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ABSTRACT OF THE THESIS

Therapeutic Potential Of Activating and Inhibitory Immune Pathways On T cells In

Chronic and Acute Viral Infection

by

Aleksandr Dolgoter

Master of Science in Biology
University of California, San Diego, 2012

Professor Elina I. Zuniga, Chair

Chronic viral infections present a major health burden worldwide. Using
lymphocytic choriomeningitis virus clone 13 (LCMV CI13), a mouse model of chronic
viral infection, I neutralized transforming growth factor beta (TGF-f) and examined the

role of gp130 receptor signaling in immune responses. In chronic infection, TGF-8



mediates deletion of virus specific CD8" T cells. However, treatment with anti-TGF-B
neutralizing antibody, early in LCMV CI13, did not lead to increased virus specific CD8"
T cell numbers and there was no difference in viremia or clearance compared to the PBS
treated group. The transmembrane receptor, gp130, is a common signaling protein
utilized by the interleukin-6 (IL-6) family of cytokines. Infection of mice with a genetic
ablation of gp130 or I1L-27 (a IL-6 family cytokine) signaling on T cells led to a complete
failure in viral control, with both antibody mediated and cellular immunity being
compromised compared to wild type mice. In contrast, gp130 or IL-27 signaling was not
found to be important in the control of an acute viral infection. Then | tested the
therapeutic potential of this pathway by treating wild type LCMV CI13 infected mice
with IL-6 and HYPER-ILG6, a designer cytokine-receptor complex capable of universally
activate the gp130 pathway. Mice receiving HYPER-IL6 showed slightly enhanced viral
control compared to PBS treated control mice. This study identifies gp130 signaling as a
vital component of the immune response during chronic infection, and opens the
possibility that therapeutically targeting this pathway directly on CD4" T cells may

enhance viral control.



INTRODUCTION

Hundreds of millions of people worldwide are directly affected by chronic viral
infections human immunodeficiency virus (HIV), hepatitis B, and hepatitis C (HCV) .
Currently there are no successful vaccines for HIV and HCV, and there are limitations in
studying these viral infections in vivo, predominantly due to the lack of an effective small
animal model. Lymphocytic choriomeningitis virus (LCMV), a natural mouse pathogen,
has emerged as a practical way to study viral infections in a controlled laboratory
environment. LCMV is a single stranded negative RNA virus of the arenaveridae family,
which includes other viruses such as Lassa fever, Machupo and Junin®. Different strains
allow the investigation of acute (Armstrong 53b strain (Arm)) and chronic (clone 13
strain (CI13)) viral infections. LCMV Arm infects mice for a relatively short period and
is cleared 7 to 10 days after infection, primarily by virus specific CD8 T cells®. In
contrast, LCMV CI13, which deviates from LCMV Arm by just two amino acid®, persists
in the blood for approximately 2 months post infection (p.i.), and in some tissues for
much longer; about 6 months in the brain, and for the lifetime of the mouse in the

kidney”.

Virus specific T cells play an integral role in an effective antiviral response® but in
chronic viral infections such as HIV, HCV, and LCMYV CI13 are often functionally
exhausted and therefore unable to control viral replication. As a chronic viral infection
progresses, cytotoxic T cells (CTLs) lose their ability to proliferate, kill infected cells,
and produce key cytokines; first initially IL-2, followed by TNF-a, and finally IFN-y, as

they become more exhausted”®. Exhausted T cells upregulate surface markers such as



PD1%"and Lag-3, among others'?. CD4" T helper cells play a vital role in supporting
both the CTL response™*** and cell immunity. As with CTL responses, in chronic viral
infection CD4" T cells also have impaired function, characterized by decreased cytokine
production, proliferation and exhaustion™®.

Many of these features, and especially the mechanisms that underlie them, have
been elucidated using LCMV CI13 and rapidly translated into human chronic infections
such as HIV and HCV'*"*%2 demonstrating the benefits of using LCMV to study

common features of chronic viral infection.

Regulators of the Immune System

Identification, control, and eventual clearance of a viral infection by the immune
system requires a precisely tailored and regulated response. To achieve this balance a
number of activating and inhibitory immune signaling pathways exist within the immune
system. These both enhance immune responses upon infection, but also inhibit the
immune response once an infection has been resolved or when the magnitude of the
immune response has the potential to be detrimental to the health of the host. This is
thought to be the case in many chronic viral infections, where T cells become exhausted
and deleted prior to viral eradication in order to prevent excessive immunopathology. A
number of specific inhibitory pathways have been identified that contribute to virus
specific T cell exhaustion in this context. An inhibitory member of the CD28 superfamily,
programmed death-1 (PD-1), has been shown to partially regulate the exhaustion of virus
specific CD8" T cells®®. Exhausted CD8" T cells have also been found to have elevated

levels of negative regulatory receptors, lymphocyte activation gene 3 (LAG-3)** and T



cell immunoglobulin and mucin domain-containing molecule 3 (Tim-3)*°. LAG-3 is a
soluble molecule that activates antigen-presenting cells through MHC class 1 signaling,
leading to increased antigen-specific T-cell responses in vivo®. LAG-3 has also been

recently identified as present on a subset of regulatory T cells (Tregs)?"*

, which play an
important role in the maintenance of self-tolerance and immune homeostasis®. Tim-3
triggers cell death of Th1 cells upon interaction with its ligand, galectin-9*° and has been

V¥ rheumatoid arthritis®,

correlated with disease progression in HIV®!, HBV*, HC
tuberculosis®, lymphoma®’, and autoimmune diseases, such as multiple sclerosis®® and
lupus®, amongst others. The cytokine IL-10, produced primarily by infected CD8a-

dendritic cells during infection*, also has an immunosuppressive role of modulating the

function of antigen-presenting cells and T cells.

Therefore one potential approach to promoting viral clearance is to selectively
block one or more of the inhibitory pathways involved in this immune-suppression,
boosting anti-viral immunity to allow viral clearance. One caveat to this approach has
been the need to prevent the induction of detrimental immunopathology, and LCMV has
provided an ideal platform to test such approaches. Using LCMV CI13 blockade of a
number of inhibitory pathways, including PDL-1°, ILLIOR*, and LAG3 (in combination
with PDL-1)*?, and IL10R in combination with PDL-1*?, have successfully been shown

to result in eradication of chronic virus.

Alternatively, promoting signaling of positive regulators, via injections of

cytokines such as 1L-2*3, 1L-7*, and 1L-21%. These cytokines signal through specific



receptor complexes which share the common y receptor chain (yC) and belong to the yC
family of cytokines. The members of this family of cytokines also have some overlapping
immune functions, particularly in regards to T cell expansion, differentiation, and
survival. IL-2, the first interleukin molecule to be identified, has been shown to be
necessary for the differentiation and proliferation of T cells***". Treatment with IL-2 in
later stages of mice infected with LCMV CI13, lead to increased survival of virus specific
T cells, increased proliferation of memory T cells and decreased viral burden®®. The
cytokine IL-7 is involved with the survival of naive and memory T cells*. Mice infected
with LCMV CI13 receiving IL-7 treatment had an increase in virus specific CD8+ T cell
and downregulation of exhaustion markers, such as PD-1**. IL-21 is critical for cellular
and humoral immunity. It plays an important role in B cell proliferation and regulation of
antibody production*, and the maintenance of virus specific CD8" T cells*®>*% Treatment
with IL-21 in CD4 knockout mice infected with LCMV CI13 lead to enhanced virus

specific CD8" T cell numbers and lower viremia®.
Transforming Growth Factor p (TGF-p)

The cytokine TGF-f exists as three isoforms TGF-p1, TGF-p2, and TGF-B3 and
is released in an inactive form by a variety of cells. Once activated, particularly by
protease®® and integrin activity™*, TGF-p can act in both an autocrine or paracrine fashion,
causing a broad spectrum of biological effects including cell development,
differentiation, proliferation and survival®™®°. Active TGF-p binding to its receptor

induces the phosphorylation of SMAD2/3. SMAD2/3 then dimerizes with SMADA4, and



the complex is translocated to the nucleus to regulate the transcription of a multitude of
genes®’. In the immune system, the predominant isoform is thought to be TGF-p1 and
mice with a genetic ablation of TGFB1 die within a month after birth due to massive
inflammation and multi-organ autoimmune disease elicited by activated CD4" T cells>®®,
TGFB1’s role as negative regulator of T cell immunity is further supported by research
from our lab that found TGF-B is involved in apoptosis of virus specific CD8" T cells
during chronic viral infection. Mice with a dominant negative form of TGF-f receptor 11
expressed on their T cells, display greatly enhanced virus specific CD8" T cells numbers
after LCMV CI13 infection and clear the infection rapidly. These virus specific T cells

were also found to have increase in production of anti-viral cytokines, cytotoxicity, and

down-regulation of the inhibitory molecules PD1 and IL-10%.

IL-6 and the gp130 Family

Our lab has also recently identified a novel role for the proimmflammatory
cytokine interleukin-6 (IL-6) as a positive regulator of the immune system during LCMV
Cl13 infection. IL-6 binds with its receptor on the cell surface (IL6R), which then
dimerizes with gp130, a transmembrane protein that is ubiquitously expressed on the
surface of all cells. The dimerization of IL6R and gp130 leads to JAK kinase
phosphorylation of the Signal transducer and activator of transcriptions (STAT) family,
predominantly STAT-3. Phosphorylated STATs translocate to the nucleus and control the

transcription of a wide range of genes®.



During LCMV CI 13 infection we found that IL-6 signaling on CD4" T cells
mediates the natural viral control that is eventually seen 60 to 100 days after infection of
wildtype mice by enhancing the differentiation of T follicular helper cells (TFH)63. Ten
have been identified as a subset of CD4" T cells that are primarily responsible for B cell
proliferation, survival, and production of virus specific antibodies within the germinal
center®®®, Tg, can be distinguished from other CD4* T cell subsets by differential
cytokine expression, and the expression of a unique repertoire of surface markers®” . Tey
produce high levels of IL-21", an important cytokine in the proliferation of B cells, and
often produce IL-4, but unlike Th2 cells they fail to produce other Th2 cytokines such as
IL-13. Try also express low levels of the master transcriptional regulators T-bet, GATA3,
and RORyt, which control the differentiation of Thl, Th2, and Th17 CD4 helper subsets
respectively,®®®®"%72 hyt they have high levels Bcl6, a negative transcriptional regulator
that has recently been shown to control the differentiation of CD4* T cells into Tew”. In
order to migrate into the B cell zone of lymphoid tissue Tgy express high levels CXCRS5,
and low levels of CCR7. They also upregulate a number of co-stimulatory molecules
such as PD-1, ICOS and CD40L,%®"** which allow them to positively interact with B

cells.

During chronic infection IL-6 enhance Tgy responses by upregulating Bcl6
expression, this leads to an overall increase in the number of germinal center B cells and
the quality of antibodies produced, especially 1gG,*, essential step in order for the host to

control the infection.



Aims and Objectives
In this thesis project | aimed to:

1. Test the therapeutic potential of suppressing a negative regulator of the immune

system in chronic viral infection via TGF-3 signal blockade.

2. Investigate the role of gp130 signaling on T cells during acute and systemic

infections.

3. Explore the therapeutic potential of gp130 signaling pathway



MATERIAL AND METHODS

Mice and viral stocks

WT C57BL/6 were purchased from The Jackson laboratory. IL27Rko, IL6Rko
and gp130™" mice were generously provided by Amgen Inc, Dr. Angela Drew
(University of Cincinnati), and Dr. Werner Mueller (University of Manchester, UK)
respectively. Gp130™™ Mice with loxP region on the 16th exon of the gp130 receptor
gene were crossed with mice expressing Cre under the CD4 promoter. During
development in the thymus, CD4 and CD8 are coexpressed by T cells, before
downregulating either one, as a result all T cells have a dysfunctional gp130 receptor on

their surface in these Cd4-cre gp130™"

mice. Mouse handling followed the requirements
of the Institutional Animal Care and Use Committee of UCSD and the National Institutes
of Health. Mice were bred and managed in a closed facility and unless otherwise stated 6-
8 week old mice were infected intravenously (i.v.) with 2x10° PFU of LCMV ARM or Cl
13. Viruses were grown, identified and quantified as described*. For the immunofocus
assay, Vero cells were placed on a flat well 96 well plate the night before at 30,000 cells
per well in 1% Pen/Strep and L-glutamine, and 7% FBS in MEM media. Ten fold
dilutions were prepared on another plate in 2% FBS DMEM and transferred onto the
Vero cells, after the previous media was flicked and the Vero cells were washed with
PBS. After 20 hour incubation at 37° C/5% CO, cells were fixed 4% Formaldehyde (half
an hour) then blocked (3% BSA, 10% FBS, and 0.3% Triton-X in PBS) for an hour at

room temperature. After block was removed, neat hybridoma supernatant with LCMV

specific antibodies was added to each well for an hour at room temperature. After



washing with PBS, each well received secondary anti mouse 1gG Cy-3 (Jackson
Laboratories) 1:1000 in dilution buffer (3% BSA, 0.3% Triton-X in PBS) for 40 minutes
at room temperature away from light. After washing with PBS the cells were viewed
under an inverted fluorescent microscope.
Weighing Mice

To assess disease progression, mice were weighed throughout infection. Weight of
the mice prior to infection was used as a reference point and mice were weighed at
approximately the same time of day at each time point to take into consideration daily
fluctuations in weight.
In-vivo immunotherapeutic treatment

