
 

Distribution Agreement 
 
In presenting this thesis or dissertation as a partial fulfillment of the requirements for an 
advanced degree from Emory University, I hereby grant to Emory University and its agents the 
non-exclusive license to archive, make accessible, and display my thesis or dissertation in whole 
or in part in all forms of media, now or hereafter known, including display on the world wide 
web.  I understand that I may select some access restrictions as part of the online submission of 
this thesis or dissertation.  I retain all ownership rights to the copyright of the thesis or 
dissertation.  I also retain the right to use in future works (such as articles or books) all or part of 
this thesis or dissertation. 
 
 
 
 
 
 
Signature: 
 
_____________________________   ______________ 
Junghwa Lee     Date 
 



 

Regulation of CD4 and CD8 T Cell Responses 
during Vaccination and Viral Infection 

 
By 

 
Junghwa Lee 

 
Doctor of Philosophy 

Graduate Division of Biological and Biomedical Sciences 
Immunology and Molecular Pathogenesis 

 
 

_________________________________________  
Rafi Ahmed, Ph.D. 

Advisor 
 
 

_________________________________________  
John Altman, Ph.D. 
Committee Member 

 
 

_________________________________________  
Brian Evavold, Ph.D. 
Committee Member 

 
 

_________________________________________  
Joshy Jacob, Ph.D. 
Committee Member 

 
 

_________________________________________  
Sam Speck, Ph.D. 

Committee Member 
 

 
Accepted: 

 
_________________________________________ 

Lisa A. Tedesco, Ph.D. 
Dean of the James T. Laney School of Graduate Studies 

 
___________________ 

Date 
 



	  

	  

Regulation of CD4 and CD8 T Cell Responses 
during Vaccination and Viral Infection 

 
 
 

By 
 
 
 

Junghwa Lee 
B.S., Handong University, 2004 
M.S., Yonsei University, 2006 

 
 
 
 
Advisor: Rafi Ahmed, Ph.D. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

An Abstract of 
a dissertation submitted to the Faculty of the 

James T. Laney School of Graduate Studies of Emory University 
in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy 
in Graduate Division of Biological and Biomedical Sciences 

Immunology and Molecular Pathogenesis 
2017 

 
 
 
 
 
 
 



	  

	  

Abstract 
 

Regulation of CD4 and CD8 T Cell Responses  
during Vaccination and Viral Infection 

 
By Junghwa Lee 

 
 
To design more effective therapeutic strategies and vaccines with the aim of restoring or 
enhancing functional T cell responses against chronic viral infection and cancer, it is 
important to better understand T cell responses to vaccine vectors and how T cells can be 
modulated to recover their functions under persistent antigenic stimulation. 
 
In the first part of this work, we characterize CD4 T cells elicited by Adenovirus serotype 
5 (Ad5) vectors. We examined CD4 T cell responses following immunization of mice 
with Ad5 vectors encoding full-length lymphocytic choriomeningitis virus (LCMV)-
glycoprotein (GP) compared to those induced by an acute LCMV infection. In contrast to 
LCMV infection where balanced CD4 T helper 1 (Th1) and T follicular helper (Tfh) 
responses were generated, Ad5 immunization resulted in significantly reduced Th1 
differentiation. Analysis at early time points after immunization with Ad5 vectors 
revealed a defect in the expression of CD25 (interleukin-2[IL-2] receptor alpha chain) on 
Ad5-elicited CD4 T cells and administration of exogenous IL-2 following Ad5 
immunization partially restored Th1 responses. These results suggest that impairment of 
Th1 commitment after Ad5 immunization could be due to reduced IL-2-mediated 
signaling.   
 
In the second part of this work, we address how blockade of cytotoxic T-lymphocyte-
associated antigen-4 (CTLA-4) and programmed cell death-1 (PD-1) affects 
differentiation of virus-specific CD4 and CD8 T cells in a adoptive transfer system 
during chronic LCMV infection. Both CTLA-4 and PD-1 are inhibitory receptors induced 
by T cell activation with high expression levels on exhausted T cells. Blocking these 
negative regulatory pathways can rescue exhausted T cells during chronic infection and 
cancer. Both CTLA-4 and PD-1 pathway blockade generated more virus-specific Th1 
cells. However, in contrast to PD-1 pathway blockade, which had a pronounced effect in 
rescuing exhausted CD8 T cells in terms of both quantity and quality, CTLA-4 blockade 
combined with CD4 T cell transfer did not further promote LCMV-specific CD8 T cell 
responses or viral control compared to CD4 T cell transfer alone. Thus, our results show 
that individual inhibitory receptors can differentially regulate CD4 and CD8 T cell 
responses during chronic viral infection, with important implications for combination 
immunotherapy.  
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Chapter 1: Introduction 

 

I. CD4 T cell responses during viral infection 

Upon recognition of virus-derived peptides on activated antigen presenting cells 

(APCs) along with costimulatory and cytokine-mediated signals, naïve CD4 T cells 

become activated, undergo massive clonal expansion and differentiate into distinct 

subsets of effector cells. Various subsets of effector CD4 T cells have been defined 

including T helper 1 (Th1), Th2, T follicular helper (Tfh), Th17 and regulatory T cells 

(Tregs)(1). Priming environment can vary depending on the nature of viral infection. 

During priming, multiple factors such as pattern recognition receptor (PRR)-mediated 

signaling, activation status of dendritic cells (DCs) and T cell receptor (TCR) signal 

strength influence the fate determination of CD4 T cells. Especially, cytokine milieu is a 

major determinant that drives differentiation of naïve CD4 T cells toward particular 

effector subsets. Cytokine-mediated signals and subsequent signal transducer and 

activator of transcription (STAT) activation turn on the lineage-specific transcription 

factors that direct differentiation program and commitment to corresponding effector 

cells. Each effector subset produces hallmark cytokines and has specialized functions.  

 

1. Th1 and Tfh differentiation  

Following virus infection, CD4 T cells predominantly develop into Th1 and Tfh 

cells. Th1 differentiation is promoted by proinflammatory cytokines induced during early 

viral infection, such as type I interferons (IFNs), interleukin-12 (IL-12) or IFNγ. Type I 

IFNs or IFNγ induces expression of T-bet, a master transcription factor for Th1 cells, 
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through STAT1 activation(2). T-bet drives expression of IL-12 receptor β (IL-12Rβ), 

rendering CD4 T cells responsive to IL-12. Then IL-12-mediated signaling via STAT4 

activates IFNγ production and induces the second wave of T-bet expression which also 

transactivates IFNγ(3, 4). This autoregulatory feedback loop reinforces Th1 

differentiation. Th1 cells produce large amounts of IFNγ. IFNγ activates macrophages to 

enhance their killing of phagocytosed microbes, to secrete proinflammatory cytokines, 

and to elevate expression of major histocompatibility complex (MHC) and costimulatory 

molecules. IFNγ also induces chemokines that recruit effector CD8 T cells or innate 

effector cells to the infection site. Th1 cells express CXC chemokine receptor 3 

(CXCR3), allowing them to traffic to the peripheral tissue of inflammation where CXC 

chemokine ligand 9 (CXCL9), CXCL10, and CXCL11 are produced(5).  Thus, Th1 cells 

play an important role in immune defense against intracellular pathogens such as virus 

and also cancer by activating cell-mediated immunity.  

Tfh cells are a specialized CD4 T cell subset that provides help to B cells. Tfh 

cells regulate almost every stage of B cell differentiation and play an essential role in 

generating humoral immunity. Tfh cells are characterized by expression of B cell 

lymphoma 6 (Bcl6), a master regulator of the Tfh lineage(6), B cell follicle homing 

receptor CXCR5, signaling lymphocytic activation molecule (SLAM) 

-associated protein (SAP), high-level of programmed cell death-1 (PD-1) and inducible T 

cell co-stimulator (ICOS) and secretion of IL-21(7). In addition to Bcl6, several other 

transcription factors are involved in Tfh differentiation, including interferon regulatory 

factor 4 (IRF4), Maf, basic leucine zipper transcription factor ATF-like (BATF) and T-

cell factor 1 (TCF1)(8). Compared to Th1, the process of Tfh differentiation is more 
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complex, involving multisteps and multisignals. Several factors such as IL-6, ICOS, and 

IL-2 have been shown to regulate early Tfh differentiation(8). IL-6 induces Bcl6 in a 

STAT3-dependent manner and Bcl6 subsequently induces CXCR5 expression. ICOS 

expression by CD4 T cells during priming is essential for Bcl6 expression and initiation 

of Tfh differentiation. IL-2 also acts early but suppresses Tfh differentiation. The role of 

IL-2 in regulating Th1 and Tfh differentiation will be discussed in more detail later in this 

section. Early process of Tfh differentiation during priming can be initiated by DCs 

independently of B cells, but in order to maintain and complete the Tfh differentiation 

program, the interaction with cognate B cells is required. Primed CD4 T cells 

upregulating CXCR5 and downregulating CC chemokine receptor 7 (CCR7) and P-

selectin glycoprotein ligand 1 (PSGL1) migrate to T-B border and B cell follicles. 

Subsequent interaction with cognate B cells stabilizes Bcl6 and CXCR5 expression. In 

the B cell follicles, B cells are the primary APCs presenting antigens to CD4 T cells and 

providing costimulation via ICOS ligand (ICOSL). ICOS-mediated signal is critical in the 

process of Tfh differentiation as shown by impaired Tfh development in ICOS-

deficient(9) or ICOSL-deficient(10) mice.  Tfh cells are further polarized to germinal 

center (GC) Tfh cells. GC Tfh cells reside in GCs and help GC B cells undergo affinity 

maturation and differentiation into long-lived high affinity plasma cells and memory B 

cells.  

IL-2 plays an important role in CD4 T cell differentiation with a decisive 

influence on regulating Th1 versus Tfh differentiation(11, 12). IL-2 signals are mediated 

through STAT5 or phosphatidylinositol-3-kinase (PI3K) pathway. IL-2 signals via 

STAT5 upregulate IL-12Rβ and CD25 (IL-2 receptor alpha chain [IL-2Rα]) expression, 
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thereby increasing responsiveness to IL-12 and potentiating IL-2 signaling(13). IL-2 

activation of STAT5 has also been shown to inhibit STAT3 binding to Bcl6 locus. IL-2 

signaling inhibits Bcl6 exprssion by inducing B lymphocyte-induced maturation protein-

1 (Blimp-1), which is an antagonist of Bcl6. Blimp-1 promotes CD4 T cell differentiation 

toward non-Tfh cells while suppressing Tfh generation. A recent report has demonstrated 

that IL-2-mediated induction of Blimp-1 is dependent on PI3K-Akt-mammalian target of 

rapamycin (mTOR) pathway(14). Therefore, IL-2 signals regulate reciprocal 

differentiation of Th1 and Tfh cell lineages(15, 16). Another evidence for the role of IL-2 

in fate decision of Th1 versus Tfh is that differential CD25 expression during CD4 T cell 

priming is associated with Th1 and Tfh lineage commitment. Following acute infection, 

Th1 versus Tfh bifurcation occurs by 48-72 hours after infection and two populations are 

distinguishable by differential CD25 expression. Expression of CD25 during priming 

positively correlates with Blimp-1 expression and inversely correlates with Bcl6 and 

CXCR5 expression.  

 

2. Role of CD4 T cells during viral infection 

During viral infection, CD4 T cells mainly function to help CD8 T cells and B 

cells induce optimal responses and also can exert direct effector functions. Furthermore, 

CD4 T cells enhance innate immunity. For example, CD4 T cells activate phagocytes 

such as macrophages and natural killer (NK) cells, and promote their cytotoxic activities. 

CD4 T cell-mediated APC activation induces proinflammatory cytokines and chemokines 

that recruit innate effector cells to the inflamed tissue. Here, I will focus on the roles of 

CD4 T cells in orchestrating humoral and cellular responses during viral infection. 
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2.1. CD4 T cell-mediated CD8 T cell help 

 CD4 T cells help CD8 T cells promote optimal antiviral responses. Multiple 

mechanisms underlying CD4 T cell-mediated help have been implicated. One mechanism 

is through licensing of DCs. Following recognition of specific antigens. CD4 T cells 

stimulate DCs, via CD40L/CD40 interaction(17-19), to upregulate costimulatory 

molecules and enhance cytokine secretion such as, type I IFNs, IL-1, IL-6 and IL-12.  

These DCs then become more competent to prime CD8 T cells and induce differentiation 

into effector and memory CD8 T cells. CD4 T cell-mediated DC licensing may not be 

essential for CD8 T cell priming following viral infections that generate potent 

proinflammatory mediators, thereby directly activating DCs through PRRs. However, in 

a setting where inflammatory signals are suboptimal or downregulated, CD4 T cell-

mediated DC activation is probably critical for efficient priming of CD8 T cells. 

Therefore, requirement for this form of CD4 T cell help in the initiation of virus-specific 

CD8 T cell responses can be dependent on the context of viral infection.  

Although it still remains controversial whether CD4 T cells are required for 

programming or maintenance of antiviral CD8 T cell responses(20), the role of CD4 T 

cells seems to be critical for the generation of functional memory CD8 T cell responses 

following viral infection (21, 22). CD8 T cells generated in the absence of CD4 T cell 

help have exhibited  defective recall responses to secondary challenge due to significantly 

reduced proliferative capacity of memory CD8 T cells. Several reports have shown that 

CD8 T cells differentiated without CD4 T cell help overexpress TNF-related apoptosis-

inducing ligand (TRAIL) and enhanced TRAIL-mediated apoptosis correlates with 

impaired recall capacities of memory CD8 T cells in the absence of CD4 T cell help (23).  
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However, other studies show defective memory responses without CD4 T cell help are 

TRAIL-independent(24, 25). Helpless memory CD8 T cells have also been shown to 

upregulate PD-1(26) and T-bet(27). PD-1 blockade or provision of IL-2 signals rescues 

impaired secondary responses after rechallenge. Overexpression of T-bet in helpless CD8 

T cells results in aberrant memory differentiation with a defect in central memory 

generation. Therefore, these results suggest that CD4 T cells support CD8 T cells by 

regulating the expression of several molecules important for survival and memory 

differentiation. CD4 T cells have also been shown to promote the optimal formation of 

memory CD8 T cells, through direct CD40L ligation to CD40 on CD8 T cells(28). 

CD4 T cells also regulate CD8 T cell trafficking. CD4 T cells can recruit CD8 T 

cells to the APCs and promote their cognate interactions(29). Upon the cognate 

interaction between CD4 T cells and DCs, CC chemokine ligand 3 (CCL3) and CCL4 are 

produced to attract CCR5-expressing CD8 T cells to DCs (30), promoting CD8 T cell 

priming. CD4 T cells also recruit effector CD8 T cells to the peripheral site of infection 

through secretion of IFNγ. In Herpes simplex virus-2 (HSV-2) infection in mice, CD4 T 

cell secretion of IFNγ induces CXCL9 and CXCL10 from surrounding tissues that attract 

CXCR3-expressing effector CD8 T cells to the inflamed tissues(31). Therefore, CD4 T 

cells modulate CD8 T cell trafficking during the effector phase as well as the priming 

phase. 

CD4 T cells secrete cytokines such as IL-2 or IL-21 that have an impact on CD8 

T cell responses. The principal function of IL-2 is to promote proliferation and survival 

of T cells. In acute viral infection, to receive optimal IL-2 signaling during priming is 

essential for CD8 T cells to induce robust secondary responses(32). The effects of IL-21 
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mainly relate to memory and recall responses and survival of CD8 T cells. In acute 

lymphocytic choriomeningitis virus (LCMV) infection, IL-21 is dispensable for the 

generation of effector and memory CD8 T cell responses. However, IL-21 promotes IL-2 

production by CD8 T cells during acute LCMV infection. Furthermore, a mixed bone 

marrow chimera experiment has shown that IL-21R-deficient CD8 T cells result in 

reduced secondary responses compared to wild-type counterparts (33). Absence of IL-

21R-mediated signaling compromises primary and secondary CD8 T cell responses in 

adenovirus vector immunization (34). IL-21R deficient CD8 T cells display impaired 

proliferative capacity and elevated expression of TRAIL. Therefore CD4 T cells support 

antiviral CD8 T cell responses via multiple mechanisms during viral infection. 

 

2.2. CD4 T cell-mediated B cell help 

Antibody response is critical for preventing many viral infections and also 

contributes to the resolution of infection. Tfh cells are involved in almost every process 

of B cell differentiation and functions of Tfh cells are essential for the establishment of 

long-term humoral immunity.  

Tfh cells are required for the formation and maintenance of GCs. Tfh cells 

initially induce Bcl6 expression in activated B cells and stimulate GC B cell 

differentiation. SAP expression by Tfh cells is critical for CD4 T cell-B cell adhesion, 

stabilizing their interactions and subsequently for GC Tfh development and GC 

formation(35, 36). Once GCs are formed, Tfh cells provide proliferation and survival 

signals to GC B cells via multiple mechanisms including CD40 ligand (CD40L), IL-21 

and IL-4. These signals from Tfh calls are important for the maintenance of GC B cells 
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because GC B cells highly express FAS and are prone to FAS-mediated apoptosis 

without prosurvival stimuli (37). Tfh cells play an essential role in B cell affinity 

maturation to select high-affinity B cells. Somatic hypermutation depends on the 

expression of activation-induced cytidine deaminase (AID) by GC B cells. How AID 

expression is regulated in GC B cells and how Tfh cells regulate this process  have not 

been fully defined. Differentiation of GC B cells into plasma cells is also regulated by 

Tfh cells. Tfh secretion of IL-21 induces Blimp-1, a master regulator of plasma cell 

differentiation, in GC B cells(38, 39). Tfh cells also stimulate class switch recombination 

by producing IL-4, IL-21 and other additional cytokines dependent on the context of 

infection. The help signals provided by Tfh cells to B cells are still not completely 

understood, but mainly involve CD40L-CD40 interaction, IL-21 and IL-4. 

 

2.3. CD4 T cell-mediated direct effector functions 

Besides helper functions, CD4 T cells also have direct roles in protection against 

viral pathogens, through production of antiviral cytokines or direct cytotoxic activities. 

Antiviral cytokines such as IFNγ and tumor necrosis factor (TNF) produced by CD4 T 

cells can inhibit viral replication in the infected cells. CD4 T cell-mediated direct 

cytotoxic activity and its contribution to viral control have been demonstrated in many 

viral infections both in mice and humans. Several mechanisms underlying direct effector 

functions of CD4 T cells, including perforin, granzyme, FAS ligand (FASL), or TRAIL-

mediated mechanisms have been reported(40). Effector CD4 T cells protect mice against 

lethal influenza virus infection in a IFNγ-independent and perforin-dependent 

manner(41).  MHC class II expression is induced on lung epithelial cells, providing 
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targets for cytotoxic CD4 T cells. IFNγ-independent cytolytic activity of CD4 T cells has 

also been demonstrated in persistent γ-herpesvirus 68 (rHV68) infection(42). CD4 T cells 

provide protection against lethal infection with HSV-2 by killing target cells via FAS-

induced apoptosis(43). CD4 T cell-mediated direct killing has also been found in LCMV 

infection, which is at least in part mediated by FASL/FAS interaction(44). The cytotoxic 

activity of CD4 T cells is limited to the target cells expressing MHC class II. However, 

depending on viral pathogens, epithelial or endothelial cells can induce expression of 

MHC class II molecules(45). IFNγ also plays a role in upregulation of MHC class II 

molecules(46).  

 

2.4. Role of CD4 T cells during chronic viral infection 

Virus-specific CD4 T cells play an essential role in maintaining effective antiviral 

immunity in chronic viral infection. The critical role of CD4 T cells has been 

demonstrated in chronic infection where antigen-specific CD4 T cell help lacks. Infection 

of mice with LCMV clone-13 infection leads to persistent infection that lasts 2-3 months 

and is eventually cleared from most peripheral tissues via CD4 T cell, CD8 T cell, and B 

cell-dependent mechanisms. However, when CD4 T cells are depleted at the onset of 

infection, mice do not develop antigen-specific CD4 T cells, fail to induce antibody 

responses, and generate more deeply exhausted CD8 T cells.  These mice do not resolve 

the infection and become life-long carriers(47, 48). Furthermore, adoptive transfer of 

virus-specific CD4 T cells into these chronically infected mice restores effector function 

of exhausted virus-specific CD8 T cells, induces antibody production, and substantially 
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reduces viral load(49), showing the important role of CD4 T cells in regulating antiviral 

CD8 T cell and antibody responses during chronic viral infection.  

In many persistent infections, a correlation is found between effective CD4 T cell 

responses and control of viral persistence. Robust proliferative hepatitis C virus (HCV)-

specific CD4 T responses during early phase of HCV infection have been associated with 

the resolution of infection and early functional defects in HCV-specific CD4 T cells 

correlate with the development of chronic HCV(50).  In human immunodeficiency virus 

(HIV) patients, HIV-specific CD4 T cells from elite controllers display higher 

proliferative capacity and polyfunctionality compared to those from patients with 

progressive diseases(51). 

During chronic infection, Th1 differentiation is suppressed and persistent 

antigenic stimulation directs CD4 T cell differentiation toward Tfh cells(52, 53). It has 

been initially thought that virus-specific CD4 T cells under sustained antigenic 

stimulation lose their effector functions based on their reduced ability to produce Th1 

cytokines such as IFNγ, TNF and IL-2(54). In contrast to impaired Th1 responses, 

accumulation of Tfh cells is found in chronic infections such as LCMV(52, 53), SIV(55), 

HIV(56), and HCV(57) infection, and now it is understood that instead of simply losing 

functions, CD4 T cell responses during chronic infection are skewed toward Tfh cells. 

This CD4 T cell subset can sustain antiviral immunity under persistent antigen 

stimulation and maintain its ability to help B cells and CD8 T cells, ultimately controlling 

persistent infection.  

A recent study has shown that restoration of Th1 cells in chronically infected 

mice with no antigen-specific CD4 T cell help, enhances virus-specific CD8 T cell 
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responses and promotes viral control(58). This result indicates that defective Th1 

responses during chronic infection contribute to CD8 T cell dysfunction that prevents 

viral clearance. Mechanistically, elevated expression of PD-L1 and IL-10 by suppressive 

DCs, which is induced by type I IFN signalings upon continuous antigenic stimulation, 

results in Th1 suppression. Concomitant blockade of PD-L1 and IL-10 restores Th1 

responses. 

 During persistent infection, when proinflammatory signals are downregulated and 

immunosuppressive environment is formed, CD4 T cell-mediated DC activation possibly 

plays a critical role in activating CD8 T cell responses. Cytokines produced by CD4 T 

cells such as IL-2 and IL-21 impact virus-specific CD8 T cell responses during chronic 

infection. IL-2 administration to LCMV-chronically infected mice increases virus-

specific CD8 T cells and leads to decreased viral load(59). In addition, IL-2 

administration reduces the expression of inhibitory receptors and upregulates CD127(60), 

a memory T cell marker. In HIV-1 infection, IL-2 produced by virus-specific CD4 T cells 

plays an important role in maintaining the functionality of antiviral CD8 T cells(56).  

Several reports have shown that IL-21 produced by CD4 T cells is critical for sustaining 

virus-specific CD8 T cells and eventually controlling chronic LCMV infection(61-63). 

IL-21-producing CD4 T cells play a role in enhancing virus-specific CD8 T cell 

responses in HIV infection(64) and correlate with the control of chronic hepatitis B 

infection(65). Despite profound effects of CD4 T cells on antiviral CD8 T cell responses 

during chronic infection, the mechanisms whereby CD4 T cells support virus-specific 

CD8 T cells are not yet fully understood and remain to be further determined. 
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II. T cell exhaustion 

 When acute infections are cleared by the immune system, memory T cells are 

generated. These cells rapidly reactivate effector functions upon antigen re-encounter and 

persist long term via homeostatic proliferation, independently of antigen(66, 67)(229). 

These key properties of memory T cells allow them to provide long-term protective 

immunity. In contrast, when the immune system fails to clear the virus and virus persists 

over long periods, prolonged antigen stimulation and inflammation lead to loss of 

effector functions of virus-specific CD8 T cells in a progressive and hierarchical manner, 

even resulting in clonal deletion(48, 68). This process, originally found in chronic LCMV 

infection in mice, was termed T cell exhaustion and has since been demonstrated to occur 

in various chronic viral infections and cancer in human(67, 69). Exhausted CD8 T cells 

are characterized by defects in effector functions such as cytokine production and 

cytotoxic activity, reduced proliferative capacity, and elevated and sustained expression 

of inhibitory receptors(70, 71). Exhausted CD8 T cells are distinctly different not only 

from functional effector or memory cells, but also from anergic cells, representing a 

unique transcriptional program(72). They also display distinct epigenetic profiles and 

metabolism. This indicates that these dysfunctional T cells are not simply inert cells, but 

actually undergo altered pattern of differentiation. In contrast to memory T cells, 

exhausted CD8 T cells fail to undergo homeostatic turnover in the absence of their 

specific antigens and depend on antigen for their survival(69, 73).  

Complex immunosuppressive mechanisms, including both intrinsic factors such 

as inhibitory receptor-mediated negative signaling and extrinsic factors such as 

immunosuppressive cytokines (IL-10 and transforming growth factor (TGF)-β) and 
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immunoregulatory cells (Tregs and myeloid-derived suppressor cells (MDSCs)(74)), can 

contribute to the establishment and maintenance of persistent infection and T-cell 

dysfunction. CD4 T cell help is also critical for limiting CD8 T cell dysfunction. 

