs
were determined by ELISPOT. M indicates isotype control group; ¥, CD25 depleted group.
* indicates p<0.05.
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Figure 4. Anti-CD2S5 treatment does not induce systemic inflammatory cytokine
production. Intracellular IL-2 and TNF-a staining was performed on lymphocytes after a 6
hour incubation with 1x monensin, surface phenotype staining, and fixation with 2%
paraformaldehyde. The cells were permeabilized with BD Perm/Wash buffer. (A) IL-2" and
(B) TNF-a' cells per million CD4" or CD8" T cells were quantified by flow cytometry in
popliteal lymph nodes before mAb treatment and prescapular lymph nodes 23 days after
mADb treatment. B indicates isotype control group; ¥, CD25 depleted group.
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Figure 5. Intranuclear FOXP3 is upregulated in CD4'CD25" cells of cats treated with
nondepleting mouse mAb. Lymphocytes were labeled to detect surface CD4 and CD25 and
intranuclear FOXP3 by flow cytometry. Percent FOXP3" cells within gated CD4 CD25"
PBMC:s is reported for days 0, 10, 21, 29, 42, and 60 post-treatment (n=5-6/group).
Statistical significance was determined compared to day 0 values. * indicates p<0.05.
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Figure 6. Cats treated with anti-CD25 mAb produce a more robust humoral response
against mouse immunoglobulin. Serum was harvested on days 0, 10, 21, 29, 42, and 60
after treatment from cats treated with either anti-CD25 mAb (n=5) or isotype control mAb
(n=6). ELISA plates were coated with either (A) mouse anti-feline CD25 clone 9F23 or (B)
isotype control mouse anti-YFA clone CRL-1689 and then incubated with 2-fold serial
dilutions of serum samples. Anti-mouse serum IgG was subsequently detected. Positive
antibody titers were calculated based on a 3-fold higher optical density than negative
controls. Means = SEM are shown. Statistical significance was determined between groups
for each time point. * indicates p<0.05.
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Abstract

Chronic HIV-1 infection is characterized by generalized immune dysfunction. Many studies
suggest that CD4*CD25™FOXP3* immunosuppressive regulatory T (Treg) cells are involved
in regulation of the immune response during HIV-1 infection and could be involved in
modulating immune dysregulation. Feline immunodeficiency virus (FIV) infection in cats is
a useful model for HIV-1 pathogenesis, and suppressive capabilities of feline Treg cells are
enhanced during FIV infection. We have previously shown that transient Treg cell depletion
in vivo during chronic FIV infection unmasks FIV-specific immune responses. In this study,
we aimed to determine whether Treg cell depletion using an anti-feline CD25 monoclonal
antibody prior to natural FIV infection in cats could alter FIV pathogenesis, and thereby
determine the role of Treg cells during acute FIV infection. We report here that Treg cell
depletion prior to FIV infection does not significantly change provirus or viremia levels or
CD4" T cell levels in blood and lymphoid tissues during the acute phase. The effects of anti-
CD25 mADb treatment appear to be truncated in cats acutely infected with FIV as compared to
chronically infected cats or FIV naive cats, as Treg cell levels were heightened in all
treatment groups within two weeks following FIV infection. We propose that the influence
of Treg cell suppression during FIV pathogenesis is most prominent after established

infection, when Treg cells are activated and more functionally suppressive.
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Introduction

Acute phase pathogenic HIV-1, simian immunodeficiency virus (SIV), and feline
immunodeficiency virus (FIV) infection are characterized by robust viral proliferation that
innate, cell-mediated, and humoral antiviral immune responses are eventually able to control,
but not halt, within a few weeks post-infection (1-4). Chronic lentiviral infection is
characterized by generalized immune dysfunction (5, 6). Data suggest that mismanagement
of the immune response begins early after infection (1, 7, 8). Many studies suggest that
CD4*CD25"FOXP3* immunosuppressive regulatory T (Treg) cells are involved in
regulation of the immune response during lentiviral infection and could be involved in
immune dysregulation. Treg cells are susceptible to lentiviral infection and are depleted
along with conventional CD4" T cells during lentiviral pathogenesis (9-11). However, some
studies suggest that Treg cells are depleted at a slower rate due to decreased susceptibility to
apoptosis, which could lead to increased Treg cell to T effector cell ratios (12-15). Treg cell
accumulation in lymphoid tissues where lentiviral replication occurs has been shown, though
the degree to which Treg cell survival, Treg cell induction, or Treg cell expansion contribute
to this phenomenon remains debatable (12, 16-18).

Work done in the Tompkins laboratory suggests that feline Treg cells are activated
and more suppressive during the acute and chronic phases of FIV infection (19, 20). Studies
with human Treg cells indicate that HIV-1 can enhance Treg cell suppressive capacity (14).
Multiple studies have shown, using cells from hosts infected with HIV-1 or SIV, that the

removal of Treg cells from cultured lymphocytes reveals previously suppressed viral-specific
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immune responses (9, 21-25). Treg cell induction has been associated with limited anti-SIV
immune responses during acute infection (26) and individuals with more robust anti-
lentiviral responses possess lower Treg cell frequencies (9, 11, 27). We have previously
shown that transient Treg cell depletion in vivo during chronic FIV infection unmasks FIV-
specific immune responses but does not lead to a reduction in viral load, presumably due to a
lack of immune stimulation when FIV antigen levels are low (Mikkelsen, SR. Ph.D.
Dissertation, Chapter 3). These data suggest that Treg cells suppress appropriate antiviral
immunity during lentiviral infection.