For human IL6 or Hyper IL-6 treatments, mice received intraperitoneal (i.p.)
injections daily with 2000 U from day 5-21 post LCMV CI13 infection. Hyper I1L-6 was
generously provided by Dr. Stefan Rose-John (University of Kiel, Germany). For a TGFf3
treatments, mice were injected i.p. with 750 ng of 1D11 or an Eli Lilly antibody (mouse
IgG1) or Isotype control provided by Eli Lilly, beginning one day before infection, and
then every 7 days until day 21 of infection.
Flow cytometry

Fluorochrome labeled antibodies for flow cytometry were purchased from
ebioscience or BD biosciences and used to stain blood or spleen cells: anti-CD8-pacific
blue, anti-CD4-pacific blue, anti-CD19-PE, anti-CD38-Alexafluor700, anti-GL7-FITC,
anti-PD1-PE-Cy7, anti-IFN-y-APC, anti-TNF-a-FITC, anti-IL-2-PE, and B220-PE. For

staining with Db NP396-404 (provided by NIH Tetramer Core Facility; Atlanta, GA) or



10

Db-GP33-41 (Beckman Coulter; Fullerton, CA) tetramers, cells were incubated forl hr
and 15 min at room temperature. BD phosflow pSTAT-3(pY 705)-PE antibody and
staining reagents were purchased from BD and carried out according to instructions
provided. Cells were acquired using the Digital LSR Il flow cytometer (Becton
Dickinson, San Jose, CA) and the data was analyzed with FlowJo software.
Ex-vivo T cell stimulation

Blood cells or splenocytes were stimulated with recombinant murine IL-2 (50
U/ml R&D Systems) and Brefeldin A (1 pg/ml; Sigma) and MHC class-| restricted
LCMV GP33-41 (2 ug/ml, all >99% pure; Synpep) and cultured for 5 hours at 37° C.
Cells were then stained for surface expression of CD8, fixed, permeabilized and stained
with antibodies for IL-2, IFN-y, and TNF-o.
ELISA

To determine relative levels of LCMV specific antibody on a sandwich ELISA,
LCMV antigen was purified on a renograffin gradient via ultracentrifugation at 15000
rpm, and a Bradford assay was done to determine antigen concentration. A 96 well
ELISA plate was coated with 1 pg/ml of antigen. Serial dilutions of serum were carried
out and LCMV specific antibody was detected by using purified HRP conjugated anti-
mouse Ig, 1gG1 or IgG2a (Southern Biotech) antibodies followed by TMB substrate
(eBioscience) and absorbance read by spectrophotometer at a wavelength of 450 nm.
VSV antigen control was purified in the same way and run alongside samples on the

ELISA plate, as a positive control. Antibody avidity was determined by treating samples
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with 3 washes of 3 M Urea for 5 minutes each at room temperature following incubation

of serum samples and compared to PBS treated samples’™.

Statistical analysis

Non parametric unpaired student's t-tests and ANOVA tests were done using the

InStat 3.0 software (GraphPad, CA.).



Chapter 1: Therapeutic Potential of TGF-p Signaling Blockade In

Chronic Viral Infection

TGF-B is a potent cytokine with a variety of biological functions. During chronic
viral infection, TGF-f can act as a negative regulator of the immune system. Previous
work in the lab has shown that signaling by TGF-f leads to apoptosis of virus specific
CD8" T cells?. | wanted to test the therapeutic potential of TGF-B signaling blockade in
chronic infection. | hypothesized that administration of antibodies that neutralize TGF-
would improve the number of virus specific CD8" T cells, and result in enhanced viral

control.
Results

Between days 1 and 21 post LCMV CI13 infection there is significant and
progressive virus specific CD8" T cell exhaustion and deletion, and establishment of high
viremia®. Therefore to test the therapeutic potential of neutralizing TGF-p in preventing T
cell apoptosis and dysfunction, we treated LCMV CI13 infected mice from the day before
infection until day 21 p.i.. Mice were injected with 750 ng of two distinct monoclonal
anti-TGF-p antibodies, 1D11 (a commonly used, commercially available antibody) and
an Eli Lily developed anti-TGF-B (designed for therapeutic use in a number of human
diseases)(Figure 1A). Previous testing by Eli Lily revealed that treatment with 0.0375
mg/kg per mouse every 7 days provided optimal neutralization capacity in tumor models.

We therefore selected this dosing regime for initial trials in LCMV CI13 infection.

12
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At day 9 p.i. peak viremia was neither enhanced, nor reduced compared by
treatment compared to isotype treated mice (Figure 1B). By day 60 p.i., there was no
detectable virus in the blood of all mice. From day 15 until 45 post infection it appeared
that the viral titer in the Eli Lilly treated group was lower as measured by immunofocus
assay, however by plagque assay these differences were not significant. There was also no
difference in viral load between a TGF-f treated and isotype groups in multiple tissues at

day 60 p.i. (Figure 1C).

d-1
A |
,& l 750nﬁaTGFB |
cs7/86  do d21 d70
107 - Isotype 8 107
5 10%] g = 1D11 g
8 _— 5 I l_l"y £ . 108
E 10 =S
g LD; 104 E 8‘1 105
S 402 38
£ 1024 3 10°
fad
101 S 10.’1

0 15 30 45 60
Days p.i.

Spl'een Liver Lu'ng Kid'ney Brain

Figure 1: Low Dose TGF-B Neutralization In Chronic Viral Infection Has No Effect on
Viral Load. Each mouse was infected with 2x106 PFU of LCMV CI13 and given 750 ng of
oTGF-B (either 1D11, or Eli Lilly(EL), or Isotype Control) once every 7 days from -1 to 21
days p.i..

A) Diagram of experimental design. B) Kinetic of viremia throughout LCMV CI13 infection
determined via immunofocus assay (Eli Lilly found to be significantly lower) and day 30 p.i.
via plague assay, could not confirm result of immunofocus assay.C) Tissue viral load at day
70 p.i. determined via immunofocus assay. No significant difference is observed in viral load
of treated and untreated mice. Data representative of 1 experiment of 5 mice per group.

As has previously been reported, in untreated and isotype treated mice normally
immunodominant H2-D°NP3gs.40s CD8" T cells were rapidly deletion (data not shown),

leaving H2-D°GP33.4," CD8" T cells as the dominant epitope specific CD8" T cell
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population. Neutralization of TGF-f with either 1D11 or Eli Lily Ab did not enhance

virus specific CD8"

T cell numbers (Figure 2A). D°GP33.44" CD8" T cells from treated and untreated
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: .
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Days p.i Days p.i. Days p.i

Figure 2: Low Dose TGF-p Neutralization In Chronic Viral Infection Has No Effect
on CD8+ T cells. Experimental was carried out as in Figure 1.
A) Representative FACS plot of d9 p.i. with tetramer staining for virus specific H2
DbGP33-41+ CD8+ T cells in the blood and kinetic of total number of GP33-41+ CD8+ T
cells and PD1 Mean fluorescence intensity (MFI) on these cells throughout infection. B)
Representative FACS plots gated on CD8+ of IFNy+ and TNFa+ after 5 hour GP33 peptide
stimulation d9 p.i. and kinetic of these cells throughout infection. C) Graphs of LCMV
specific antibody isotypes in diluted serum d30 and d70 p.i., done via ELISA. D) Avidity
assay done on antibodies at d30 and d70 p.i. by treating samples with 3 washes of 3 M urea

for 5 minutes. Data representative of 1 experiment of 5 mice per group.
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mice also had similar expression of PD-1, a surface marker known to correlate with viral
load and T cell exhaustion (Figure 2A) Likewise, loss of function, as measured by
comparison to LCMV Arm induced CD8" T cells, was similar in treated and untreated
mice, with the majority of GPa34; stimulated CD8" T cells producing only IFN-y, and a
small fraction capable of simultaneous production of IFN-y, TNF-a. and IL-2 (Figure 2B)
Overall these results indicated that neutralization of TGF-f using this regime was
insufficient to prevent virus specific CD8 T cell apoptosis or dysfunction.

Humoral immunity is also known to be required for control of LCMV CI13,
however, at day 30 and day 60 p.i. there were no differences found in serum levels of
LCMV specific Ig, 1gG, 1gG; or 1gG,, produced between the aTGF- treated mice and
isotype treated mice (Figure 2C). The avidity of LCMV specific antibodies was also

unaltered by neutralizing TGF-f (Figure 2D).

Discussion

Here we showed that treatment with two different anti-TGF-3 antibodies, at low
doses, was insufficient to enhance cellular or humoral immunity against LCMV CI13
infection. Interestingly at the same time that | was conducting this research, two other
studies on TGF-f blockade during LCMV CI13 infection were published. One approach
focused on blocking TGF-B early in LCMV clone 13 infection with high doses of 1D117°,
while another approach published this year attempted to block the TGF-BR after day 21
of infection”’. Both studies used higher concentrations (400 pg or 1mg/mouse every other
day) of 1D11 antibody and found that a significant increase in virus CD8" could be

promoted by this treatment but concluded that this was temporary and did not significant



16

alter the course of the viral infection. Of note, none of the studies evaluated whether the
treatments resulted in attenuation of TGF-f signaling (smad phosphorylation) in virus
specific CD8" T cells after infection, leaving open the possibility that the lack of effect in
viral control could be related to insufficient blockade of bioactive TGF-f3 and/or TGF-3

signaling on these cells.

A number of reasons exist for the failure of anti-TGF-f3 therapy during chronic
infection. 1D11 and EL antibodies bind to all three isoforms of TGF-f, this may result in
reduced targeting of TGF-B1, the isoform thought to primarily be responsible for CD8* T
cell apoptosis during chronic infection. Location and timing are also a factor; The precise
source of TGF-p during LCMV CI13 is unknown but it can be produced by a wide
variety of cells. Indeed we have shown that there is increased TGF- production by virus
specific CD8" T cells themselves, and if this TGF-B is acting in an autocrine fashion upon
the cells, the window of opportunity for blockade of soluble TGF- may prove very
limited. The dose of the a TGF-3 used in our study might have been too low to cause a
significant biological result in CD8" T cells. Indeed it would be of interest to look at
SMAD?2/3 phosphorylation in virus specific CD8" T cells in the treated and untreated
groups to determine if the low dose was effective at blocking sufficient TGF- signaling,

and determine if high doses may be more appropriate.

To further explore whether therapeutic TGF-f signaling blockade in chronic
infection can lead to increased survival of virus specific CD8" T cells and enhanced viral

clearance, other therapeutic regimes should be tried. 1D11 and EL antibody bind to TGF-
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B1-3 indiscriminately and may trigger compensatory mechanisms; using more specific
antibodies that bind specific isoform of TGF-f3 may increase the likelihood of reducing
the apoptosis of virus specific cells. Alternatively combination therapies, where TGF-f
signaling could be blocked along with PDL-1 or LAG-3 which are known to alter the
function of CD8" T cells, may improve the efficacy of treatment. Alternatively, blocking
TGF-B signaling by targeting TGFBR or molecules downstream of the receptor in CD8" T
cells may be required to overcome the small window of opportunity available, however
further understanding of the biology that underlies TGF-f induced apoptosis is required
before such approaches can be tested. Other approaches for neutralizing TGF-f signaling
would be to target latent TGF-B from becoming active, by blocking protease activity
and/or integrin activity. Exploration of these strategies should eventually lead to the
optimal manner in which to block the TGF- pathway during chronic viral infection with

beneficial outcome.



Chapter 2: Role Of gp130 In Chronic and Acute Viral Infection

As described in the introduction, we have previously shown signaling of the
cytokine 1L-6 is essential for control of chronic viral infection®®. IL-6 was crucial in the
development of virus specific Ty cells in this context, and in its absence Tgy and anti-
viral antibody responses were dramatically reduced. IL-6 is the prototypic member of a
family of cytokines that all use the transmembrane protein gp130 for signal transduction.

By using CD4-cre gp130™"

mice, which have a conditional ablation of gp130 on their T
cells, I wished to confirm the importance of IL-6 signaling on T cells during LCMV CI13
infection. Given their shared use of gp130, the IL-6 family of cytokines, can play
redundant roles in the immune response, however the overall role of this family during
chronic viral infection has not been assessed. One potential indicator of gp130 signaling
redundancy during chronic infection is the observation that IL-6 is a potent inducer of
1121 in virus specific CD4" T cells ex vivo (and indeed TFH differentiation, normally a
major source of 1L-21) but is not required for the production of IL-21 from CD4" T cells
in vivo during LCMV CI13 infection®. Indeed IL-27, another member of the 1L-6 family
of cytokines, has also been shown to potently induce IL-21. IL-21 is critical not only for
its ability to promote humoral immunity, but in chronic infection for the maintenance of
virus specific CD8" T cells>®**>"®. Therefore potential pathway that can lead to its
production and overall CD4" T cell responses in general, are of great interest and |

wished to investigate whether other members of the IL-6 family aside from IL-6 might

play viral roles in chronic infection.
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Results

CD4-cre gp130™ IL6Rko and wildtype (WT) mice were infected with LCMV CI13 and
viremia monitored throughout infection (Figure 3A). No difference was found in peak
viremia up until 15 p.i. but after day 30 p.i., mice lacking gp130 signaling on T cells

failed to control virus and had persistently high viral titer until the conclusion of the
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Figure 3: Gp130 Is Essential for Viral Control In Chronic Infection.