 T cells have intrinsic regulatory mechanisms that limit their effector functions. 

Activated T cells transiently upregulate multiple inhibitory receptors that, upon ligation 

with respective ligands, deliver inhibitory signals to T cells in order to degrade excessive 

or unwanted T cell activation and protect the host from immune-mediated tissue damage. 

Under normal physiological conditions, these negative regulatory pathways are important 

for maintaining self-tolerance and preventing autoimmunity. However, pathogens or 

tumor takes advantage of these pathways to dampen host immune defense for their long-

term persistence(229). Persistent antigen stimulation, such as in chronic infection or 

cancer, maintains elevated expression of inhibitory receptors on T cells and leads to T 

cell exhaustion. Therefore, these inhibitory pathways are an important determinant of the 

outcome of the T-cell response, regulating the balance between effective host defense, 

immunopathology and immune suppression, implicating the potential for manipulating 

the inhibitory receptor pathway against various human diseases. Indeed, the finding that 

blocking the interaction between inhibitory receptors and their respective ligands can 

reverse T cell dysfunction and restore their effector functions made a breakthrough in 

developing immunotherapeutic approaches against chronic infection and cancer.  

More focused on CD8 T cells, exhaustion in CD4 T cells is relatively less defined 

but antigen-specific CD4 T cells under chronic antigen stimulation also have a reduced 

ability to produce effector cytokines and upregulate inhibitory receptors(54, 75). A recent 

study has shown that exhausted CD4 T cells are molecularly distinct from effector or 
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memory CD4 T cells and also from exhausted CD8 T cells(76). Although there are some 

features conserved between exhausted CD4 and CD8 T cells, exhausted CD4 T cells have 

unique characteristics in several key aspects including altered expression of costimulatory 

and coinhibitory molecules and transcription factors. Exhausted CD4 T cells are also 

distinct from other CD4 T cell effector subsets and seem heterogenous in terms of their 

transcriptional profiles. Like CD8 T cells, exhaustion in CD4 T cells reflects a unique 

state of differentiation. CD4 T cells during chronic infection show the altered functional 

profile such as enhanced IL-10 and IL-21 production and the loss of Th1 signature with a 

trend in skewing toward Tfh-lke cells(71, 76).  

 Thus, immunoregulatory roles of inhibitory receptors have been implicated in 

many aspects of immune responses but overexpression of inhibitory receptors is a 

hallmark of exhausted T cells and plays a critical role in regulating T cell responses in 

chronic infection and cancer. In the next section, I will discuss the role of inhibitory 

receptors in regulating T cell exhaustion, specially focusing on PD-1 and cytotoxic T-

lymphocyte-associated antigen-4 (CTLA-4). These two receptors are most well-known 

immune checkpoints and blocking antibodies against PD-1 or CTLA-4 (checkpoint 

inhibitors) are currently being used in the clinics to treat cancer patients. 
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III. T cell-based immunotherapy 

 T cell exhaustion is a common feature of chronic infections and cancer and has 

now become a key target of immunotherapy. Restoration of functional T cells can be 

achieved either by adoptive transfer or by reinvigoration of endogenous T cells by 

blocking inhibitory signals in T cells. Here I will discuss two key strategies of T cell-

targeted immunotherapies, blockade of inhibitory receptors and adoptive T cell transfer. 

 

1. Role of Inhibitory receptors in T cell exhaustion and therapeutic potential 

of manipulating inhibitory receptor pathways 

 

1.1. PD-1 

Section 1.1. PD-1, Reprinted from Forum on Immunopathological Diseases and 

Therapeutics, 2015, (1-2): 7-18, Junghwa Lee, Eunseon Ahn, Haydn T. Kissick, Rafi 

Ahmed, Reinvigorating Exhausted T Cells by Blockade of the PD-1 Pathway, Copyright 

(2017), with permission from Begell House, Inc. 

 

The role of the PD-1 pathway in T cell exhaustion 

 PD-1 is expressed in various hematopoietic cells including T cells, B cells, NK 

cells, NK T (NKT) cells, monocytes, macrophages, and dendritic cells (DCs) following 

their activation(77). PD-1 binds to its two ligands: programmed cell death 1 ligand-1 

(PD-L1; B7-H1; CD274)(78, 79) and PD-L2 (B7-DC; CD273)(80, 81), both of which are 

B7 family members. PD-L1 is constitutively expressed in a wide range of cells including 

hematopoietic and nonhematopoietic cells. In contrast, PD-L2 expression is restricted to 
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professional APCs (monocytes, macrophages, and DCs) and a certain subset of B cells. 

Inflammatory cytokines such as IFNs (α, β, and γ) are potent regulators of both PD-L1 

and PD-L2 expression. The function of PD-1 is best characterized in T cells. Its 

expression is induced by activation of T-cell receptor (TCR) signaling and further up-

regulated by cytokines(82). Upon engagement of PD-1 with its ligands, the SH2-domain 

containing tyrosine phosphatase 1 (SHP-1) and SHP-2 are recruited to the phosphorylated 

immunoreceptor tyrosine-based switch motif (ITSM) in the cytoplasmic domain of PD-1. 

Recruitment of SHP-1 and/or SHP-2 to ITSM motif of PD-1 induces dephosphorylattion 

of  proximal signaling molecules such as ZAP70 and phosphatidylinositol-3-kinase 

(PI3K) to inactivate them and as a consequence, TCR- and CD28-mediated signaling is 

attenuated (83-85) (Figure 1). It has been shown that PD-1 pathway is involved in the 

regulation of T cell motility(86, 87), metabolism(88), and cell cycle(89). PD-1 has also 

been shown to impair T cell functions by upregulating BATF that inhibits expression of 

effector genes(90). However, many of these findings were obtained from in vitro studies, 

and therefore the precise mechanism by which PD-1 regulates T cell exhaustion in vivo 

following persistent antigen exposure remains to be further determined. 

Our group previously found that PD-L1 has a differential role in hematopoietic cells 

and nonhematopoietic cells in regulating T-cell responses(91). In chronic LCMV 

infection, PD-L1 deficiency in hematopoietic cells enhanced the T-cell response in terms 

of both magnitude and function. In comparison, PD-L1 deficiency in nonhematopoietic 

cells had no effect on the T-cell response but resulted in better virus control. This 

indicates that the PD-1 pathway restrains T cells from killing virus-infected cells as well 

as attenuating T cell activation. The PD-1/PD-L1 interaction between T cells and infected 



	  

	  

17	  

cells (or cancer cells) inhibits target cell elimination by T cells. Abrogating this 

interaction releases the brake on T cells and promotes their effector functions, killing of 

target cells (Figure 2). Therefore, the PD-1 pathway negatively regulates T cells during 

priming and also the effector phase when T cells act on the target cells. This presumably 

results in more profound “rescue” effects by the blockade of PD-1 than do other 

inhibitory receptor blockades.  

During chronic infection and cancer, expression of both PD-1 and PD-1 ligands is 

abundant; continuous antigen stimulation maintains high levels of PD-1 expression on 

antigen-specific T cells and the expression of PD-1 ligands is also up-regulated by 

inflammatory stimulation. PD-1–mediated T-cell dysfunction strongly dampens antiviral 

or antitumor immune responses. The effect of interfering with the PD-1 pathway on the 

rescue of exhausted T cells has been shown in many animal models and human diseases.  

 

The therapeutic potential of PD-1 pathway blockade in chronic viral infection 

 The dominant role of PD-1 in regulating T-cell exhaustion was first described by 

our group in a mouse model of chronic LCMV infection. In this model, we found that 

exhausted CD8 T cells had increased PD-1 expression. Furthermore, blockade of the PD-

1 pathway restored effector functions of LCMV-specific CD8 T cells and significantly 

reduced viral load(92). This finding has been further extended to other types of chronic 

infections in mice, nonhuman primates, and humans. 

In HIV infection, PD-1 expression on HIV-specific CD8 T cells was correlated 

with impairment of CD8 T-cell function, high viral load, disease progression, and 

reduced CD4 count. In vitro blockade of PD-1 enhanced proliferation, cytokine 
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production, and survival of HIV-specific CD8 and CD4 T cells(93, 94). The effect of 

blocking PD-1/PD-L interactions on HIV disease progression has been shown in vivo 

using the humanized mouse model of chronic HIV infection. In vivo administration of 

anti-PD-L1 antibody increased the number of both CD4 and CD8 T cells and reduced 

HIV plasma viral load in HIV-1 chronically infected mice(95). In addition to HIV, 

blocking the PD-1 pathway was also found to promote an antiviral immune response in 

simian immunodeficiency virus (SIV) infection of rhesus macaques. Proliferation and 

polyfunctionality of SIV-specific CD8 T cells were augmented upon PD-1 blockade, and 

improved antiviral immunity was followed by viral load reduction and prolonged survival 

of chronically infected rhesus macaques(96). The role of the PD-1 pathway has also been 

investigated in chronic HCV infection. In the initial stage of HCV infection, most HCV-

specific T cells expressed PD-1. HCV-specific CD8 T cells from the patients who 

resolved the disease showed reduced PD-1 expression, whereas HCV-specific CD8 T 

cells from the patient with chronic disease maintained high level of PD-1 expression and 

exhibited dysfunctional phenotype. In vitro blockade of the PD-1 and PD-L interaction 

enhanced the proliferation and function of HCV-specific CD8 T cells(97, 98). One recent 

report demonstrated the impact of interrupting PD-1 signals in chronically HCV-infected 

chimpanzees. Following PD-1 blockade, one of the three animals had significantly 

reduced HCV viremia that was associated with restored intrahepatic CD4 and CD8 T-cell 

response. It has been suggested that preexisting virus-specific T cells are likely to be 

essential for the success of PD-1 blockade therapy in this model(99). Together, these 

preclinical studies show that PD-1 expression on virus-specific T cells is correlated with 

their functional defects, and interrupting PD-1 signaling can reverse this decline. The fact 
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that exhaustion is reversible and not an untreatable state indicates powerful therapeutic 

potential for manipulating the PD-1 axis to reinvigorate dysfunctional T cells in chronic 

viral infections.  

Currently, one clinical trial has been reported on PD-1 blockade in chronic viral 

infection. Anti-PD-1 antibody (BMS-936558, a fully human monoclonal antibody 

targeting PD-1) was used to treat patients chronically infected with HCV. Following a 

single infusion, suppression of HCV replication was observed in 11.1% of patients 

(5/45)(100). Also in this trial, one patient who previously did not respond to IFN-α 

therapy had undetectable viral load for at least 1 year following administration of the 

anti- PD-1 antibody. This promising result warrants further exploration of PD-1 blocking 

agents for therapeutic use in human chronic viral infection. 

 

The PD-1 pathway in antitumor immunity and PD-1-directed cancer immunotherapy 

 PD-1 and PD-L1 interaction in the tumor environment is a mechanism used by the 

tumor to resist destruction by the immune system. PD-L1 is expressed by many types of 

cancer cells and up-regulated by various inflammatory stimuli in the tumor environ-

ment(101, 102). Myeloid cells in tumors were shown to express PD-L1 and mediate 

inhibition of T cells(103). Tumor-infiltrating T cells express high levels of PD-1 due to 

prolonged exposure to the tumor antigen and immunosuppressive environment and 

exhibit similar functional and phenotypic properties as the exhausted T cells in chronic 

infection. This includes defects in effector cytokine production and upregulated 

expression of inhibitory receptors(104-106). Currently, the prevailing mechanism 

underlying the PD-1/PD-L1 axis in tumor sites is that the interaction of PD-L1 on tumor 
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cells with PD-1 on tumor-infiltrating lymphocytes (TILs) delivers negative signals and 

inhibits antitumor T-cell response, facilitating tumorigenesis.  

The role of PD-1 in tumor immune evasion was first shown when P815 tumor 

cells were transfected with PD-L1 and they became less susceptible to cytotoxic T-cell-

mediated killing. This report also showed that the growth of PD-L1+ myeloma cells was 

completely suppressed in syngeneic PD-1–deficient mice, whereas rapid tumor growth 

was observed in wild-type littermates(107). Multiple in vivo mouse studies have shown 

that the PD-1/PD-L1 interaction inhibits antitumor immunity, and abrogating this 

interaction enhances the T-cell-mediated antitumor response, leading to tumor 

regression(101, 107, 108). Encouraging results from preclinical studies and the 

therapeutic potential of blocking the PD-1 pathway have led to clinical development of 

several blocking antibodies against PD-1 or PD-L1. Currently, the results of clinical trials 

targeting the PD-1 pathway are very promising. Blockade of the PD-1 pathway using 

either anti- PD-1 or anti-PD-L1 antibodies has revealed high clinical response rates and 

was effective in patients with advanced cancer including metastatic melanoma, non-small 

cell lung cancer (NSCLC), renal cell cancer (RCC), bladder cancer, Hodgkin’s lym-

phoma, head and neck cancer, and breast cancer(109-131). Clinical responses by PD-1 

pathway blockade tended to be durable and were accompanied by less adverse effects 

than those seen with ipilimumab, a CTLA-4 blocking antibody used for treating 

metastatic melanoma. In the last couple of years, human monoclonal antibodies targeting 

PD-1 or PD-L1(pembrolizumab;Merck, nivolumab;Bristol-Myers Squibb, 

Atezolizumab;Genentech/Roche)  have been approved by the Food and Drug 

Administration (FDA), for the treatment of unresectable or metastatic melanoma, 
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NSCLC, metastatic RCC, Hodgkin’s lymphoma and recently bladder cancer (urothelial 

carcinoma).  

 Consistent with the concept that the tumor evades host immune response through 

engagement of PD-L1 with PD-1 on T cells, early studies suggested a correlation 

between PD-L1 expressed by the tumor and poor prognosis. However, several studies 

indicated a lack of correlation or even a positive association of PD-L1 expression on 

tumor cells with lymphocyte infiltration and better prognosis(102). A recent study 

reported a negative feedback loop, whereby activated T cells infiltrating the tumor 

environment produce proinflammatory cytokines, such as IFNγ, that induce the up-

regulation of PD-L1 on tumor cells(132). Therefore, PD-L1 expression in tumor cells 

possibly indicates preexisting immune responses.  

Based on the mechanism of PD-1/PD-L1 expression, PD-L1 expression by tumor 

cells has been suggested as a biomarker for predicting the clinical response to PD-1 

blockade therapy. Several clinical studies evaluated a correlation between tumor-asso-

ciated PD-L1 expression and the clinical response to PD-1 blocking agents, and there 

seemed to be a trend of positive association. However, tumor expression of PD-L1 is 

apparently not an absolute biomarker because not all patients with PD-L1+ tumors 

respond to PD-1 blockade, and some patients with PD-L1- (PD-L1 negative) tumors are 

still responsive to PD-1 therapy(133, 134). Considering the inducible nature of PD-L1 

and the fact that many other PD-1/PD-L interactions are possibly affected by PD-1 

pathway blockade along with tumor cells and TIL interactions, tumor PD-L1 expression 

as a single marker is not an optimal biomarker of the response to PD-1–targeted 
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immunotherapy. Therefore, it is imperative to identify reliable biomarkers to select 

patients who can benefit from this therapy. 

 

It has been shown that PD-1 blockade rescues the less exhausted CD8 T cells 

expressing intermediate levels of PD-1, whereas exhausted cells with high levels of PD-1 

respond poorly and are unlikely to be reversed by the treatment(135). Several studies 

have shown that a certain level of preexisting antigen-specific T cells is essential to better 

respond to blockade of the PD-1 pathway. Therefore, combining PD-1 pathway blockade 

with other therapies that possibly stimulate T-cell responses or interrupt other negative 

signaling pathways could generate a synergistic effect. It is important to assess different 

combination therapies for those who do not respond to PD-1 blockade therapy. Still, the 

molecular mechanisms associated with the PD-1 pathway regulating T-cell exhaustion 

and the way in which PD-1 signaling is altered upon blocking the PD-1/PD-L interaction 

to restore effector T cell function remain to be determined. 
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Figure 1. PD-1 signaling. PD-1 contains two tyrosine-based signaling motifs in the 
cytoplasmic domain: an immunoreceptor tyrosine-based inhibitory motif (ITIM) and an 
ITSM. Upon engagement by PD-L1 or PD-L2, PD-1 is phosphorylated at both tyrosine 
residues. Phosphorylated ITSM recruits SHP-1 and SHP-2 that dephosphorylate effector 
molecules such as ZAP70 and PI3K activated by TCR and CD28 signaling. As a result, 
PD-1 signaling inhibits T-cell proliferation, survival, cytokine production, protein 
synthesis, and glucose metabolism. Reprinted from Forum on Immunopathological 
Diseases and Therapeutics, 2015, (1-2): 7-18, Junghwa Lee, Eunseon Ahn, Haydn T. 
Kissick, Rafi Ahmed, Reinvigorating Exhausted T Cells by Blockade of the PD-1 
Pathway, Copyright (2017), with permission from Begell House, Inc. 
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Figure 2. Blockade of PD-1/PD-L1 interactions between CD8 T cells and target cells. 
Antibody-mediated blockade of the PD-1 pathway promotes T cell-mediated elimination 
of target cells. Reprinted from Forum on Immunopathological Diseases and Therapeutics, 
2015, (1-2): 7-18, Junghwa Lee, Eunseon Ahn, Haydn T. Kissick, Rafi Ahmed, 
Reinvigorating Exhausted T Cells by Blockade of the PD-1 Pathway, Copyright (2017), 
with permission from Begell House, Inc. 
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1.2. CTLA-4  

 CTLA-4 is another inhibitory receptor expressed on T cells and binds to B7 

molecules (B7-1:CD80,  B7-2L:CD86) on APCs. CTLA-4 shares its ligands with CD28, 

but binds with higher avidity and affinity and delivers inhibitory signals to T cells. Upon 

antigen recognition by TCRs, CD28:B7 costimulatory signals that lead to T cell 

proliferation and differentiation by production of IL-2 and upregulation of prosurvival 

genes, are required to fully activate T cells. However, CTLA-4 ligation to B7 molecules 

antagonizes CD28-mediated costimulation, attenuating many of these early outcomes of 

T cell activation(136). CTLA-4 deficient mice develop a fatal lymphoproliferative 

disorder(137, 138), indicating a critical immunoregulatory role of CTLA-4.  CTLA-4 

expression is primarily restricted to T cells. In conventional T cells, CTLA-4 is not found 

on naïve, resting T cells but its expression is induced on the surface upon TCR activation. 

On the other hand, Tregs constitutively express CTLA-4.  

Numerous potential mechanisms of action of CTLA-4 have been suggested but 

the precise mechanism responsible for it’s function remains unclear with controversial 

results. One model is that CTLA-4 counteracts CD28-mediated costimulation by ligand 

competition. Deletion or blockade of B7 ligands (by administration of CTLA-4-Ig) 

prevents CTLA-4 deficient mice from excessive lymphocyte activation and fatal 

diseases(139, 140). CTLA-4 has also been shown to increase T cell motility, limiting the 

formation of stable contacts between naïve T cells and DCs during priming(141). It has 

been originally thought that CTLA-4 inhibits TCR/CD28-mediated signals by recruiting 

protein phosphatase 2A (PP2A)(142, 143). However, other studies do not support this 

traditional model where CTLA-4 intrinsically mediates negative signaling(144) and 
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rather suggest that the function CTLA-4 is mainly to regulate the CD28 access to its 

ligands. In addition to T cell-intrinsic roles in regulating T cell responses, CTLA-4 also 

acts by T cell-extrinsic mechanisms. Upon ligation, CTLA-4 can deliver the reverse 

signals into B7-expressing APCs and induce indoleamine 2,3-dioxygenase (IDO) 

expression(145, 146). IDO functions to suppress T cell responses by reducing tryptophan 

levels or promoting the conversion of naïve T cells into Tregs (induced regulatory T 

cells, iTregs).  CTLA-4 expression in Tregs has been shown to be critical for their 

suppressive functions(147) although this model is also challenged by contradictory 

reports in which the suppressive function of Tregs is not dependent on CTLA-4(148). 

Tregs have been shown to downregulate B7 molecules on APCs(149, 150) in a CTLA-4-

dependent manner. Downregulation of B7 was abrogated by administration of anti-

CTLA-4 antibodies or by deficiency of CTLA-4 in Tregs(151). Another study further 

explored the underlying mechanisms and found that CTLA-4 can remove B7 molecules 

on the surface of APCs by transendocytosis(152).  

 Blockade of CTLA-4 has demonstrated a significant anti-tumor activity in several 

types of murine tumor models and these promising preclinical studies led to the 

development of anti-human CTLA-4 antibodies(153, 154). The human anti-CTLA-4 

monoclonal antibody, Ipilimumab, showed significant survival benefit in patients with 

advanced melanoma in Phase III clinical trials(155) and has been approved for the 

treatment of unresectable and metastatic melanoma. Ipilimumab was the first checkpoint 

inhibitor approved for use in cancer patients. Despite extensive studies and clinical 

application, the mechanism underlying CTLA-4 blockade remains ill-defined. The 

commonly observed outcome of CTLA-4 blockade is the increased ratio of effector T 
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cells to Tregs within the tumor. Antitumor effects of CTLA-4 blockade can be achieved 

by enhancing effector T cell responses and/or suppressing Treg functions. Recent papers 

have shown that CTLA-4 blockade also functions to deplete intratumoral Tregs through a 

Fc γ receptor (FcγR)-dependent mechanism(156, 157). ICOS/ICOSL pathway has been 

shown to be critical for the antitumor effect of CTLA-4 blockade, because tumor 

rejection was abrogated following the blockade of CTLA-4 in ICOS- or ICOSL-deficient 

mice(158). Recently CTLA-4 blockade combined with ICOS engagement using the 

tumor vaccine engineered to express ICOSL has been shown to result in a synergistic 

effect in enhancing antitumor responses and ultimately eradicating tumor in a mouse 

model(159). 

 During chronic infection, CTLA-4 expression is upregulated in virus-specific T 

cells and blocking CTLA-4 has been shown to enhance antiviral CD4 and CD8 T cell 

responses. Elevated CTLA-4 expression was found in HIV-specific CD4 T cells but not 

in CD8 T cells and in vitro blockade of CTLA-4 enhanced the functionality of HIV-

specific CD4 T cells(160). During HCV infection, PD-1/CTLA-4 coexpression was 

correlated with the dysfunction of hepatic HCV-specific T cells that can be reversed by 

combined PD-1 and CTLA-4 blockade(161). However, during chronic LCMV infection, 

although CTLA-4 was one of the genes upregulated in exhausted CD8 T cells, in vivo 

blockade of CTLA-4, interestingly, had no significant effects on rescuing virus-specific 

CD8 T cells or reducing viral load(92). The effect of anti-CTLA-4 antibodies in chronic 

viral infection was first evaluated in a clinical trial where Tremelimumab, another anti-

human CTLA-4 antibody, was administered to the patients with hepatocellular carcinoma 
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(HCC) and chronic HCV infection. The result of this pilot trial showed that this inhibitor 

can induce both antitumoral and antiviral effects and warrants further investigation.  

 

Cancer clinical trials targeting the PD-1 or CTLA-4 pathway have achieved a very 

high rate of antitumor response. Currently, monotherapies using blocking antibodies 

against PD-1/PD-L1 or CTLA-4 and combination therapies with various 

immunotherapeutic strategies are being evaluated in different types of cancer. The 

clinical evaluation of these checkpoint blocking agents is currently focused on cancer 

treatment, but the therapies targeting the PD-1 or CTLA-4 pathway also have potential 

for treating chronic infections(229). It is also essential to identify the predictive 

biomarkers to personalize the therapy. 

 

1.3. Combination of inhibitory receptor blockade 

Section 1.3. Combination of inhibitory receptor blockade, Reprinted and Modified from 

Forum on Immunopathological Diseases and Therapeutics, 2015, (1-2): 7-18, Junghwa 

Lee, Eunseon Ahn, Haydn T. Kissick, Rafi Ahmed, Reinvigorating Exhausted T Cells by 

Blockade of the PD-1 Pathway, Copyright (2017), with permission from Begell House, 

Inc. 