Treg cell depletion using diphtheria toxin conjugated to human IL-2 (Ontak) prior to
HIV-1 infection in humanized mice has been shown by Su and colleagues to reduce plasma
viremia on days 4-10 post-infection (28). This was hypothesized to occur because Treg cells
serve as a major reservoir of HIV-1 infection in humanized mice (28). Some data support the
hypothesis that Treg cells carry more integrated provirus or are more productive sites of viral
replication than conventional CD4" T cells (13, 19, 29-31). On the contrary, other studies
have found that Treg cells possess either the same or lower levels of integrated lentiviral
provirus as compared to conventional CD4" T cells (10, 11, 32)(Mikkelsen, SR. Ph.D.
Dissertation, Chapter 3). Therefore, in this study we aimed to determine whether Treg cell
depletion using an anti-feline CD25 monoclonal antibody prior to natural lentiviral infection
in the well characterized FIV/cat model could reduce viral load. We hypothesized that this
could occur either due to removal of Treg cell immunosuppression leading to heightened

antiviral responses or due to removal of cells that host lentiviral infection and reproduction.
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Curtailed viral load after Treg cell depletion would indicate that Treg cells are detrimental
during acute lentiviral infection.

On the other hand, several studies point to a protective role of Treg cells during
lentiviral infection, as high PBMC Treg cell frequencies are correlated with high CD4" T cell
counts, low T cell activation, and/or low viremia (15, 22, 25, 27, 30, 32, 33). Increased
immune activation during lentiviral infection, especially CD38 expression by CD8" T cells,
is linked to immune dysregulation and poor disease prognosis in hosts (15, 34-37). Elevated
viral load and/or increased generalized immune activation after Treg cell depletion would
indicate that Treg cells are protective during acute lentiviral infection.

In order to determine the role of Treg cells during acute FIV infection, we depleted
Treg cells prior to FIV infection using anti-CD25 mAb treatment that has been previously
characterized (38). We report here that Treg cell depletion prior to FIV infection does not
significantly change viral load or CD4" T cell levels in tissues. The effects of anti-CD25
mADb treatment appear to be truncated in cats acutely infected with FIV as compared to
chronically infected cats or FIV naive cats, as Treg cell levels were heightened in all
treatment groups within two weeks following FIV infection. We propose that the influence
of Treg cell suppression during FIV infection is most prominent after established infection,

when Treg cells are activated and more functionally suppressive.
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Materials and Methods
Animals, viral inoculum, and monoclonal antibody administration

A total of 24 female specific-pathogen-free (SPF) cats were purchased from Liberty
Labs (Liberty, NY). Cats were housed and cared for in accordance with Association for the
Assessment of Laboratory Animal Care standards and Institutional Animal Care and Use
Committee guidelines. Mouse anti-feline CD25 hybridoma (9F23) (39), a gift from M.
Honda at the National Institutes of Health in Tokyo, Japan, and mouse anti-yellow fever
antigen (YFA) hybridoma (CRL-1689; ATCC, Manassas, VA) were grown in serum-free
medium. Antibody was purified and certified endotoxin- and mycoplasma-free by Leinco,
Inc. (St. Louis, MO). One group of cats received a single injection of 9 mg/kg anti-feline
CD25 mAbD intraperitoneally (i.p.) between 25 and 31 weeks of age and 12 days prior to
infection with FIV-C36 (38). Two additional groups were treated with 9 mg/kg anti-YFA
mAD i.p. as a mouse IgG2a « light chain isotype control mAb or 3 ml/kg 0.9% sodium
chloride (Hospira, Lake Forest, IL) i.p. as a vehicle control. Cats were infected with 2 x 10°2
TCIDs( units molecular clone FIV-C36 (40), a generous gift from Dr. Sue VandeWoude of
Colorado State University, by intravaginal and intravenous routes 12 days after mAb or

saline treatment.

Sample Collection and Processing

Whole blood was collected into Vacutainer tubes (BD, Franklin Lakes, NJ)

containing ACD on days -12, 0, 7, 14, 35, and 54 post-infection (p.i.). PBMCs were isolated
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by centrifugation of blood over Histopaque (Sigma, St. Louis, MO) and serum was processed
as previously described (41, 42). Blood for plasma isolation, complete blood counts, and
leukocyte differentials was collected in Vacutainer tubes containing EDTA. Plasma was
isolated by centrifugation (800 x g for 10 min) and aliquots were frozen at -80°C for
subsequent RNA isolation. Popliteal lymph node (LN) biopsies were performed on
anesthetized cats on days 14 and 35 p.i. At day 54 p.i., mesenteric and retropharyngeal LNs
in addition to spleen were harvested and processed as described previously (43). Cells were
used immediately in ex vivo assays or cell aliquots were frozen at -80°C for subsequent DNA

1solation.

Phenotypic Analysis

At least 1 x 10° cells were labeled with the following antibodies for flow cytometric
analysis. Antibodies against feline CD3 (NZM1) (44), CD4 (30A) (45), CD8a (3.357) (45),
and IFN-y (E6D4AS5) (46) were purified from hybridoma supernatants in our lab. Anti-CD80
(B7.1.66) was generously provided by Dr. Mary Tompkins of North Carolina State
University (47). Anti-CD1a (Fel.5F4) was provided by Dr. Peter Moore of the University of
California at Davis (48). Antibodies against CD56 and IL-2 were purchased from Biolegend
(San Diego, CA). Antibodies against Ki67 and TNF-a were purchased from BD Biosciences
(San Diego, CA). Antibody against B220 was purchased from Southern Biotech
(Birmingham, AL). Antibody against TGF-3 was purchased from R&D Systems

(Minneapolis, MN). Anti-MHC II was purchased from Serotec (Raleigh, NC). Some
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antibodies were conjugated to Pacific Blue, Pacific Orange, Alexa Fluor 647, or biotin using
kits from Invitrogen Molecular Probes (Carlsbad, CA). Some antibodies were conjugated to
PerCP or PE using kits from Prozyme (San Leandro, CA). Mouse anti-feline CD25 (9F23)
was conjugated to FITC using standard protocols. Anti-mouse IgG3-APC (Jackson
Immunoresearch, West Grove, PA), anti-mouse IgG3-APC-Cy7 (Southern Biotech), and
Streptavidin-Pacific Orange (Invitrogen Molecular Probes) were used as secondary
antibodies. Intracellular FOXP3 staining was performed with eBioscience FOXP3 staining
buffers and FOXP3-PE-Cy7 (FJK-16s; San Diego, CA) according to manufacturer’s
protocol, with the exception that cells remain in the permeabilization/wash buffer no longer
than 30 min. For intracellular cytokine staining, cells were incubated with 1x monensin
(Biolegend, San Diego, CA) for six hours, labeled for surface markers, fixed with 4%
paraformaldehyde, permeabilized with BD Cytofix/Cytoperm kit Perm/Wash buffer, and
stained with anti-cytokine mAbs. For intracellular Ki67 staining, cells were first labeled for
surface markers, incubated with BD Cytofix/Cytoperm for 15 min, washed with BD
Perm/Wash buffer, incubated with BD Cytoperm Plus for 10 min, washed, and incubated
with BD Cytofix/Cytoperm for 5 min. Cells were then labeled with Ki67 Ab. Flow
cytometric analysis was performed using an LSR II flow cytometer and FacsDIVA software