WT and CD4-cre gp130fl/fl mice were infected with 2x106 PFU of LCMV CI13.
A) Diagram of experimental design. B) & C) Kinetic of viremia throughout
LCMV CI13 infection (B) and tissue specific viral loads at d70 p.i. (C) were

determined by immunofocus assay. Data representative of 2 experiments with 4
mice per group.

experiment, at day 130 p.i., while viral loads in WT mice declined from day 30 p.i.

onwards and were undetectable by day 130 p.i. (Figure 3B). Viral load in the tissues was
also examined at day 130 post infection in the liver, spleen, kidney, lung and brain. Mice
lacking gp130 signaling on T cells had high viral titers present in all tissues compared to

wild type mice, where 4 out of 5 mice had undetectable levels of virus (Figure 3C). This
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data supported an essential role for gp130 signaling on T cells in controlling chronic viral

infection, and also highlighted a potential role for other IL-6 family cytokines, other than

IL-6, in this process.

To determine the immunological function of T cell gp130 signaling | analyzed
the host immune response to LCMV CI13. Until day 15 p.i. the number of PD1* CD4" T
cells (which in chronic infection represent the antigen specific CD4" T cell compartment)
was similar in WT and CD4-cre gp130™" mice. By day 30 p.i., however, there was a
significant reduction of PD1* CD4" T cells in mice lacking gp130, while in WT mice
virus specific CD4" T cells remained at fairly constant levels until day 60 p.i. (Figure

4A). Similar results were obtained for virus specific CD8" T cell responses, at day 9
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Figure 4: Gp130 Is Essential for Cellular Immunity In Chronic Infection.
Experiment was carried out as in Figure 3. A) B) & C)Representative FACS
plots at d15 and d30 p.i. and kinetic analysis of total number of antigen
specific CD4" T cells (A), CD8" T cells (B), and virus specific D® GP,76.264"
CD8" T cells (C) in the blood determined by flow cytometry. Data
representative of 2 experiments with 4 mice per group.
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infection p.i. the proportion and number of D® GP,7.26s" CD8" T cells had expanded
equally in the WT and CD4-cre gp130™™ mice. By day 30 p.i. total CD8" T cells were

0"" compared to WT (Figure 4B). However, from

significantly lower in CD4-cre gp13
day 9 until day 60 p.i., the number of virus specific CD8" T cells continued to decline in
mice lacking gp130 signaling on their T cells while WT mice had both a significantly
higher number and proportion of virus specific CD8+ T cells in their PBMCs (Figure

4C). In conclusion this data showed that gp130 signaling on T cells was critical for the

maintenance, but not formation, of both virus specific CD4" and CD8" T cell numbers.

IL-6 deficiency caused a dramatic decline in humoral immune responses to
LCMV CI13 infection, especially titers of LCMYV specific 1gG1, which we believe to be
the result of reduced Try induction. Mice lacking gp130 on their T cells, on days 30 and
60 p.i., LCMV specific levels of total Ig, 1gG, 1gG1 and 19gG,, were all significantly lower
compared to wild type mice (Figure 5A). The avidity of this antibody was also found to
be greatly reduced in the absence of gp130 signaling on T cells (Figure 5B).In summary
during chronic infection CD4 cre gp130™" mice produced lower quantity and quality of
LCMV specific antibody which was more extreme than observed in total IL6ko mice,

where only LCMV specific 1gG; and antibody avidity were affected® ™.
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Figure 5: Gp130 is Indirectly Essential for Humoral
Immunity In Chronic Infection.

Experiment was carried out as in Figure 3. A) & B) Virus
specific antibody(A) and their avidity(B) in diluted serum d30
and d60 p.i., were measured by ELISA. Data representative of
2 experiments with 4 mice per group.

Acute Viral Infection and the importance of Gp130 receptor signaling in T cells
Given the dramatic effect on T cell numbers seen after LCMV CI13 infection of

CD4-cre gp130™™ mice, 1 wished to confirm whether this signaling was equally important

in other acute viral infection. After infection with acute LCMV Arm (Figure 6A), CD4-

0™ mice were able to clear LCMV Arm infection at a similar rate to WT mice

cre gpl3
(Figure 6B). The number of antigen specific CD4" T cells, in this case defined as CD11a"
CD49d",” was similar in CD4-cre gp130"" and WT mice (Figure 7A). The same was

true for the number of H2-D°GP33.41" and H2-D°NP3gs.404" CD8™ T cells, fitting with the
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successful viral control which is predominantly CD8" T cell mediated in this

model(Figure 7B&C). This data supports the conclusion that gp130 signaling is uniquely
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Figure 6: Gp130 Is Not Essential For Viral Control In Acute Infection.
WT and CD4-cre gp130fl/fl mice were infected with 2x10° PFU of LCMV
ARM. A)Diagram of experimental design. B)Kinetic of viremia
throughout LCMV ARM infection determined via plaque assay. Data
representative of 2 experiments of 4 mice per group.

required for the survival of antigen specific T cells during chronic viral infection.
Intriguingly, despite limited effects on the number of antigen specific T cells and
viral load, there did seem to be a role for gp130 signaling on T cells in humoral immune
responses to acute infection. At day 30 p.i. there were equal or lower amount of LCMV
specific Ig or 1gG,,in CD4-cre gp130™™ mice compared to WT mice, but they had a
significantly higher amount of LCMV specific 1gG;. At day 60 p.i. with LCMV Arm,
LCMV specific levels of Ig were similar, but the 1gG; continued to be much higher in the
CD4-cregp130™ mice while 1gG, was lower compared to wild type mice(Figure 7D).
This data indicates a role for T cell gp130 signaling in determining the quality of
antibody responses during infection, even in the absence of significant reductions in T

cell numbers.
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Figure 7: In Acute Infection Gp130 Has a Role In Humoral But Not Cellular Immunity.
Experiment was carried out as in Figure 6. A) B) & C) Representative FACS plots at d9 and
d15 p.i. and kinetic analysis of total number of antigen specific CD4" T cells(A), virus
specific H2-D° GP33.4," CD8" T cells(B), and immunodominant H2-D°NPggg.404" CD8* T
cells(C) in the blood determined by flow cytometry. D) Virus specific antibody in diluted
serum d30, 60 p.i., and d5 post rechallenge (p.r.c.), measured by ELISA. Data representative
of 2 experiments with 4 mice per group.

Discussion

Here we found that in chronic infection, in the absence of gp130 signaling on T
cells, there was much lower number of virus specific T cells at later stages of infection.
CD4-cre gp130™™ mice also failed to mount an effective antibody response, showing the
vital role of CD4™ T cells and the IL-6 family of cytokines in this process. Further

investigation has revealed that CD4-cre gp130™" mice have lower numbers of germinal

center B cells in their spleen than WT counterparts®. With both cellular and humoral
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immunity impaired, control of LCMV CI13 infection is ineffective. The viral titer in the
blood in CD4-cre gp130™" mice was higher than IL6R knockout mice, indicating that
other cytokines of the I1L-6 family cytokines play a role in viral control (data not shown).
It was also confirmed in the lab that gp130 signaling is essential for IL-21 production
from splenic virus specific CD4" T cells. Additionally it was found that direct gp130
signaling on CD4" T cells, and not CD8" T cells, is the critical step in the immune
response to chronic infection, as it is required for both survival (gp130 deficient CD4"™ T
cells show higher levels of apoptosis) and the production of IL-21. These defects in turn
appear to curb CD8" and B cell responses.

When mice were infected with LCMV Armstrong it was found that gp130
signaling on T cells had no effect on cellular immunity or viral load in acute infection,
but there is an effect on humoral immunity. When T cells lacked signaling through the
gp130 receptor there was an increased 1gG; response. A feature maintained in secondary
challenge. Skewed production of 1gG; is characteristic of Th2 biased immunity or altered
Ten function®®. Given the restriction of gp130 deficiency to T cells and the critical role
that several of the gp130 cytokines are known to play in CD4" differentiation, these

responses are worthy of investigation in future studie



Chapter 3: Role of IL-27 In Chronic and Acute Viral Infection

As described in the previous chapter | found that gp130 receptor on T cells was
essential for viral control, and controlled both cytotoxic and humoral immunity through
CD4" T cell helper responses. | wished to explore which other gp130 cytokines, other
than IL-6, were essential for immune response. Several members of the IL-6 family of
cytokines are known to influence the immune system. IL-11 has been previously shown
to be important in cell survival, particularly dendritic cells®? and vascular endothelium®,
regulate autoimmune demyelination in the CNS®, and antigen induced sensitization®®.
LIF has been found to be critical in T cell fate and maturation in the thymus® as well as
being a key cutaneous anti-inflammatory?®’. Of all the gp130 cytokines however IL-27 is
the most studied, particularly in parasitic infections, with regards to innate and adaptive
immune responses. Previous studies have shown that innate immunity cells such as
macrophages, mast, and NK cells express the IL-27 receptor. When IL27R is genetically
ablated in these cells, an increase in activation and production of inflammatory cytokines
was observed, which indicates that IL-27 has suppressive role on a variety of immune

cells®®0

IL-27 has also been shown to play an important role in CD4" T cell responses. 1L-
27 has been shown to promote proliferation of naive CD4" T cells™ and is necessary for
early development of Th1 response during listeria®® and the secretion of IL-10 and IL-21
in in vitro cultures of T cells®. IL-27 not only enhances Th1 response, but also inhibits
GATA3 expression®, a transcription factor that promotes Th2 differentiation®. It was

also found that in naive CD4" T cells, IL-27 is capable of activating JAK2, tyrosine
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kinase 2, STAT2, STAT3, and STAT5% suggesting that IL-27 may have some overlapping
immune functions with 1L-6 in chronic infections. In soon to be published work,
examination of the ability of these cytokines to induce downstream signaling ex vivo in
virus specific CD4" T cells taken from a chronic infection revealed that 1L-27 was the
only cytokine except for IL-6 that could induce phosphorylation of STAT-3. Given these
data we wished to examine if IL27 signaling (via the ablation of the IL-27R, WSX-1) was

also required for immunity against chronic viral infections similar to gp130 and IL-6.
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Figure 8: 1L-27 Is Essential for Viral Control In Chronic Infection.
WT and IL27Rko mice were infected with 2x10° PFU of LCMV CI13.
A) Diagram of experimental design. B) & C) Kinetic of viremia
throughout LCMV CI13 infection(B) and tissue specific viral loads at
d130 p.i. (C) were determined by immunofocus assay. Data
representative of 2 experiments with 4 mice per group.

Results

IL-27 signaling in Chronic Viral Infection
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Infection of IL27R deficient and B6 control mice with LCMV CI13 showed similar viral
loads up until day 30 post infection (Figure 8A), however as we had seen previously with
IL-6R ko and CD4-cre gp130™ mice, after day 45 p.i. IL27Rko mice failed to display
viral control and viremia remained high until the conclusion of the experiment, day 130
p.i., while wild type mice successfully cleared infection (Figure 8B). Fitting with this

tissue specific viral loads were high in IL-27R ko mice at day 130 p.i. and largely absent
in WT mice (Figure 8C).
Examination of IL27R ko mice revealed that the number of total antigen specific

CD4" T cells was similar in IL27R ko mice compared to wild type, though a lower

percentage was observed later in infection (Figure 9A). The proportion and number of
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Figure 9: IL-27 Has Vital Role In Cellular Immunity During Chronic Infection.
Experiment was carried out as in Figure 8. A) B) & C) Representative FACS plots at d15
and d30 p.i. and kinetic analysis of total number of antigen specific CD4" T cells (A),
CD8" T cells (B), and virus specific D® GP,7.5:" CD8" T cells (C) in blood determined by
flow cytometry. Data representative of 2 experiments with 4 mice per group.
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CD8 T cells was higher in IL27R ko mice compared to wild type mice throughout
infection, particularly at day 9 and 15 p.i. (Figure 9B). In contrast the proportion of virus
specific H2-D"GP7.066° CD8 T* cells was lower in 1L27R ko mice versus wild type
mice, meaning the total number of virus specific CD8" T cells was similar up to day 30
p.i.. As infection progressed, the proportion decreased, but the total number was

significantly lower at d45 and 60 p.i. compared to wild type mice (Figure 9C).

IL-27R was essential for development of LCMV specific total Ig, 19G and 19gG2,
compared to wild type mice at day 30 and 60 p.i.. LCMV specific 1gG2, levels in

particular were very low at day 30 and 60 p.i. in the IL27R knockout mice (Figure 10A).
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Figure 10: IL-27 is Essential for Humoral Immunity In Chronic
Infection. Experiment was carried out as in Figure 8. A) & B) Virus
specific antibody(A) and their avidity(B) in diluted serum d30 and
d60 p.i., were measured by ELISA. Data representative of 2
experiments with 4 mice per group.
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The avidity of LCMV specific antibodies were also found to be diminished at d30 p.i. in
IL27R ko mice (Figure 10B). This data suggested that IL-27 is involved in the generation

of specific isotypes of antibodies.