 
 The severity of T-cell exhaustion has been shown to be correlated with 

coexpression of multiple inhibitory receptors including PD-1, CTLA-4, lymphocyte-

activation gene 3 (LAG-3), T-cell immunoglobulin- and mucin-domain-containing 

molecule-3 (TIM-3), CD160, and 2B4(162). During chronic LCMV infection, Tim-3 or 

LAG-3 blockade alone had a minimal effect on rescuing virus-specific CD8 T cells, but 
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combining with PD-1 pathway blockade synergistically improved LCMV-specific CD8 

T-cell response and virus control(162, 163). In addition, in murine cancer models, PD-1 

pathway blockade in combination with blocking Tim-3, LAG-3, or CTLA-4 was more 

effective in restoring antitumor immunity and promoting tumor regression than targeting 

either pathway alone(164-166). An additive or synergistic effect on rescuing T cells by 

the combined blockade of different inhibitory receptors indicates their nonredundant roles 

and complex regulatory mechanisms underlying T-cell dysfunction. Consistent with 

preclinical data, clinical evaluation of PD-1 and CTLA-4 combination blockade reported 

a higher rate of clinical response than single therapy in patients with advanced 

melanoma(116, 167, 168). Combination therapy with PD-1 and CTLA-4 blocking 

antibodies (Nivolumab and Ipilimumab) is now approved for the treatment of advanced 

melanoma. Combined PD-1 and CTLA-4 blockade is also being tested in metastatic RCC 

(NCT01472081) and NSCLC (NCT01454102). Dual blockade of PD-1 and LAG-3 is 

being tested in solid tumors (NCT01968109). 
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2. Adoptive T cell immunotherapy 

Adoptive transfer of autologous T cells involves isolation, ex vivo manipulation 

such as expansion or activation and reinfusion to the patients to treat human diseases(169, 

170). This strategy allows T cells with desired specificity to expand in vitro to a large 

number and acquire effector properties. In cancer therapies, autologous T cells can be 

derived from naturally occurring tumor-reactive T cells (tumor infiltrating lymphocytes, 

TILs) that are isolated from the resected tumor. Adoptive transfer using expanded TILs 

has shown remarkable results primarily in melanoma(169). Adoptive transfer of 

heterogeneous T cells derived from TILs is advantageous in terms of targeting multiple 

antigens to prevent tumor escape. However, this approach has limitations in feasibility for 

clinical use. As a therapy for chronic infection and cancer, it may depend on the small 

number of antigen-specific T cells that might be exhausted and be not able to maintain 

effector functions. Alternatively, there have been efforts to use genetically modified T 

cells. T cells are derived from peripheral blood T cells and engineered to express a 

specific TCR or a chimeric antigen receptor (CAR). In the CAR technology, the 

antibody-derived single chain variable fragment (scFv) is combined to T cell signaling 

domains, which redirects the specificity and effector function of T cells. Since CAR-

modified T cells can recognize T cells in a non-MHC restricted manner, this method can 

be used for all patients in a human leukocyte antigen (HLA)-unrestricted manner. The 

goal of these therapies with genetically modified T cells is to enhance specific binding of 

T cells to target cells and promote their effective killing. 

Adoptive therapy has been used successfully against cancer and viral infection 

during allogeneic hematopoietic stem cell transplantation, specially protecting from the 
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reactivation of persistent viruses. Transfer of donor-derived EBV-specific CD8 T cells to 

bone marrow transplant recipients provided safe and durable protection against EBV-

associated lymphoproliferation(171, 172). This therapy was effective as both treatment 

and prophylaxis. Infusion of EBV-specific CD8 T cells also showed clinical benefit in 

patients with EBV-associated cancers such as nasopharyngeal carcinoma(173) and 

Hodgkin’s lymphoma(174). Similarly, transfer of donor-derived CMV-specific CD8 T 

cells reconstituted cellular immunity against the virus in immunocompromised patients 

with no evidence of toxicity(175). Adoptive transfer therapy has also been investigated in 

chronic infection such as HIV. In a clinical trial with HIV infected patients, transfer of 

CAR-transduced T cells resulted in a compartmental antiviral activity(176). CAR T cells 

trafficked to rectal tissues and decreased viral load. This study also demonstrated that 

adoptive therapy of retroviral transduced CAR T cells are safe to the HIV patients and 

persist in vivo. Adoptive therapy with CAR-modified T cells targeting CD19 has shown 

striking effects on tumor remission in patients with lymphoblastic leukemia or diffuse 

large B cells lymphoma(177, 178). 

Along with T cell adoptive transfer therapy, host conditioning to improve the 

efficacy of adoptive T cell transfer has been studied. Lymphodepletion of 

immunosuppressive cells such as Tregs or MDSC or endogenous lymphocytes in order to 

create the niche for the adoptively transferred cells and to reduce the competition for the 

same survival factors or growth factors has been tested.  A strong correlation between the 

intensity of lymphodepletion and efficacy of ACT-based cancer immunotherapy has been 

shown(179).  
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Cytokines can be exploited in concert with T cell transfer, to support the 

persistence or function of adoptively transferred cells(170). IL-2 is a potent T cell growth 

factor and recombinant human IL-2 is approved by FDA for the treatment of metastatic 

melanoma as a single agent. In cancer studies, T cell adoptive transfer therapy is often 

evaluated with concomitant administration of IL-2. However, because of its pleotropic 

roles, the clinical use of IL-2 should be carefully designed and tested. The effect of IL-7 

and IL-15, cytokines important for T cell homeostasis, are currently being explored in 

preclinical and clinical studies.  

Providing additional costimulatory signals or blocking inhibitory signals has been 

shown to improve the effects of adoptive transfer therapy. Combining adoptive transfer 

of TILs and anti-CD137 (4-1BB) antibody administration augmented the antitumor 

activity of TILs and significantly reduced tumor burden(180). Administration of an 

agonistic antibody to CD40 enhanced the expansion of adoptively transferred T cells and 

induced more potent antitumor responses(181). Combining T cell adoptive transfer with 

checkpoint blockade such as CTLA-4 or PD-1 pathway blockade is also a promising 

approach that possibly leads to additive or synergistic effects by enhancing both  

endogenous and transferred T cell responses. This combination therapy will be discussed 

in more detail in the next section. 

Adoptive T cell therapy has been more focused on CD8 T cells because of their 

capability of directly killing target cells. However, adoptive transfer using CD4 T cells 

has also hown promising results in chronic infection and cancer(182). Transfer of 

autologous tumor-reactive CD4 T cells had significant effects on tumor regression or 

eradication. In a setting of post-bone marrow transplant, cotransferred CD4 T cells were 
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essential for the persistence of adoptively transferred CD8 T cells(183). Our group also 

showed that transfer of virus-specific CD4 T cells restored LCMV-specific antibody 

responses as well as endogenous CD8 T cell functions and led to marked reduction in 

viral load in chronically infected mice(49). Since the roles of CD4 T cells are critical in 

many aspects of immune responses against pathogens and cancer, orchestrating both 

humoral and cellular immunity, adoptive therapy using CD4 T cells has a strong potential 

to promote antiviral or antitumoral immune responses. 

 

3. Combination therapy of adoptive T cell transfer and inhibitory receptor 

blockade 

 With the aim of developing more effective immunotherapeutic strategies that 

allow more patients to respond and apply to more types of cancers and various chronic 

infections, combination therapies with different immunological interventions have been 

explored. Here I will specially focus on the combination of adoptive T cell transfer and 

inhibitory receptor blockade. 

Adoptive transfer of antigen-specific T cells is an effective immunotherapeutic 

approach to replenish the antiviral or antitumor immune responses. In the meanwhile, 

under the influence of continuous antigen exposure, adoptively transferred T cells also 

upregulate inhibitory receptors such as PD-1 or CTLA-4 and become dysfunctional. 

Therefore, blocking the interaction between the inhibitory receptors and their ligands can 

further augment the therapeutic efficacy of adoptively transferred cells. Moreover, it is 

thought that the effects of blocking inhibitory receptors can exert a potent activity in the 
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presence of some level of preexisting immunity. Thus, combining these two strategies 

allows to achieve superior outcomes than monotherapies (229). 

 In a murine tumor model using Her-2 transgenic mice, combined PD-1 blockade 

to CAR T cell transfer enhanced proliferation and function of transferred Her-2 tumor-

specific T cells and led to more significant tumor regression compared to T cell transfer 

alone(184). Another study using a tumor mouse model has demonstrated that combining 

PD-1 pathway blockade to adoptive transfer of tumors-specific T cells facilitated immune 

cell infiltration by increasing the expression of IFNγ and the IFNγ-inducible chemokine 

at the tumor site, further promoting tumor regression than single treatment(185). In mice 

bearing melanoma, CTLA-4 blockade improved the outcome of adoptive therapy with 

tumor-reactive CD4 T cells, resulting in eradication of established tumors(186). In 

chronic LCMV infection, combination of adoptive transfer with virus-specific CD4 T 

cells and blockade of PD-1 pathway further augmented the functionality of transferred 

CD4 T cells and endogenous virus-specific CD8 T cells and resulted in more remarkable 

reduction in viral load compared to either therapy alone(49). Recently, combination of 

tumor-reactive CD8 T cells and CTLA-4 blockade led to durable complete remission in a 

patient with metastatic melanoma that was refractory to T cell transfer or CTLA-4 

blockade monotherapy(187). Currently, clinical trials evaluating combination therapies 

for melanoma using adoptive transfer of autologous TILs and administration of blocking 

antibodies against PD-1 or CTLA-4 are underway.  
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Chapter 2: Adenovirus serotype 5 vaccination results in suboptimal 

CD4 T helper 1 responses in mice 

 
Chapter 2, Adenovirus serotype 5 vaccination results in suboptimal CD4 T helper 1 

responses in mice, Published in Journal of Virology, 2017, 91(5). 

 
 
 
I. Summary 
 
Adenovirus serotype 5 (Ad5) is one of the most widely used viral vectors and is known to 

generate potent T cell responses. While many previous studies have characterized Ad5-

induced CD8 T cell responses, there is a relative lack of detailed studies that have 

analyzed CD4 T cells elicited by Ad5 vaccination. Here, we immunized mice with Ad5 

vectors encoding lymphocytic choriomeningitis virus (LCMV) glycoprotein (GP) and 

examined GP-specific CD4 T cell responses elicited by Ad5 vectors compared to those 

induced by an acute LCMV infection. In contrast to LCMV infection where balanced 

CD4 T helper 1 (Th1) and T follicular helper (Tfh) responses were induced, Ad5 

immunization resulted in a significantly reduced frequency of Th1 cells. CD4 T cells 

elicited by Ad5 vectors expressed decreased levels of Th1 markers such as Tim3, SLAM, 

T-bet, and Ly6C, had lower amounts of cytotoxic molecules like granzyme B, and 

produced less interferon-gamma than CD4 T cells induced by LCMV infection. This 

defective CD4 Th1 response appeared to be intrinsic for Ad5 vectors and not a reflection 

of comparing a nonreplicating vector to a live viral infection since immunization with a 

DNA vector expressing LCMV-GP generated efficient CD4 Th1 responses. Analysis at 

early time points (day 3 or 4) after immunization with Ad5 vectors revealed a defect in 
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the expression of CD25 (interleukin-2 [IL-2] receptor alpha chain) on Ad5-elicited CD4 

T cells and administration of exogenous IL-2 following Ad5 immunization partially 

restored CD4 Th1 responses. These results suggest that impairment of Th1 commitment 

after Ad5 immunization could be due to reduced IL-2-mediated signaling.   

 

Significance 

During viral infection, generating balanced responses of Th1 and Tfh cells is important to 

induce effective cell-mediated responses and provide optimal help for antibody 

responses. In this study, to investigate vaccine-induced CD4 T cell responses, we 

characterized CD4 T cells after immunization with Ad5 vectors expressing LCMV-GP in 

mice. Ad5 vectors led to altered effector differentiation of LCMV-GP-specific CD4 T 

cells compared to that during LCMV infection. CD4 T cells following Ad5 immunization 

exhibited impaired Th1 lineage commitment, generating significantly decreased Th1 

responses than those induced by LCMV infection. Our results suggest that suboptimal IL-

2 signaling possibly plays a role in reduced Th1 development following Ad5 

immunization. 
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II. Introduction 

Recombinant adenovirus (Ad) vectors are one of the most favorable vaccine 

platforms as they have certain potential advantages such as strong immunogenicity, large 

transgene capacity and good safety profile. Ad-based vaccine vectors can induce strong T 

cell-mediated and humoral immune responses to the encoded transgenes. Currently Ad 

vectors from multiple species and serotypes are being explored, either alone or as a 

prime-boost strategy, for a number of infectious diseases including human 

immunodeficiency virus (HIV), tuberculosis, malaria, Ebola, hepatitis C and influenza as 

well as cancer. Preclinical and clinical studies in mice, non-human primates and humans 

have shown promising results (188, 189). Human adenovirus serotype 5 (Ad5) is the best 

studied and the most commonly used adenovirus vector in vaccine development because 

of its superior immunogenicity compared to other Ad serotype vectors. Although 

preexisting antivector immunity in the human population and the lack of protection 

against HIV infection have raised concerns over the clinical application of Ad5 vectors 

(190, 191), Ad5 is still one of the most frequently used viral vectors in clinical studies, as 

significant efficacy has been shown against a broad range of pathogens and cancers (188, 

189). 

Ad5 vectors have been shown to induce high-frequency CD8 T cell responses in 

preclinical and clinical studies. More detailed studies on the characteristics of CD8 T 

cells have demonstrated that Ad5 immunization induces sustained CD8 T cell responses 

with more effector-like phenotypes (192), probably due to prolonged transgene 

expression (193). Assessment of Ad5-induced T cell responses has been more focused on 

CD8 T cells while relatively less is known about CD4 T cell responses elicited by Ad5 
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immunization. Previous studies have shown that CD4 T cells are critical for transgene-

specific CD8 T cell and antibody responses elicited by Ad vector immunization (194-

196). However, the phenotypic and functional properties of CD4 T cells induced by Ad 

vectors remain less well investigated. 

CD4 T cells orchestrate immune responses against various types of pathogens by 

differentiating to diverse effector subsets with unique effector functions (1, 197). During 

viral infection, for example lymphocytic choriomeningitis virus (LCMV) infection in 

mice, both T helper 1 (Th1) and T follicular helper (Tfh) cells are generated (198). Th1 

cells produce their signature cytokine, interferon-gamma (IFN-γ) and play a critical role 

in cell-mediated immunity and the host defense against intracellular pathogens (1, 197). 

Tfh cells are specialized in providing help to cognate B cells and essential for the 

initiation and maintenance of germinal center reactions and the generation of high-

affinity antibodies, long-lived plasma cells and memory B cells (8). Given the critical 

roles of CD4 T cells in immune protection, it is crucial to better understand vaccine-

induced CD4 T cell responses. 

In this study, we examined CD4 T cell responses following immunization of mice 

with Ad5 vectors encoding full-length LCMV-glycoprotein (GP). We characterized 

LCMV-GP-specific CD4 T cells elicited by Ad5 vectors in comparison to those induced 

by infection with the original virus, LCMV. Ad5-elicited CD4 T cells undergo a distinct 

differentiation program which leads to suboptimal Th1 responses, at least partly, due to 

reduced interleukin-2 (IL-2) signaling.   
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III. Results 

Ad5 immunization results in suboptimal CD4 Th1 responses. To examine 

Ad5-elicited CD4 T cell responses, we utilized SMARTA T cell receptor (TCR) 

transgenic cells specific for the major histocompatibility complex (MHC) class II-

restricted epitope of LCMV GP66-77 and Ad5 vectors encoding full-length LCMV GP. 

SMARTA CD4 T cells (CD45.1+) were transferred into naïve C57BL/6 mice (CD45.2+) 

that were subsequently immunized with Ad5-LCMV-GP vectors or infected with LCMV 

Armstrong that causes an acute infection. Following Ad5 immunization or LCMV 

infection, congenically marked donor cells were analyzed in the spleen. Both Ad5 

immunization and LCMV infection led to similar expansion and contraction of SMARTA 

CD4 T cells with the peak response at day 8. However, the magnitude of CD4 T cell 

responses elicited by Ad5 was significantly low compared to that induced by LCMV and 

the difference was maintained throughout the course of immunization/infection (Fig. 1A). 

To access differentiation of CD4 T cells following Ad5 immunization, the phenotypes of 

SMARTA CD4 T cells were analyzed at the peak of the response (day 8). Consistent with 

the previous report, balanced responses of two CD4 effector T cell subsets, Th1 and Tfh, 

were generated during LCMV infection (198). Approximately 45 to 50% of SMARTA 

CD4 T cells in the spleen were differentiated into Tfh cells that expressed CXCR5 and 

downregulated Th1-associated molecules in LCMV infection (Fig. 1B and 1C). The other 

half of SMARTA CD4 T cells (CXCR5−) upregulated granzyme B and Ly6C and the 

majority of them expressed high-level of Tim3, SLAM and T-bet, thus representing Th1 

cells. In comparison, dramatically reduced Th1 cells were found following Ad5 

immunization; granzyme B and Tim3 expression levels were minimal and approximately 
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10 to 15% of SMARTA CD4 T cells expressed SLAM, T-bet and Ly6C. Mean 

fluorescence intensity (MFI) of Th1-associated molecules was also significantly lower in 

Ad5-elicited SMARTA CD4 T cells than those induced by LCMV infection (Fig. 1D).  

On the other hand, a high proportion of SMARTA CD4 T cells was differentiated into 

CXCR5+ Tfh cells following Ad5 immunization (Fig. 1B and 1C). To further characterize 

CD4 T cells elicited by Ad5 vectors, cytokine production was measured after ex vivo 

stimulation with cognate peptide. SMARTA CD4 T cells produced substantially less 

IFN-γ after Ad5 immunization than after LCMV infection (Fig. 1E). These results 

demonstrate that immunization with Ad5 vectors resulted in significantly reduced Th1 

differentiation. 

 We asked whether the reduced Th1 responses following Ad5 immunization 

compared to those after LCMV infection are due to the differences between 

nonreplicating vaccine vectors and live virus infection. To address this, we compared 

CD4 T cell responses induced by Ad5 vectors and DNA vectors expressing the same 

antigen, LCMV-GP, at day 8 post-immunization. In contrast to Ad5 vectors, DNA 

immunization generated more balanced Th1 and Tfh responses. DNA vectors induced 

SMARTA CD4 T cells that produced significantly more IFN-γ than Ad5 vectors and this 

was comparable to the levels after LCMV infection (Fig. 1F). Expression of granzyme B, 

SLAM and T-bet was also significantly elevated in SMARTA CD4 T cells following 

DNA immunization, compared to levels after Ad5 immunization (data not shown). 

Therefore, impaired Th1 development seems to be an intrinsic property of Ad5 vectors, 

rather than an outcome of using nonreplicating vectors. 
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Next, to determine whether similar CD4 T cell responses were observed in other 

tissues, we examined SMARTA CD4 T cells in inguinal lymph nodes (LNs), liver and 

blood after immunization with Ad5 vectors. Following Ad5 immunization, expansion of  

SMARTA CD4 T cells was remarkably reduced in all tissues examined compared to that 

after LCMV infection (Fig. 2A). After acute viral infection, Tfh cells are predominantly 

found in secondary lymphoid tissues and blood whereas a very small population of 

CXCR5+ cells is found in the nonlymphoid tissues where, instead, Th1 responses are 

dominant (198). Consistent with these localization patterns, both SLAM+ Th1 and 

CXCR5+ Tfh effector cells were found in LNs and blood while the majority of CD4 T 

cells were Th1 in the liver at day 8 post-LCMV infection (Fig. 2B and 2C). In Ad5-

immunized mice, development of Th1 cells was greatly reduced in the LNs where the 

majority of CD4 T cells were Tfh cells. There was also a significantly lower frequency of 

Th1 cells in liver and blood compared to the frequencies in LCMV-infected animals. 

Taken together, these data indicate that Ad5 immunization led to substantially reduced 

Th1 responses in all tissues examined including lymphoid and nonlymphoid organs. 

Immunization with Ad5 vectors does not generate CD4 Th2 or Th17 cells. In 

LCMV infection, virus-specific CD4 T cells predominantly develop into Th1 and Tfh 

cells with minimal generation of other CD4 T cell subsets such as Th2 or Th17. Given 

that Ad5 immunization possibly induces different environmental conditions such as the 

cytokine milieu during CD4 T cell activation, we wanted to determine whether other CD4 

T cell subsets besides Th1 and Tfh were generated following Ad5 immunization. We 

assessed Th2- and Th17-associated transcription factors and cytokines at day 8 post-

immunization. SMARTA CD4 T cells elicited by Ad5 vectors did not express GATA3 or 
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RORγt and did not produce IL-4 or IL-17 upon cognate peptide stimulation (Fig. 3A and 

3B), indicating that no Th2 and Th17 differentiation occurred.  

Similar to SMARTA CD4 T cells, Ad5-elicited endogenous GP66-77-specific 

CD4 T cells display significantly decreased Th1 responses. To confirm whether 

endogenous LCMV-GP-specific CD4 T cells behave similarly to the transgenic CD4 T 

cells, we analyzed endogenous polyclonal LCMV GP66-77-specific CD4 T cells by 

tetramer staining after immunization with Ad5-LCMV-GP vectors. Endogenous GP66-77-

specific CD4 T cell responses were analogous to the responses of SMARTA transgenic 

CD4 T cells and displayed similar kinetics (Fig. 4A). Similar to the responses of 

SMARTA CD4 T cells, Ad5 induced significantly lower endogenous GP66-77-specific 

CD4 T cell responses than did LCMV, generating approximately 4.5-fold fewer GP66-77-

specific CD4 T cells at the peak of the expansion (day 8). Consistently, endogenous GP66-

77-specific CD4 T cells following Ad5 immunization exhibited a significantly lower 

frequency of Th1 cells than those generated by LCMV infection (Fig. 4B and 4C). Ad5 

vector-induced CD4 T cells also resulted in decreased production of cytokines such as 

IFN-γ, tumor necrosis factor (TNF), and IL-2 (Fig. 4D). Therefore, endogenous 

polyclonal LCMV GP-specific CD4 T cell responses were similar to those of transgenic 

monoclonal CD4 T cells and resulted in suboptimal Th1 development after Ad5 

immunization.  

Next, to examine the kinetics of Th1 and Tfh cells following Ad5 immunization, 

we tracked GP66-77-specific CD4 T cells by day 30 post-immunization. With Ad5 

immunization, after the peak response at day 8, Th1 cells, identified by their high 

expression of SLAM, T-bet or Ly6C, were decreased over time whereas CXCR5+ Tfh 
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cells were relatively stably maintained (Fig. 4E). Consequently, at day 30 post-Ad5 

immunization, transgene-specific CD4 T cells exhibited a further decline in Th1 

responses, with responses skewing toward Tfh cells. The kinetics of Th1 and Tfh 

responses following Ad5 immunization was similar to that observed in LCMV infection. 

This analysis shows suboptimal Th1 responses at the memory phase following Ad5 

immunization.  

Ad5 vectors generate GP-specific antibody responses. Immunization with Ad5 

vectors generated a high frequency of Tfh cells. Since the major function of Tfh cells is 

to provide help to B cells in generating optimal antibody responses, we sought to 

determine Ad5-elicited GP-specific antibody responses. Following immunization with 

Ad5 vectors, the GP-specific serum antibody titer was very low at day 8 post-

immunization compared to that after LCMV infection (Fig. 5). However, a greater 

increase in the antibody titer was detected between day 8 and 15 post-Ad5 immunization 

and the difference in the titers between Ad5 and LCMV became smaller by day 30. The 

differences in antibody titers and kinetics between Ad5 immunization and LCMV 

infection could be attributed to the significantly low magnitude of Ad5-elcitied CD4 T 

cell responses and/or different conditions of antigen load and persistence during Ad5 

immunization versus LCMV infection. 

Ad5 vectors administered via the intravenous (i.v.) route result in a greater 

decrease in Th1 responses than intramuscular (i.m.) immunization. The route of 

immunization and the subsequent delivery of antigens to different sites can impact on the 

phenotypes of vaccine-induced T cell responses. In the experiments above, we 

administered Ad5 vectors through i.m. injections, a standard route of vaccination. 
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Alternatively, in this experiment, we immunized mice with Ad5 vectors intravenously 

and examined the impacts of the route of administration on vaccine-induced CD4 T cell 

responses. SMARTA CD4 T cells were transferred into C57BL/6 mice that were 

subsequently given Ad5 vectors via the i.m or i.v. route. 8 days later, Ad5-elicited CD4 T 

cells were analyzed in the spleen. There was a trend for slightly higher numbers of 

SMARTA CD4 T cells found following i.v. administration of Ad5 vectors than after i.m. 

immunization (data not shown). Compared to i.m. immunization, i.v. administration of 

Ad5 vectors generated even lower Th1 responses (almost absent) in the spleen and the 

majority of SMARTA CD4 T cells were differentiated into Tfh cells (Fig. 6A and B). We 

also compared endogenous GP66-77-specific CD4 T cell responses following i.m. and i.v. 

immunization of Ad5 vectors. Besides further decreasing endogenous Th1 cells, i.v. 

immunization of Ad5 vectors also increased Tfh cells compared to i.m. immunization 

(Fig. 6C and D). Therefore, Ad5 immunization via either the i.m. or i.v. route led to 

significantly reduced Th1 responses compared to those induced by LCMV infection. 

Interestingly, Th1 development was further impaired following i.v. immunization 

compared to i.m. immunization of Ad5 vectors. 

Regardless of the vector dose administered, Ad5 immunization generates 

suboptimal Th1 responses compared to those induced in LCMV infection. The dose 

of vector administered can also influence vaccine-induced immune responses. All 

experiments so far were performed with administration of 1010 virus particles (vp) of  

Ad5 vectors . To examine the effects of the vector dose on the quantity and quality of 

Ad5-elicited CD4 T cells, mice were given 108, 109, or 1010 vp of Ad5 vectors and CD4 T 

cell responses were assessed at day 8 post-immunization. Interestingly, there were no 
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significant dose-dependent effects on the magnitude of transgene-specific CD4 T cell 

responses (Fig. 7A). However, varying doses of Ad5 vectors generated CD4 T cells with 

somewhat different phenotypes. Ad5 vectors at the lower doses tended to generate more 

Th1 cells and fewer Tfh cells (Fig. 7B and C). Still, the lower doses of Ad5 did not raise 

effective Th1 responses above those induced in LCMV infection. Although the increased 

frequency of T-bethi CXCR5- or IFN-γ producing SMARTA CD4 cells at 108vp of Ad5 

vectors, was similar to that in LCMV infection, SLAM and Ly6C expression of Ad5-

elicited CD4 T cells was lower than that in LCMV infection. In particular, granzyme B 

and Tim3 expression levels on Ad5-elicited SMARTA CD4 T cells were significantly 

lower than those in LCMV infection, irrespective of the dose administered. Similar 

results were obtained when endogenous GP66-77-specific CD4 T cells were analyzed 

following administration of the lower doses (108 or 109 vp) of Ad5 vectors. More GP66-77-

specific Th1 cells and fewer Tfh cells were observed with 109 vp as well as 108 vp of Ad5 

vectors compared to those at 1010 vp (data not shown). Therefore, the dose of Ad5 vectors 

impacted Th1/Tfh differentiation to some degree; however, regardless of the dose 

administered, immunization with Ad5 vectors resulted in suboptimal Th1 responses 

compared to those in LCMV infection. 