(BD). 100,000 — 1,000,000 gated events were collected per sample.
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Viral Parameters

Quantitative real-time one-step reverse transcriptase (RT)-PCR assays to quantify
viremia were performed on a Bio-Rad MyiQ™ PCR detection system (Hercules, CA). RNA
was extracted from plasma using the QIAamp viral RNA mini kit (Qiagen, Valencia, CA)
following manufacturer’s protocol. Detection of plasma viremia in RNA samples was
performed using FIV-C gag specific primers 704f and 756r and probe 727p (49). Each RNA
sample was incubated with TagMan RT-PCR Mix (Applied Biosystems, Branchburg, NJ),
TagMan RT Enzyme Mix (Applied Biosystems), 400 nM forward and reverse primers, and
80 nM TagMan probe. Plasma viremia RT-PCR cycling conditions were as follows: 30 min
at 48°C, 10 min at 95°C, and 50 cycles of a 15 sec step at 95°C followed by a 1 min step at
55.5°C. Fluorescence was recorded at the end of each annealing/extension step. RNA
standards were generated by in vitro transcription of a pGEM-T Easy plasmid (Promega,
Madison, WI) encoding FIV clade C gag using the T7 MAXIscript kit (Applied Biosystems)
according to manufacturer’s instructions. A 10-fold dilution series of RNA standards
provided a detection range from 10 to 10° RNA molecules per reaction. Bio-Rad MyiQ™
optical system software v2.0 was used to generate a standard curve; viral RNA copies/mL
plasma was subsequently calculated.

To detect proviral load in PBMC and tissue samples, quantitative PCR was performed
on DNA samples extracted with the DNeasy blood and tissue kit (Qiagen). Each
amplification reaction included 0.5 pg DNA sample, TagMan universal PCR master mix

(Applied Biosystems), 400 nM 704f and 756r primers, and 40 nM 727p probe. Real-time
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PCR cycling conditions were as follows: 2 min at 50°C, 10 min at 95°C, and 45 cycles of a
15 s step at 95°C followed by a 1 min step at 55.5°C. To normalize proviral load per 10°
cells, a 10-fold dilution series of a pGEM-T Easy plasmid encoding FIV C gag was used to
provide a detection range of 10" to 10° copies. A quantitative PCR was performed to detect
CCRS5 copies in 50 ng DNA sample as previously described (Mikkelsen, SR. Ph.D.
Dissertation, Chapter 3). The limit of detection was <10 copies of FIV per 1 ug DNA.

Standards, controls, and samples were run in duplicate for real-time PCRs.

Peptides
The entire FIV p24 protein sequence was synthesized by JPT (Springfield, VA)
consisting of 15-aa peptides overlapping by 10 aa. Peptides were reconstituted in 10%

dimethyl sulfoxide (DMSO) and stored at -80°C.

Interferon-y ELISpot

Capture and detection antibodies from the feline IFN-y detection module (R&D
Systems) were used with ELISPOT Immobilon-P 96-well plates (Millipore, Bedford, MA) to
quantify IFN-y-producing cells after stimulation with FIV p24 peptides as previously
described (50). The protocol was modified with the use of 2.5 or 5 x 10° fresh instead of

frozen cells/well.
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IgG Titers Determined by ELISA

Serum IgG titers against mouse antibody were determined by ELISA as previously
described (38). For the FIV p24 antibody ELISA, Immulon-2HB plates (Dynex
Technologies, Chantilly, VA) were coated with 1.0 ug/ml p24-GST fusion protein and the
assay was performed as previously described (51). For the FIV gp95 antibody ELISA,
Grenier Lumitrac 600 high-binding plates (Monroe, NC) were coated with 2.5 pg/ml gp95-
Fc antigen (52) diluted in carbonate buffer (15 mM Na,CO3, 35 mM NaHCOs, pH 9.5).
Plates were blocked with 200 pl/well blocking buffer (3% nonfat dry milk, 5% goat serum,
0.1% Kathon in carbonate buffer) for 2 hours at room temperature. Plates were washed four
times with wash buffer (0.5% Tween 20 in 1x PBS). Serum samples were diluted in
complete sample diluent (2.5% human serum, 1% bovine serum albumin, 1% nonfat dry
milk, 0.05% Tween 20, 0.1% Kathon in 1x PBS) and added to blocked plates at 100 pl/well.
Plates were incubated for three hours at 37°C and then washed four times with wash buffer.
Antibody was identified with goat anti-cat IgG-horseradish peroxidase (HRP) (Bethyl Labs,
Montgomery, TX) diluted 1:80,000 in complete sample diluent and incubated for one hour at
room temperature. Plates were washed five times. 100 pl/well Pierce SuperSignal ELISA
Femto chemiluminescent substrate (Rockford, IL) was added to plates. Plates were read on a
Perkin Elmer Wallac Victor® 1420 Multilabel Counter (Waltham, MA) 2 minutes after
addition of substrate. A threefold higher optical density of tested sample over pre-infection

samples determined positive antibody titers.
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Statistics

Comparisons between post-treatment or post-infection data to baseline values within groups
were made using unpaired ¢-tests. Comparisons between treatment groups were made using
1-way ANOVA with Tukey’s post-test. Statistics were calculated using GraphPad Prism

version 5.0 (GraphPad Software, San Diego, CA).