IL-27 signaling in Acute Viral Infection

As was seen for LCMV Arm infection of CD4-cre gp130™ mice, IL-27 signaling

was not essential for control of acute infection (Figure 11A), with IL27Rko mice showing
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Figure 11: IL-27 Is Not Essential For Viral Control In Acute
Infection. WT and IL27Rko mice were infected with 2x10°PFU of
LCMV ARM. A)Diagram of experimental design. B)Kinetic of
viremia throughout LCMV ARM infection determined via plaque
assay. Data representative of 2 experiment of 4 mice per group.

similar peak viremia and clearance to that of WT mice (Figure 11B).

In acute viral infection, IL27R ko mice had elevated proportion of antigen specific CD4"
T cells, but similar total number compared to wild type mice throughout acute infection
(Figure 12A). IL-27 was found to have an important role in cellular immunity,
particularly in the inhibition of CD8" T cell expansion. As seen chronic viral infection,
there was a higher proportion and total number of CD8" T cells throughout infection

(Figure 12B). Virus specific CD8" T cells were also affected. 1L27R ko mice had equal
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proportion but higher total number of H2-Db GP33.4;," CD8" T cells (Figure 12C). It was
also found that IL27R ko mice had a lower proportion but same number of
immunodominant D’NPags.404" CD8 T* throughout acute infection, compared to wild type

mice (Figure 12D).
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Figure 12: I1L-27 Has Vital Role In Cellular Immunity During Acute Infection.
Experiment was carried out as in Figure 11. A) B) C) & D) Representative FACS plots
at d9 and d15 p.i. and kinetic analysis of total number of antigen specific CD4" T cells
(A), CD8" T cells (B), virus specific H2-D" GP33.,;" CD8" T cells(C), and
immunodominant H2-D°NP3gs.404" CD8* T cells(D) in blood determined by flow
cytometry. Data representative of 2 experiment with 4 mice per group.

Unlike in chronic infection, 1L-27 signaling does not have an effect on humoral

immunity in acute infection. At d30, 60 p.i. and d5 p.r.c. it was found that there was no

32
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difference in LCMV specific antibody production of Ig, 1gG, or 19G2, in IL27R ko mice,

compared to wild type mice (Figure 13A).
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Figure 13: I1L-27 Does Not Play a Vital Role In Humoral
Immunity In Acute Infection. Experiment was carried out as in
Figure 11. A) Virus specific antibody in diluted serum d30, 60
p.i., and d5 post rechallenge (p.r.c.), measured by ELISA. Data
representative of” 2 experiment with 4 mice per group.
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Discussion:

Here 1 showed that IL-27 signaling is essential in control of chronic, but not acute,
viral infection. Intriguingly the expansion of CD8" T cells was more substantial in
absence of IL-27Rko, although this was more significant in total, rather than virus
specific, cells. LCMV Arm clearance is predominantly driven by cytotoxic activity®’, and
as with gp130, presence of increased CD8" T cells in these conditions likely would be
beneficial, rather than detrimental, to viral control. Previous studies with done with
WSX-1 ko mice in other infectious models indicates that IL-27 may play a role in CD8+
T cell activation and number. It was found that WSX-1ko mice to have increased
activation of CD8" T cells during Toxoplasma gondii®®, and in infection of tuberculosis
they have higher number of CD8" T cells in their lungs®. Interestingly studies have also

100

shown that 1L-27 signaling can also promote the effector function in CD8" T cells™™,

presenting dichotomous function for 1L-27 in this part of the immune system.

In contrast to acute infection, under normal WT conditions cytotoxic CD8" T cells
alone are usually insufficient to clear chronic LCMV infection (although they are
required for it), and enhanced CD8" T cell numbers in the absence of IL-27R were less
apparent in these conditions as well. This contrast in CD8 responses in acute versus
chronic infection in IL27R ko mice is probably due to the dominant role that T cell
apoptosis and loss of proliferation play in chronic infection?*1% In addition I showed
that IL-27 signaling is necessary for humoral immunity in chronic, but not acute,

infection and lack of IL-27 results in loss of LCMV specific 19G,, This reinforces the
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importance that the humoral immune response has in controlling LCMV CI13 infection.
The maintenance of cytotoxic responses in IL27Rko mice probably allowed control of
viremia early in infection, but as the T cells became deleted or exhausted, reliance on
humoral immunity appears to increase. Whether I1L-27 signaling influences 1gG2,
responses directly via B cells, or through an accessory cells (e.g. T follicular helper T cell
responses) is currently unclear. It is interesting to note however that previous work by our
lab has shown that IL-6 defect leads to significant reduction in virus specific 1gG;, but not
19G2a, While mice lacking gp130 signaling on their T cells have reduced production of
both virus specific 1gG; and 19G2,. This fits with the hypothesis that IL-27 signaling on
CD4" T cells is vital for the development of 1gG,, promoting T cell help, however the
decrease of virus specific CD4" T cell numbers in the absence of gp130 makes it difficult
to elucidate its importance in modulation of their antibody producing capacity. In support
of IL-27 role in T cell dependent antibody response in a peptide vaccination model 1L-27
was found to be important for Tgy differentiation. Unfortunately further work in our lab
found that total 1L-27R ko mice appeared to have no reduction in the number of virus
specific Try in the spleen at day 9 or 30 p.i., or their production of 1L-21 and expression
of co-stimulatory molecules (Harker, J, personal communication). This observation may

support a more direct role for IL-27 in antibody production.

It has also been shown that IL-27 can potently induce 1gGa, class switching in
human and mouse B cells, and in other models IL-27 signaling is strongly linked to the
upregulation of T-bet®, a transcription factor heavily associated with increased Th1 and

1gG2, responses, supporting a direct role of IL-27 signaling in 1gG,, responses in mice. It
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remains unknown however why such a mechanism would not also be apparent in acute
infection, and it may be worthwhile investigating the importance in alternate acute viral
infections, such as VSV, where antibody responses are vitally important'®. Taken
together this data places the IL-6 family of cytokines as central for the production of

humoral and cytotoxic immunity during chronic viral infection.



Chapter 4: Therapeutic Potential of IL-6 and Hyper-IL6 In Chronic

Viral Infection

As described in the previous chapters, | found that gp130 receptor on T cells was
essential for viral control, and controlled both cytotoxic and humoral immunity through
CD4" T cell helper responses. | wanted to explore the therapeutic potential of targeting
this pathway using human IL-6 and Hyper IL-6, a designer cytokine composed of IL-6
fused to its receptor IL6R. Compared to IL-6, Hyper IL-6 has a longer half life due to its
ability to potently activate STAT signaling. In addition, Hyper IL-6 can cause STAT
signaling on cells that don’t express IL6R because it only needs to bind to gp130, which

is ubiquitously expressed®.

Anovel role for IL-6 has been identified by our lab as a positive regulator of the
immune system during chronic viral infection. During LCMV CI13 infection of mice, IL-
6 is actually produced in a biphasic manner with an initial peak at day 1-4 p.i. (acute
phase), low to undetectable amounts from day 5 to 21 of infection (plateau phase), and
the second peak appearing at day 21-24 of infection (chronic phase)®®. This second period
of IL-6 production is essential for viral clearance in chronic viral infection. Previously
our lab has administered either a low (20,000 U) and high dose (200,000 U) of IL-6 to
mice days 5-11 p.i. twice daily. At the lower dose of IL-6 appeared to have some ability
to reduce viral dose, while the high dose was found to be lethal. We hypothesized that

therapeutic administration of recombinant IL-6 for the duration of the plateau phase of
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IL-6 would enhance viral control by improving cellular and humoral immunity, resulting

in accelerated clearance.
Results

Previously we found that treatment with high doses of IL-6 during LCMV CI13
infection were found to result in mortality around day 10 p.i.. Therefore we chose to treat
with the lower dose (20,000 U/day) the duration of the plateau phase, day 5 to day 21 p.i..
Another group of mice was treated with the same low dose of Hyper IL-6. Weight
monitoring revealed that while LCMV CI13 infection (Figure 14A) resulted in significant
weight loss (approximately 30% by day 10 p.i.), daily treatment with low dose of IL-6 or
Hyper IL-6 neither enhanced, nor reduced this effect, compared to PBS treated mice
(Figure 14B). Treatment with IL-6 or Hyper IL-6 was found to be more lethal compared
to PBS treated mice, 60% survival for both IL-6 and Hyper IL-6, and 80% PBS. The
deaths all occurred at day 9 or 10 p.i., which coincided with peak weight loss of 30% day

10 p.i.(Figure 14C).

IL-6 is thought to signal through STATs, predominantly through the
phosphorylation of STAT-3%%. At day 21 p.i. 30 minutes after IL-6 treatment, levels of
PSTAT3 in blood CD4" and CD8" T cells, but not CD19+ B cells or non B or T cells,
were significantly higher compared to mice that received only PBS (Figure 14E). Mice
that received Hyper IL-6 did not have any change in pSTAT3 signal in CD4" and CD8" T

cells (Figure 14E). This data confirmed that IL-6 could potently induce signaling in CD4"
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T cells during infection; however Hyper-1L6 appeared to actually have a reduced capacity

to achieve this in the cell types analyzed.

Despite this treatment, IL-6 had no effect on viremia until the natural clearance

point of LCMV CI13 in the blood, as seen in untreated mice (Figure 14D). In addition the
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Figure 14: Effects Treatment with Low Dose IL-6 and Hyper IL-6 In Chronic Viral
Infection. Each mouse was infected with 2x10° PFU of LCMV Cl13 and treated with
20,000V of human IL-6 or Hyper IL-6 daily from d5 to d21 days p.i.. A) Diagram of
experimental design. B) Graph of percent weight of mice throughout infection with
LCMV CI13. C)Survival curve throughout infection with LCMV CI13. 1 mouse died in
PBS control group, while 2 mice died in IL-6 and Hyper IL-6 treated groups around day
9 p.i.. D) Kinetic of viremia throughout LCMV ARM infection determined via plaque
assay. E) Representative plots of phosphorylated STAT3 at day 21 p.i. in B cells, CD4"
and CD8" T cells in mice injected half an hour prior with IL-6 or Hyper IL-6. F) Tissue
specific viral load at d70 p.i. determined via plaque assay. Data representative of 1
experiment of 5 mice per group.



40

viral load in various tissues was also unaffected by low dose IL-6 treatment. On the other
hand, mice treated with Hyper IL-6 had slightly lower viral titers in the blood at later
stages of infection. It was observed that at day 45 and day 70 of infection, mice receiving
Hyper IL-6 had lower blood viral titers, with 2/3 having cleared at day 70 compared to
only ¥ in the PBS treated group. Viral load in the tissues was also examined at day 70
post infection; mice receiving Hyper IL-6 had no detectable virus in the spleen, while the
majority of the mice in the PBS group still had high levels of LCMV (Figure 14F). No
statistical difference was found in the viral load in the kidney, liver, lung and brain. This

suggests that Hyper IL-6 has some antiviral effects.

IL-6 or Hyper IL-6 treatment during LCMV CI13 infection does not enhance
CD8" T cell immunity. Virus specific CD8" T cell responses were analyzed at various
time points post infection. As has previously been reported, in untreated and PBS treated
mice the normally immunodominant H2-D°NP3gs.404" CD8" T cells were deleted rapidly,
while significant number of H2-D°GP33.41" CD8" T cells remained. The virus specific
cells expressed high levels of PD-1, (Figure 15A). 1L-6 or Hyper IL-6 treatment of mice

neither enhanced the number or function of virus specific T cells.

At day 30 and 70 p.i. there were no differences found in serum levels of LCMV
specific g, 19G, 1gG; or 1gG2, produced between the IL-6 or Hyper IL-6 treated and PBS
groups (Figure 15C). To further address the effects of IL-6 treatment on humoral
immunity, the splenic B cells analyzed at day 70 p.i. Mice treated with IL-6 elevated

numbers of CD19" B cells, but was not statistically significant (Figure 15B). The total



41

number of germinal center GL7", IgD™ B cells compared to the PBS treated group was
also found to be not statistically significant. Treatment with human IL-6 or Hyper IL-6 in
chronic viral infection had no considerable effect on humoral immunity compared to to

PBS treated mice (Figure 12).
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Figure 15: IL-6 Treatment May Play Role in Germinal Center B cells in
Spleen. Experiment was carried out as in figure 14. A)Kinetic of number of
virus specific H2-D” GP33.4," CD8" T cells in the blood determined by flow
cytometry throughout infection with LCMV CI13 and exhaustion of those cells
measured via MFI of PD1. B) Bar graphs of total number of CD19" B cells,
and germinal center GL7* CD19", and IgD- GL7+ CD19+ B cells at d70 p.i. in
spleen. C) Virus specific antibody in diluted serum d30 and d60 p.i., done via
ELISA. Data representative of 1 experiment of 5 mice per group.

Discussion

To test the therapeutic potential of the gp130 signaling pathway, mice were treated
daily with IL-6 or Hyper-IL6 days 5 through 21 p.i.. It was found that at later stages of

LCMV CI13 infection, IL-6 but not Hyper-1L6 treatment, signals on circulating T cells.
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There was an increase in pSTAT3 levels in CD4" and CD8" T cells, but not B cells, which
supports and fits with the mechanism of clearance needing CD4" T cell help for cellular
and humoral immunity®. However, IL-6 signaling on the T cells did not lead to a change
in their total number compared to untreated groups. There was also no difference in viral
load or clearance throughout infection between the treated and untreated groups. Even
though mice treated with Hyper- IL6 did not have increased signaling of pSTAT3 in B or
T cells, there were some antiviral effects. The viremia of mice treated with Hyper-1L6
was lower at later stages of infection and had undetectable virus in the spleen compared
to the untreated group. It is possible that these observations were a result of Hyper-1L6
binding to cells other than circulating B and T cells, and inducing signaling.