Impaired CD4 Th1 commitment following Ad5 immunization. We observed 

that Ad5-elicited CD4 T cell counts were substantially lower in magnitude than LCMV-

induced CD4 T cell counts. Consequently, we sought to determine whether the decreased 

expansion of Ad5-elicited CD4 T cells was due to slow proliferation. Cell trace violet-

labeled SMARTA CD4 T cells were transferred into naïve recipients that were 

subsequently immunized with Ad5-LCMV-GP vectors, infected with LCMV, or 
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remained uninfected (Fig. 8A). 3 and 4 days later, early proliferation of SMARTA CD4 T 

cells was examined. Ad5-induced SMARTA CD4 T cells were less proliferative than 

those in LCMV infection and this difference was more significant at day 4 post-

immunization, as indicated by slow decay of cell-trace violet intensity (Fig. 8B, left). As 

a result, significantly fewer SMARTA CD4 T cells were detected in the spleen at day 4 

post-Ad5 immunization (Fig. 8B, right). 

Fate decisions of naïve CD4 T cells occur within the first few rounds of cell 

division (15, 16). In LCMV infection, it has been shown that CD4 T cells rapidly 

bifurcate into a Th1 versus Tfh differentiation program by day 3 post-infection. To 

confirm whether early commitment of CD4 T cells marks their effector phenotypes, we 

analyzed differentiation of SMARTA CD4 T cells 3 and 4 days after Ad5 immunization. 

At these early time points, SMARTA CD4 T cells elicited by Ad5 immunization or 

LCMV infection displayed remarkably different phenotypes which reflected their effector 

differentiation (Fig. 9A). In LCMV infection, both Th1-like and Tfh-like SMARTA CD4 

T cells were found in the spleen at day 3 and 4 post-infection. Strikingly, however, 

following Ad5 immunization, SMARTA CD4 T cells did not upregulate Th1-associated 

molecules such as Tim3, SLAM, and Ly6C and expressed significantly lower levels of T-

bet compared to SMARTA CD4 T cells after LCMV infection, both at day 3 and 4 post-

immunization. On the other hand, both Ad5 immunization and LCMV infection induced 

a similar frequency of SMARTA CD4 T cells expressing CXCR5. Following Ad5 

immunization, the majority of SMARTA CD4 T cells expressed a high level of folate 

receptor 4 (FR4), which is also a Tfh marker (199).  Expression of the cytotoxic 

molecule, granzyme B, was minimal in SMARTA CD4 T cells following Ad5 
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immunization (Fig. 9B). Ad5-induced SMARTA CD4 T cells also produced less amount 

of IFN-γ and TNF. IL-2 production was not significantly different between Ad5-elicited 

and LCMV-elicited SMARTA CD4 T cells. Together, while antigen-specific CD4 T cells 

exhibited distinguishable Th1 and Tfh populations early after LCMV infection, Ad5-

elicited CD4 T cells showed impaired Th1 commitment. 

Notably, expression of CD25, a high-affinity IL-2 receptor alpha chain (IL-2Rα), 

was minimal on SMARTA CD4 T cells after Ad5 immunization whereas SMARTA CD4 

T cells markedly upregulated CD25 following LCMV infection (Fig. 9C). Given that IL-

2 receptor (IL-2R)-mediated signaling is known to be required for inducing Th1 

differentiation while negatively regulating Tfh development (11, 12), a reduction in IL-2 

signals could contribute to suboptimal Th1 responses and skew responses toward Tfh 

differentiation after Ad5 immunization. 

IL-2 administration following Ad5 immunization restores CD4 Th1 

differentiation. To determine whether IL-2/IL-2R signaling actually plays a role in 

regulating Ad5-elicited Th1 and Tfh differentiation, IL-2 was administered following 

immunization with Ad5 vectors. Mice were given 15,000 IU of recombinant IL-2 or PBS 

twice daily from the day of immunization and until day 7 post-immunization before 

sacrificed at day 8 (Fig. 10A). IL-2 administration did not significantly affect expansion 

of SMARTA CD4 T cells; the numbers of SMARTA CD4 T cells in IL-2-treated and 

PBS-treated groups were similar at day 8 post-immunization (data not shown). However, 

administration of IL-2 following Ad5 immunization significantly promoted Th1 

differentiation, as shown by the increased frequency of SMARTA CD4 T cells 

expressing granzyme B, SLAM, and T-bet, whereas the frequency of Tfh cells was 
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decreased by IL-2 treatment (Fig. 10B, C, and D). Increased generation of Th1 cells by 

exogenous IL-2 indicates that attenuated IL-2 signaling in Ad5 immunization possibly 

plays a role in reduced Th1 responses. 
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IV. Discussion 

Despite the crucial role of CD4 T cells in protective immunity, differentiation of 

transgene-specific CD4 T cells following Ad5 immunization has not been well described. 

In this study, we characterized Ad5-elicited CD4 T cell responses after immunizing mice 

with Ad5 vectors encoding LCMV-GP. Immunization with Ad5 vectors generated 

significantly lower Th1 responses than did LCMV infection. These distinct 

differentiation phenotypes were also observed at early time points, indicating that 

commitment to Th1 cells was impaired after Ad5 immunization. Our results suggest that 

this impaired Th1 development is, at least partly, mediated by the attenuation of IL-2 

signaling in Ad5 immunization. 

CD25 (IL-2Rα) is rapidly and transiently upregulated on antigen-specific T cells 

following TCR activation and required for the responsiveness to IL-2 by forming high-

affinity IL-2Rs along with CD122 (IL-2Rβ) and γc (the common cytokine receptor γ-

chain, CD132) (11, 12). Expression of CD25 is not only regulated by TCR stimulation 

but also highly dependent on IL-2. IL-2 signaling through STAT5 can directly upregulate 

CD25 whose expression is, thus, enhanced via a positive feedback loop. IL-2 signaling 

has a decisive influence on regulating Th1 versus Tfh differentiation. IL-2-induced 

activation of signal transducer and activator of transcription 5 (STAT5) upregulates IL-

12Rβ, increasing responsiveness to the Th1-driving cytokine IL-12 and T-bet, the Th1 

master regulator (13). On the other hand, IL-2 signaling via STAT5 and the 

phosphatidylinositol-3-kinase (PI3K) pathway inhibits expression of B cell lymphoma 6 

(Bcl6), the transcription factor directing Tfh generation (6), through several mechanisms 

including induction of B lymphocyte-induced maturation protein-1 (Blimp-1) (14, 200), 
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an antagonist of Bcl6 (201). Therefore, IL-2 signaling promotes development of Th1 cells 

while suppressing Tfh differentiation. In acute infection, it has been shown that 

expression of CD25 during CD4 T cell priming strongly correlates with Blimp-1 

expression but inversely correlates with Bcl6 expression (15, 16). Following Ad5 

immunization, we found that CD25 expression was markedly low on the majority of 

transgene-specific CD4 T cells, consistent with reduced effector Th1 differentiation. 

Increased Th1 responses after exogenous IL-2 administration following Ad5 

immunization further confirmed that suboptimal Th1 responses were attributable, at least 

in part, to the decrease in IL-2 signaling. 

An important question for this study was what initially causes the attenuation of 

IL-2 signaling and reduced CD25 expression in Ad5-elcitied CD4 T cells. Of note, 

significantly more FoxP3+ regulatory T cells (Tregs) were found at early time points (day 

2 to day 4) and day 8 following Ad5 immunization than after LCMV infection. One of 

the suppressive functions of Tregs is to consume IL-2 secreted by other cells, which can 

limit IL-2 availability to effector T cells. Tregs constitutively express high levels of 

CD25 which renders them highly accessible to IL-2. A relatively low proportion of 

effector CD4 T cells and a high proportion of Tregs with Ad5 immunization could reduce 

local IL-2 concentrations and lead to attenuated IL-2 signaling during CD4 T cell 

priming. A recent report showed that transforming growth factor beta (TGF-β) acts to 

suppress CD25 expression on virus-specific CD4 T cells, thereby restricting IL-2 

signaling and resulting in CD4 T cell differentiation toward Tfh from Th1 cells (202). 

Tregs also produce TGF-β and therefore possibly have a negative impact on IL-2 

signaling. In a pilot study, to determine the role of Tregs in Ad5 immunziation, we 
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depleted Tregs in FoxP3DTR knock-in mice in which FoxP3+Treg cells were specifically 

depleted by diphtheria toxin (DT) administration. Elimination of Tregs following Ad5 

immunization partly restored Th1 responses, suggesting that Tregs contribute to 

suboptimal Th1 responses elicited by Ad5 vectors. We also observed that CD25 

expression was upregulated on Ad5-elcitied CD4 T cells in DT-treated mice, indicating 

that those cells were receiving more IL-2 signals upon removal of Tregs (data not 

shown). 

The innate immune environment including inflammatory cytokines or antigen 

presentation by dendritic cells (DCs) can influence CD4 T cell differentiation. Type I 

IFNs have been shown to promote Th1 differentiation by enhancing CD25 expression 

and STAT5 activation while inhibiting Tfh development (203). CD4 T cell fate decisions 

occur during DC priming (15). Antigen display by DCs and the duration of T-DC 

interactions can impact on the strength of TCR signaling and CD4 T cell lineage 

determination (204-206). Consistent with this concept, the lower doses of Ad5 vectors 

tended to generate more Th1 cells and fewer Tfh cells. Further studies will be needed to 

determine other mechanisms, such as whether type I IFNs or DC priming could 

contribute to differentiation of CD4 T cells following Ad5 immunization. 

Similar CD4 T cell responses were observed when SMARTA transgenic CD4 T 

cells and endogenous GP66-77-specific CD4 T cells were analyzed, but certain differences 

were also found between these two types of cells. In terms of the magnitude of CD4 T 

cell responses, at the peak of the response, 45-fold fewer SMARTA CD4 T cells were 

detected after Ad5 immunization than after LCMV infection, whereas the number of 

endogenous GP66-77-specific CD4 T cells was 4.5-fold lower following Ad5 immunization 
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compared to that after LCMV infection. In term of phenotypes, SMARTA CD4 T cells 

displayed relatively lower percentages of Th1 cells and higher percentages of Tfh cells 

compared to endogenous cells. This could be explained by different properties of TCRs 

on SMARTA CD4 T cells and endogenous GP66-77-specific CD4 T cells (such as different 

TCR affinities/avidities), since SMARTA CD4 T cells bear monoclonal TCRs whereas 

endogenous GP66-77-specific CD4 T cells are polyclonal. For example, SMARTA CD4 T 

cells exhibit a mean affinity which is ~10-fold higher than that of endogenous GP66-77-

specific cells(207). The clonal differences in TCRs can lead to various degree of 

proliferative capacity or lineage commitment following immunization or infection. 

In this study, we investigated CD4 T cell responses induced by adenovirus 

vectors. Ad5 immunization resulted in suboptimal Th1 differentiation due to impaired 

commitment to Th1 cells. Our results demonstrate that Ad5 vectors can mediate altered 

effector differentiation of transgene-specific CD4 T cells compared to the original 

pathogen. We suggest reduced IL-2 signaling as one of the potential mechanisms that 

result in suboptimal Th1 responses following Ad5 immunization. IL-2 signaling has been 

shown to play a critical role in regulating Th1 versus Tfh differentiation in acute viral 

infections. Our study also demonstrates the importance of IL-2 signals in vaccine-induced 

CD4 T cell responses, implicating the potential of manipulating IL-2 signaling to drive 

favorable vaccine-induced CD4 T cell responses. Additionally, it will be interesting to 

examine CD4 T cell responses after immunization with alternative serotype Ad vectors in 

comparison to Ad5, as they have different biological properties and have been shown to 

elicit distinct immune responses (208, 209).  
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V. Materials and Methods 

Mice and immunization/infection Six- to eight-week-old female C57BL/6 mice 

were purchased from the Jackson Laboratory (Bar Harbor, ME). SMARTA mice bearing 

the transgenic T cell receptor (TCR) specific to the GP66-77 epitope of LCMV (210) were 

bred in house on a C57BL/6 background. For Ad5 immunization, C57BL/6 mice were 

immunized intramuscularly (i.m.) with 1010 virus particles (vp) of replication-

incompetent (E1/E3 deleted) Ad5 vectors expressing full-length LCMV-GP (Ad5-

LCMV-GP). For the experiments on alternative routes of immunization, mice were given 

1010 vp of Ad5 vectors intravenously (i.v.). For the dose experiments, the lower doses (108 

or 109 vp) of Ad5 vectors were administered to mice. Ad5 vectors were produced in the 

Fred Hutchinson Cancer Research Center and verified by restriction analysis, sequencing, 

and immunostaining. In parallel, mice were infected with 2 x 105 plaque-forming unit 

(pfu)  of LCMV Armstrong intraperitoneally (i.p.). For analysis at early time points (day 

3 and 4), mice were immunized with 1010 vp of Ad5 vectors i.v. or infected with 2 x 106 

pfu of LCMV Armstrong i.v. to facilitate synchronization of the activation of CD4 T 

cells. For DNA immunization, 200μg of DNA vectors expressing full-length LCMV-GP 

was administered i.m. All experiments were conducted in accordance with the Emory 

University Institutional Animal Care and Use committee guidelines. 

Cell transfer To generate SMARTA chimeric mice, SMARTA CD4 T cells were 

isolated from the spleens of naïve SMARTA mice by using a CD4+ T cell isolation kit 

(Miltenyi Biotech, San Diego, CA). For the analysis at day 8 and later time points, 1 x 

105 purified SMARTA CD4 T cells were transferred i.v. into C57BL/6 mice 1 day before 

Ad5 immunization or LCMV infection. For early proliferation experiments, 1 x 106 
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purified SMARTA CD4 T cells were transferred to C57BL/6 mice after labeling with cell 

trace violet (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. 

Antibodies and flow cytometry All antibodies were purchased from BD 

Biosciences (San Jose, CA) except for CD45.1 (Biolegend, San Diego, CA), granzyme B 

(Invitrogen), T-bet (eBiosciences, San Diego, CA), and Tim3 (R&D Systems, 

Minneapolis, MN). CXCR5 staining was performed using a three-step staining protocol 

as described previously (201). Transcription factors were stained using the 

FoxP3/transcription factor staining buffer set (eBiosciences). Intracellular cytokine 

staining was performed after 5h of stimulation with GP61-80 peptide as described 

previously (211). Endogenous LCMV GP66-77 –specific CD4 T cell responses were 

measured by staining with I-Ab GP66-77 tetramers (DIYKGVYQFKSV, National Institutes 

of Health [NIH] Tetramer Core Facility, Emory University, Atlanta, GA) at 37°C for 2h. 

Dead cells were excluded by using Live/Dead fixable dead cell stain kits (Invitrogen). 

Samples were acquired using a FACSCanto II or LSR II flow cytometer (BD 

Biosciences). Flow cytometry data were analyzed using FlowJo software (Tree Star, 

Ashland, OR).  

IL-2 administration A dose of 15,000 IU of recombinant human IL-2 (Amgen, 

Thousand Oaks, CA) diluted in PBS containing 0.1% normal mouse serum was 

administered i.p. to the mice, twice daily (every 12 h) from the day of Ad5 immunization 

(day 0), for 8 consecutive days, until day 7 post-immunization. 

Enzyme-link immunosorbent assay (ELISA) LCMV glycoprotein-specific 

antibodies were measured by ELSIA. The plates were coated with LCMV glycoprotein 

and incubated at 4°C overnight. Serially diluted serum was added to the plates and 
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incubated for 1.5 h. Bound serum antibodies were detected with horseradish peroxidase 

(HRP)-conjugated goat anti-mouse immunoglobulin G (IgG) (SouthernBiotech, 

Birmingham, AL). The antibody titers were determined by endpoint titration. 

Statistical analysis Data were analyzed using Prism 6 software (GraphPad, La 

Jolla, CA). Statistical significance was determined by using two-tailed unpaired Student’s 

t-tests. P values of less than 0.05 were considered statistically significant. 
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Figure 1. Ad5 immunization leads to suboptimal Th1 differentiation. CD45.1+ 
SMARTA transgenic CD4 T cells specific for the LCMV GP66-77 epitope were transferred 
into C57BL/6 mice (CD45.2+) that were subsequently immunized with Ad5 vectors 
expressing full–length LCMV-GP or infected with LCMV Armstrong strain. 
Congenically marked (CD45.1+) donor cells were analyzed in the spleen. (A) Kinetics of 
SMARTA CD4 T cells. (B-F) Analysis was performed at day 8 post-immunization or 
infection. (B) Representative fluorescence-activated cell sorting (FACS) plots showing 
the phenotype of SMARTA CD4 T cells. (C) The graph shows the frequency of 
SMARTA CD4 T cells expressing Th1 markers (granzyme B [GzmB], Tim3, SLAM, T-
bet, Ly6C) or a Tfh marker (CXCR5). (D) Representative histograms of the indicated 
molecules expressed by SMARTA CD4 T cells. The numbers indicate the MFI of the 
indicated molecules. (E) Cytokine production of SMARTA CD4 T cells after ex vivo 
stimulation with GP61-80 peptide. Representative FACS plots show IFN-γ production of 
SMARTA CD4 T cells (left). The frequency of IFN-γ+ cells in SMARTA CD4 T cells 
(right). (F) SMARTA chimeric mice were generated and immunized intramuscularly with 
Ad5 or DNA vectors expressing full–length LCMV-GP. Analysis was performed at day 8 
post-immunization. Cytokine production was assessed after ex vivo stimulation with 
GP61-80  peptide. Representative FACS plots show IFN-γ production of SMARTA CD4 T 
cells (left). The frequency of IFN-γ+ cells in SMARTA CD4 T cells (right). Data are 
representative of 2 independent experiments with 4-5 mice per group per experiment. 
Error bars indicate standard errors of means (SEM). ***, P < 0.001; ****, P < 0.0001. 
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Figure 2. Suboptimal Th1 responses are found in tissues including lymphoid and 
nonlymphoid organs after Ad5 immunization. Same experimental set up as Figure 1. 
SMARTA CD4 T cells were analyzed in inguinal lymph nodes (iLN), liver and 
peripheral blood mononuclear cells (PBMC) 8 days after Ad5 immunization or LCMV 
infection. (A) Numbers of SMARTA CD4 T cells in the indicated tissues. Numbers of 
SMARTA CD4 T cells in blood were calculated per one million PBMCs. (B) 
Representative FACS plots showing the phenotype of SMARTA CD4 T cells. (C) 
Percentages of SLAM+CXCR5− Th1 or CXCR5+Tfh SMARTA CD4 T cells in the 
indicated tissues. Data are representative of 2 independent experiments with 4-5 mice per 
group per experiment. Error bars indicate SEM. **, P < 0.01; ***, P < 0.001.  
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Figure 3. Immunization with Ad5 vectors does not generate Th2 or Th17 cells. 
SMARTA chimeric mice were generated and immunized with Ad5-LCMV-GP vectors or 
infected with LCMV. At day 8 post-immunization or infection, SMARTA CD4 T cells 
were analyzed for Th2-associated (A) or Th17-associated (B) transcription factors and 
cytokines. (A) Representative FACS plots show GATA3 and IL-4 expression. (B) 
Representative FACS plots show RORγt and IL-17 expression. Th2 positive control cells 
expressing GATA3 and IL-4 and Th17 positive control cells expressing RORγt and IL-17 
were analyzed together. Cytokine production was measured after ex vivo stimulation with 
GP61-80 peptide. 
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Figure 4. Ad5-elicited endogenous GP66-77-specific CD4 T cells exhibit significantly 
reduced Th1 responses. Endogenous polyclonal GP66-77-specific CD4 T cells were 
analyzed in the spleen after immunizing C57BL/6 mice with Ad5-LCMV-GP vectors or 
infecting mice with LCMV. (A) Kinetics of GP66-77-specific (MHC class II tetramer+) 
CD4 T cells. (B-D) Analysis was performed 8 days after Ad5 immunization or LCMV 
infection. (B) Representative FACS plots showing the phenotype of GP66-77-specific CD4 
T cells. (C) The graph shows the frequency of GP66-77-specific Th1 cells (CXCR5- cells 
expressing T-bet, SLAM, or Ly6C) or Tfh cells (CXCR5+ cells). (D) Cytokine 
production of CD4 T cells after ex vivo stimulation with GP61-80 peptide. Representative 
FACS plots show IFN-γ, TNF, and IL-2 production with gating on total CD4 T cells. (E) 
The graphs show the number of Th1 cells (CXCR5- cells expressing T-bet, SLAM, or 
Ly6C) and Tfh cells (CXCR5+ cells) in the spleen by day 30 post- immunization or 
infection. Data are representative of 2 independent experiments with 4-5 mice per group 
per experiment. Error bars indicate SEM.  **, P < 0.01; ***, P < 0.001; ****, P < 
0.0001. 
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Figure 5. GP-specific antibody responses elicited by Ad5 vectors. Serum GP-specific 
antibody titers were measured by ELSIA at day 8, 15, and 30 following immunization 
with Ad5 vectors or LCMV infection. The dotted line indicates the lower limit of 
detection. Data are representative of 2 independent experiments with 4-5 mice per group 
per experiment. Error bars indicate SEM.  *, P < 0.05. 
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Figure 6. Ad5 vectors administered via the i.v. route impair Th1 development 
further than via i.m. immunization. (A-B) SMARTA chimeric mice were generated 
and immunized with Ad5 vectors via the i.m. or i.v. route. (A) Representative FACS 
plots showing the phenotype of SMARTA CD4 T cells in the spleen at day 8 post-
immunization.  (B) The graph shows the frequency of Th1 or Tfh SMARTA CD4 T cells. 
(C-D) Following i.m. or i.v. administration of Ad5 vectors, endogenous GP66-77-specific 
(MHC class II tetramer+) CD4 T cells were analyzed in the spleen at day 8 post-
immunization. (C) Representative FACS plots showing the phenotype of GP66-77-specific 
CD4 T cells.  (D) The graph shows the frequency of GP66-77-specific Th1 or Tfh cells. 
Data are representative of 2 independent experiments with 3-5 mice per group per 
experiment. Error bars indicate SEM.  ***, P < 0.001; ****, P < 0.0001. 
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Figure 7. Regardless of the dose delivered, Ad5 vectors do not raise effective Th1 
responses compared to those induced with LCMV infection. SMARTA chimeric mice 
were generated and immunized with 108, 109, or 1010 vp of Ad5 vector or infected with 
LCMV Armstrong. SMARTA CD4 T cells were analyzed in the spleen at day 8 post-
immunization or infection. (A) The graph shows total number of SMARTA CD4 T cells. 
(B) The graphs demonstrate the frequency of Th1 cells (CXCR5- SMARTA CD4 T cells 
expressing granzyme B [GzmB], Tim3, SLAM, T-bet and Ly6C or SMARTA CD4 T 
cells producing IFN-γ after ex vivo stimulation with GP61-80 peptide). (C) The graph 
shows the frequency of CXCR5+ Tfh cells. Data are representative of 2 independent 
experiments with 4 mice per group per experiment. Error bars indicate SEM.  *, P < 0.05. 
**, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 
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Figure 8. Ad5-elicited CD4 T cells are less proliferative than those induced by 
LCMV infection. Cell trace violet (CTV)-labeled SMARTA CD4 T cells (CD45.1+) 
were transferred into C57BL/6 mice (CD45.2+) that were subsequently immunized with 
Ad5-LCMV-GP vectors, infected with LCMV, or remained uninfected. 3 and 4 days 
later, proliferation of SMARTA CD4 T cells from the spleen was analyzed. (A) 
Experimental set up. (B, left) Proliferation of SMARTA CD4 T cells. Representative 
histograms gated on SMARTA CD4 T cells show the cell trace violet intensity 
distribution. (B, right) The graph shows absolute number of SMARTA CD4 T cells. Data 
are representative of 2 independent experiments with 2-4 mice per group per experiment. 
Error bars indicate SEM. ***, P < 0.001.  
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Figure 9. Impaired Th1 commitment following Ad5 immunization. Same 
experimental set up as Figure 8. 3 or 4 days after Ad5 immunization or LCMV infection, 
differentiation of SMARTA CD4 T cells was analyzed in the spleen. Representative 
FACS plots gated on SMARTA CD4 T cells show the expression of Th1 and Tfh 
markers (A), cytotoxic molecule and cytokines (B), and CD25 (C), together with CTV 
dilution. The numbers in the flow plots indicate the percentages of cells corresponding to 
the upper right quadrant (uninfected) or the upper left quadrant (day 3 and 4). Data are 
representative of 2 independent experiments with 2-4 mice per group per experiment.  
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Figure 10. IL-2 administration following Ad5 immunization restores Th1 
differentiation. (A) Experimental set up. SMARTA CD4 T cells were transferred into 
C57BL/6 mice that were subsequently immunized with Ad5 vectors. A dose of 15,000 IU 
of recombinant IL-2 or PBS was injected intraperitoneally (i.p.) into the mice every 12 h 
from the day of immunization and until day 7 post-immunization before sacrificed at day 
8. (B) Representative FACS plots showing the phenotype of SMARTA CD4 T cells in 
the spleen. (C-D) The graph shows the frequency of Th1 (C) or Tfh (D) SMARTA CD4 
T cells. Data are representative of 2 independent experiments with 3-4 mice per group per 
experiment. Error bars indicate SEM.  ***P < 0.001; ****P < 0.0001. 
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Chapter 3: Differential effects of blocking PD-1 and CTLA-4 pathways 

in regulating virus-specific CD4 and CD8 T cells during chronic LCMV 

infection 

 

I. Summary 

Harnessing the immune system to control viral infections and cancer has resulted in 

successful outcomes. Two immunotherapeutic approaches that have been extensively 

studied to restore functional T cells are: (1) adoptive cell transfer and (2) blockade of 

inhibitory pathways. Adoptive transfer of T cells promotes endogenous immune 

responses but both are limited by expression of inhibitory receptors.  Elevated expression 

of inhibitory receptors such as cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4) 

and programmed cell death-1 (PD-1) is a key feature of exhausted T cells in cancer as 

well as chronic viral infection. In this study, we address the differential effects of CTLA-

4 or PD-1 pathway blockade on virus-specific CD4 and CD8 T cell responses in a 

adoptive transfer system during chronic lymphocytic choriomeningitis virus (LCMV) 

infection. Blocking either CTLA-4 or PD-L1 enhanced the functionality of transferred 

LCMV-specific CD4 T cells and promoted differentiation into CD4 T helper 1 (Th1) 

cells. However, in contrast to PD-L1 blockade, which had a pronounced effect in 

rescuing exhausted CD8 T cells in terms of both quantity and quality, CTLA-4 blockade 

combined with CD4 T cell transfer did not further promote LCMV-specific CD8 T cell 

responses or viral control compared to CD4 T cell transfer alone. Furthermore, PD-L1 

blockade improved the efficacy of CD8 T cell adoptive transfer by enhancing the 

expansion and functionality of transferred CD8 T cells whereas CTLA-4 blockade had a 
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minimal effect in combination with CD8 T cell transfer. Theses results indicate that 

individual inhibitory receptors can differentially regulate virus-specific CD4 and CD8 T 

cell responses during persistent antigenic stimulation. 
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II. Introduction 

T cell exhaustion or dysfunction is a common feature of chronic infections and 

cancer and has now become a key target of immunotherapy(70). Restoration of functional 

T cell responses can be achieved either by adoptive transfer of virus- or tumor-specific T 

cells or by reinvigoration of endogenous T cells by blockade of inhibitory signals in T 

cells(212, 213). Adoptive transfer involves the isolation, ex vivo manipulation such as 

expansion or activation, and reinfusion of autologous lymphocytes. Adoptive transfer 

therapy has been successfully used against viral infection during allogeneic 

hematopoietic stem cell transplantation and in some cancers(214). Adoptive 

immunotherapy has been more focused on CD8 T cells, predominantly because of their 

ability to directly kill virus-infected or cancer cells.  However, CD4 T cell adoptive 

transfer therapy has also demonstrated significant efficacy(182); transfer of autologous 

CD4 T cells specific to tumor antigen resulted in regression or eradication of metastatic 

tumor (215, 216) and transfer of virus-specific CD4 T cells restored endogenous antiviral 

responses and substantially improved virus control during chronic lymphocytic 

choriomeningitis virus (LCMV) infection(49). CD4 T cells have also been shown to be 

required for the persistence of transferred virus-specific CD8 T cells in allogeneic bone 

marrow transplant recipients(183). During chronic infection, CD4 T cells are specially 

essential for maintaining CD8 T cell function and eventually leading to viral clearance. 