Results
Anti-CD25 monoclonal antibody treatment depletes Treg cells in cats prior to FIV
infection.

Twenty-four SPF cats were divided into three groups of eight cats each, with siblings
distributed across the groups. Cats received anti-CD25 mAb, isotype control mAb, or saline
intraperitoneally on day -12 relative to date of infection with FIV-C36. FIV-C36 is a highly
pathogenic molecular clone of an FIV clade C isolate (40). Acute FIV-C36 infection is
characterized by very high peak viremia and substantial CD4" T cell loss, leading to early
symptoms of immunodeficiency (40, 53). Cats received 2 x 10>* TCIDs, units FIV-C36
intravaginally and intravenously at the nadir of CD4*CD25" cell depletion on day 0.
Expression of CD25 and FOXP3 were used to identify Treg cells. Treg cells express CD25
more densely than conventional T cells, and the transcription factor FOXP3 is associated
with Treg cell function. However, it is important to note that both CD25 and FOXP3 are
upregulated upon lymphocyte activation (54-59). Anti-CD25 mAb administration resulted in

a 78% average reduction in circulating CD4*CD25" T cells and a 50% average reduction in
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CD4"CD25"FOXP3" T cells by day 0 (Figure 1A, B). In the isotype control and the vehicle
control groups peripheral CD4*CD25" cells were depleted to a degree by day 14 post-
infection (p.i.) (Figure 1A). This corresponded with peak viremia and depletion of total
CD4" T cells as a result of pathogenic FIV infection (Figure 2, 4A). In all groups
CD4*CD25" cells exceeded baseline levels by day 54 p.i. (Figure 1A).

In the CD25 depleted group, peripheral CD4*CD25"FOXP3* cells exceeded baseline
levels by day 7 p.i. (Figure 1B). CD4"CD25"FOXP3" cells rebounded more quickly and to a
higher degree after CD25 depletion in acutely infected cats as compared to FIV naive or
chronically infected FIV™ cats (Figure 1B) (38) (Mikkelsen, SR. Ph.D. Dissertation, Chapter
3). During chronic antigen presentation, it is possible for antigen-specific Treg cells to be
induced from non-Treg cells (60-62). Control group cats in addition to CD25 depleted cats
exhibited increased absolute numbers of CD4"CD25"FOXP3* cells by day 14 p.i. (Figure
1B). This effect is presumably due to T cell activation or Treg cell conversion and/or
proliferation in response to FIV infection. CD4*CD25"FOXP3* cell levels were not reduced
in popliteal lymph nodes at day 14 or day 35 p.i. in the CD25 depleted group as compared to
the control groups (data not shown). We were not able to determine changes in Treg cell
levels in tissues after FIV infection, as lymph nodes were not biopsied prior to infection.
TGF-B has been associated with Treg cell function in cats (19, 63). CD4"CD25"TGF-B* T
cell levels were elevated in the blood as compared to baseline levels by day 35 p.i. in all three
treatment groups (data not shown). These data indicate increased peripheral Treg cell

presence in all cats during acute FIV-C36 infection regardless of treatment.
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It has been proposed that FOXP3" Treg cells shed the IL-2 receptor, CD25, during
HIV-1 infection (12, 16). We observed no evidence of progressive CD25 shedding by Treg
cells during FIV infection, as 50-70% of FOXP3" cells were CD4"CD25" in lymph nodes
and spleen from days 14-54 p.i., while only 12-15% of FOXP3" cells were CD4"CD25" (data
not shown). This validates the use of anti-CD25 mAb in targeting Treg cells during FIV

infection.

CD25 depletion does not significantly alter viral load during acute FIV infection

It has been hypothesized that Treg cells are either more frequently infected by latent
lentivirus (19, 28) or are more efficient virion producers when infected as compared to
conventional T cells (13, 29-31). Treg cell depletion using Ontak prior to HIV-1 infection in
humanized mice has been shown to reduce plasma viremia on days 4-10 p.i. (28). Itis
therefore possible that reduced Treg cell levels at the onset of lentiviral infection could result
in reduced viremia or provirus levels during acute infection. It is also possible that Treg cell
depletion could reduce viral load due to heightened antiviral responses, or that Treg cell
depletion could increase viral load due to elevated immune activation and viral replication.

We found that Treg cell depletion at the onset of infection does not cause significant
changes in viremia or proviral load. A trend of higher viremia and PBMC proviral load was
found in the CD25 depleted group as compared to the control groups on days 14 and 35 p.i.
(Figure 2, 3). Proviral load was significantly higher in the mesenteric lymph nodes of CD25

depleted cats as compared to vehicle control cats, but not isotype control cats, on day 54 p.i.
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(Figure 3). Proviral load in the retropharyngeal lymph nodes of CD25 depleted cats tended
to be higher than in retropharyngeal lymph nodes of control cats on day 54 p.i. (Figure 3).
However, in the popliteal lymph nodes on days 14 and 35 p.i., and in the spleen and PBMC
on day 54 p.i., proviral load was not higher in the CD25 depleted group (Figure 3). Both
viremia and proviral levels reach set-point by day 54 p.i. in all cats (Figure 2, 3). Our data
indicate that anti-CD25 mAb treatment prior to FIV-C36 infection does not reduce viral load,
but may in fact slightly augment viral replication during acute infection. In addition, viral
load in the isotype treated group was generally slightly higher than in the vehicle control
group in lymphoid tissues and in the periphery. It is possible that immune activation due to

the presence of murine mAb predisposed cats to slightly heightened viral replication.