The main caveats of cytokine therapy are the unintended side effects due to the
broad biological role cytokines have on different cell types. For example, IFN therapy is
used in patients with HCV, and is correlated with decreased viral titer'®® but also with a
variety of side effects, depending on the individual'®’. The side effect of IL-6 and Hyper-
IL6 treatment was the survival rate was 60%. IL-6 has a variety of biological roles that
are likely to have contributed to the increased mortality rate. IL-6 is a known pro
inflammatory cytokine and also has a variety of effects on the vascular system. This
might contribute to why the initial acute phase of IL-6 only lasts for about 5 days in
LCMV CI13 infection, after which there are no detectable levels in the blood until after
day 21. And why mice lacking functional suppressor of cytokine signaling 3 (SOCS3)

108

leads to embryonic lethality™ or mice with SOCS3 deletion in hematopoietic cells, have

elevated 1L-6 levels and develop lethal inflammatory disease’®***°. Collectively this data
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suggests that cytokine and immunotherapy has antiviral potential, but further studies are
necessary to understand the mechanisms and side effects involved. In an attempt to
decrease side effects of cytokine therapy and have the desired antiviral effects, the next
step would be to try nanoparticle treatments, which would allow for the targeting of a cell

type, in this case CD4" T cells.



GENERAL DISCUSSION

The immune system has evolved over millions of years, its role emerging
primarily to determine self from infectious or harmful non-self, has been critical for the
survival of mankind. Today chronic viral infections, such as HIV and HCV, present one
of the biggest health issues worldwide. Through studying the host immune system and
its interaction with viral infectious agents we hope to develop novel techniques and

therapeutic strategies.

The study of chronic LCMV Clone 13, versus its acute counterpart LCMV
Armstrong, allows for the comparison of viral infections in a small animal model,
allowing us to determine the critical steps involved in controlling such infections. During
LCMV CI13 infection mice lacking CD4", CD8" T cells, or B cells cannot control the
virus™ indicating that these cell types contributes to clearance. Based on data presented
in this thesis project, published** and unpublished work ongoing in the lab, we have a
working model of the mechanisms that lead to clearance of LCMV CI13, specifically
highlighting the role the I1L-6 family of cytokines and CD4 T helper responses in this

process.

During the later stages of infection, when the viral persistence has been
established, virus specific CD4" T cells receive signaling through gp130 receptor,
promoting survival and proliferation. IL-6 signaling leads to phosphorylation of STAT3
and a distinct pattern of transcription that is not seen at early times post infection. This

leads to the upregulation of Bcl6, the master regulator of Try differentiation. The
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Figure 16: Model of Clearance in LCMV CI13 and vital role of gp130
Cytokines. Cartoon based on data presented here, published and unpublished
work ongoing in the lab. CD4 T cells receive IL-6 signaling and differentiate into
T follicular helper cells (Try) through the expression of the master gene
regulator Bcl6. Ty signaling plays important role in B cell proliferation,
survival, and production of virus specific antibodies. Gp130 cytokines signaling
on CD4 T cells vital for proliferation and survival, promoting virus specific CD8
T cell survival and cytotoxic activity. Both humoral and cell mediated immunity
utilized to clear LCMV CI13 infection.

resultant accumulation of Ty in chronically infected mice drives enhanced humoral
immunity, controlling the virus. We also found evidence for the role of additional gp130
signaling, most likely through IL-27, in both the survival of virus specific CD4" T cells
and their production of IL-21. This is not only critical for humoral immunity, but was also
vital for the maintenance of virus specific CD8" T cell responses. In acute LCMV
infection, while CD4" helper T cells have been shown to be vital for optimal CD8

111,112

memory responses , and long lasting humoral immunity. They are not, however,

required for elimination of the primary infection, which is carried out by virus specific
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CDS8" T cells. It would be interesting to examine if other acute infections, such as
Influenza A virus™® and VSV*** which rely on both CD8" and humoral immunity for

viral control, utilize immune mechanisms with similarity to chronic LCMV infection.

Important parallels can be drawn between our observations in LCMV and
findings in patients infected with actively replication chronic viral infections such as HIV
and HCV. Both HIV and HCV patients have been found to have elevated I1L-6 levels,
although this has traditionally been observed as a pathogenic biomarker of secondary
diseases such as cirrhosis™*>™*°. Importantly however, following on from our research a
number of labs have gone on to show that HIV, SIV, HBV and HCV infected patients or
primates display an accumulation of Ty cells within their virus specific CD4"
compartment™?**?%_ In HIV this was found to associate with increased B cell responses
and IgG production,** while in SIV the accumulation of Try correlated with the

sensitivity of the CD4" T cells to IL-6 signaling™*.

Unlike LCMV CI13, there is evidence that HIV in particular has evolved to evade,
and even exploit, this anti-viral immune mechanism. Firstly HIV preferentially infects
activated CD4" T cells, directly causing their dysfunction and death*®. Secondly, select
HIV patients develop high affinity, neutralizing antibody responses (known as elite
neutralizers), the high mutagenic rate of HIV allows it to escape this pressure rapidly*?
128 In fact, HIV patients with the lowest viral titers (known as elite controllers) actually

have low to undetectable amounts of neutralizing antibody in their blood and control the

virus via the presence of virus specific CD8" T cells*?®. Indeed, HIV is known to present
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at high levels in lymphoid follicles and recently published data indicates that HIV and
SIV actually replicate at very high levels in Tgy cells, without the high levels of CD4™ T
cell death seen in other CD4" effector cells 120124124130 | eading to the hypothesis that Tey
may represent a natural reservoir for HIV, as a source of effector cells localized to the B

cell zone and therefore to a large extent protected from anti-viral CD8" responses.

On the other hand, in both HIV and HCV infected patients the number, and
function, of virus specific CD4" T cells strongly correlates with reduced viral load and
disease progression'®!. Indeed in HCV, high CD4" T cell responses are a hallmark of
patients that naturally clear the infection. It has also been found that IL-21 production by
CD4" T cells and serum levels of IL-21 strongly correlate with reduced HIV levels'¥*'%
although whether this is a result a cause or consequence is difficult to evaluate. Therefore
approaches that target gp130 signaling to promote the maintenance and function of virus
specific CD4" T cells could be of great therapeutic potential. The observations of Try and
antibody responses during HIV infection do however highlight a critical point; that the

use of any single immune pressure capable of significantly affecting viral load, may

inevitably result in viral escape from this pressure and the maintenance of persistence.

One potential approach to solving this issue is the use of combination therapy.
Enhancing T cell helper responses, and simultaneously stimulation virus specific CD8* T
cells would represent one logical concept. In HIV elite controllers (who have known
protective HLA types), or individuals who are able to spontaneously clear HCV, strong

CTL activity correlate with increased viral control*®12°134135 |n this thesis I investigated
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one pathways linked to this process, by neutralizing TGF-p, since TGF-P signaling leads
to apoptosis of virus specific CD8" T cells in chronic LCMYV infection??, and enhanced
TGF-B signaling and virus specific CD8" T cell apoptosis are observed in patients
infected with HIV**® and HCV**'. Indeed in individuals who are co-infected with HIV
and HCV, lack of TGF-p production by hepatitis C virus-specific T cells has been

attributed to HCV clearance during acute phase'®®

. While the regime | used was
unsuccessful, other regimes have been shown to mediate stronger effects, and coupling
these with targeting CD4" T cell help may prove an effective strategy. Alternatively there
are a number of other candidate targets such as PD-L1, PD-1, Lag-3 and Tim-3, that may
also be blocked in order to boost CD8" T cell mediated immunity. Finally, these immuno-
therapeutic approaches could be coupled to existing anti-viral therapies (HAART for

HIV* or ribavirin for HCV*) in order to prevent escape mutants, and hopefully full

viral eradication.

Finally, the observations made in this study are not only relevant to the field of
chronic infections. Promoting enhanced humoral immunity is a fundamental objective of
vaccine development, and mechanisms that play a central role in the generation of Tgy
are therefore of great interest. In addition, while enhanced antibody responses are of great
benefit during infections, the production of auto-reactive antibodies is thought to play a

. . . . 141 re 142,143
pathogenic role in auto-immune disease such as Lupus Erythematosus™, arthritis

and Sjorgren’s syndrome’**. Indeed enhanced production of IL-21, and recently the

presence of Tg, have been observed in several of these diseases'“>**®. The data obtained



through this thesis may therefore contribute to our enhanced understanding of CD4" T

cell immunity in a broad spectrum of conditions.

50



10.

REFERENCES

Virgin, H.W., Wherry, E.J. & Ahmed, R. Redefining chronic viral infection. Cell
138, 30-50 (2009).

Charrel, R.N. & de Lamballerie, X. Arenaviruses other than Lassa virus. Antiviral
Res 57, 89-100 (2003).

Byrne, J.A. & Oldstone, M.B. Biology of cloned cytotoxic T lymphocytes specific
for lymphocytic choriomeningitis virus: clearance of virus in vivo. J Virol 51,
682-686 (1984).

Ahmed, R., Salmi, A., Butler, L.D., Chiller, J.M. & Oldstone, M.B. Selection of
genetic variants of lymphocytic choriomeningitis virus in spleens of persistently
infected mice. Role in suppression of cytotoxic T lymphocyte response and viral
persistence. J Exp Med 160, 521-540 (1984).

Recher, M., Lang, K.S., Navarini, A., Hunziker, L., Lang, P.A., Fink, K.,
Freigang, S., Georgiev, P., Hangartner, L., Zellweger, R., Bergthaler, A., Hegazy,
A.N., Eschli, B., Theocharides, A., Jeker, L.T., Merkler, D., Odermatt, B.,
Hersberger, M., Hengartner, H. & Zinkernagel, R.M. Extralymphatic virus
sanctuaries as a consequence of potent T-cell activation. Nat Med 13, 1316-1323
(2007).

Wherry, E.J. & Ahmed, R. Memory CD8 T-cell differentiation during viral
infection. J Virol 78, 5535-5545 (2004).

Wherry, E.J., Blattman, J.N., Murali-Krishna, K., van der Most, R. & Ahmed, R.
Viral persistence alters CD8 T-cell immunodominance and tissue distribution and
results in distinct stages of functional impairment. J Virol 77, 4911-4927 (2003).

Zajac, A.J., Blattman, J.N., Murali-Krishna, K., Sourdive, D.J., Suresh, M.,
Altman, J.D. & Ahmed, R. Viral immune evasion due to persistence of activated T
cells without effector function. J Exp Med 188, 2205-2213 (1998).

Barber, D.L., Wherry, E.J., Masopust, D., Zhu, B., Allison, J.P., Sharpe, A.H.,
Freeman, G.J. & Ahmed, R. Restoring function in exhausted CD8 T cells during
chronic viral infection. Nature 439, 682-687 (2006).

Zhang, J.Y., Zhang, Z., Wang, X., Fu, J.L., Yao, J., Jiao, Y., Chen, L., Zhang, H.,
Wei, J., Jin, L., Shi, M., Gao, G.F., Wu, H. & Wang, F.S. PD-1 up-regulation is
correlated with HIV-specific memory CD8+ T-cell exhaustion in typical
progressors but not in long-term nonprogressors. Blood 109, 4671-4678 (2007).

o1



11.

12.

13.

14.

15.

16.

17.

18.

19.

52

Urbani, S., Amadei, B., Tola, D., Massari, M., Schivazappa, S., Missale, G. &
Ferrari, C. PD-1 expression in acute hepatitis C virus (HCV) infection is
associated with HCV-specific CD8 exhaustion. J Virol 80, 11398-11403 (2006).

Blackburn, S.D., Shin, H., Haining, W.N., Zou, T., Workman, C.J., Polley, A.,
Betts, M.R., Freeman, G.J., Vignali, D.A. & Wherry, E.J. Coregulation of CD8+ T
cell exhaustion by multiple inhibitory receptors during chronic viral infection. Nat
Immunol 10, 29-37 (2009).

Matloubian, M., Concepcion, R.J. & Ahmed, R. CD4+ T cells are required to
sustain CD8+ cytotoxic T-cell responses during chronic viral infection. J Virol 68,
8056-8063 (1994).

Battegay, M., Moskophidis, D., Rahemtulla, A., Hengartner, H., Mak, TW. &
Zinkernagel, R.M. Enhanced establishment of a virus carrier state in adult CD4+
T-cell-deficient mice. J Virol 68, 4700-4704 (1994).

Brooks, D.G., Teyton, L., Oldstone, M.B. & McGavern, D.B. Intrinsic functional
dysregulation of CD4 T cells occurs rapidly following persistent viral infection. J
Virol 79, 10514-10527 (2005).

McNeil, A.C., Shupert, W.L., lyasere, C.A., Hallahan, C.W., Mican, J.A., Davey,
R.T., Jr. & Connors, M. High-level HIV-1 viremia suppresses viral antigen-
specific CD4(+) T cell proliferation. Proc Natl Acad Sci U S A 98, 13878-13883
(2001).