CD4 T cells coordinate various arms of immune systems, regulating innate immune 

responses as well as cellular and humoral immunity.  

Another strategy is the blockade of immune checkpoints. T cells have intrinsic 

regulatory mechanisms that limit their effector functions. Activated T cells transiently 
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upregulate multiple inhibitory receptors that, upon ligation with respective ligands, 

deliver inhibitory signals to T cells to limit T cell activation. However, in the presence of 

persistent antigen stimulation, such as in chronic infection and cancer, elevated 

expression of the inhibitory receptors is maintained, resulting in an attenuation of T cell 

activation and effector function. To remove these inhibitory signals and restore T cell 

responses, antibodies that abrogate the interactions between inhibitory receptors and their 

ligands have been used (checkpoint inhibitors). Programmed cell death-1 (PD-1) is the 

best-known inhibitory receptor that plays a major role in regulating T cell exhaustion. 

PD-1 pathway blockade was first shown to restore the function of exhausted CD8 T cells 

in vivo during chronic LCMV infection(92). PD-1 pathway blockade also demonstrated 

significant efficacy for reducing tumor burden and controlling chronic viral infections in 

humans (95, 99, 134). Currently, PD-1 checkpoint inhibitors have been approved for use 

in cancer patients and various anti-PD-1 or PD-L1 antibodies are being evaluated in 

ongoing clinical trials for the treatment of many different types of cancers. Cytotoxic T-

lymphocyte-associated antigen-4 (CTLA-4) blockade has also demonstrated significant 

antitumor activities and anti-human CTLA-4 antibody, Ipilimumab, was the first 

checkpoint blocking antibody to be approved for clinical use in metastatic melanoma 

(217, 218). Still, the mechanism underlying the action of CTLA-4 blockade remaines ill-

defined, although the increased ratio of effector T cells to regulatory T cells (Tregs) in 

tumor-infiltrating lymphocytes is the commonly observed outcome following blockade of 

CTLA-4. In chronic infections, such as HIV and HCV, in vitro CTLA-4 blockade has 

been shown to enhance virus-specific CD4 and CD8 T cell responses (160, 161). 
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However, interestingly, in chronic LCMV infection, in vivo blockade of CTLA-4 had no 

significant effects on rescuing virus-specific CD8 T cells or reducing viral load(92). 

Our previous study has shown that transfer of virus-specific CD4 T cells into 

mice with established chronic LCMV infection restored endogenous CD8 T cell and B 

cell responses, leading to a marked decrease in virus titer(49). Furthermore, PD-L1 

blockade combined with CD4 T cell therapy enhanced the function of transferred CD4 T 

cells and this combination therapy had a synergistic effect in further augmenting the 

LCMV-specific CD8 T cell responses and viral clearance. Thus, checkpoint blockades 

are able to not only restore endogenous T cell responses but also enhance the function of 

the adoptively transferred T cells. Hence, there is a strong rationale for combining 

adoptive transfer therapy and checkpoint blockade to control persistence infection or 

eradicate tumor cells. 

A study in a mouse melanoma model has demonstrated that adoptive transfer of 

tumor-reactive CD4 T cells exerted a superior antitumor activity in combination with 

CTLA-4 blockade, leading to complete rejection of established melanoma(186). In this 

study, CTLA-4 blockade increased the expansion of transferred CD4 T cells and reduced 

the accumulation of Tregs. Therefore, we wanted to examine whether CTLA-4 blockade 

can improve the efficacy of CD4 T cell transfer in chronic LCMV infection, by 

enhancing the expansion or functionality of transferred CD4 T cells and subsequently 

further promoting endogenous antiviral CD8 T cell and antibody responses. Previously, 

we did not observe any effect of CTLA-4 blockade on virus-specific CD8 T cells in 

chronic LCMV infection where specially cognate CD4 T cell help was lacking. Hence, 

we sought to study the effects of CTLA-4 blockade on LCMV-specific CD4 T cells in an 
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adoptive transfer model. We also wanted to determine whether CTLA-4 and PD-1 

inhibitory pathways have differential roles in regulating virus-specific CD4 versus CD8 T 

cells. We found that while both CTLA-4 and PD-L1 blockade enhanced LCMV-specific 

CD4 T cell responses, the effects of these checkpoint inhibitors differed with regards to 

restoration of CD8 T cell responses. We show that in contrast to PD-L1 blockade, CTLA-

4 blockade had only minimal effects in restoring virus-specific CD8 T cell responses 

during chronic LCMV infection.  
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III. Results 

Either CTLA-4 or PD-L1 blockade partially rescues CD4 T helper 1 (Th1) 

development in established chronic infection. For CD4 T cell adoptive transfer model, 

we utilized SMARTA TCR transgenic cells specific for the major histocompatibility 

complex (MHC) class II-restricted epitope of LCMV GP66-77. Recipient mice were 

chronically infected mice (at least >45 days post-infection) with no antigen-specific CD4 

T cell help due to transient depletion of CD4 T cells prior to LCMV CL-13 infection(47). 

In this chronic infection model, CD4 T cells recover to normal numbers after a few 

weeks, but mice lack antigen-specific CD4 T cells, fail to mount a humoral response and 

have severely exhausted CD8 T cells, and thus become life-long carriers with 

uncontrolled viremia. We transferred naïve SMARTA CD4 T cells into chronically 

infected mice, followed by treatment with anti-CTLA-4, anti-PD-L1 blocking antibodies 

or PBS, starting on the day of transfer, every 3rd day for 2 weeks (Fig. 1A). To examine 

the kinetics of SMARTA CD4 T cells, we tracked the congenically marked SMARTA 

CD4 T cells in blood. When transferred into chronically infected hosts, SMARTA CD4 T 

cells expanded with a peak response between 1-2 weeks post-transfer and then contracted 

and persisted (Fig. 1B)(49). Blocking CTLA-4 or PD-L1 enhanced expansion of 

SMARTA CD4 T cells, resulting in approximately 2-fold higher number of SMARTA 

CD4 T cells at day 8 post-transfer compared to PBS treated recipients (Fig. 1B and C). 

Following either CTLA-4 or PD-L1 blockade, SMARTA CD4 T cells declined to a 

similar level to PBS treated group by day 15 post-transfer, and were maintained thereafter 

(Fig. 1B). In contrast to our findings in the blood, the number of SMARTA CD4 T cells 

in the spleen 8 days post-transfer was not significantly affected by CTLA-4 or PD-L1 
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blockade, albeit a slightly higher number of SMARTA CD4 T cells was found after 

blocking either CTLA-4 or PD-L1 (Fig. 1D). Similar to the spleen, in the lung and liver, 

there was a trend towards elevated numbers of SMARTA CD4 T cells following CTLA-4 

and/or PD-L1 blockade (data not shown). 

Next, we further investigated how transferred CD4 T cells differentiated in the 

host with established chronic infection by characterizing their phenotype and 

functionality. It has been described that chronic viral infection favors T follicular helper 

(Tfh) differentiation over Th1(52). Specially when CD4 T cells are primed in an 

established chronic infection, Th1 development is suppressed(53, 58). Consistently with 

these findings, we also observed that SMARTA CD4 T cells transferred into chronically 

infected mice exhibited defective Th1 differentiation. 60h post-transfer (Supplemental 

Fig. 1A), we found low expression of CD25 and Th1 markers such as granzyme B, Tim3, 

Ly6C and T-bet in SMARTA CD4 T cells transferred to chronically infected mice 

(Supplemental Fig. 1B). In contrast, SMARTA CD4 T cells substantially upregulated 

Th1-associated molecules 60h after acute LCMV infection. On the other hand, CXCR5 

expression was similar in SMARTA CD4 T cells during chronic and acute LCMV 

infection. This impaired Th1 commitment in established chronic infection led to 

significantly reduced Th1 responses at day 8 post-priming while CD4 T cells following 

acute infection generated both effective Th1 and Tfh responses (Supplemental Fig. 1C) 

At day 8 post-transfer, SMARTA CD4 T cells transferred into chronically 

infected mice (PBS treated recipients) showed a very small Th1 population expressing 

Tim3, SLAM, Ly6C or T-bet, whereas cells with Tfh phenotype developed in high 

frequency (Fig. 2A, B and C). However, blocking CTLA-4 or PD-L1 increased the 



	  

	  

78	  

frequencies and total numbers of Th1 cells, even though Tfh cells were not significantly 

affected by either CTLA-4 or PD-L1 blockade. In addition, blocking CTLA-4 or PD-L1 

substantially raised the frequency and number of SMARTA CD4 T cells expressing the 

cytotoxic molecule, granzyme B and producing IFNγ, also indicating enhanced Th1 

differentiation and functionality (Fig. 2D and E). More effective Th1 responses upon 

CTLA-4 or PD-L1 blockade were also found in nonlymphoid organs. Expression of 

granzyme B (Fig. 3A and B) and SLAM (data not shown) was elevated in SMARTA 

CD4 T cells following CTLA-4 blockade in the lung and following CTLA-4 and PD-L1 

blockade blockades in the liver. Therefore, these results show that combining SMARTA 

CD4 T cell transfer with either CTLA-4 or PD-L1 blockade augmented differentiation of 

Th1 cells in established chronic infection.  

FoxP3+ Tregs remain unchanged by SMARTA CD4 T cell transfer and 

CTLA-4 or PD-L1 blockade during chronic infection. FoxP3+ Tregs play a critical 

role in T cell exhaustion and chronic infection(219). In addition, CTLA-4 and PD-1-

mediated signals have been shown to play an important role in regulating Tregs(211, 220, 

221). Hence we wanted to determine whether SMARTA CD4 T cells could differentiate 

into Tregs and whether it would be modulated by CTLA-4 or PD-L1 blockade. SMARTA 

CD4 T cells showed minimal expression of FoxP3 after adoptive transfer into mice with 

established chronic infection, and there was no effect of CTLA-4 or PD-L1 blockade 

(Fig. 4A). Likewise the number of endogenous Tregs was not significantly different in 

mice receiving SMARTA CD4 T cells with or without CTLA-4 or PD-L1 blocking 

antibodies, compared to untreated mice (Fig. 4A and B). Therefore, adoptive transfer of 
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CD4 T cells and the combination therapy with either CTLA-4 or PD-L1 blockade did not 

have an impact on Tregs in our model. 

Unlike PD-L1 blockade,  CTLA-4 blockade does not enhance the effect of 

SMARTA CD4 T cell transfer on endogenous LCMV-specific CD8 T cell responses.  

Next, we examined whether the combination therapy of SMARTA CD4 T cell transfer 

and blockade of CTLA-4 or PD-L1 has an additive or synergistic effect on rescuing 

exhausted virus-specific CD8 T cells during chronic infection. In chronically infected 

mice (untreated), the frequency of GP33-specific CD8 T cells was very low and hardly 

detected in the blood (Fig. 5A and B). Following SMARTA CD4 T cell transfer, an 

increase in the number of endogenous GP33-specific CD8 T cells was detected as early 

as day 8 post-transfer. After the peak response at day 14, GP33-specific CD8 T cells 

contracted but remained elevated when compared to untreated mice for the time course 

examined. Consistent with our previous findings, combination of SMARTA CD4 T cell 

transfer with PD-L1 blockade resulted in a substantial increase in GP33-specific CD8 T 

cells compared to SMARTA CD4 T cell transfer. In contrast, CTLA-4 blockade did not 

further increase virus-specific CD8 T cells compared to SMARTA CD4 T cell transfer 

alone, showing similar frequencies and kinetics of GP33-specific CD8 T cells.  

Increased virus-specific CD8 T cells were also found in the spleen 8 days 

following SMARTA CD4 T cell transfer and PD-L1 blockade further increased GP33-

specific CD8 T cells (Fig. 6A). However, combining CTLA-4 blockade to SMARTA 

CD4 T cells transfer did not show a significant effect on further promoting GP33-specific 

CD8 T cell expansion. Similar trends were also observed when GP276-specific CD8 T 

cells were analyzed in the spleen (Fig. 6B). Likewise, in the lung, GP33-specific CD8 T 



	  

	  

80	  

cells were further elevated by SMARTA CD4 T cell transfer in combination with PD-L1 

blockade but not with CTLA-4 blockade (Fig. 6C).  To assess the functionality of 

LCMV-specific CD8 T cells following combination therapies, IFNγ production was 

measured after ex vivo restimulation. Transfer of SMARTA CD4 T cells increased the 

number of IFNγ-secreting CD8 T cells which was further augmented by combination 

with PD-L1 blockade (Fig. 6D). However, CTLA-4 blockade combination had no 

significant effects on further improving cytokine production by LCMV-specific CD8 T 

cells, compared to SMARTA CD4 T cell transfer alone. Therefore, in contrast to PD-L1 

blockade, combination of CTLA-4 blockade to SMARTA CD4 T cell transfer did not 

have a significant effect on further promoting CD8 T cell responses compared to 

SMARTA CD4 T cell transfer alone.  

SMARTA CD4 T cell transfer combined with PD-L1 blockade, but not with 

CTLA-4 blockade, has a synergistic effect on reducing viral load in chronic 

infection. We finally determined whether these combination therapies further improved 

viral control. Virus titer from serum and multiple tissues was measured at day 14 post-

transfer. Mice receiving SMARTA CD4 T cells significantly reduced serum virus titer by 

day 14 post-transfer (Fig. 7). Combined SMARTA CD4 T cell transfer and CTLA-4 

blockade didn’t have a further effect on viral load compared to SMARTA CD4 T cell 

transfer alone whereas PD-L1 blockade led to a further decrease in virus titer. Similar 

results were observed in the spleen, lung (Fig. 7) and liver (data not shown). The 

combination therapy of SMARTA CD4 T cell transfer and PD-L1 blockade already 

showed a significant reduction in viral load at day 8 post-transfer compared to other 

groups while SMARTA CD4 T cell transfer with or without CTLA-4 blockade 
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maintained a similar level of virus titer to that of untreated mice (data not shown). 

Therefore, although CTLA-4 blockade augmented the functionality of SMARTA CD4 T 

cells and induced more effective Th1 responses, it did not lead to further enhancement of 

virus-specific CD8 T cell responses and virus control. In contrast, SMARTA CD4 T cell 

transfer combined with PD-L1 blockade resulted in a synergistic effect on the rescue of 

CD8 T cell responses, resulting in faster and more significant viral clearance. 

CTLA-4 blockade does not improve the efficacy of CD8 T cell adoptive 

transfer whereas PD-L1 blockade enhances the responses of transferred CD8 T cells 

during chronic infection. Single blockade of CTLA-4 or CTLA-4 blockade combined 

with SMARTA CD4 T cell transfer did not have an impact on the rescue of exhausted 

LCMV-specific CD8 T cells in chronic infection. Here, we combined CD8 T cell transfer 

and CTLA-4 blockade and examined whether CTLA-4 blockade has any effect on naïve 

CD8 T cells that differentiate in an established chronic infection. For comparison, PD-L1 

blockade was also combined with CD8 T cell adoptive transfer. We transferred P14 CD8 

T cells specific to the GP33-41 epitope of LCMV into chronically infected mice that were 

subsequently treated with CTLA-4 or PD-L1 blocking antibodies (Fig. 8A). We first 

monitored P14 CD8 T cells in the blood. Blocking CTLA-4 did not have any effects on 

P14 CD8 T cell expansion, but PD-L1 blockade resulted in a huge expansion of P14 CD8 

T cells with the peak response at day 8 (Fig. 8B and C). Following blockade of PD-L1, a 

much higher number of P14 CD8 T cells was also found in the tissues, such as spleen 

(Fig. 8D) and lung (data not shown) whereas CTLA-4 blockade led to a slight or minimal 

increase in P14 CD8 T cells for the time course we examined.  
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When transferred into chronically infected hosts, P14 CD8 T cells expressed high-

level of PD-1, Tim3 and Eome (data not shown) but were able to produce IFNγ and 

expressed granzyme B (Fig. 9A to D). CTLA-4 blockade did not increase cytokine 

production or granzyme B expression of P14 CD8 T cells. In contrast, after PD-L1 

blockade, a significantly higher proportion of P14 CD8 T cells produced IFNγ. 

Polyfunctionality of P14 CD8 T cells was greatly enhanced by blocking PD-L1, 

generating higher numbers of P14 CD8 T cells secreting both IFNγ and TNF or IL-2.  

Likewise, granzyme B expression was also upregulated in P14 CD8 T cells after PD-L1 

blockade. In addition, PD-L1 blockade increased T-bet expression and decreased Eomes 

in P14 CD8 T cells (data not shown). Therefore, P14 CD8 T cells had enhanced 

functionality and less exhausted phenotype following PD-L1 blockade. Consistent with 

enhanced P14 CD8 T cell responses, there was a significant decrease in viral load 

following PD-L1 blockade by day 8 post-transfer compared to mice receiving P14 CD8 T 

cells with or without CTLA-4 blockade (Fig. 9E). In contrast, but consistent with our 

data, we found no significant difference in virus titer when CTLA-4 blockade was 

combined to P14 transfer . Therefore, CTLA-4 blockade did not enhance the efficacy of 

CD8 T cell adoptive transfer whereas PD-L1 blockade significantly improved transferred 

CD8 T cell responses in terms of both expansion and functionality, and also promoted 

viral control during chronic infection. 
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IV. Discussion 

When SMARTA CD4 T cells differentiated in established chronic infection, 

generation of Th1 cells was inhibited. Either CTLA-4 or PD-L1 blockade partially 

rescued this inhibition, leading to generation of a higher number of Th1 cells compared to 

SMARTA CD4 T cell transfer alone. We had previously shown that blocking CTLA-4 

has no direct effects on virus-specific CD8 T cells in chronic LCMV infection where 

antigen-specific CD4 T cell help was absent, but in this study, we show that CTLA-4 

blockade works on CD4 T cells, resulting in more effective Th1 responses. However, 

combined SMARTA CD4 T cell transfer and CTLA-4 blockade did not have a significant 

effect on further recovering exhausted CD8 T cells or reducing virus titer compared to 

SMARTA CD4 T cell transfer alone, showing no correlation between enhanced Th1 

responses and endogenous CD8 T cell responses or virus control. It is possibly because 

the increase in Th1 cells was significant but moderate, which did not result in providing 

optimal help to CD8 T cells or exerting cytotoxic activities. Th1 suppression during viral 

persistence is probably mediated by multiple mechanisms among which we found that 

both CTLA-4 and PD-1 pathways play a role in this inhibition. A recent paper has also 

demonstrated that elevated expression of PD-L1 and IL-10 in suppressive dendritic cells 

is responsible for impeded Th1 generation during persistent infection, by showing the 

restoration of Th1 cells following simultaneous blockade of PD-L1 and IL-10(58). 

Another possibility is that Tfh cells generated during viral persistence provide help to 

CD8 T cells, for example by secreting IL-21 which plays a role in sustaining virus-

specific CD8 T cells during chronic infection (61-63). In contrast to CTLA-4 blockade, 

combined PD-L1 blockade further elevated LCMV-specific CD8 T cells as well as 



	  

	  

84	  

promoting Th1 generation. This is probably because PD-1 pathway blockade itself 

directly acts on reversing exhausted CD8 T cells, considering the result of combined 

SMARTA CD4 T cell transfer and CTLA-4 blockade therapy. We observed that blocking 

CTLA-4 or PD-1 pathway increased Th1 responses when naïve CD4 T cells 

differentiated during established chronic infection. Whether during chronic LCMV 

infection, these treatments can rescue already exhausted CD4 T cells and result in the 

restoration of Th1 responses needs to be further investigated. 

In this study, we further characterized SMARTA CD4 T cells following transfer 

into chronically infected recipients. The majority of CD4 T cells (60-80%) differentiated 

into Tfh cells and a very small population (less than 10%) represented Th1 cells. Transfer 

of SMARTA CD4 T cells promoted antibody responses (data not shown)(49), indicating 

that Tfh cells developed during virus persistence played a role in helping B cells. In 

addition, CD4 T cells substantially enhanced endogenous virus-specific CD8 T cell 

responses, but whether Th1 and/or Tfh subsets contribute to CD8 T cell rescue remains 

unclear and requires further studies. 

CTLA-4 blockade had no significant effects on Tfh responses. On the other hand, 

both Tfh cells and germinal center (GC) B cells were decreased upon PD-L1 blockade at 

day 14 post-transfer (Supplemental Fig. 2). The lower number of GC B cells, but not Tfh 

cells, was also observed at day 8 post-transfer, following PD-L1 blockade (data not 

shown). Reduced GC B cells due to the blockade of PD-1 pathway might limit Tfh 

cells(222, 223). This is also possibly because of decreased virus titer following PD-L1 

blockade.  
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Antitumor effects of CTLA-4 blockade have been shown to be also mediated by 

depleting intratumoral Tregs through a Fc γ receptor (FcγR)-dependent mechanism(156, 

157). We also assessed Tregs following SMARTA CD4 T cell transfer with or without 

checkpoint blockade but found no significant change in the number of Tregs. 

Our results have shown that both CTLA-4 and PD-L1 blockade effectively 

enhanced LCMV-specific CD4 Th1 responses. However, CTLA-4 blockade had a 

minimal effect on CD8 T cells whereas PD-L1 blockade was more pronounced on 

promoting virus-specific CD8 responses in chronic LCMV infection. Eventually 

SMARTA CD4 T cell transfer combined with PD-L1 blockade resulted in significant 

viral load reduction, correlated with enhanced virus-specific CD8 T cell responses. In this 

model, virus control correlated with virus-specific CD8 T cells, but not with Th1 

responses or antibody responses. Additionally, we performed CD8 T cell adoptive 

transfer in combination with either CTLA-4 or PD-L1 blockade in chronic LCMV 

infection. CTLA-4 blockade had a slight or minimal effect on promoting P14 CD8 T cells 

and virus control whereas PD-L1 blockade had a marked effect on enhancing P14 CD8 T 

cells, leading to substantial reduction in viral load. This result further confirms that 

CTLA-4 blockade is not effective in augmenting naïve CD8 T cells differentiated in 

established persistent infection as well as already exhausted CD8 T cells. Distinct effects 

of CTLA-4 blockade on virus-specific CD4 versus CD8 T cells might be related to 

different levels of CTLA-4 expression in CD4 and CD8 T cells following adoptive 

transfer. At day 8 after SMARTA transfer, around 50-60% of SMARTA CD4 T cells 

expressed CTLA-4 whereas ~20% of GP33-specific CD8 T cells expressed CTLA-4. 