Lymphocyte dynamics and immune cell activation during acute FIV infection are not
altered by anti-CD25 mAb treatment

Acute pathogenic FIV infection is characterized by a dramatic decline in peripheral
CD4" T cell counts with a slight decline in CD8" T cells developing around or directly
following the occurrence of peak viremia (49). CD4" T cell counts rebound to a degree but
remain lower than pre-infection levels as they gradually decline throughout the course of the
disease. Cytotoxic CD8" T cells eventually expand to higher than baseline levels as they
respond to infection (49, 64). We observed characteristic CD4* and CD8" T cell dynamics
during acute FIV-C36 infection (Figure 4A, B). In the control group cats, B cells were

decreased to a degree on day 14 p.i., but cats in the CD25 depleted group did not experience
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a similar transient B cell decline (Figure 4C). Natural killer (NK) cells were decreased in all
three groups on day 14 p.i., and an increase in NK cell absolute numbers was observed on
day 35 p.i. (Figure 4D). No significant differences were observed in T cell, B cell, or NK
cell dynamics between treatment groups in PBMC or in lymphoid tissues (Figure 4; data not
shown). There were also no differences in CD4:CD8 T cell ratios in tissues, or cell density
or cellularity in the lymph nodes between the groups (data not shown).

Treg cells have been shown to suppress lentiviral-specific T cell proliferation ex vivo
(24, 33). We asked whether Treg cell depletion in vivo could augment T cell proliferation
after FIV infection. T cell proliferation in the periphery was determined via Ki67 expression.
Heightened CD4" T cell proliferation was observed in all treatment groups on day 14 p.i. that
corresponded with the nadir of CD4" T cell depletion due to FIV infection and peak viremia
(Figure 5A). CD8" T cell proliferation was maximal at day 35 p.i. in all three treatment
groups (Figure 5B). Peripheral Ki67" B cell and NK cell levels did not change significantly
after FIV infection and were not significantly different between the groups (data not shown).
Ki67 expression by lymphocytes in tissues was not significantly different between the groups
(data not shown).

CDIla* myeloid dendritic cell (DC) levels and CD80 expression by DCs in lymphoid
tissues were not significantly different between groups (data not shown). Interestingly
however, MHC II expression by tissue DCs was consistently higher in mAb treated groups as
compared to the vehicle control group as early as day 14 p.i. (Figure 5C). This suggests that

more DCs were activated in mAb treated groups as compared to the vehicle control group.

147



Cytokine-expressing CD8" T cell levels are lower after anti-CD25 mAb treatment on
day 35 post-FIV infection

Intracellular expression of cytokines TNF-a, IL-2, and IFN-y was determined in
popliteal lymph node CD4" and CD8" T cells during acute FIV infection in control treated
and CD2S5 depleted cats. No significant differences in cytokine expression by T cells were
found between the treatment groups at day 14 p.i. (Figure 6). In contrast, CD8"TNF-o"
levels were significantly lower in the CD25 depleted group as compared to the vehicle
control group at day 35 p.i., and there was a trend of lower IL-2 and IFN-y expression by
CD8" T cells in the CD25 depleted group as well. Cytokine expression by CD4™ T cells at
day 35 p.i. was not significantly different between the groups (Figure 6). By day 54 p.i. no
differences were observed in T cell cytokine expression between treatment groups (data not
shown). Likewise, no differences were found in T cell surface TGF-f3 expression between

treatment groups in lymphoid tissues (data not shown).

Anti-FIV specific responses are slightly depressed in the anti-CD25 mAb treated group
We have previously shown that FIV-specific IFN-y secreting cells are revealed during
transient Treg cell depletion in cats chronically infected with FIV (Mikkelsen, SR. Ph.D.
Dissertation, Chapter 3). We asked whether CD25 depletion before FIV infection could have
the same effect on FIV-specific immune responses. Lymphocytes were stimulated with FIV
p24 peptides in an IFN-y ELISPOT assay. No significant differences were found between

the groups; however, there was a trend of fewer FIV-specific IFN-y secreting cells in the
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CD25 depleted group as compared to the control groups in tissues analyzed on days 14, 35,
and 54 p.i. (Figure 7).

Neutralizing antibodies have been shown to play a role in controlling FIV replication.
Anti-FIV gp95 IgG titers were not significantly different between the groups during acute
FIV infection; however, anti-FIV p24 IgG titers were significantly higher in the vehicle
control group as compared to the CD25 depleted group on days 7 and 14 p.i. (Figure 8).
These data may explain why viral load was slightly higher in the CD25 depleted group at

certain time points during acute infection.

A trend of higher humoral anti-murine responses occurs in CD25 mAb treated cats
Previously, we observed that CD25 depletion with a murine mAb in cats chronically
infected with FIV results in the development of more robust anti-murine IgG titers as
compared to cats treated with a murine isotype control mAb (Mikkelsen, SR. Ph.D.
Dissertation, Chapter 3). We sought to determine whether differences in anti-mouse
antibody titers exist between the two mAb treated groups during acute FIV infection. We
found that anti-murine IgG titers tended to be higher in the CD25 depleted group starting at
day 7 p.i., but these differences were not significant (Figure 9). This result is found in
contrast to anti-FIV IgG titers in the CD25 depleted group relative to the control groups
shown in Figure 8. It is possible that the induction of Treg cells after FIV infection in the

CD25 depleted group abrogated more robust anti-FIV humoral responses, but because
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murine mAbs were administered 12 days before infection, anti-murine mAb responses

developed earlier and more in-frame with Treg cell depletion.

Discussion

Positive and negative correlations between Treg cell frequency and indicators of
HIV-1 disease progression, including antiviral responses, immune activation, CD4" T cell
levels, and viral load have implicated Treg cells as regulators of the immune response to
HIV-1 infection. Most of these studies have been conducted using data from chronically
infected individuals. In cats chronically infected with FIV, Treg cells have been shown to
possess enhanced suppressive capacity (20). A study in acutely infected FIV* cats indicates
that Treg cells are activated very early during FIV infection, exhibiting increased FOXP3 and
TGF-p expression and increased immunosuppressive capabilities (19). Therefore, we sought
to determine whether Treg cell depletion prior to FIV infection could alter FIV pathogenesis.
We found that anti-CD25 mAb treatment prior to FIV infection did not significantly change
disease progression in terms of viral load or CD4" T cell destruction. We did however,
observe evidence of peripheral Treg cell expansion and/or induction soon after FIV infection
in CD25 depleted and control group cats. Importantly, we found that the feline immune
system is able to mount antiviral responses and control viral replication in the presence of
Treg cells in control treated cats.