Gruener, N.H., Lechner, F., Jung, M.C., Diepolder, H., Gerlach, T., Lauer, G.,
Walker, B., Sullivan, J., Phillips, R., Pape, G.R. & Klenerman, P. Sustained
dysfunction of antiviral CD8+ T lymphocytes after infection with hepatitis C
virus. J Virol 75, 5550-5558 (2001).

Harrer, T., Harrer, E., Kalams, S.A., Barbosa, P., Trocha, A., Johnson, R.P,,
Elbeik, T., Feinberg, M.B., Buchbinder, S.P. & Walker, B.D. Cytotoxic T
lymphocytes in asymptomatic long-term nonprogressing HIV-1 infection. Breadth
and specificity of the response and relation to in vivo viral quasispecies in a
person with prolonged infection and low viral load. J Immunol 156, 2616-2623
(1996).

Day, C.L., Kaufmann, D.E., Kiepiela, P., Brown, J.A., Moodley, E.S., Reddy, S.,
Mackey, E.W., Miller, J.D., Leslie, A.J., DePierres, C., Mncube, Z., Duraiswamy,
J., Zhu, B., Eichbaum, Q., Altfeld, M., Wherry, E.J., Coovadia, H.M., Goulder,
P.J., Klenerman, P., Ahmed, R., Freeman, G.J. & Walker, B.D. PD-1 expression on
HIV-specific T cells is associated with T-cell exhaustion and disease progression.
Nature 443, 350-354 (2006).



20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

53

Clerici, M., Wynn, T.A., Berzofsky, J.A., Blatt, S.P., Hendrix, C.W., Sher, A.,
Coffman, R.L. & Shearer, G.M. Role of interleukin-10 in T helper cell
dysfunction in asymptomatic individuals infected with the human
immunodeficiency virus. J Clin Invest 93, 768-775 (1994).

Brooks, D.G., Lee, A.M., Elsaesser, H., McGavern, D.B. & Oldstone, M.B. IL-10
blockade facilitates DNA vaccine-induced T cell responses and enhances
clearance of persistent virus infection. J Exp Med 205, 533-541 (2008).

Tinoco, R., Alcalde, V., Yang, Y., Sauer, K. & Zuniga, E.I. Cell-intrinsic
transforming growth factor-beta signaling mediates virus-specific CD8+ T cell
deletion and viral persistence in vivo. Immunity 31, 145-157 (2009).

Sharpe, A.H., Wherry, E.J., Ahmed, R. & Freeman, G.J. The function of
programmed cell death 1 and its ligands in regulating autoimmunity and infection.
Nat Immunol 8, 239-245 (2007).

Richter, K., Agnellini, P. & Oxenius, A. On the role of the inhibitory receptor
LAG-3 in acute and chronic LCMV infection. Int Immunol 22, 13-23 (2010).

Jin, H.T., Anderson, A.C., Tan, W.G., West, E.E., Ha, S.J., Araki, K., Freeman,
G.J., Kuchroo, V.K. & Ahmed, R. Cooperation of Tim-3 and PD-1 in CD8 T-cell
exhaustion during chronic viral infection. Proc Natl Acad Sci U S A 107, 14733-
14738 (2010).

Triebel, F. LAG-3: a regulator of T-cell and DC responses and its use in
therapeutic vaccination. Trends Immunol 24, 619-622 (2003).

Okamura, T., Fujio, K., Shibuya, M., Sumitomo, S., Shoda, H., Sakaguchi, S. &
Yamamoto, K. CD4+CD25-LAG3+ regulatory T cells controlled by the
transcription factor Egr-2. Proc Natl Acad Sci U S A 106, 13974-13979 (2009).

Okamura, T., Fujio, K., Sumitomo, S. & Yamamoto, K. Roles of LAG3 and EGR2
in regulatory T cells. Ann Rheum Dis 71 Suppl 2, i96-100 (2012).

Takahashi, T., Kuniyasu, Y., Toda, M., Sakaguchi, N., Itoh, M., lwata, M.,
Shimizu, J. & Sakaguchi, S. Immunologic self-tolerance maintained by
CD25+CD4+ naturally anergic and suppressive T cells: induction of autoimmune
disease by breaking their anergic/suppressive state. Int Immunol 10, 1969-1980
(1998).

Zhu, C., Anderson, A.C., Schubart, A., Xiong, H., Imitola, J., Khoury, S.J., Zheng,
X.X., Strom, T.B. & Kuchroo, V.K. The Tim-3 ligand galectin-9 negatively
regulates T helper type 1 immunity. Nat Immunol 6, 1245-1252 (2005).



31.

32.

33.

34.

35.

36.

37.

38.

39.

54

Jones, R.B., Ndhlovu, L.C., Barbour, J.D., Sheth, P.M., Jha, A.R., Long, B.R.,
Wong, J.C., Satkunarajah, M., Schweneker, M., Chapman, J.M., Gyenes, G., Vali,
B., Hyrcza, M.D., Yue, F.Y., Kovacs, C., Sassi, A., Loutfy, M., Halpenny, R.,
Persad, D., Spotts, G., Hecht, F.M., Chun, T.W., McCune, J.M., Kaul, R., Rini,
J.M., Nixon, D.F. & Ostrowski, M.A. Tim-3 expression defines a novel
population of dysfunctional T cells with highly elevated frequencies in
progressive HIV-1 infection. J Exp Med 205, 2763-2779 (2008).

Wu, W,, Shi, Y., Li, S., Zhang, Y., Liu, Y., Wu, Y. & Chen, Z. Blockade of Tim-3
signaling restores the virus-specific CD8(+) T-cell response in patients with
chronic hepatitis B. Eur J Immunol 42, 1180-1191 (2012).

Golden-Mason, L., Palmer, B.E., Kassam, N., Townshend-Bulson, L., Livingston,
S., McMahon, B.J., Castelblanco, N., Kuchroo, V., Gretch, D.R. & Rosen, H.R.
Negative Immune Regulator Tim-3 Is Overexpressed on T Cells in Hepatitis C
Virus Infection and Its Blockade Rescues Dysfunctional CD4(+) and CD8(+) T
Cells. Journal of Virology 83, 9122-9130 (2009).

McMahan, R.H., Golden-Mason, L., Nishimura, M.l., McMahon, B.J., Kemper,
M., Allen, T.M., Gretch, D.R. & Rosen, H.R. Tim-3 expression on PD-1+ HCV-
specific human CTLs is associated with viral persistence, and its blockade
restores hepatocyte-directed in vitro cytotoxicity. J Clin Invest 120, 4546-4557
(2010).

Lee, J., Oh, J.M., Hwang, J.W., Ahn, J.K., Bae, E.K., Won, J., Koh, E.M. & Cha,
H.S. Expression of human TIM-3 and its correlation with disease activity in
rheumatoid arthritis. Scand J Rheumatol 40, 334-340 (2011).

Wang, X., Cao, Z., Jiang, J., Li, Y., Dong, M., Ostrowski, M. & Cheng, X.
Elevated expression of Tim-3 on CD8 T cells correlates with disease severity of
pulmonary tuberculosis. J Infect 62, 292-300 (2011).

Huang, X., Bai, X., Cao, Y., Wu, J., Huang, M., Tang, D., Tao, S., Zhu, T., Liu, Y.,
Yang, Y., Zhou, X., Zhao, Y., Wu, M., Wei, J., Wang, D., Xu, G., Wang, S., Ma, D.
& Zhou, J. Lymphoma endothelium preferentially expresses Tim-3 and facilitates
the progression of lymphoma by mediating immune evasion. J Exp Med 207, 505-
520 (2010).

Anderson, A.C. & Anderson, D.E. TIM-3 in autoimmunity. Current Opinion in
Immunology 18, 665-669 (2006).

Pan, H.F., Zhang, N., Li, W.X,, Tao, J.H. & Ye, D.Q. TIM-3 as a new therapeutic
target in systemic lupus erythematosus. Mol Biol Rep 37, 395-398 (2010).



40.

41.

42.

43.

44,

45.

46.

47.

48.

49,

50.

55

Ng, C.T. & Oldstone, M.B. Infected CD8alpha- dendritic cells are the
predominant source of IL-10 during establishment of persistent viral infection.
Proc Natl Acad Sci U S A 109, 14116-14121 (2012).

Ejrnaes, M., Filippi, C.M., Martinic, M.M., Ling, E.M., Togher, L.M., Crotty, S.
& von Herrath, M.G. Resolution of a chronic viral infection after interleukin-10
receptor blockade. J Exp Med 203, 2461-2472 (2006).

Brooks, D.G., Ha, S.J., Elsaesser, H., Sharpe, A.H., Freeman, G.J. & Oldstone,
M.B. IL-10 and PD-L1 operate through distinct pathways to suppress T-cell
activity during persistent viral infection. Proc Natl Acad Sci U S A 105, 20428-
20433 (2008).

Blattman, J.N., Grayson, J.M., Wherry, E.J., Kaech, S.M., Smith, K.A. & Ahmed,
R. Therapeutic use of IL-2 to enhance antiviral T-cell responses in vivo. Nat Med
9, 540-547 (2003).

Pellegrini, M., Calzascia, T., Toe, J.G., Preston, S.P., Lin, A.E., Elford, AR.,
Shahinian, A., Lang, P.A., Lang, K.S., Morre, M., Assouline, B., Lahl, K.,
Sparwasser, T., Tedder, T.F., Paik, J.H., DePinho, R.A., Basta, S., Ohashi, P.S. &
Mak, T.W. IL-7 engages multiple mechanisms to overcome chronic viral infection
and limit organ pathology. Cell 144, 601-613 (2011).

Yi, J.S., Du, M. & Zajac, A.J. A vital role for interleukin-21 in the control of a
chronic viral infection. Science 324, 1572-1576 (2009).

Cantrell, D.A. & Smith, K.A. The interleukin-2 T-cell system: a new cell growth
model. Science 224, 1312-1316 (1984).

Smith, K.A. Interleukin-2: inception, impact, and implications. Science 240,
1169-1176 (1988).

Schluns, K.S., Kieper, W.C., Jameson, S.C. & Lefrancois, L. Interleukin-7
mediates the homeostasis of naive and memory CD8 T cells in vivo. Nat Immunol
1, 426-432 (2000).

Ozaki, K., Spolski, R., Feng, C.G., Qi, C.F,, Cheng, J., Sher, A., Morse, H.C., 3rd,
Liu, C., Schwartzberg, P.L. & Leonard, W.J. A critical role for IL-21 in regulating
immunoglobulin production. Science 298, 1630-1634 (2002).

Frohlich, A., Kisielow, J., Schmitz, I., Freigang, S., Shamshiev, A.T., Weber, J.,
Marsland, B.J., Oxenius, A. & Kopf, M. IL-21R on T cells is critical for sustained
functionality and control of chronic viral infection. Science 324, 1576-1580
(2009).



51.

52.

53.

54,

55.

56.
S7.

58.

59.

60.

61.

62.

56

Li, Y., Bleakley, M. & Yee, C. IL-21 influences the frequency, phenotype, and
affinity of the antigen-specific CD8 T cell response. J Immunol 175, 2261-2269
(2005).

Casey, K.A. & Mescher, M.F. IL-21 promotes differentiation of naive CD8 T cells
to a unique effector phenotype. J Immunol 178, 7640-7648 (2007).

Jenkins, G. The role of proteases in transforming growth factor-beta activation.
Int J Biochem Cell Biol 40, 1068-1078 (2008).

Wipff, P.J. & Hinz, B. Integrins and the activation of latent transforming growth
factor betal - an intimate relationship. Eur J Cell Biol 87, 601-615 (2008).

Li, M.O., Sanjabi, S. & Flavell, R.A. Transforming growth factor-beta controls
development, homeostasis, and tolerance of T cells by regulatory T cell-dependent
and -independent mechanisms. Immunity 25, 455-471 (2006).

Massague, J. TGFbeta in Cancer. Cell 134, 215-230 (2008).

Shi, Y. & Massague, J. Mechanisms of TGF-beta signaling from cell membrane to
the nucleus. Cell 113, 685-700 (2003).

Yaswen, L., Kulkarni, A.B., Fredrickson, T., Mittleman, B., Schiffman, R., Payne,
S., Longenecker, G., Mozes, E. & Karlsson, S. Autoimmune manifestations in the
transforming growth factor-beta 1 knockout mouse. Blood 87, 1439-1445 (1996).

Kulkarni, A.B., Huh, C.G., Becker, D., Geiser, A., Lyght, M., Flanders, K.C.,
Roberts, A.B., Sporn, M.B., Ward, J.M. & Karlsson, S. Transforming growth
factor beta 1 null mutation in mice causes excessive inflammatory response and
early death. Proc Natl Acad Sci U S A 90, 770-774 (1993).

Marie, J.C., Liggitt, D. & Rudensky, A.Y. Cellular mechanisms of fatal early-
onset autoimmunity in mice with the T cell-specific targeting of transforming
growth factor-beta receptor. Immunity 25, 441-454 (2006).

Shull, M.M., Ormsby, 1., Kier, A.B., Pawlowski, S., Diebold, R.J., Yin, M., Allen,
R., Sidman, C., Proetzel, G., Calvin, D. & et al. Targeted disruption of the mouse
transforming growth factor-beta 1 gene results in multifocal inflammatory
disease. Nature 359, 693-699 (1992).

Ihle, J.N. STATSs: signal transducers and activators of transcription. Cell 84, 331-
334 (1996).