Transcriptional analysis has shown that CTLA-4 expression is higher in virus-specific 
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CD4 T cells than in virus-specific CD8 T cells, referred as a CD4 T cell-biased inhibitory 

molecule (76). On the other hand, almost all of SMARTA CD4 T cells and LCMV-

specific CD8 T cells upregulated PD-1 at day 8 post-transfer. Our results indicate that 

individual receptors can play differential roles in regulating CD4 and CD8 T cell 

responses during persistent antigenic stimulation. 
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V. Materials and Method 

Mice and infections Six- to eight-week-old female C57BL/6 mice were 

purchased from the Jackson Laboratory (Bar Harbor, ME). SMARTA mice bearing the 

transgenic T cell receptor (TCR) specific to the GP66-77 epitope of LCMV (210) were bred 

in house on a C57BL/6 background. P14 mice bearing transgenic TCR specific to the 

GP33-41 epitope of LCMV were bred in house on a C57BL/6 background. Mice were 

infected with 2 x 106 plaque-forming unit (pfu) of LCMV clone 13 intravenously (i.v.). 

Transient CD4 T cell depletion was performed at the onset of infection, by injecting anti-

CD4 depleting antibodies intraperitoneally (i.p.) at day -2 or day 0 (the day of infection). 

For acute LCMV infection, mice were infected with 2 x 105 pfu of LCMV Armstrong 

strain i.p. for day 8 analysis and with 2 x 106 pfu of Armstrong i.v. for 60h analysis. All 

experiments were conducted in accordance with the Emory University Institutional 

Animal Care and Use committee guidelines. 

Cell transfer For CD4 T cell adoptive transfer, SMARTA CD4 T cells were 

isolated from the spleens of naïve SMARTA mice by using a CD4+ T cell isolation kit 

(Miltenyi Biotech, San Diego, CA). 2~4 x 106 purified SMARTA CD4 T cells were 

transferred i.v. into chronically infected mice (at least >day 45 post-infection). For early 

time point experiments, 1 x 106 purified SMARTA CD4 T cells were labeled with cell 

trace violet (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions and 

then transferred to chronically infected mice, or uninfected C57BL/6 mice that were 

followed with infection with Armstrong or remained uninfected. For the comparison of 

CD4 T cell differentiation between chronic and acute infection at day 8 post-priming, 1 x 

103 purified SMARTA CD4 T cells were transferred into chronically infected mice or 
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uninfected C57BL/6 mice that were followed with Armstrong infection. For CD8 T cell 

adoptive transfer, P14 cells were isolated from the spleens of naïve P14 mice by using a 

CD8+ T cell isolation kit (Miltenyi Biotech) and 1 x 104 purified P14 CD8 T cells were 

transferred to chronically infected mice (at least >day 45 post-infection). 

In vivo antibody blockade 200 microgram of hamster anti-mouse CTLA-4 

antibodies (9H10, BioXcell) or rat anti-mouse PD-L1 antibodies (10F.9G2) was 

administered i.p. from the day of transfer (day 0), every 3rd day, total 5 times. The mice 

that received SMARTA CD4 T cells alone were treated with PBS. 

Antibodies and flow cytometry All antibodies were purchased from BD 

Biosciences (San Jose, CA) except for CD45.1 (Biolegend, San Diego, CA), granzyme B 

(Invitrogen), T-bet (eBiosciences, San Diego, CA), Tim3 (R&D Systems, Minneapolis, 

MN) and PNA (Vector  Laboratories). CXCR5 staining was performed using a three-step 

staining protocol as described previously (201). Transcription factors were stained using 

the FoxP3/transcription factor staining buffer set (eBiosciences). MHC class I tetramers 

were prepared and used as previously described(211). Intracellular cytokine staining was 

performed after 5h stimulation with GP61-80 peptide or a LCMV peptide pool consisting of 

GP33-41, GP276-286, GP92-101, NP205-212, NP235-249, and NP396-404 as described 

previously (211). Dead cells were excluded by using Live/Dead fixable dead cell stain 

kits (Invitrogen). Samples were acquired using a FACSCanto II or LSR II flow cytometer 

(BD Biosciences). Flow cytometry data were analyzed using FlowJo software (Tree Star, 

Ashland, OR).  

Measurement of virus titer Viral titer was determined by plaque assay on Vero 

cells as previously described(224). 



	  

	  

89	  

Statistical analysis Data were analyzed using Prism 6 software (GraphPad, La 

Jolla, CA). Statistical significance was determined by using two-tailed unpaired Student’s 

t-tests. P values of less than 0.05 was considered statistically significant. 
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Figure 1. Expansion of SMARTA CD4 T cells in chronically infected mice following  
combination with CTLA-4 or PD-L1 blockade. (A) Experimental setup. (B) The graph 
shows the frequency of SMARTA CD4 T cells in blood. (C) Representative fluorescence 
activated cell sorting (FACS) plots show the frequency of SMARTA CD4 T cells in 
peripheral blood CD4 T cells at day 8 post-transfer (D) The graph shows the number of 
SMARTA CD4 T cells in the spleen at day 8 post-transfer. Data are representative of 2 
independent experiments with 4-6 mice per group per experiment. Error bars indicate 
standard errors of means (SEM).  
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Figure 2. Either CTLA-4 or PD-L1 blockade partially rescues Th1 differentiation 
during established chronic infection.  Same experimental set up as Figure 1. SMARTA 
CD4 T cells were analyzed in the spleen at day 8 post-transfer. (A) Representative FACS 
plots show the phenotype of SMARTA CD4 T cells. (B) Graphs show the frequency 
(upper row) and number (bottom row) of SMARTA CD4 T cells expressing Th1 markers 
(Tim3, SLAM, Ly6C, T-bet). (C) Graphs show the frequency (upper row) and number 
(bottom row) of SMARTA CD4 T cells expressing a Tfh marker, CXCR5. (D) 
Representative FACS plots show granzyme B (GzmB) expression and IFNγ production 
of SMARTA CD4 T cells after ex vivo stimulation with GP61-80 peptide. (E) Graphs show 
the frequency (upper row) and number (bottom row) of SMARTA CD4 T cells 
expressing granzyme B or producing IFNγ. Data are representative of 2 independent 
experiments with 4-6 mice per group per experiment. Error bars indicate standard errors 
of means (SEM). *P < 0.05; **P < 0.01; ***P < 0.001. 
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Figure 3. Elevated Th1 responses in nonlymphoid tissues following CTLA-4 or PD-
L1 blockade. Same experimetal set up as Figure 1. Analysis was performed at day 8 
post-transfer. Representative FACS plots show granzyme B and CXCR5 expression on 
SMARTA CD4 T cells in the lung (A) and liver (B). Data are representative of 2 
independent experiments with 4-6 mice per group per experiment. Error bars indicate 
standard errors of means (SEM). **P < 0.01. 
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Figure 4. FoxP3+ Tregs remain unchanged during chronic infection after SMARTA 
CD4 T cell transfer or combined CTLA-4 or PD-L1 blockade. Same experimental set 
up as Figure 1. Analysis was performed in the spleen 8 days after transfer. (A) 
Representative FACS plots show FoxP3 and Ly5.1 expression in CD4 T cells. (B) The 
graph shows the number of endogenous (Ly5.1-)  FoxP3+ Tregs. Data are representative 
of 2 independent experiments with 4-5 mice per group per experiment. Error bars indicate 
standard errors of means (SEM).  
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Figure 5. Expansion of endogenous LCMV-specific CD8 T cells following SMARTA 
CD4 T cell transfer with or without CTLA-4 or PD-L1 blockade. Same experimental 
set up as Figure 1. (A) Kinetics of GP33-specific CD8 T cells in blood. (B) 
Representative FACS plots show the frequency of GP33-specific CD8 T cells in 
peripheral blood at day 8 post-transfer. Data are representative of 2 independent 
experiments with 4-6 mice per group per experiment. Error bars indicate standard errors 
of means (SEM). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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Figure 6. Endogenous LCMV-specific CD8 T cell responses are significantly 
enhanced with PD-L1 blockade but not with CTLA-4 blockade compared to 
SMARTA CD4 T cell transfer alone. Same experimental set up as Figure 1. (A-C) The 
graphs show the number of GP33- or GP276- specific CD8 T cells in the indicated 
tissues. (D) The graph shows the number of CD8 T cells producing IFNγ after ex vivo 
stimulation with a pool of LCMV peptides consisting of GP33-41, GP276-286, NP205-212, NP235-

249, and NP396-404. Data are representative of 2 independent experiments with 4-6 mice per 
group per experiment. Error bars indicate standard errors of means (SEM). *P < 0.05; 
**P < 0.01; ***P < 0.001. 
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Figure 7. SMARTA CD4 T cell transfer combined with PD-L1 blockade, but not 
with CTLA-4 blockade has a synergistic effect on reducing viral load. Same 
experimental set up as Figure 1. Virus titer was measured from serum, spleen or lung at 
day 14 post-transfer. PFU= plaque forming units. Data are representative of 2 
independent experiments with 4-5 mice per group per experiment. Error bars indicate 
standard errors of means (SEM). *P < 0.05; **P < 0.01; ***P < 0.001. 
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Figure 8. PD-L1 blockade in chronically infected mice, but not CTLA-4 blockade, 
promotes expansion of transferred naïve P14 CD8 T cells. (A) Experimental set up. 
(B) The graph shows the frequency of P14 CD8 T cells in peripheral blood. (C) 
Representative FACS plots show the frequency of P14 CD8 T cells in peripheral blood at 
day 8 post-transfer. (D) The graph shows total numbers of P14 CD8 T cells in the spleen 
at day 8 post-transfer. Data are representative of 2 independent experiments with 4-5 
mice per group per experiment. Error bars indicate standard errors of means (SEM). *P < 
0.05; **P < 0.01. 
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Figure 9. PD-L1 blockade promotes increased functionality of P14 CD8 T cells and 
leads to substantial reduction in viral load whereas CTLA-4 blockade has minimal 
effects. Same experimental set up as Figure 8. P14 CD8 T cells were analyzed in the 
spleen at day 8 post-transfer. (A) Representative FACS plots show cytokine secretion of 
P14 CD8 T cells after ex vivo stimulation with GP33-41 peptide. (B) Graphs show numbers 
of P14 CD8 T cells producing IFNγ or co-producing IFNγ and TNFa or IL-2. (C) 
Representative FACS plots show granzyme B expression in P14 CD8 T cells. (D) The 
graph shows numbers of granzyme B-expressing P14 CD8 T cells. (E) Graphs show virus 
titer in spleen and lung at day 8 post-transfer. Data are representative of 2 independent 
experiments with 4-5 mice per group per experiment. Error bars indicate standard errors 
of means (SEM). *P < 0.05; **P < 0.01; ***P < 0.001. 
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Supplemental Figure 1. Th1 generation is inhibited when CD4 T cells are primed in 
established chronic infection. (A) Experimental set up. (B) Representative FACS plots 
gated on SMARTA CD4 T cells present in the spleen 60h post-transfer show cell 
divisions (dilution of cell trace violet dye) and expression of different markers associated 
with T cell activation and differentiation. (C) Representative FACS plots gated on 
SMARTA CD4 T cells present in the spleen, 8 days post-transfer, show expression of the 
markers associated with Th1 and Tfh differentiation in chronic and acute infection. Data 
are representative of 2 independent experiments with 4-5 mice per group per experiment.  
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Supplemental Figure 2. GC B cells following SMARTA CD4 T cell transfer with or 
without CTLA-4 or PD-L1 blockade. Same experimental set up as Figure 1.The graph 
shows the number of GC B cells (PNA+FAS+B220+CD19+) in the spleen. Data are 
representative of 2 independent experiments with 4-6 mice per group per experiment. 
Error bars indicate standard errors of means (SEM). *P < 0.05; **P < 0.01. 
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Chapter 4. Discussion 

 

I. CD4 T cell responses following immunization with Ad5 vectors 

Recombinant adenovirus vectors are potent vaccine platforms because of robust 

immunogenicity and good safety profile. Adenovirus vectors have been shown to induce 

both humoral and cellular immune responses against various infectious pathogens, 

especially generating strong CD8 T cell responses to vector-encoded transgenes. 

Therefore adenovirus vectors are considered a promising candidate for vaccine 

development against intracellular pathogens and cancer where cell-mediated immunity is 

critical for the protection. Ad5 vector is the most frequently used adenovirus serotype 

owing to its superior immunogenicity compared to other adenovirus serotype vectors. 

However, the major limitation of using Ad5 vectors for vaccination is high prevalence of 

preexisting anti-vector immunity in human populations. Nearly all individuals are 

exposed to adenoviruses during their lives and have preexisting immunity, particularly 

neutralizing antibodies against the most common adenovirus serotypes. The presence of 

these vector-specific neutralizing antibodies has been shown to decrease the vaccine 

efficacy. Furthermore, the HIV vaccine trial with Ad5-based vaccines encoding HIV-1 

antigens (gag/pol/nef) showed no protective efficacy in seropositive individuals (190, 

191). With the concerns over the clinical use of Ad5 vectors, alternative human serotypes 

and adenoviruses from nonhuman species have been increasingly used in preclinical and 

clinical studies. Still, Ad5-based vaccine vectors have shown efficacy against a broad 

range of infectious diseases such as tuberculosis, malaria, and influenza and cancer (188, 

189).  
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 Ad5 vectors are well known to induce high-magnitude CD8 T cell responses. 

However, several reports have demonstrated that Ad5-elicited CD8 T cells display more 

effector-like or partially exhausted phenotype. It seems that the low level of transgene 

expression persists for prolonged periods following Ad5 immunization(193, 209).  

While more efforts have been made to understand Ad5-elicited CD8 T cell responses, 

less is known about CD4 T cell responses induced by Ad5 vectors. Recent papers have 

shown that CD4 T cells are critical for transgene-specific CD8 T cell and antibody 

responses following immunization with adenovirus vectors (195, 196), but the phenotypic 

and functional properties of Ad5-elicited CD4 T cells are not well defined. 

In the chapter 2, I characterized CD4 T cell responses elicited by Ad5 vectors 

expressing LCMV-GP compared to those induced by LCMV infection. Ad5 vectors 

resulted in significantly reduced Th1 responses compared to LCMV infection. Early time 

point analysis demonstrated that Th1 commitment was impaired following Ad5 

immunization. Ad5-elicited CD4 T cells expressed minimal or very low levels of Th1-

associated molecules at day 3 and 4 post-immunization whereas LCMV-induced CD4 T 

cells significantly upregulated Th1 markers. I also found that Ad5-elicited CD4 T cells 

minimally expressed CD25 during early priming, indicating that attenuated IL-2 signals 

may play a role in impaired Th1 differentiation. To further investigate this mechanistic 

aspect, mice were injected with IL-2 following immunization with Ad5 vectors. 

Exogenous IL-2 administration was able to partially restore Th1 responses following Ad5 

immunization. Theses results show that impaired Th1 commitment is, at least in part, 

mediated by reduced IL-2 signaling in Ad5 immunization. 
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 Interestingly, we also found that more Tregs are present following Ad5 

immunization than after LCMV infection (~3-fold [day 2 to day 4] or ~7-fold [day 8]  

higher number of Tregs after Ad5 immunization compared to in LCMV infection). Tregs 

can negatively impact on IL-2 signals by directly consuming IL-2 and/or by secreting 

TGFβ. Tregs do not secrete significant amounts of IL-2 but are highly dependent on IL-2 

for their survival and maintenance(225, 226). IL-2 consumption by Tregs depletes local 

IL-2 concentration. TGFβ has been shown to negatively regulate CD25 expression on 

virus-specific CD4 T cells(202). Therefore, it is also possible that Tregs limit IL-2 

signaling by secretion of TGFβ. Treg depletion experiment confirmed the role of Tregs in 

Ad5 immunization. Following immunization with Ad5 vectors, removal of Tregs 

promoted the generation of Th1 cells and upregulated CD25 expression on transgene-

specific CD4 T cells. These results indicate that Tregs contribute to reduced IL-2 

signaling and impaired Th1 differentiation following Ad5 immunization.   

Therefore, I propose suboptimal IL-2 signaling as one of the potential 

mechanisms underlying impaired Th1 differentiation following Ad5 vaccination. IL-2 

acts early during priming and promotes Th1 differentiation while suppressing Tfh 

development. Our results indicate that IL-2 signals play an important role in the fate 

determination of Th1 versus Tfh lineages in Ad5 vaccination, implicating the potential of 

manipulating IL-2 pathway to drive favorable vaccine-induced CD4 T cell responses. 

Reduced Th1 responses following Ad5 immunization compared to those after 

LCMV infection are not simply due to the differences between non-replicating vaccine 

vectors and live virus infection. DNA vectors expressing the same antigen LCMV-GP 

induced a significantly higher frequency of Th1 cells than Ad5 vectors, leading to more 
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balanced Th1 and Tfh responses, like LCMV infection. In addition, non-replicating 

modified vaccinia virus ankara vectors have been shown to induce good Th1 

responses(227). Therefore, impaired Th1 development is rather due to an intrinsic 

property of Ad5 vectors. 

Vector doses and routes of administration impacted on the phenotype of Ad5-

elicited CD4 T cells at some degree, but regardless of different conditions of antigen 

load, Ad5 still did not raise effective Th1 responses compared to those after LCMV 

infection. Furthermore, consistent with the concept that strong TCR signal strength favors 

Tfh differentiation, the higher doses of Ad5 vectors tended to generate more Tfh cells and 

fewer Th1 cells. These results also further support that suboptimal Th1 responses are 

intrinsic for Ad5 vectors. 

Ad5 vectors expressing LCMV-GP induced a high frequency of GP-specific CD8 

T cells, which was comparable to that induced by LCMV infection (unpublished work, 

Sarkar et al.). However, in terms of quality, Ad5 generated suboptimal effector and 

memory CD8 T cells. GP-specific effector CD8 T cells elicited by Ad5 vectors displayed 

reduced functionality such as cytokine production and cytotoxicity, compared to CD8 T 

cells after LCMV infection. Ad5-elicited memory CD8 T cells also showed reduced 

polyfunctionality and recall proliferative potential compared to memory CD8 T cells 

induced by LCMV infection, and failed to undergo homeostatic proliferation. Distinct 

phenotypes of Ad5-elicited CD8 T cells were also found at early time points after Ad5 

immunization and prolonged antigen stimulation further compromised the formation  of 

optimal memory CD8 T cells following Ad5 immunization. This study also found 

reduced CD25 expression on Ad5-elcitied CD8 T cells and therefore, differences in IL-2 
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signals after Ad5 immunization compared to LCMV infection may affect CD8 T cell 

responses as observed in CD4 T cells responses. As Th1 cells are classically considered 

to provide help to CD8 T cells, impaired Th1 responses with Ad5 immunization may 

further negatively impact on CD8 T cell effector differentiation. 

In LCMV infection, it has been shown that Th1 and Tfh memory cells maintain 

the ability to preferentially recall their previously programmed lineage-specific features 

and functions upon reactivation(198). After the peak response at day 8 post-

immunization, the number of Ad5-elicited Th1 cells was decreased over time while the 

number of Tfh cells was relatively stably maintained. We observed that by day 30 post-

immunization, Ad5-elicited Th1 cells further declined and Tfh cells were dominant. 

Although this study mainly focused on characterizing Ad5-induced effector CD4 T cell 

responses, it will be intriguing to analyze memory Th1 and Tfh cells following Ad5 

immunization. It needs to be considered that prolonged transgene expression induced by 

Ad5 vectors may influence the longitudinal CD4 T cell responses. 

CD4 T cells are essential for generating functional memory CD8 T cells that 

efficiently induce recall responses upon secondary challenge. CD4 T cells also play a 

critical role in supporting optimal secondary responses of memory CD8 T cells specially 

against persistent and high levels of antigen stimulation(228). Hence, with the aim of 

developing vaccines that provide effective CD4 T cell help, to better understand vaccine-

induced CD4 T cell responses is important.  
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II. Differential effects of blocking PD-1 and CTLA-4 pathways in regulating virus-

specific CD4 and CD8 T cells during chronic LCMV infection 

 

Our previous study has shown that adoptive transfer of LCMV-specific CD4 T 

cells (SMARTA) into chronically infected mice restored endogenous virus-specific CD8 

T cell and antibody responses. Combining of SMARTA CD4 T cell transfer and PD-L1 

blockade enhanced the functionality of transferred SMARTA CD4 T cells and further 

promoted CD8 T cell responses and virus control compared to SMARTA CD4 T cell 

transfer alone. In the chapter 3, I characterized differentiation of transferred SMARTA 

CD4 T cells in chronically infected mice. I also examined the effects of SMARTA CD4 T 

cell transfer combined with CTLA-4 blockade in regulating antiviral CD4 and CD8 T cell 

responses in comparison to SMARTA CD4 T cell transfer and PD-L1 blockade 

combination. We previously showed that CTLA-4 blockade has no significant effects on 

LCMV-specific CD8 T cells during chronic infection. However, this was observed from 

chronically LCMV infected mice that lack antigen-specific CD4 T cells and therefore the 

effect of CTLA-4 blockade on virus-specific CD4 T cells was not addressed. Hence, in 

this study, I sought to determine the effects of CTLA-4 blockade on LCMV-specific CD4 

T cells in an adoptive transfer system during chronic infection. 

Following transfer into the mice with established chronic infection, naïve virus-

specific CD4 T cells predominantly differentiated into Tfh cells while differentiation to 

Th1 cells was significantly suppressed. Blocking of CTLA-4 or PD-1 pathway partially 

restored Th1 responses. Both CTLA-4 and PD-L1 blockade increased the number of Th1 
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cells and enhanced functionality of Th1 cells as shown by increased IFNγ and granzyme 

B production.  

Next, I examined the effect of combined therapies on endogenous virus-specific 

CD8 T cells. With enhanced Th1 responses by the combination therapy of CD4 T cell 

transfer and CTLA-4 blockade, I hypothesized that endogenous CD8 T cell responses are 

further promoted compared to SMARTA CD4 T cell transfer alone. However, LCMV-

specific CD8 T cell responses were not further enhanced in combination with CTLA-4 

blockade and were similar to those after SMARTA CD4 T cell transfer alone. In contrast, 

consistent with previous results, combination of CD4 T cell transfer and PD-L1 blockade 

further enhanced LCMV-specific CD8 T cell responses in terms of both quantity and 

function. This result shows that promoted Th1 responses upon the blockade of CTLA-4 

did not result in the enhancement of virus-specific CD8 T cell responses. Therefore, 

further augmented CD8 T cell responses in combination with PD-L1 blockade than CD4 

T cell transfer alone were mainly due to the additional effect of PD-L1 blockade directly 

acting on CD8 T cells. Thus, CTLA-4 and PD-L1 blockade display similar effects on 

virus-specific CD4 T cells, promoting Th1 differentiation, but have differential effects in 

regulating virus-specific CD8 T cells during chronic viral infection.  

A recent study has shown that transfer of in vitro polarized Th1 cells into 

chronically infected mice significantly promoted virus-specific CD8 T cell responses and 

virus control(58). However, in our system, increased Th1 cells by the blockade of 

inhibitory receptors did not recover CD8 T cells. In theses two cases, the quality or 

functionality of Th1 cells generated by in vitro polarization and Th1 cells generated 

during viral persistence may be different. In vitro polarized Th1 cells are likely to have a 
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more potent ability to promote virus-specific CD8 T cells. It is possible that the increase 

in Th1 cells by the blockade of inhibitory receptors was significant but this change may 

be modest and may not be sufficient to promote endogenous virus-specific CD8 T cell 

responses. 

Multiple mechanisms are probably involved in Th1 suppression during viral 

persistence, and manipulating one pathway may not lead to substantial effects in restoring 

Th1 responses. Snell et al.(58) also showed that prolonged type I IFN signaling during 

persistent infection induced elevated expression of IL-10 and PD-L1 in suppressive DCs 

and inhibited Th1 priming. Simultaneous blockade of IL-10R and PD-L1 completely 

restored Th1 generation. 

CTLA-4 blockade did not have any significant effects on LCMV-specific CD8 T 

cell responses during chronic infection (92), but I found that CTLA-4 blockade 

effectively increases the generation of LCMV-specific Th1 cells. Differential effects of 

CTLA-4 blockade on virus-specific CD4 and CD8 T cells may be associated with 

differential expression of CTLA-4 in CD4 versus CD8 T cells. 8 days after transfer into 

chronically infected recipients, SMARTA CD4 T cells express higher level of CTLA-4 

than LCMV-specific CD8 T cells. The other report has also shown that CTLA-4 is more 

preferentially expressed in virus-specific CD4 T cells than in CD8 T cells during viral 

persistence(76). 

The differential effects of combination therapies with CTLA-4 or PD-L1 blockade 

on virus-specific CD4 and CD8 T cells were observed at day 8 post-transfer. There was 

no change in virus titer in all groups by day 8. Significant reduction in viral load was 
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observed from day 14.  Therefore, the effects of combination therapies we found at day 8 

post-transfer were not due to reduced viral load. 