Naive CD4"CD25"FOXP3"CD45RO" Treg cells have been described by Antons and

colleagues (65). Naive Treg cells are present in human adult blood and exhibit increased

150



suppressive capacity and CD45RO and CTLA-4 expression after expansion (65). An anti-
CD45R0O mAb is not available for use with feline cells, but Tompkins and colleagues did
observe an upregulation of CTLA-4 expression on Treg cells in chronically infected FIV+
cats (20). Several studies in mice have shown that Treg cell expansion due to antigen
exposure in vivo leads to enhanced Treg cell suppression (60, 66, 67). Both naive human
Treg cells and feline Treg cells from SPF cats acquire increased suppressive capacity after
TCR stimulation or in vivo FIV infection, respectively (19, 20, 65). We observed increased
absolute numbers of CD4"CD25"FOXP3" and CD4"CD25"TGF-B* T cells in the periphery
after FIV infection even in the CD25 depleted group. It seems reasonable to hypothesize that
expansion and activation of naive Treg cells occurred in all treatment groups, as Treg cell
depletion was incomplete in the CD25 depleted group. In support of this hypothesis, Treg
cells have been shown to accumulate alongside Ki67" cells during acute SIV infection, just
as we observed during this study (26). In addition, we cannot exclude the possibility that
Treg cells were induced from non-Treg cells during infection. Prolonged antigen exposure
occurs during FIV infection, which has been shown to induce Treg cells in vivo (61, 62, 68,
69).

It has been proposed that Treg cells host more integrated provirus or are more
efficient producers of virions than conventional CD4" T cells. We observed no evidence of
decreased viral load in the CD25 depleted group within the first two weeks of FIV infection
before Treg cells returned to baseline levels. Our study contradicts the findings of Su and

colleagues who found that Treg cell depletion prior to HIV-1 infection in humanized mice
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reduces viral load up to day 10 p.i. (28). The majority of Treg cells that were depleted in cats
that received anti-CD25 mAb were most likely naive. It is possible that Treg cells activated
after FIV infection produce more FIV mRNA than conventional T cells as reported by the
Tompkins group, but we did not evaluate this in our study (19). Our data indicate that Treg
cells present at the time of FIV infection are not major reservoirs of virus during the first few
days after infection.

Depletion of CD25" Treg cells using anti-CD25 mAbs in acute infection models has
raised concerns that there may be concomitant depletion of activated effector cells (70). To
avoid this, it was important to administer anti-CD25 mAb in a timeframe that allowed the
majority of anti-CD25 mAb to bind to Treg cells or be cleared before effector cells were
generated. We infected cats with FIV-C36 12 days after administration of anti-CD25 mAb,
which allowed depletion of the majority of Treg cells before infection. We found that cell
mediated and humoral anti-FIV responses were not significantly different between the CD25
depleted group and the control groups, excepting anti-p24 humoral responses on days 7 and
14 p.i. This indicates that effector T and B cells were not depleted in the anti-CD25 mAb
treated group. We also observed no differences in CD1a"” DC levels between the groups,
indicating that CD25" DCs were not depleted by anti-CD25 mAb treatment.

The administration of murine mAb causes immune activation as demonstrated by
increased MHC 11 on DCs. However, we did not observe a difference in Ki67" cell levels in
mADb treated groups as compared to the vehicle control group. It is probable that FIV

infection was the major cause of immune activation in the mAb treated groups during this
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study, as FIV-C36 pathogenesis involves very high peak viremia. Any additional immune
activation caused by naive Treg cell depletion was likely overshadowed by much greater
immune activation in response to FIV. We did observe that viral load was slightly but not
significantly higher in the mAb treated groups, with peak viremia and PBMC proviral load
highest in the CD25 depleted group. Our data confirm the observation that immune
activation during lentiviral infection predisposes hosts to higher levels of viral replication
(71, 72).

We conclude that Treg cells existing prior to FIV infection in cats do not play a major
role in modulating acute FIV pathogenesis. We were not able to determine whether Treg
cells activated and expanded or inducted during acute FIV infection are beneficial or
detrimental. This would be difficult to determine using anti-CD25 mAbs to target Treg cells
immediately after FIV infection, as effector cells transiently upregulate CD25 and might also
be targeted for depletion. The recent identification of GARP, a molecule associated with
surface expression of TGF-, as a marker of activated Treg cells may be useful in this respect
(73). In support of our data, Estes et al. (26) show that Treg cell induction correlates with
immune activation and suggest that Treg cells may not be able to limit robust immune
activation during acute SIV infection (26). Data reviewed by Walker indicate that effector
responses to pathogens may be refractory to Treg cell suppression or that Treg cell activity is
inhibited until pathogen number is reduced (74). Our data support this theory, as Treg cell

depletion did not have a significant effect on FIV pathogenesis.
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Treg cell depletion has been proposed as a strategy to boost vaccine efficacy. Our
data suggest that Treg cell depletion may be more effective when antigen is low as is the case
with most vaccines. Under conditions of low antigen the balance between effector responses
versus Treg suppression is more likely to be tipped toward Treg suppression. It is also
important to consider timing of Treg cell depletion relative to vaccine administration.
Litzinger et al. (75) found that Ontak administration one day prior to administration of
recombinant vaccinia viral vaccine in mice boosted immunity significantly as compared to
Ontak administration three or seven days prior to vaccine.