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

57

Harker, J.A., Lewis, G.M., Mack, L. & Zuniga, E.I. Late interleukin-6 escalates T
follicular helper cell responses and controls a chronic viral infection. Science 334,
825-829 (2011).

Vinuesa, C.G., Tangye, S.G., Moser, B. & Mackay, C.R. Follicular B helper T
cells in antibody responses and autoimmunity. Nat Rev Immunol 5, 853-865
(2005).

King, C., Tangye, S.G. & Mackay, C.R. T follicular helper (TFH) cells in normal
and dysregulated immune responses. Annu Rev Immunol 26, 741-766 (2008).

Crotty, S. Follicular helper CD4 T cells (TFH). Annu Rev Immunol 29, 621-663
(2011).

Schaerli, P., Willimann, K., Lang, A.B., Lipp, M., Loetscher, P. & Moser, B. CXC
chemokine receptor 5 expression defines follicular homing T cells with B cell
helper function. J Exp Med 192, 1553-1562 (2000).

Chtanova, T., Tangye, S.G., Newton, R., Frank, N., Hodge, M.R., Rolph, M.S. &
Mackay, C.R. T follicular helper cells express a distinctive transcriptional profile,
reflecting their role as non-Th1/Th2 effector cells that provide help for B cells. J

Immunol 173, 68-78 (2004).

Rasheed, A.U., Rahn, H.P,, Sallusto, F., Lipp, M. & Muller, G. Follicular B helper
T cell activity is confined to CXCR5(hi)ICOS(hi) CD4 T cells and is independent
of CD57 expression. Eur J Immunol 36, 1892-1903 (2006).

Nurieva, R.1., Chung, Y., Hwang, D., Yang, X.0., Kang, H.S., Ma, L., Wang, Y.H.,
Watowich, S.S., Jetten, A.M., Tian, Q. & Dong, C. Generation of T follicular
helper cells is mediated by interleukin-21 but independent of T helper 1, 2, or 17
cell lineages. Immunity 29, 138-149 (2008).

Bauquet, A.T., Jin, H., Paterson, A.M., Mitsdoerffer, M., Ho, I.C., Sharpe, A H. &
Kuchroo, V.K. The costimulatory molecule ICOS regulates the expression of c-
Maf and IL-21 in the development of follicular T helper cells and TH-17 cells.
Nat Immunol 10, 167-175 (2009).

O'Shea, J.J. & Paul, W.E. Mechanisms underlying lineage commitment and
plasticity of helper CD4+ T cells. Science 327, 1098-1102 (2010).

Johnston, R.J., Poholek, A.C., DiToro, D., Yusuf, I, Eto, D., Barnett, B., Dent,
A.L., Craft, J. & Crotty, S. Bcl6 and Blimp-1 are reciprocal and antagonistic
regulators of T follicular helper cell differentiation. Science 325, 1006-1010
(2009).



74.

75.

76.

77,

78.

79.

80.

81.

82.

83.

84.

58

Suematsu, S., Matsuda, T., Aozasa, K., Akira, S., Nakano, N., Ohno, S., Miyazaki,
J., Yamamura, K., Hirano, T. & Kishimoto, T. IgG1 plasmacytosis in interleukin 6
transgenic mice. Proc Natl Acad Sci U S A 86, 7547-7551 (1989).

Hammond, S.A., Cook, S.J., Lichtenstein, D.L., Issel, C.J. & Montelaro, R.C.
Maturation of the cellular and humoral immune responses to persistent infection
in horses by equine infectious anemia virus is a complex and lengthy process. J
Virol 71, 3840-3852 (1997).

Boettler, T., Cheng, Y., Ehrhardt, K. & von Herrath, M. TGF-beta Blockade Does
Not Improve Control of an Established Persistent Viral Infection. Viral Immunol
25, 232-238 (2012).

Garidou, L., Heydari, S., Gossa, S. & McGavern, D.B. THERAPEUTIC
BLOCKADE OF TGF-beta FAILS TO PROMOTE CLEARANCE OF A
PERSISTENT VIRAL INFECTION. J Virol (2012).

Taga, T. & Kishimoto, T. Gp130 and the interleukin-6 family of cytokines. Annu
Rev Immunol 15, 797-819 (1997).

McDermott, D.S. & Varga, S.M. Quantifying antigen-specific CD4 T cells during
a viral infection: CD4 T cell responses are larger than we think. J Immunol 187,
5568-5576 (2011).

Paul, W.E. Interleukin-4: a prototypic immunoregulatory lymphokine. Blood 77,
1859-1870 (1991).

Snapper, C.M., Finkelman, F.D. & Paul, W.E. Regulation of 1gG1 and IgE
production by interleukin 4. Immunol Rev 102, 51-75 (1988).

Zhang, J., Zhang, Y., Dutta, D.J., Argaw, A.T., Bonnamain, V., Seto, J., Braun,
D.A., Zameer, A., Hayot, F., Lopez, C.B., Raine, C.S. & John, G.R. Proapoptotic
and antiapoptotic actions of Statl versus Stat3 underlie neuroprotective and
immunoregulatory functions of IL-11. J Immunol 187, 1129-1141 (2011).

Kirkiles-Smith, N.C., Mahboubi, K., Plescia, J., McNiff, J.M., Karras, J.,
Schechner, J.S., Altieri, D.C. & Pober, J.S. IL-11 protects human microvascular
endothelium from alloinjury in vivo by induction of survivin expression. J
Immunol 172, 1391-1396 (2004).

Gurfein, B.T., Zhang, Y., Lopez, C.B., Argaw, A.T., Zameer, A., Moran, T.M. &
John, G.R. IL-11 regulates autoimmune demyelination. J Immunol 183, 4229-
4240 (2009).



85.

86.

87.

88.

89.

90.

91.

92.

93.

59

Lee, C.G., Hartl, D., Matsuura, H., Dunlop, F.M., Scotney, P.D., Fabri, L.J., Nash,
A.D., Chen, N.Y,, Tang, C.Y., Chen, Q., Homer, R.J., Baca, M. & Elias, J.A.
Endogenous IL-11 signaling is essential in Th2- and IL-13-induced inflammation
and mucus production. Am J Respir Cell Mol Biol 39, 739-746 (2008).

Shen, M.M., Skoda, R.C., Cardiff, R.D., Campostorres, J., Leder, P. & Ornitz,
D.M. Expression of Lif in Transgenic Mice Results in Altered Thymic Epithelium
and Apparent Interconversion of Thymic and Lymph-Node Morphologies. Embo J
13, 1375-1385 (1994).

Zhu, M., Oishi, K., Lee, S.C. & Patterson, P.H. Studies using leukemia inhibitory
factor (LIF) knockout mice and a LIF adenoviral vector demonstrate a key anti-
inflammatory role for this cytokine in cutaneous inflammation. Journal of
Immunology 166, 2049-2054 (2001).

Artis, D., Villarino, A., Silverman, M., He, W.M., Thornton, E.M., Mu, S.,
Summer, S., Covey, T.M., Huang, E., Yoshida, H., Koretzky, G., Goldschmidt, M.,
Wu, G.D., de Sauvage, F., Miller, H.R.P., Saris, C.J.M., Scott, P. & Hunter, C.A.
The IL-27 receptor (WSX-1) is an inhibitor of innate and adaptive elements of
type 2 immunity. Journal of Immunology 173, 5626-5634 (2004).

Villarino, A.V., Larkin, J., Saris, C.J.M., Caton, A.J., Lucas, S., Wong, T., de
Sauvage, F.J. & Hunter, C.A. Positive and negative regulation of the IL-27
receptor during lymphoid cell activation. Journal of Immunology 174, 7684-7691
(2005).

Pearl, J.E., Khader, S.A., Solache, A., Gilmartin, L., Ghilardi, N., deSauvage, F. &
Cooper, A.M. IL-27 signaling compromises control of bacterial growth in
mycobacteria-infected mice. Journal of Immunology 173, 7490-7496 (2004).

Pflanz, S., Timans, J.C., Cheung, J., Rosales, R., Kanzler, H., Gilbert, J., Hibbert,
L., Churakova, T., Travis, M., Vaisberg, E., Blumenschein, W.M., Mattson, J.D.,
Wagner, J.L., To, W., Zurawski, S., McClanahan, T.K., Gorman, D.M., Bazan,
J.F., de Waal Malefyt, R., Rennick, D. & Kastelein, R.A. IL-27, a heterodimeric
cytokine composed of EBI3 and p28 protein, induces proliferation of naive
CD4(+) T cells. Immunity 16, 779-790 (2002).

Yoshida, H., Hamano, S., Senaldi, G., Covey, T., Faggioni, R., Mu, S., Xia, M.,
Wakeham, A.C., Nishina, H., Potter, J., Saris, C.J.M. & Mak, TW. WSX-1 is
required for the initiation of Th1 responses and resistance to L-major infection.
Immunity 15, 569-578 (2001).

Batten, M., Kljavin, N.M., Li, J., Walter, M.J., de Sauvage, F.J. & Ghilardi, N.
Cutting edge: IL-27 is a potent inducer of IL-10 but not FOxP3 in murine T cells.
J Immunol 180, 2752-2756 (2008).



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

60

Lucas, S., Ghilardi, N., Li, J. & de Sauvage, F.J. IL-27 regulates IL-12
responsiveness of naive CD4+ T cells through Stat1-dependent and -independent
mechanisms. Proc Natl Acad Sci U S A 100, 15047-15052 (2003).

Zheng, W. & Flavell, R.A. The transcription factor GATA-3 is necessary and
sufficient for Th2 cytokine gene expression in CD4 T cells. Cell 89, 587-596
(1997).

Kamiya, S., Owaki, T., Morishima, N., Fukai, F., Mizuguchi, J. & Yoshimoto, T.
An indispensable role for STAT1 in IL-27-induced T-bet expression but not
proliferation of naive CD4+ T cells. J Immunol 173, 3871-3877 (2004).

Byrne, J.A., Ahmed, R. & Oldstone, M.B. Biology of cloned cytotoxic T
lymphocytes specific for lymphocytic choriomeningitis virus. I. Generation and
recognition of virus strains and H-2b mutants. J Immunol 133, 433-439 (1984).

Villarino, A., Hibbert, L., Lieberman, L., Wilson, E., Mak, T., Yoshida, H.,
Kastelein, R.A., Saris, C. & Hunter, C.A. The IL-27R (WSX-1) is required to
suppress T cell hyperactivity during infection. Immunity 19, 645-655 (2003).

Holscher, C., Holscher, A., Ruckerl, D., Yoshimoto, T., Yoshida, H., Mak, T.,
Saris, C. & Ehlers, S. The I1L-27 receptor chain WSX-1 differentially regulates
antibacterial immunity and survival during experimental tuberculosis. J Immunol
174, 3534-3544 (2005).

Morishima, N., Owaki, T., Asakawa, M., Kamiya, S., Mizuguchi, J. & Yoshimoto,
T. Augmentation of effector CD8+ T cell generation with enhanced granzyme B
expression by IL-27. J Immunol 175, 1686-1693 (2005).

Toubi, E., Kessel, A., Goldstein, L., Slobodin, G., Sabo, E., Shmuel, Z. &
Zuckerman, E. Enhanced peripheral T-cell apoptosis in chronic hepatitis C virus
infection: association with liver disease severity. J Hepatol 35, 774-780 (2001).

Grayson, J.M., Weant, A.E., Holbrook, B.C. & Hildeman, D. Role of Bim in
regulating CD8+ T-cell responses during chronic viral infection. J Virol 80, 8627-
8638 (2006).

Suresh, M., Gao, X., Fischer, C., Miller, N.E. & Tewari, K. Dissection of antiviral
and immune regulatory functions of tumor necrosis factor receptors in a chronic
lymphocytic choriomeningitis virus infection. J Virol 78, 3906-3918 (2004).

Kelley, J.M., Emerson, S.U. & Wagner, R.R. The glycoprotein of vesicular
stomatitis virus is the antigen that gives rise to and reacts with neutralizing
antibody. J Virol 10, 1231-1235 (1972).



105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

61

Rakemann, T., Niehof, M., Kubicka, S., Fischer, M., Manns, M.P., Rose-John, S.
& Trautwein, C. The designer cytokine hyper-interleukin-6 is a potent activator of
STAT3-dependent gene transcription in vivo and in vitro. Journal of Biological
Chemistry 274, 1257-1266 (1999).

Neumann, A.U., Lam, N.P., Dahari, H., Gretch, D.R., Wiley, T.E., Layden, T.J. &
Perelson, A.S. Hepatitis C viral dynamics in vivo and the antiviral efficacy of
interferon-alpha therapy. Science 282, 103-107 (1998).

Okanoue, T., Sakamoto, S., Itoh, Y., Minami, M., Yasui, K., Sakamoto, M.,
Nishioji, K., Katagishi, T., Nakagawa, Y., Tada, H., Sawa, Y., Mizuno, M.,
Kagawa, K. & Kashima, K. Side effects of high-dose interferon therapy for
chronic hepatitis C. J Hepatol 25, 283-291 (1996).

Marine, J.C., McKay, C., Wang, D., Topham, D.J., Parganas, E., Nakajima, H.,
Pendeville, H., Yasukawa, H., Sasaki, A., Yoshimura, A. & Ihle, J.N. SOCS3 is
essential in the regulation of fetal liver erythropoiesis. Cell 98, 617-627 (1999).