Combined CTLA-4 blockade did not further impact Tfh differentiation or LCMV-

specific antibody responses compared to CD4 T cell transfer alone. Combined PD-L1 

blockade had no effect on Tfh cells at day 8 post-transfer but resulted in a decrease in Tfh 

cells, GC B cells and LCMV-specific antibody titers at day 14 compared to SMRATA 

CD4 T cell transfer alone. Slightly reduced GC B cells were observed from day 8. 

Therefore, reduced GC B cells by blocking PD-1 pathway may negatively regulate Tfh 

cells(222, 223). Decreased Tfh cells may result from reduced virus titer at day 14. 

Combination of CD4 T cell transfer and PD-L1 blockade most significantly lowered virus 

titer at day 14 compared to other groups. 

 Transferred virus-specific CD4 T cells provided a long-lasting effect in restoring 

antiviral CD8 T cell responses in chronically infected hosts. The mechanisms by which 

CD4 T cells reinvigorate exhausted CD8 T cells and help to enhance virus control are not 

fully understood and remain to be further determined. Provision of cognate CD4 T cells 

may help CD8 cells by DC licensing, which probably occurs before CD4 T cells are fully 

polarized. Classically Th1 cells are thought to be responsible for helping CD8 T cells. 

Another possibility is that when Th1 responses are suboptimal under persistent antigenic 

stimulation, dominant Tfh cells may play a role in supporting CD8 T cells, by producing 

cytokines such as IL-21.  

The mechanisms whereby CD4 T cells enhance the expansion and function of 

CD8 T cells in the presence of high level of antigen and whether a particular CD4 T cell 

subset is favorable to rescue CD8 T cell dysfunction and control persistent infection are 
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important questions that remain to be solved to develop more effective therapeutic 

strategies and vaccines against chronic infection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  

	  

111	  

References 

 

1. Swain SL, McKinstry KK, Strutt TM. 2012. Expanding roles for CD4(+) T 
cells in immunity to viruses. Nat Rev Immunol 12:136-148. 

2. Afkarian M, Sedy JR, Yang J, Jacobson NG, Cereb N, Yang SY, Murphy 
TL, Murphy KM. 2002. T-bet is a STAT1-induced regulator of IL-12R 
expression in naive CD4+ T cells. Nat Immunol 3:549-557. 

3. Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG, Glimcher LH. 2000. A 
novel transcription factor, T-bet, directs Th1 lineage commitment. Cell 100:655-
669. 

4. Thierfelder WE, van Deursen JM, Yamamoto K, Tripp RA, Sarawar SR, 
Carson RT, Sangster MY, Vignali DA, Doherty PC, Grosveld GC, Ihle JN. 
1996. Requirement for Stat4 in interleukin-12-mediated responses of natural killer 
and T cells. Nature 382:171-174. 

5. Lord GM, Rao RM, Choe H, Sullivan BM, Lichtman AH, Luscinskas FW, 
Glimcher LH. 2005. T-bet is required for optimal proinflammatory CD4+ T-cell 
trafficking. Blood 106:3432-3439. 

6. Nurieva RI, Chung Y, Martinez GJ, Yang XO, Tanaka S, Matskevitch TD, 
Wang YH, Dong C. 2009. Bcl6 mediates the development of T follicular helper 
cells. Science 325:1001-1005. 

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

8. Crotty S. 2014. T follicular helper cell differentiation, function, and roles in 
disease. Immunity 41:529-542. 

9. Akiba H, Takeda K, Kojima Y, Usui Y, Harada N, Yamazaki T, Ma J, 
Tezuka K, Yagita H, Okumura K. 2005. The role of ICOS in the CXCR5+ 
follicular B helper T cell maintenance in vivo. J Immunol 175:2340-2348. 

10. Nurieva RI, Chung Y, Hwang D, Yang XO, Kang HS, Ma L, Wang YH, 
Watowich SS, Jetten AM, Tian Q, Dong C. 2008. 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. 

11. Boyman O, Sprent J. 2012. The role of interleukin-2 during homeostasis and 
activation of the immune system. Nat Rev Immunol 12:180-190. 

12. Liao W, Lin JX, Leonard WJ. 2013. Interleukin-2 at the crossroads of effector 
responses, tolerance, and immunotherapy. Immunity 38:13-25. 

13. Liao W, Lin JX, Wang L, Li P, Leonard WJ. 2011. Modulation of cytokine 
receptors by IL-2 broadly regulates differentiation into helper T cell lineages. Nat 
Immunol 12:551-559. 

14. Ray JP, Staron MM, Shyer JA, Ho PC, Marshall HD, Gray SM, Laidlaw BJ, 
Araki K, Ahmed R, Kaech SM, Craft J. 2015. The Interleukin-2-mTORc1 
Kinase Axis Defines the Signaling, Differentiation, and Metabolism of T Helper 1 
and Follicular B Helper T Cells. Immunity 43:690-702. 

15. Choi YS, Kageyama R, Eto D, Escobar TC, Johnston RJ, Monticelli L, Lao 
C, Crotty S. 2011. ICOS receptor instructs T follicular helper cell versus effector 



	  

	  

112	  

cell differentiation via induction of the transcriptional repressor Bcl6. Immunity 
34:932-946. 

16. Pepper M, Pagan AJ, Igyarto BZ, Taylor JJ, Jenkins MK. 2011. Opposing 
signals from the Bcl6 transcription factor and the interleukin-2 receptor generate 
T helper 1 central and effector memory cells. Immunity 35:583-595. 

17. Bennett SR, Carbone FR, Karamalis F, Flavell RA, Miller JF, Heath WR. 
1998. Help for cytotoxic-T-cell responses is mediated by CD40 signalling. Nature 
393:478-480. 

18. Ridge JP, Di Rosa F, Matzinger P. 1998. A conditioned dendritic cell can be a 
temporal bridge between a CD4+ T-helper and a T-killer cell. Nature 393:474-
478. 

19. Schoenberger SP, Toes RE, van der Voort EI, Offringa R, Melief CJ. 1998. 
T-cell help for cytotoxic T lymphocytes is mediated by CD40-CD40L 
interactions. Nature 393:480-483. 

20. Sun JC, Williams MA, Bevan MJ. 2004. CD4+ T cells are required for the 
maintenance, not programming, of memory CD8+ T cells after acute infection. 
Nat Immunol 5:927-933. 

21. Janssen EM, Lemmens EE, Wolfe T, Christen U, von Herrath MG, 
Schoenberger SP. 2003. CD4+ T cells are required for secondary expansion and 
memory in CD8+ T lymphocytes. Nature 421:852-856. 

22. Sun JC, Bevan MJ. 2003. Defective CD8 T cell memory following acute 
infection without CD4 T cell help. Science 300:339-342. 

23. Janssen EM, Droin NM, Lemmens EE, Pinkoski MJ, Bensinger SJ, Ehst BD, 
Griffith TS, Green DR, Schoenberger SP. 2005. CD4+ T-cell help controls 
CD8+ T-cell memory via TRAIL-mediated activation-induced cell death. Nature 
434:88-93. 

24. Badovinac VP, Messingham KA, Griffith TS, Harty JT. 2006. TRAIL 
deficiency delays, but does not prevent, erosion in the quality of "helpless" 
memory CD8 T cells. J Immunol 177:999-1006. 

25. Sacks JA, Bevan MJ. 2008. TRAIL deficiency does not rescue impaired CD8+ T 
cell memory generated in the absence of CD4+ T cell help. J Immunol 180:4570-
4576. 

26. Fuse S, Tsai CY, Molloy MJ, Allie SR, Zhang W, Yagita H, Usherwood EJ. 
2009. Recall responses by helpless memory CD8+ T cells are restricted by the up-
regulation of PD-1. J Immunol 182:4244-4254. 

27. Intlekofer AM, Takemoto N, Kao C, Banerjee A, Schambach F, Northrop 
JK, Shen H, Wherry EJ, Reiner SL. 2007. Requirement for T-bet in the 
aberrant differentiation of unhelped memory CD8+ T cells. J Exp Med 204:2015-
2021. 

28. Bourgeois C, Rocha B, Tanchot C. 2002. A role for CD40 expression on CD8+ 
T cells in the generation of CD8+ T cell memory. Science 297:2060-2063. 

29. Beuneu H, Garcia Z, Bousso P. 2006. Cutting edge: cognate CD4 help promotes 
recruitment of antigen-specific CD8 T cells around dendritic cells. J Immunol 
177:1406-1410. 



	  

	  

113	  

30. Castellino F, Huang AY, Altan-Bonnet G, Stoll S, Scheinecker C, Germain 
RN. 2006. Chemokines enhance immunity by guiding naive CD8+ T cells to sites 
of CD4+ T cell-dendritic cell interaction. Nature 440:890-895. 

31. Nakanishi Y, Lu B, Gerard C, Iwasaki A. 2009. CD8(+) T lymphocyte 
mobilization to virus-infected tissue requires CD4(+) T-cell help. Nature 
462:510-513. 

32. Williams MA, Tyznik AJ, Bevan MJ. 2006. Interleukin-2 signals during 
priming are required for secondary expansion of CD8+ memory T cells. Nature 
441:890-893. 

33. Yi JS, Ingram JT, Zajac AJ. 2010. IL-21 deficiency influences CD8 T cell 
quality and recall responses following an acute viral infection. J Immunol 
185:4835-4845. 

34. Barker BR, Gladstone MN, Gillard GO, Panas MW, Letvin NL. 2010. 
Critical role for IL-21 in both primary and memory anti-viral CD8+ T-cell 
responses. Eur J Immunol 40:3085-3096. 

35. Cannons JL, Yu LJ, Jankovic D, Crotty S, Horai R, Kirby M, Anderson S, 
Cheever AW, Sher A, Schwartzberg PL. 2006. SAP regulates T cell-mediated 
help for humoral immunity by a mechanism distinct from cytokine regulation. J 
Exp Med 203:1551-1565. 

36. Crotty S, Kersh EN, Cannons J, Schwartzberg PL, Ahmed R. 2003. SAP is 
required for generating long-term humoral immunity. Nature 421:282-287. 

37. Klein U, Dalla-Favera R. 2008. Germinal centres: role in B-cell physiology and 
malignancy. Nat Rev Immunol 8:22-33. 

38. Ettinger R, Sims GP, Fairhurst AM, Robbins R, da Silva YS, Spolski R, 
Leonard WJ, Lipsky PE. 2005. IL-21 induces differentiation of human naive 
and memory B cells into antibody-secreting plasma cells. J Immunol 175:7867-
7879. 

39. Martins G, Calame K. 2008. Regulation and functions of Blimp-1 in T and B 
lymphocytes. Annu Rev Immunol 26:133-169. 

40. Marshall NB, Swain SL. 2011. Cytotoxic CD4 T cells in antiviral immunity. J 
Biomed Biotechnol 2011:954602. 

41. Brown DM, Lee S, Garcia-Hernandez Mde L, Swain SL. 2012. 
Multifunctional CD4 cells expressing gamma interferon and perforin mediate 
protection against lethal influenza virus infection. J Virol 86:6792-6803. 

42. Stuller KA, Cush SS, Flano E. 2010. Persistent gamma-herpesvirus infection 
induces a CD4 T cell response containing functionally distinct effector 
populations. J Immunol 184:3850-3856. 

43. Ishikawa T, Yamada H, Oyamada A, Goshima F, Nishiyama Y, Yoshikai Y. 
2009. Protective role of Fas-FasL signaling in lethal infection with herpes simplex 
virus type 2 in mice. J Virol 83:11777-11783. 

44. Jellison ER, Kim SK, Welsh RM. 2005. Cutting edge: MHC class II-restricted 
killing in vivo during viral infection. J Immunol 174:614-618. 

45. Debbabi H, Ghosh S, Kamath AB, Alt J, Demello DE, Dunsmore S, Behar 
SM. 2005. Primary type II alveolar epithelial cells present microbial antigens to 
antigen-specific CD4+ T cells. Am J Physiol Lung Cell Mol Physiol 289:L274-
279. 



	  

	  

114	  

46. Cunningham AC, Zhang JG, Moy JV, Ali S, Kirby JA. 1997. A comparison of 
the antigen-presenting capabilities of class II MHC-expressing human lung 
epithelial and endothelial cells. Immunology 91:458-463. 

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

48. Zajac AJ, Blattman JN, Murali-Krishna K, Sourdive DJ, Suresh M, Altman 
JD, Ahmed R. 1998. Viral immune evasion due to persistence of activated T cells 
without effector function. J Exp Med 188:2205-2213. 

49. Aubert RD, Kamphorst AO, Sarkar S, Vezys V, Ha SJ, Barber DL, Ye L, 
Sharpe AH, Freeman GJ, Ahmed R. 2011. Antigen-specific CD4 T-cell help 
rescues exhausted CD8 T cells during chronic viral infection. Proc Natl Acad Sci 
U S A 108:21182-21187. 

50. Schulze Zur Wiesch J, Ciuffreda D, Lewis-Ximenez L, Kasprowicz V, Nolan 
BE, Streeck H, Aneja J, Reyor LL, Allen TM, Lohse AW, McGovern B, 
Chung RT, Kwok WW, Kim AY, Lauer GM. 2012. Broadly directed virus-
specific CD4+ T cell responses are primed during acute hepatitis C infection, but 
rapidly disappear from human blood with viral persistence. J Exp Med 209:61-75. 

51. Porichis F, Kaufmann DE. 2011. HIV-specific CD4 T cells and immune control 
of viral replication. Curr Opin HIV AIDS 6:174-180. 

52. Fahey LM, Wilson EB, Elsaesser H, Fistonich CD, McGavern DB, Brooks 
DG. 2011. Viral persistence redirects CD4 T cell differentiation toward T 
follicular helper cells. J Exp Med 208:987-999. 

53. Osokine I, Snell LM, Cunningham CR, Yamada DH, Wilson EB, Elsaesser 
HJ, de la Torre JC, Brooks D. 2014. Type I interferon suppresses de novo virus-
specific CD4 Th1 immunity during an established persistent viral infection. Proc 
Natl Acad Sci U S A 111:7409-7414. 

54. Brooks DG, Teyton L, Oldstone MB, McGavern DB. 2005. Intrinsic functional 
dysregulation of CD4 T cells occurs rapidly following persistent viral infection. J 
Virol 79:10514-10527. 

55. Petrovas C, Yamamoto T, Gerner MY, Boswell KL, Wloka K, Smith EC, 
Ambrozak DR, Sandler NG, Timmer KJ, Sun X, Pan L, Poholek A, Rao SS, 
Brenchley JM, Alam SM, Tomaras GD, Roederer M, Douek DC, Seder RA, 
Germain RN, Haddad EK, Koup RA. 2012. CD4 T follicular helper cell 
dynamics during SIV infection. J Clin Invest 122:3281-3294. 

56. Lichterfeld M, Kaufmann DE, Yu XG, Mui SK, Addo MM, Johnston MN, 
Cohen D, Robbins GK, Pae E, Alter G, Wurcel A, Stone D, Rosenberg ES, 
Walker BD, Altfeld M. 2004. Loss of HIV-1-specific CD8+ T cell proliferation 
after acute HIV-1 infection and restoration by vaccine-induced HIV-1-specific 
CD4+ T cells. J Exp Med 200:701-712. 

57. Feng J, Hu X, Guo H, Sun X, Wang J, Xu L, Jiang Z, Xu B, Niu J, Jiang Y. 
2012. Patients with chronic hepatitis C express a high percentage of 
CD4(+)CXCR5(+) T follicular helper cells. J Gastroenterol 47:1048-1056. 

58. Snell LM, Osokine I, Yamada DH, De la Fuente JR, Elsaesser HJ, Brooks 
DG. 2016. Overcoming CD4 Th1 Cell Fate Restrictions to Sustain Antiviral CD8 
T Cells and Control Persistent Virus Infection. Cell Rep 16:3286-3296. 



	  

	  

115	  

59. Blattman JN, Grayson JM, Wherry EJ, Kaech SM, Smith KA, Ahmed R. 
2003. Therapeutic use of IL-2 to enhance antiviral T-cell responses in vivo. Nat 
Med 9:540-547. 

60. West EE, Jin HT, Rasheed AU, Penaloza-Macmaster P, Ha SJ, Tan WG, 
Youngblood B, Freeman GJ, Smith KA, Ahmed R. 2013. PD-L1 blockade 
synergizes with IL-2 therapy in reinvigorating exhausted T cells. J Clin Invest 
123:2604-2615. 

61. Elsaesser H, Sauer K, Brooks DG. 2009. IL-21 is required to control chronic 
viral infection. Science 324:1569-1572. 

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

63. Yi JS, Du M, Zajac AJ. 2009. A vital role for interleukin-21 in the control of a 
chronic viral infection. Science 324:1572-1576. 

64. Chevalier MF, Julg B, Pyo A, Flanders M, Ranasinghe S, Soghoian DZ, 
Kwon DS, Rychert J, Lian J, Muller MI, Cutler S, McAndrew E, Jessen H, 
Pereyra F, Rosenberg ES, Altfeld M, Walker BD, Streeck H. 2011. HIV-1-
specific interleukin-21+ CD4+ T cell responses contribute to durable viral control 
through the modulation of HIV-specific CD8+ T cell function. J Virol 85:733-
741. 

65. Li L, Liu M, Cheng LW, Gao XY, Fu JJ, Kong G, Feng X, Pan XC. 2013. 
HBcAg-specific IL-21-producing CD4+ T cells are associated with relative viral 
control in patients with chronic hepatitis B. Scand J Immunol 78:439-446. 

66. Jameson SC, Masopust D. 2009. Diversity in T cell memory: an embarrassment 
of riches. Immunity 31:859-871. 

67. Virgin HW, Wherry EJ, Ahmed R. 2009. Redefining chronic viral infection. 
Cell 138:30-50. 

68. Gallimore A, Glithero A, Godkin A, Tissot AC, Pluckthun A, Elliott T, 
Hengartner H, Zinkernagel R. 1998. Induction and exhaustion of lymphocytic 
choriomeningitis virus-specific cytotoxic T lymphocytes visualized using soluble 
tetrameric major histocompatibility complex class I-peptide complexes. J Exp 
Med 187:1383-1393. 

69. Shin H, Wherry EJ. 2007. CD8 T cell dysfunction during chronic viral infection. 
Curr Opin Immunol 19:408-415. 

70. Wherry EJ. 2011. T cell exhaustion. Nat Immunol 12:492-499. 
71. Wherry EJ, Kurachi M. 2015. Molecular and cellular insights into T cell 

exhaustion. Nat Rev Immunol 15:486-499. 
72. Wherry EJ, Ha SJ, Kaech SM, Haining WN, Sarkar S, Kalia V, 

Subramaniam S, Blattman JN, Barber DL, Ahmed R. 2007. Molecular 
signature of CD8+ T cell exhaustion during chronic viral infection. Immunity 
27:670-684. 

73. Shin H, Blackburn SD, Blattman JN, Wherry EJ. 2007. Viral antigen and 
extensive division maintain virus-specific CD8 T cells during chronic infection. J 
Exp Med 204:941-949. 



	  

	  

116	  

74. Norris BA, Uebelhoer LS, Nakaya HI, Price AA, Grakoui A, Pulendran B. 
2013. Chronic but not acute virus infection induces sustained expansion of 
myeloid suppressor cell numbers that inhibit viral-specific T cell immunity. 
Immunity 38:309-321. 

75. Fuller MJ, Zajac AJ. 2003. Ablation of CD8 and CD4 T cell responses by high 
viral loads. J Immunol 170:477-486. 

76. Crawford A, Angelosanto JM, Kao C, Doering TA, Odorizzi PM, Barnett 
BE, Wherry EJ. 2014. Molecular and transcriptional basis of CD4(+) T cell 
dysfunction during chronic infection. Immunity 40:289-302. 

77. Keir ME, Butte MJ, Freeman GJ, Sharpe AH. 2008. PD-1 and its ligands in 
tolerance and immunity. Annu Rev Immunol 26:677-704. 

78. Dong H, Zhu G, Tamada K, Chen L. 1999. B7-H1, a third member of the B7 
family, co-stimulates T-cell proliferation and interleukin-10 secretion. Nat Med 
5:1365-1369. 

79. Freeman GJ, Long AJ, Iwai Y, Bourque K, Chernova T, Nishimura H, Fitz 
LJ, Malenkovich N, Okazaki T, Byrne MC, Horton HF, Fouser L, Carter L, 
Ling V, Bowman MR, Carreno BM, Collins M, Wood CR, Honjo T. 2000. 
Engagement of the PD-1 immunoinhibitory receptor by a novel B7 family 
member leads to negative regulation of lymphocyte activation. J Exp Med 
192:1027-1034. 

80. Latchman Y, Wood CR, Chernova T, Chaudhary D, Borde M, Chernova I, 
Iwai Y, Long AJ, Brown JA, Nunes R, Greenfield EA, Bourque K, Boussiotis 
VA, Carter LL, Carreno BM, Malenkovich N, Nishimura H, Okazaki T, 
Honjo T, Sharpe AH, Freeman GJ. 2001. PD-L2 is a second ligand for PD-1 
and inhibits T cell activation. Nat Immunol 2:261-268. 

81. Tseng SY, Otsuji M, Gorski K, Huang X, Slansky JE, Pai SI, Shalabi A, Shin 
T, Pardoll DM, Tsuchiya H. 2001. B7-DC, a new dendritic cell molecule with 
potent costimulatory properties for T cells. J Exp Med 193:839-846. 

82. Kinter AL, Godbout EJ, McNally JP, Sereti I, Roby GA, O'Shea MA, Fauci 
AS. 2008. The common gamma-chain cytokines IL-2, IL-7, IL-15, and IL-21 
induce the expression of programmed death-1 and its ligands. J Immunol 
181:6738-6746. 

83. Chemnitz JM, Parry RV, Nichols KE, June CH, Riley JL. 2004. SHP-1 and 
SHP-2 associate with immunoreceptor tyrosine-based switch motif of 
programmed death 1 upon primary human T cell stimulation, but only receptor 
ligation prevents T cell activation. J Immunol 173:945-954. 

84. Sheppard KA, Fitz LJ, Lee JM, Benander C, George JA, Wooters J, Qiu Y, 
Jussif JM, Carter LL, Wood CR, Chaudhary D. 2004. PD-1 inhibits T-cell 
receptor induced phosphorylation of the ZAP70/CD3zeta signalosome and 
downstream signaling to PKCtheta. FEBS Lett 574:37-41. 

85. Yokosuka T, Takamatsu M, Kobayashi-Imanishi W, Hashimoto-Tane A, 
Azuma M, Saito T. 2012. Programmed cell death 1 forms negative costimulatory 
microclusters that directly inhibit T cell receptor signaling by recruiting 
phosphatase SHP2. J Exp Med 209:1201-1217. 

86. Honda T, Egen JG, Lammermann T, Kastenmuller W, Torabi-Parizi P, 
Germain RN. 2014. Tuning of antigen sensitivity by T cell receptor-dependent 



	  

	  

117	  

negative feedback controls T cell effector function in inflamed tissues. Immunity 
40:235-247. 

87. Zinselmeyer BH, Heydari S, Sacristan C, Nayak D, Cammer M, Herz J, 
Cheng X, Davis SJ, Dustin ML, McGavern DB. 2013. PD-1 promotes immune 
exhaustion by inducing antiviral T cell motility paralysis. J Exp Med 210:757-
774. 

88. Patsoukis N, Brown J, Petkova V, Liu F, Li L, Boussiotis VA. 2012. Selective 
effects of PD-1 on Akt and Ras pathways regulate molecular components of the 
cell cycle and inhibit T cell proliferation. Sci Signal 5:ra46. 

89. Patsoukis N, Sari D, Boussiotis VA. 2012. PD-1 inhibits T cell proliferation by 
upregulating p27 and p15 and suppressing Cdc25A. Cell Cycle 11:4305-4309. 

90. Quigley M, Pereyra F, Nilsson B, Porichis F, Fonseca C, Eichbaum Q, Julg 
B, Jesneck JL, Brosnahan K, Imam S, Russell K, Toth I, Piechocka-Trocha 
A, Dolfi D, Angelosanto J, Crawford A, Shin H, Kwon DS, Zupkosky J, 
Francisco L, Freeman GJ, Wherry EJ, Kaufmann DE, Walker BD, Ebert B, 
Haining WN. 2010. Transcriptional analysis of HIV-specific CD8+ T cells shows 
that PD-1 inhibits T cell function by upregulating BATF. Nat Med 16:1147-1151. 

91. Mueller SN, Vanguri VK, Ha SJ, West EE, Keir ME, Glickman JN, Sharpe 
AH, Ahmed R. 2010. PD-L1 has distinct functions in hematopoietic and 
nonhematopoietic cells in regulating T cell responses during chronic infection in 
mice. J Clin Invest 120:2508-2515. 

92. Barber DL, Wherry EJ, Masopust D, Zhu B, Allison JP, Sharpe AH, 
Freeman GJ, Ahmed R. 2006. Restoring function in exhausted CD8 T cells 
during chronic viral infection. Nature 439:682-687. 

93. Day CL, Kaufmann DE, Kiepiela P, Brown JA, Moodley ES, Reddy S, 
Mackey EW, Miller JD, Leslie AJ, DePierres C, Mncube Z, Duraiswamy J, 
Zhu B, Eichbaum Q, Altfeld M, Wherry EJ, Coovadia HM, Goulder PJ, 
Klenerman P, Ahmed R, Freeman GJ, Walker BD. 2006. PD-1 expression on 
HIV-specific T cells is associated with T-cell exhaustion and disease progression. 
Nature 443:350-354. 