We report here that Treg cells do not play a major regulatory role during very early
FIV pathogenesis. We found that Treg cell depletion prior to FIV infection does not reduce
viral load, indicating that Treg cells are not major sites of viral replication during the first
two weeks of FIV infection. Finally, Treg cells were found to expand in the periphery during
acute infection, supporting data that suggests that Treg cells may play a greater regulatory

role during chronic lentiviral infection.
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Figure 1. Treg cells are partially depleted by anti-CD25 mAb treatment. Cats received
9 mg/kg anti-CD25 mAb (9F23) (n=8) or 9 mg/kg isotype control mAb (CRL-1689) (n=8)
i.p. on day -12. A third group of cats received 3 ml/kg saline on day -12 (n=8). (A)
Lymphocytes were labeled with antibodies for CD4 and CD25 and analyzed by flow
cytometry for CD4*CD25™ percentages within the lymphocyte population on days -12, 0, 7,
14, 35, and 54 post-FIV infection. Percentage values were multiplied by lymphocyte
absolute number to quantify absolute numbers of CD4*CD25" cells per ml blood. (B)
FOXP3 antibody in addition to CD4 and CD25 antibodies was used to determine
CD4"CD25"FOXP3" cell percentages by flow cytometry. Percentage values were multiplied
by lymphocyte absolute number to quantify absolute numbers of CD4"CD25"FOXP3" cells
per ml blood. Statistical significance was calculated compared to day O values. Means + SEM
are shown. * indicates p<0.05.
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Figure 2. Anti-CD25 mAb treatment does not significantly alter plasma viremia. Cats
were infected with 2 x 10°? TCIDs( units molecular clone FIV-C36 by intravaginal and
intravenous routes on day 0. To detect viremia in plasma samples, one-step quantitative real-
time PCR was performed on extracted RNA samples. FIV copy number was quantified
relative to an FIV C gag RNA standard curve. Viremia is shown in (A) vehicle control
treated, (B) isotype mAb control treated, and (C) CD25 depleted cats. (D) Viremia group
means (n=8/group) are shown + SEM.
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Figure 3. Proviral load is unaffected by anti-CD25 mAb treatment. Cats were infected
with 2 x 10°% TCIDs units FIV-C36 by intravaginal and intravenous routes on day 0. To
detect provirus in PBMCs and tissue samples, quantitative real-time PCR was performed on
extracted DNA samples. FIV copy number was quantified relative to an FIV C gag DNA
standard curve, and then normalized relative to CCRS5 copy number. Provirus in popliteal
lymph nodes was quantified on days 14 and 35 p.i. Provirus in mesenteric and
retropharyngeal lymph nodes and spleen was quantified on day 54 p.i. Provirus in PBMCs
was calculated on days 0, 7, 14, 35, and 54 p.i. Means = SEM are shown (n=8/group).
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Figure 4. Peripheral lymphocyte dynamics during acute FIV-C36 infection are not
altered by anti-CD25 mAb administration. Absolute numbers of (A) CD3*CD4", (B)
CD3"CD8", (C) CD3'B220", and (D) CD3'CD56" cells in the periphery were quantified on
days -12, 0, 7, 14, 35, and 54 p.i. based on percentages obtained by flow cytometry and
absolute number of peripheral lymphocytes. Means + SEM are shown (n=8/group).
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Figure 5. Dendritic cell activation but not T cell proliferation is enhanced by murine
mAb treatment. Percent Ki67" (A) CD4" T cells and (B) CD8" T cells in circulation were
quantified by flow cytometry on days -12, 0, 7, 14, 35, and 54 p.i. (n=8/group). (C) Percent
CD1a+MHC II+ dendritic cells were quantified in lymphoid tissues on days 14, 35, or 54 p.i.
by flow cytometry (n=8/group). Means + SEM are shown.
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at day 35 post-FIV infection. Popliteal lymph node cells were incubated with monensin for
6 hours prior to quantification of cytokine expressing cells. Percent TNF-a-, IL-2-, and IFN-
y-expressing cells in CD4" and CD8" T cell populations were quantified by flow cytometry

(n=8/group). Means + SEM are shown. * indicates p<0.05.
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Figure 7. FIV-specific IFN-y responses during acute infection are not altered by anti-
CD25 mAb treatment. Popliteal lymph node cells from day 14 and 35 p.i. and mesenteric
and retropharyngeal lymph node cells and spleen cells from day 54 p.i. were incubated for 48
hours with 100 pg/ml FIV p24 peptides or 1% DMSO in media as a background control.
IFN-y spot forming cells (SFCs) per million cells from CD25 depleted, isotype control, and
vehicle control treated groups in response to FIV p24 minus background were determined by
ELISPOT (n=8/group).
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Figure 8. Anti-FIV p24, but not anti-FIV gp95, IgG titers are significantly lower after
anti-CD25 mAb treatment during acute FIV infection. (A) Anti-FIV gp95 and (B) anti-
FIV p24 IgG titers were quantified in serum samples on days 0, 7, 14, 35, and 54 post-FIV
infection. Positive antibody titers were calculated based on a 3-fold higher optical density
than day O pre-inoculation controls. Means + SEM are shown. Statistical significance was
determined between treatment groups for each time point (n=8/group). * indicates p<0.05.
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Figure 9. A trend of higher anti-mouse IgG titers are found in cats treated with anti-
CD25 mAbD during acute FIV infection. Serum was harvested on days -12, 0, 7, 14, 35,
and 54 p.i. from cats treated with anti-CD25 mAbD or isotype control mAb. ELISA plates
were coated with polyclonal mouse Ig(G2a k isotype antibody and then incubated with 2-fold
serial dilutions of serum samples (n=8/group). Positive antibody titers were calculated based
on a 3-fold higher optical density than negative controls. Means = SEM are shown.
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DISSERTATION SUMMARY

The studies described in this dissertation were designed to fill knowledge gaps
regarding the role of regulatory T (Treg) cells during lentiviral pathogenesis in a natural host.
Studies exploring Treg cell activity in HIV-1 infected patients are limited to in vivo
observational correlative data or in vitro cell assays, and are not capable of determining
consequences of Treg cell activity in vivo. Studies designed to explore the role of Treg cells
during experimental SIV infection have been limited by the utilization of methods that
insufficiently disrupt Treg cell activity in vivo, including blocking only one mechanism of
Treg cell immunosuppression, or using diphtheria toxin conjugated human IL-2 (Ontak),
which did not deplete Treg cells in SIV-infected African green monkeys (1-3). We sought to
better define the dimensions of Treg cell influence during the acute and chronic phases of
lentiviral infection by using anti-CD25 monoclonal antibody (mAb) therapy and the feline
immunodeficiency virus (FIV)/cat model, a natural host model for HIV-1 infection.