Wong, P.K., Egan, P.J., Croker, B.A., O'Donnell, K., Sims, N.A., Drake, S., Kiu,
H., McManus, E.J., Alexander, W.S., Roberts, A.W. & Wicks, I.P. SOCS-3
negatively regulates innate and adaptive immune mechanisms in acute IL-1-
dependent inflammatory arthritis. J Clin Invest 116, 1571-1581 (2006).

Croker, B.A., Kiu, H., Pellegrini, M., Toe, J., Preston, S., Metcalf, D., O'Donnell,
J.A., Cengia, L.H., McArthur, K., Nicola, N.A., Alexander, W.S. & Roberts, A.W.
IL-6 promotes acute and chronic inflammatory disease in the absence of SOCS3.
Immunol Cell Biol 90, 124-129 (2012).

Sun, J.C. & Bevan, M.J. Defective CD8 T cell memory following acute infection
without CD4 T cell help. Science 300, 339-342 (2003).

Shedlock, D.J. & Shen, H. Requirement for CD4 T cell help in generating
functional CD8 T cell memory. Science 300, 337-339 (2003).

Doherty, P.C. Cytotoxic T cell effector and memory function in viral immunity.
Transgenic Models of Human Viral and Immunological Disease 206, 1-14 (1996).

Masopust, D., Jiang, J., Shen, H. & Lefrancois, L. Direct analysis of the dynamics
of the intestinal mucosa CD8 T cell response to systemic virus infection. Journal
of Immunology 166, 2348-2356 (2001).

Breen, E.C., Rezai, A.R., Nakajima, K., Beall, G.N., Mitsuyasu, R.T., Hirano, T.,
Kishimoto, T. & Martinezmaza, O. Infection with Hiv Is Associated with Elevated
11-6 Levels and Production. Journal of Immunology 144, 480-484 (1990).



116.

117.

118.

119.

120.

121.

122.

123.

124,

62

Honda, M., Yamamoto, S., Cheng, M., Yasukawa, K., Suzuki, H., Saito, T., Osugi,
Y., Tokunaga, T. & Kishimoto, T. Human Soluble 11-6 Receptor - Its Detection
and Enhanced Release by Hiv-Infection. Journal of Immunology 148, 2175-2180
(1992).

Nakajima, K., Martinezmaza, O., Hirano, T., Breen, E.C., Nishanian, P.G.,
Salazargonzalez, J.F., Fahey, J.L. & Kishimoto, T. Induction of 11-6 (B-Cell
Stimulatory Factor-2/1fn-Beta-2) Production by Hiv. Journal of Immunology 142,
531-536 (1989).

Lapinski, T.W. The levels of IL-1 beta, IL-4 and IL-6 in the serum and the liver
tissue of chronic HCV-infected patients. Arch Immunol Ther Ex 49, 311-316
(2001).

Torre, D., Zeroli, C., Giola, M., Ferrario, G., Fiori, G.P., Bonetta, G. & Tambini,
R. Serum Levels of Interleukin-1-Alpha, Interleukin-1-Beta, Interleukin-6, and
Tumor-Necrosis-Factor in Patients with Acute Viral-Hepatitis. Clinical Infectious
Diseases 18, 194-198 (1994).

Lindqvist, M., van Lunzen, J., Soghoian, D.Z., Kuhl, B.D., Ranasinghe, S.,
Kranias, G., Flanders, M.D., Cutler, S., Yudanin, N., Muller, M.1., Davis, I.,
Farber, D., Hartjen, P., Haag, F., Alter, G., Schulze Zur Wiesch, J. & Streeck, H.
Expansion of HIV-specific T follicular helper cells in chronic HIV infection. J
Clin Invest 122, 3271-3280 (2012).

Petrovas, C., Yamamoto, T., Gerner, M.Y., Boswell, K.L., Wloka, K., Smith, E.C.,
Ambrozak, D.R., Sandler, N.G., Timmer, K.J., Sun, X., Pan, L., Poholek, A., Rao,
S.S., Brenchley, J.M., Alam, S.M., Tomaras, G.D., Roederer, M., Douek, D.C.,
Seder, R.A., Germain, R.N., Haddad, E.K. & Koup, R.A. CD4 T follicular helper
cell dynamics during SIV infection. J Clin Invest 122, 3281-3294 (2012).

Feng, J., Lu, L., Hua, C., Qin, L., Zhao, P., Wang, J., Wang, Y., Li, W., Shi, X. &
Jiang, Y. High frequency of CD4+ CXCR5+ TFH cells in patients with immune-
active chronic hepatitis B. PLoS One 6, €21698 (2011).

Feng, J., Hu, X., Guo, H., Sun, X., Wang, J., Xu, L., Jiang, Z., Xu, B., Niu, J. &
Jiang, Y. Patients with chronic hepatitis C express a high percentage of
CD4(+)CXCRS5 (+) T follicular helper cells. J Gastroenterol 47, 1048-1056
(2012).

Hong, J.J., Amancha, P.K., Rogers, K., Ansari, A.A. & Villinger, F. Spatial
alterations between CD4(+) T follicular helper, B, and CD8(+) T cells during
simian immunodeficiency virus infection: T/B cell homeostasis, activation, and
potential mechanism for viral escape. J Immunol 188, 3247-3256 (2012).



125.

126.

127.

128.

129.

130.

131.

132.

63

Douek, D.C., Brenchley, J.M., Betts, M.R., Ambrozak, D.R., Hill, B.J., Okamoto,
Y., Casazza, J.P., Kuruppu, J., Kuntsman, K., Wolinsky, S., Grossman, Z., Dybul,
M., Oxenius, A., Price, D.A., Connors, M. & Koup, R.A. HIV preferentially
infects HIV-specific CD4(+) T cells. Nature 417, 95-98 (2002).

Parren, PW.H.I., Moore, J.P., Burton, D.R. & Sattentau, Q.J. The neutralizing
antibody response to HIV-1: viral evasion and escape from humoral immunity.
AIDS 13, S137-S162 (1999).

Wei, X.P., Decker, J.M., Wang, S.Y., Hui, H.X., Kappes, J.C., Wu, X.Y., Salazar-
Gonzalez, J.F., Salazar, M.G., Kilby, J.M., Saag, M.S., Komarova, N.L., Nowak,
M.A., Hahn, B.H., Kwong, P.D. & Shaw, G.M. Antibody neutralization and
escape by HIV-1. Nature 422, 307-312 (2003).

Walker, L.M., Huber, M., Doores, K.J., Falkowska, E., Pejchal, R., Julien, J.P.,
Wang, S.K., Ramos, A., Chan-Hui, P.Y., Moyle, M., Mitcham, J.L., Hammond,
P.W., Olsen, O.A., Phung, P., Fling, S., Wong, C.H., Phogat, S., Wrin, T., Simek,
M.D., Koff, W.C., Wilson, I.A., Burton, D.R., Poignard, P. & Investigators, P.G.P.
Broad neutralization coverage of HIV by multiple highly potent antibodies.
Nature 477, 466-U117 (2011).

Harrer, T., Harrer, E., Kalams, S.A., Elbeik, T., Staprans, S.1., Feinberg, M.B.,
Cao, Y.Z., Ho, D.D., Yilma, T., Caliendo, A.M., Johnson, R.P., Buchbinder, S.P. &
Walker, B.D. Strong cytotoxic T cell and weak neutralizing antibody responses in
a subset of persons with stable nonprogressing HIV type 1 infection. Aids Res
Hum Retrov 12, 585-592 (1996).

Vinuesa, C.G. HIV and T follicular helper cells: a dangerous relationship. J Clin
Invest 122, 3059-3062 (2012).

lannello, A., Tremblay, C., Routy, J.P., Boulassel, M.R., Toma, E. & Ahmad, A.
Decreased levels of circulating IL-21 in HIV-infected AIDS patients: correlation
with CD4+ T-cell counts. Viral Immunol 21, 385-388 (2008).

Parrish-Novak, J., Dillon, S.R., Nelson, A., Hammond, A., Sprecher, C., Gross,
J.A., Johnston, J., Madden, K., Xu, W., West, J., Schrader, S., Burkhead, S.,
Heipel, M., Brandt, C., Kuijper, J.L., Kramer, J., Conklin, D., Presnell, S.R.,
Berry, J., Shiota, F., Bort, S., Hambly, K., Mudri, S., Clegg, C., Moore, M., Grant,
F.J., Lofton-Day, C., Gilbert, T., Rayond, F., Ching, A., Yao, L., Smith, D.,
Webster, P., Whitmore, T., Maurer, M., Kaushansky, K., Holly, R.D. & Foster, D.
Interleukin 21 and its receptor are involved in NK cell expansion and regulation
of lymphocyte function. Nature 408, 57-63 (2000).



133.

134.

135.

136.

137.

138.

139.

140.

141.

64

Coquet, J.M., Kyparissoudis, K., Pellicci, D.G., Besra, G., Berzins, S.P., Smyth,
M.J. & Godfrey, D.I. IL-21 is produced by NKT cells and modulates NKT cell
activation and cytokine production. J Immunol 178, 2827-2834 (2007).

Shoukry, N.H., Cawthon, A.G. & Walker, C.M. Cell-mediated immunity and the
outcome of hepatitis C virus infection. Annu Rev Microbiol 58, 391-424 (2004).

Shoukry, N.H., Grakoui, A., Houghton, M., Chien, D.Y., Ghrayeb, J., Reimann,
K.A. & Walker, C.M. Memory CD8+ T cells are required for protection from
persistent hepatitis C virus infection. J Exp Med 197, 1645-1655 (2003).

Zuo, J., Church, J., Belzer, M., Kitchen, C., Ank, B., Schmid, I. & Krogstad, P.
Short Communication: Enhanced CD8(+) T Cell Apoptosis in HIV-Infected
Adolescents with Virologic Failure on Protease Inhibitor-Based Therapy. Aids Res
Hum Retrov 26, 681-684 (2010).

Radziewicz, H., Ibegbu, C.C., Hon, H.M., Osborn, M.K., Obideen, K., Wehbi, M.,
Freeman, G.J., Lennox, J.L., Workowski, K.A., Hanson, H.L. & Grakoui, A.
Impaired Hepatitis C Virus (HCV)-Specific Effector CD8(+) T Cells Undergo
Massive Apoptosis in the Peripheral Blood during Acute HCV Infection and in the
Liver during the Chronic Phase of Infection. Journal of Virology 82, 9808-9822
(2008).

Harfouch, S., Guiguet, M., Valantin, M.A., Samri, A., Ouazene, Z., Slama, L.,
Dominguez, S., Simon, A., Theodorou, I., Thibault, V. & Autran, B. Lack of TGF-
beta production by hepatitis C virus-specific T cells during HCV acute phase is
associated with HCV clearance in HIV coinfection. J Hepatol 56, 1259-1268
(2012).

Kaufmann, D., Pantaleo, G., Sudre, P., Telenti, A. & Study, S.H.C. CD4-cell count
in HIV-1-infected individuals remaining viraemic with highly active antiretroviral
therapy (HAART). Lancet 351, 723-724 (1998).

Khakoo, S., Glue, P., Grellier, L., Wells, B., Bell, A., Dash, C., Murray-Lyon, I.,
Lypnyj, D., Flannery, B., Walters, K. & Dusheiko, G.M. Ribavirin and interferon
alfa-2b in chronic hepatitis C: assessment of possible pharmacokinetic and
pharmacodynamic interactions. Brit J Clin Pharmaco 46, 563-570 (1998).

Llorente, L., Zou, W., Levy, Y., Richaud-Patin, Y., Wijdenes, J., Alcocer-Varela, J.,
Morel-Fourrier, B., Brouet, J.C., Alarcon-Segovia, D., Galanaud, P. & Emilie, D.
Role of interleukin 10 in the B lymphocyte hyperactivity and autoantibody
production of human systemic lupus erythematosus. J Exp Med 181, 839-844
(1995).



142.

143.

144,

145.

146.

65

Rantapaa-Dahlqvist, S., de Jong, B.A., Berglin, E., Hallmans, G., Wadell, G.,
Stenlund, H., Sundin, U. & van Venrooij, W.J. Antibodies against cyclic
citrullinated peptide and IgA rheumatoid factor predict the development of
rheumatoid arthritis. Arthritis Rheum 48, 2741-2749 (2003).

Agrawal, S., Misra, R. & Aggarwal, A. Autoantibodies in rheumatoid arthritis:
association with severity of disease in established RA. Clin Rheumatol 26, 201-
204 (2007).

Provost, T.T., Talal, N., Harley, J.B., Reichlin, M. & Alexander, E. The
relationship between anti-Ro (SS-A) antibody-positive Sjogren's syndrome and
anti-Ro (SS-A) antibody-positive lupus erythematosus. Arch Dermatol 124, 63-71
(1988).

Simpson, N., Gatenby, P.A., Wilson, A., Malik, S., Fulcher, D.A., Tangye, S.G.,
Manku, H., Wyse, T.J., Roncador, G., Huttley, G.A., Goodnow, C.C., Vinuesa,
C.G. & Cook, M.C. Expansion of circulating T cells resembling follicular helper
T cells is a fixed phenotype that identifies a subset of severe systemic lupus
erythematosus. Arthritis Rheum 62, 234-244 (2010).

DiPlacido, L.D. & Craft, J. Emerging from the shadows: follicular helper T cells
in autoimmunity. Arthritis Rheum 62, 6-8 (2010).