Before depleting Treg cells in FIV-infected cats, we first sought to validate our model
of Treg cell depletion in uninfected cats using a mouse anti-feline CD25 mAb. We found
that a single high dose of anti-CD25 mAb, given intraperitoneally, was sufficient to deplete
the majority of CD4*CD25" Treg cells from feline lymphoid tissues and blood by day 11
post-depletion. CD4" T cell absolute number was decreased in anti-CD25 mAb treated cats,
indicating that Treg cells were depleted as opposed to CD25 receptor being shed from Treg
cells after treatment. Additionally, as mouse anti-CD25 mAb-coated Treg cells were cleared

in the blood, murine-specific IgG titers increased in cat serum. FOXP3 mRNA levels in
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lymphoid tissues remained low until day 35 post-depletion, indicating that Treg cells were
depleted for at least 5 weeks following anti-CD25 mAb administration. However, we
recognized that Treg cell depletion was transient, and though the majority of Treg cells were
depleted, some CD4*CD25™FOXP3* cells remained after CD25 depletion. Some cats were
immunized with FIV p24-GST prior to Treg cell depletion. Humoral and cell-mediated anti-
FIV p24-GST immune responses were retained during Treg cell depletion, indicating that
anti-CD25 mAb treatment did not deplete effector T and B cells. It was noted that anti-CD25
mADb administration should not be administered during an active immune response, when
effector cells upregulate CD25.

Next, we treated cats chronically infected with FIV-NCSU,; with saline, isotype
control mAb, or anti-CD25 mAb. We found that anti-FIV cell-mediated immune responses
were significantly increased while Treg cells were depleted. However, the effect was
transient, as FIV-specific responses were again repressed as Treg cells returned after
depletion. The anti-FIV cellular responses that were revealed were pre-existing, and not
expanded, during Treg cell depletion. Transient depletion of Treg cells during asymptomatic
lentiviral infection when viral set-point was low did not adversely affect viral burden or
induce damaging proinflammatory cytokines. Because FOXP3 was upregulated in Treg cells
of isotype control FIV* cats as they responded to foreign mouse protein, but not in Treg cells
of FIV naive cats, we conclude that FIV infection results in elevated Treg cell activity under
steady-state conditions and may prime for heightened Treg cell responses to new antigens.
Importantly, Treg cell depletion in FIV-infected cats allowed the generation of 3 to 4 log

higher antibody titers during a primary immune response to mouse protein, possibly allowing
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a window of opportunity to introduce a novel vaccine or therapy. The more robust primary
humoral immune response observed in Treg cell-depleted FIV-infected cats was likely due to
removal of Treg cells that were excessively activated over the course of FIV infection.

We found that Treg cells do not harbor more integrated provirus than conventional CD4" T
cells during chronic FIV infection. Thus, depletion of Treg cells does not represent a useful
strategy to eliminate a latent viral reservoir. The most clinically significant conclusion from
this study is that eliminating Treg cells for a short period of time during chronic lentiviral
infection would relieve suppression of the adaptive antiviral immune response and allow an
opportunity to administer a therapeutic vaccine. The FIV/cat model would be ideal to test
this therapeutic strategy.

In our next study, cats were treated with saline, isotype control mAb, or anti-CD25
mADb before infection with the acutely pathogenic molecular clone FIV-C36. We found that
the feline immune system is able to mount effector T and B cell responses to FIV in the
presence of Treg cells in control treated cats. Our methodology of CD25" cell depletion did
not eliminate effector T or B cells or dendritic cells in CD25 depleted cats. Treg cell
depletion prior to infection did not significantly alter acute FIV pathogenesis in regard to
viremia or provirus levels or CD4" T cell counts. We conclude that naive Treg cells do not
play a major role during acute infection of a highly pathogenic FIV strain, when massive
amounts of immune activation induced by FIV infection may override any amount of
immunosuppression exerted by Treg cells. It is possible that Treg cell depletion prior to
infection with a less pathogenic FIV strain could modulate FIV pathogenesis, when

activation status of the immune system is lower. We found that the Treg cell: T effector cell
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ratio increases in the periphery during acute FIV infection. Others have reported that the
Treg cell: T effector cell ratio increases in the periphery and in lymphoid tissues during
lentiviral infection (4-7), and that Treg cells are more suppressive during lentiviral infection
(8-10). We propose that Treg cell influence may be more robust during chronic lentiviral
infection, when Treg cells are activated and matured, as compared to acute infection.

Additional studies are needed for further insight into the role of Treg cells during
lentiviral infection. Bromodeoxyuridine (BrdU) administration in cats before and after FIV
infection would delineate the in vivo proliferation rate of Treg cells in different tissue sites
during FIV infection. Repeated isolation of Treg cells from feline lymphoid tissues
following FIV infection would allow sequential functional analysis of Treg cell suppressive
activity and help determine when Treg cell function is modulated during infection. A study
to investigate the affect of lentiviral vaccination on Treg cell activity may shed light on
recent results of the Merck STEP HIV vaccine trial in humans (11). The administration of an
FIV vaccine in FIV naive cats may induce the activation and maturation of FIV-specific Treg
cells. Subsequent FIV infection of these cats may have adverse effects if induced Treg cells
suppress FIV-specific immune responses. It also remains to be determined whether efficacy
of an FIV vaccine, whether of preventative or therapeutic nature, could be boosted when
administered in conjunction with Treg cell depletion. In addition, the affect of FIV infection
on a pre-existing immune response and the corresponding population of induced Treg cells
remains to be determined.

Our studies have made major contributions towards understanding the role of Treg

cells during lentiviral infection. This dissertation describes, for the first time, the effective
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modulation of Treg cells in an animal model of natural lentiviral infection. Furthermore, the
method of Treg cell depletion that was employed to conduct the studies described here
mirrors the FDA-approved technology that could be used to deplete Treg cells in humans,
namely, Ontak, and the anti-CD25 mAbs, basiliximab and daclizumab. Further studies will
be needed to determine the applicability of Treg cell depletion in patients chronically
infected with HIV-1, but the work described here indicates that anti-CD25 mAb therapy in

conjunction with a therapeutic vaccine may be beneficial in certain HIV-1 infected patients.
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