94. Trautmann L, Janbazian L, Chomont N, Said EA, Gimmig S, Bessette B, 
Boulassel MR, Delwart E, Sepulveda H, Balderas RS, Routy JP, Haddad EK, 
Sekaly RP. 2006. Upregulation of PD-1 expression on HIV-specific CD8+ T 
cells leads to reversible immune dysfunction. Nat Med 12:1198-1202. 

95. Palmer BE, Neff CP, Lecureux J, Ehler A, Dsouza M, Remling-Mulder L, 
Korman AJ, Fontenot AP, Akkina R. 2013. In vivo blockade of the PD-1 
receptor suppresses HIV-1 viral loads and improves CD4+ T cell levels in 
humanized mice. J Immunol 190:211-219. 

96. Velu V, Titanji K, Zhu B, Husain S, Pladevega A, Lai L, Vanderford TH, 
Chennareddi L, Silvestri G, Freeman GJ, Ahmed R, Amara RR. 2009. 
Enhancing SIV-specific immunity in vivo by PD-1 blockade. Nature 458:206-
210. 

97. Golden-Mason L, Palmer B, Klarquist J, Mengshol JA, Castelblanco N, 
Rosen HR. 2007. Upregulation of PD-1 expression on circulating and 
intrahepatic hepatitis C virus-specific CD8+ T cells associated with reversible 
immune dysfunction. J Virol 81:9249-9258. 



	  

	  

118	  

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

99. Fuller MJ, Callendret B, Zhu B, Freeman GJ, Hasselschwert DL, Satterfield 
W, Sharpe AH, Dustin LB, Rice CM, Grakoui A, Ahmed R, Walker CM. 
2013. Immunotherapy of chronic hepatitis C virus infection with antibodies 
against programmed cell death-1 (PD-1). Proc Natl Acad Sci U S A 110:15001-
15006. 

100. Gardiner D, Lalezari J, Lawitz E, DiMicco M, Ghalib R, Reddy KR, Chang 
KM, Sulkowski M, Marro SO, Anderson J, He B, Kansra V, McPhee F, 
Wind-Rotolo M, Grasela D, Selby M, Korman AJ, Lowy I. 2013. A 
randomized, double-blind, placebo-controlled assessment of BMS-936558, a fully 
human monoclonal antibody to programmed death-1 (PD-1), in patients with 
chronic hepatitis C virus infection. PLoS One 8:e63818. 

101. Dong H, Strome SE, Salomao DR, Tamura H, Hirano F, Flies DB, Roche PC, 
Lu J, Zhu G, Tamada K, Lennon VA, Celis E, Chen L. 2002. Tumor-
associated B7-H1 promotes T-cell apoptosis: a potential mechanism of immune 
evasion. Nat Med 8:793-800. 

102. Sznol M, Chen L. 2013. Antagonist antibodies to PD-1 and B7-H1 (PD-L1) in 
the treatment of advanced human cancer. Clin Cancer Res 19:1021-1034. 

103. Curiel TJ, Wei S, Dong H, Alvarez X, Cheng P, Mottram P, Krzysiek R, 
Knutson KL, Daniel B, Zimmermann MC, David O, Burow M, Gordon A, 
Dhurandhar N, Myers L, Berggren R, Hemminki A, Alvarez RD, Emilie D, 
Curiel DT, Chen L, Zou W. 2003. Blockade of B7-H1 improves myeloid 
dendritic cell-mediated antitumor immunity. Nat Med 9:562-567. 

104. Ahmadzadeh M, Johnson LA, Heemskerk B, Wunderlich JR, Dudley ME, 
White DE, Rosenberg SA. 2009. Tumor antigen-specific CD8 T cells infiltrating 
the tumor express high levels of PD-1 and are functionally impaired. Blood 
114:1537-1544. 

105. Zippelius A, Batard P, Rubio-Godoy V, Bioley G, Lienard D, Lejeune F, 
Rimoldi D, Guillaume P, Meidenbauer N, Mackensen A, Rufer N, Lubenow 
N, Speiser D, Cerottini JC, Romero P, Pittet MJ. 2004. Effector function of 
human tumor-specific CD8 T cells in melanoma lesions: a state of local functional 
tolerance. Cancer Res 64:2865-2873. 

106. Baitsch L, Baumgaertner P, Devevre E, Raghav SK, Legat A, Barba L, 
Wieckowski S, Bouzourene H, Deplancke B, Romero P, Rufer N, Speiser DE. 
2011. Exhaustion of tumor-specific CD8(+) T cells in metastases from melanoma 
patients. J Clin Invest 121:2350-2360. 

107. Iwai Y, Ishida M, Tanaka Y, Okazaki T, Honjo T, Minato N. 2002. 
Involvement of PD-L1 on tumor cells in the escape from host immune system and 
tumor immunotherapy by PD-L1 blockade. Proc Natl Acad Sci U S A 99:12293-
12297. 

108. Hirano F, Kaneko K, Tamura H, Dong H, Wang S, Ichikawa M, Rietz C, 
Flies DB, Lau JS, Zhu G, Tamada K, Chen L. 2005. Blockade of B7-H1 and 
PD-1 by monoclonal antibodies potentiates cancer therapeutic immunity. Cancer 
Res 65:1089-1096. 



	  

	  

119	  

109. Brahmer JR, Drake CG, Wollner I, Powderly JD, Picus J, Sharfman WH, 
Stankevich E, Pons A, Salay TM, McMiller TL, Gilson MM, Wang C, Selby 
M, Taube JM, Anders R, Chen L, Korman AJ, Pardoll DM, Lowy I, 
Topalian SL. 2010. Phase I study of single-agent anti-programmed death-1 
(MDX-1106) in refractory solid tumors: safety, clinical activity, 
pharmacodynamics, and immunologic correlates. J Clin Oncol 28:3167-3175. 

110. Brahmer JR, Tykodi SS, Chow LQ, Hwu WJ, Topalian SL, Hwu P, Drake 
CG, Camacho LH, Kauh J, Odunsi K, Pitot HC, Hamid O, Bhatia S, Martins 
R, Eaton K, Chen S, Salay TM, Alaparthy S, Grosso JF, Korman AJ, Parker 
SM, Agrawal S, Goldberg SM, Pardoll DM, Gupta A, Wigginton JM. 2012. 
Safety and activity of anti-PD-L1 antibody in patients with advanced cancer. N 
Engl J Med 366:2455-2465. 

111. Hamid O, Robert C, Daud A, Hodi FS, Hwu WJ, Kefford R, Wolchok JD, 
Hersey P, Joseph RW, Weber JS, Dronca R, Gangadhar TC, Patnaik A, 
Zarour H, Joshua AM, Gergich K, Elassaiss-Schaap J, Algazi A, Mateus C, 
Boasberg P, Tumeh PC, Chmielowski B, Ebbinghaus SW, Li XN, Kang SP, 
Ribas A. 2013. Safety and tumor responses with lambrolizumab (anti-PD-1) in 
melanoma. N Engl J Med 369:134-144. 

112. Herbst RS, Soria JC, Kowanetz M, Fine GD, Hamid O, Gordon MS, Sosman 
JA, McDermott DF, Powderly JD, Gettinger SN, Kohrt HE, Horn L, 
Lawrence DP, Rost S, Leabman M, Xiao Y, Mokatrin A, Koeppen H, Hegde 
PS, Mellman I, Chen DS, Hodi FS. 2014. Predictive correlates of response to the 
anti-PD-L1 antibody MPDL3280A in cancer patients. Nature 515:563-567. 

113. Lipson EJ, Sharfman WH, Drake CG, Wollner I, Taube JM, Anders RA, Xu 
H, Yao S, Pons A, Chen L, Pardoll DM, Brahmer JR, Topalian SL. 2013. 
Durable cancer regression off-treatment and effective reinduction therapy with an 
anti-PD-1 antibody. Clin Cancer Res 19:462-468. 

114. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott 
DF, Powderly JD, Carvajal RD, Sosman JA, Atkins MB, Leming PD, Spigel 
DR, Antonia SJ, Horn L, Drake CG, Pardoll DM, Chen L, Sharfman WH, 
Anders RA, Taube JM, McMiller TL, Xu H, Korman AJ, Jure-Kunkel M, 
Agrawal S, McDonald D, Kollia GD, Gupta A, Wigginton JM, Sznol M. 2012. 
Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N Engl J 
Med 366:2443-2454. 

115. Weber JS, Kudchadkar RR, Yu B, Gallenstein D, Horak CE, Inzunza HD, 
Zhao X, Martinez AJ, Wang W, Gibney G, Kroeger J, Eysmans C, Sarnaik 
AA, Chen YA. 2013. Safety, efficacy, and biomarkers of nivolumab with vaccine 
in ipilimumab-refractory or -naive melanoma. J Clin Oncol 31:4311-4318. 

116. Wolchok JD, Kluger H, Callahan MK, Postow MA, Rizvi NA, Lesokhin AM, 
Segal NH, Ariyan CE, Gordon RA, Reed K, Burke MM, Caldwell A, 
Kronenberg SA, Agunwamba BU, Zhang X, Lowy I, Inzunza HD, Feely W, 
Horak CE, Hong Q, Korman AJ, Wigginton JM, Gupta A, Sznol M. 2013. 
Nivolumab plus ipilimumab in advanced melanoma. N Engl J Med 369:122-133. 

117. Robert C, Ribas A, Wolchok JD, Hodi FS, Hamid O, Kefford R, Weber JS, 
Joshua AM, Hwu WJ, Gangadhar TC, Patnaik A, Dronca R, Zarour H, 
Joseph RW, Boasberg P, Chmielowski B, Mateus C, Postow MA, Gergich K, 



	  

	  

120	  

Elassaiss-Schaap J, Li XN, Iannone R, Ebbinghaus SW, Kang SP, Daud A. 
2014. Anti-programmed-death-receptor-1 treatment with pembrolizumab in 
ipilimumab-refractory advanced melanoma: a randomised dose-comparison 
cohort of a phase 1 trial. Lancet 384:1109-1117. 

118. Ansell SM, Lesokhin AM, Borrello I, Halwani A, Scott EC, Gutierrez M, 
Schuster SJ, Millenson MM, Cattry D, Freeman GJ, Rodig SJ, Chapuy B, 
Ligon AH, Zhu L, Grosso JF, Kim SY, Timmerman JM, Shipp MA, Armand 
P. 2015. PD-1 blockade with nivolumab in relapsed or refractory Hodgkin's 
lymphoma. N Engl J Med 372:311-319. 

119. Brahmer JR, Rizvi NA, Lutzky J, Khleif S, Blake-Haskins A, Li X, Robbins 
PB, Vasselli J, Ibrahim RA, Antonia SJ. 2014. Clinical activity and biomarkers 
of MEDI4736, an anti-PD-L1 antibody, in patients with NSCLC. J Clin Oncol 32. 

120. Emens LA, Braiteh FS, Cassier P, DeLord JP, Eder JP, Shen X, Xiao Y, 
Wang Y, Hegde PS, Chen DS, Krop I. Inhibition of PD-L1 by MPDL3280A 
leads to clinical activity in patients with metastatic triple-negative breast cancer. 
Presented at 2014 San Antonio Breast Cancer Symposium; December 9-13, 2014; 
San Antonio, TX. 

121. Garon EB, Leighl NB, Rizvi NA, Blumenschein GP, Balmanoukian AS, Eder 
JP, Goldman JW, Hui R, Soria JC, Gangadhar TC, Sun JM, Patnaik A, 
Gubens MA, Lubiniecki GM, Zhang J, Niewood M, Emancipator K, Dolled-
Filhart M, Hanson ME, Gandhi L. 2014. Safety and clinical activity of MK-
3475 in previously treated patients (pts) with non-small cell lung cancer 
(NSCLC). J Clin Oncol 32. 

122. Hamid O, Sosman JA, Lawrence DP, Sullivan RJ, Ibrahim N, Kluger HM, 
Boasberg PD, Flaherty K, Hwu P, Ballinger M, Mokatrin A, Kowanetz M, 
Chen DS, Hodi FS. 2013. Clinical activity, safety, and biomarkers of 
MPDL3280A, an engineered PD-L1 antibody in patients with locally advanced or 
metastatic melanoma (mM). J Clin Oncol 31. 

123. Nanda R, Chow LQ, Dees EC, Berger R, Gupta S, Geva R, Pusztai L, Dolled-
Filhart M, Emancipator K, Gonzalez EJ, Houp J, Pathiraja K, Karantza V, 
Iannone R, Gause CK, Cheng JD. A phase Ib study of pembrolizumab (MK-
3475) in patients with advanced triple-negative breast cancer. Presented at 2014 
San Antonio Breast Cancer Symposium; December 9-13, 2014; San Antonio, TX  

124. Plimack ER, Gupta S, Bellmunt J, Berger R, Montgomery B, Gonzalez EJ, 
Pulini J, Dolled-Filhart M, Emancipator K, Pathiraja K, Gause C, Perini R, 
Cheng JD, O’donnell PH. 2014. A phase 1b study of pembrolizumab (Pembro; 
MK-3475) in patients (Pts) with advanced urothelial tract cancer. Ann Oncol 
25:1-41. 

125. Rizvi NA, Garon EB, Patnaik A, Gandhi L, Leighl NB, Balmanoukian AS, 
Goldman JW, Eder JP, Johnson E, Blumenschein GR, Gubens MA, 
Papadopoulos KP, Lubiniecki GM, Zhang J, Niewood M, Emancipator K, 
Dolled-Filhart M, Hanson ME, Hui R. 2014. Safety and clinical activity of MK-
3475 as initial therapy in patients with advanced non-small cell lung cancer 
(NSCLC). J Clin Oncol 32. 

126. Robert C, Long GV, Brady B, Dutriaux C, Maio M, Mortier L, Hassel JC, 
Rutkowski P, McNeil C, Kalinka-Warzocha E, Savage KJ, Hernberg MM, 



	  

	  

121	  

Lebbe C, Charles J, Mihalcioiu C, Chiarion-Sileni V, Mauch C, Cognetti F, 
Arance A, Schmidt H, Schadendorf D, Gogas H, Lundgren-Eriksson L, 
Horak C, Sharkey B, Waxman IM, Atkinson V, Ascierto PA. 2015. 
Nivolumab in previously untreated melanoma without BRAF mutation. N Engl J 
Med 372:320-330. 

127. Segal NH, Antonia SJ, Brahmer JR, Maio M, Blake-Haskins A, Li X, Vasselli 
J, Ibrahim RA, Lutzky J, Khleif S. 2014. Preliminary data from a multi-arm 
expansion study of MEDI4736, an anti-PD-L1 antibody. J Clin Oncol 32. 

128. Seiwert TY, Burtness B, Weiss J, Gluck I, Eder JP, Pai SI, Dolled-Filhart M, 
Emancipator K, Pathiraja K, Gause C, Iannone R, Brown H, Houp J, Cheng 
JD, Chow LQM. 2014. A phase Ib study of MK-3475 in patients with human 
papillomavirus (HPV)-associated and non-HPV–associated head and neck (H/N) 
cancer. J Clin Oncol 32. 

129. Tabernero J, Powderly JD, Hamid O, Gordon MS, Fisher GA, Braiteh FS, 
Garbo LE, Fine GD, Kowanetz M, McCall B, Shen X, Chen DS, Kohrt HE. 
2013. Clinical activity, safety, and biomarkers of MPDL3280A, an engineered 
PD-L1 antibody in patients with locally advanced or metastatic CRC, gastric 
cancer (GC), SCCHN, or other tumors. J Clin Oncol 31. 

130. Topalian SL, Sznol M, McDermott DF, Kluger HM, Carvajal RD, Sharfman 
WH, Brahmer JR, Lawrence DP, Atkins MB, Powderly JD, Leming PD, 
Lipson EJ, Puzanov I, Smith DC, Taube JM, Wigginton JM, Kollia GD, 
Gupta A, Pardoll DM, Sosman JA, Hodi FS. 2014. Survival, durable tumor 
remission, and long-term safety in patients with advanced melanoma receiving 
nivolumab. J Clin Oncol 32:1020-1030. 

131. Weber JS, Minor D, D'Angelo SP, Hodi FS, Gutzmer R, Neyns B, Hoeller C, 
Khushalani NI, Miller WH, Grob JJ, Lao C, Linette G, Grossmann K, 
Hassel JC, Lorigan P, Maio M, Sznol M, Lambert A, Yang A, Larkin J. 
2014. A phase 3 randomized, open-label study of nivolumab (anti-PD-1; BMS-
936558; ONO-4538) versus investigator's choice chemotherapy (ICC) in patients 
with advanced melanoma with prior anti-CTLA-4 therapy 

. Ann Oncol 25  
132. Spranger S, Spaapen RM, Zha Y, Williams J, Meng Y, Ha TT, Gajewski TF. 

2013. Up-regulation of PD-L1, IDO, and T(regs) in the melanoma tumor 
microenvironment is driven by CD8(+) T cells. Sci Transl Med 5:200ra116. 

133. McDermott DF, Atkins MB. 2013. PD-1 as a potential target in cancer therapy. 
Cancer Med 2:662-673. 

134. Nguyen LT, Ohashi PS. 2015. Clinical blockade of PD1 and LAG3--potential 
mechanisms of action. Nat Rev Immunol 15:45-56. 

135. Blackburn SD, Shin H, Freeman GJ, Wherry EJ. 2008. Selective expansion of 
a subset of exhausted CD8 T cells by alphaPD-L1 blockade. Proc Natl Acad Sci 
U S A 105:15016-15021. 

136. Grosso JF, Jure-Kunkel MN. 2013. CTLA-4 blockade in tumor models: an 
overview of preclinical and translational research. Cancer Immun 13:5. 

137. Tivol EA, Borriello F, Schweitzer AN, Lynch WP, Bluestone JA, Sharpe AH. 
1995. Loss of CTLA-4 leads to massive lymphoproliferation and fatal multiorgan 



	  

	  

122	  

tissue destruction, revealing a critical negative regulatory role of CTLA-4. 
Immunity 3:541-547. 

138. Waterhouse P, Penninger JM, Timms E, Wakeham A, Shahinian A, Lee KP, 
Thompson CB, Griesser H, Mak TW. 1995. Lymphoproliferative disorders 
with early lethality in mice deficient in Ctla-4. Science 270:985-988. 

139. Mandelbrot DA, McAdam AJ, Sharpe AH. 1999. B7-1 or B7-2 is required to 
produce the lymphoproliferative phenotype in mice lacking cytotoxic T 
lymphocyte-associated antigen 4 (CTLA-4). J Exp Med 189:435-440. 

140. Tivol EA, Boyd SD, McKeon S, Borriello F, Nickerson P, Strom TB, Sharpe 
AH. 1997. CTLA4Ig prevents lymphoproliferation and fatal multiorgan tissue 
destruction in CTLA-4-deficient mice. J Immunol 158:5091-5094. 

141. Pentcheva-Hoang T, Simpson TR, Montalvo-Ortiz W, Allison JP. 2014. 
Cytotoxic T lymphocyte antigen-4 blockade enhances antitumor immunity by 
stimulating melanoma-specific T-cell motility. Cancer Immunol Res 2:970-980. 

142. Chuang E, Fisher TS, Morgan RW, Robbins MD, Duerr JM, Vander Heiden 
MG, Gardner JP, Hambor JE, Neveu MJ, Thompson CB. 2000. The CD28 
and CTLA-4 receptors associate with the serine/threonine phosphatase PP2A. 
Immunity 13:313-322. 

143. Parry RV, Chemnitz JM, Frauwirth KA, Lanfranco AR, Braunstein I, 
Kobayashi SV, Linsley PS, Thompson CB, Riley JL. 2005. CTLA-4 and PD-1 
receptors inhibit T-cell activation by distinct mechanisms. Mol Cell Biol 25:9543-
9553. 

144. Walker LS, Sansom DM. 2015. Confusing signals: recent progress in CTLA-4 
biology. Trends Immunol 36:63-70. 

145. Fallarino F, Grohmann U, Hwang KW, Orabona C, Vacca C, Bianchi R, 
Belladonna ML, Fioretti MC, Alegre ML, Puccetti P. 2003. Modulation of 
tryptophan catabolism by regulatory T cells. Nat Immunol 4:1206-1212. 

146. Walker LS, Sansom DM. 2011. The emerging role of CTLA4 as a cell-extrinsic 
regulator of T cell responses. Nat Rev Immunol 11:852-863. 

147. Tang Q, Boden EK, Henriksen KJ, Bour-Jordan H, Bi M, Bluestone JA. 
2004. Distinct roles of CTLA-4 and TGF-beta in CD4+CD25+ regulatory T cell 
function. Eur J Immunol 34:2996-3005. 

148. Thornton AM, Shevach EM. 1998. CD4+CD25+ immunoregulatory T cells 
suppress polyclonal T cell activation in vitro by inhibiting interleukin 2 
production. J Exp Med 188:287-296. 

149. Cederbom L, Hall H, Ivars F. 2000. CD4+CD25+ regulatory T cells down-
regulate co-stimulatory molecules on antigen-presenting cells. Eur J Immunol 
30:1538-1543. 

150. Oderup C, Cederbom L, Makowska A, Cilio CM, Ivars F. 2006. Cytotoxic T 
lymphocyte antigen-4-dependent down-modulation of costimulatory molecules on 
dendritic cells in CD4+ CD25+ regulatory T-cell-mediated suppression. 
Immunology 118:240-249. 

151. Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T, Miyara M, Fehervari Z, 
Nomura T, Sakaguchi S. 2008. CTLA-4 control over Foxp3+ regulatory T cell 
function. Science 322:271-275. 



	  

	  

123	  

152. Qureshi OS, Zheng Y, Nakamura K, Attridge K, Manzotti C, Schmidt EM, 
Baker J, Jeffery LE, Kaur S, Briggs Z, Hou TZ, Futter CE, Anderson G, 
Walker LS, Sansom DM. 2011. Trans-endocytosis of CD80 and CD86: a 
molecular basis for the cell-extrinsic function of CTLA-4. Science 332:600-603. 

153. Leach DR, Krummel MF, Allison JP. 1996. Enhancement of antitumor 
immunity by CTLA-4 blockade. Science 271:1734-1736. 

154. Sharma P, Wagner K, Wolchok JD, Allison JP. 2011. Novel cancer 
immunotherapy agents with survival benefit: recent successes and next steps. Nat 
Rev Cancer 11:805-812. 

155. Hodi FS, O'Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, 
Gonzalez R, Robert C, Schadendorf D, Hassel JC, Akerley W, van den 
Eertwegh AJ, Lutzky J, Lorigan P, Vaubel JM, Linette GP, Hogg D, 
Ottensmeier CH, Lebbe C, Peschel C, Quirt I, Clark JI, Wolchok JD, Weber 
JS, Tian J, Yellin MJ, Nichol GM, Hoos A, Urba WJ. 2010. Improved survival 
with ipilimumab in patients with metastatic melanoma. N Engl J Med 363:711-
723. 

156. Selby MJ, Engelhardt JJ, Quigley M, Henning KA, Chen T, Srinivasan M, 
Korman AJ. 2013. Anti-CTLA-4 antibodies of IgG2a isotype enhance antitumor 
activity through reduction of intratumoral regulatory T cells. Cancer Immunol Res 
1:32-42. 

157. Simpson TR, Li F, Montalvo-Ortiz W, Sepulveda MA, Bergerhoff K, Arce F, 
Roddie C, Henry JY, Yagita H, Wolchok JD, Peggs KS, Ravetch JV, Allison 
JP, Quezada SA. 2013. Fc-dependent depletion of tumor-infiltrating regulatory T 
cells co-defines the efficacy of anti-CTLA-4 therapy against melanoma. J Exp 
Med 210:1695-1710. 

158. Fu T, He Q, Sharma P. 2011. The ICOS/ICOSL pathway is required for optimal 
antitumor responses mediated by anti-CTLA-4 therapy. Cancer Res 71:5445-
5454. 

159. Fan X, Quezada SA, Sepulveda MA, Sharma P, Allison JP. 2014. Engagement 
of the ICOS pathway markedly enhances efficacy of CTLA-4 blockade in cancer 
immunotherapy. J Exp Med 211:715-725. 

160. Kaufmann DE, Kavanagh DG, Pereyra F, Zaunders JJ, Mackey EW, Miura 
T, Palmer S, Brockman M, Rathod A, Piechocka-Trocha A, Baker B, Zhu B, 
Le Gall S, Waring MT, Ahern R, Moss K, Kelleher AD, Coffin JM, Freeman 
GJ, Rosenberg ES, Walker BD. 2007. Upregulation of CTLA-4 by HIV-specific 
CD4+ T cells correlates with disease progression and defines a reversible immune 
dysfunction. Nat Immunol 8:1246-1254. 

161. Nakamoto N, Cho H, Shaked A, Olthoff K, Valiga ME, Kaminski M, Gostick 
E, Price DA, Freeman GJ, Wherry EJ, Chang KM. 2009. Synergistic reversal 
of intrahepatic HCV-specific CD8 T cell exhaustion by combined PD-1/CTLA-4 
blockade. PLoS Pathog 5:e1000313. 

162. Blackburn SD, Shin H, Haining WN, Zou T, Workman CJ, Polley A, Betts 
MR, Freeman GJ, Vignali DA, Wherry EJ. 2009. Coregulation of CD8+ T cell 
exhaustion by multiple inhibitory receptors during chronic viral infection. Nat 
Immunol 10:29-37. 



	  

	  

124	  

163. Jin HT, Anderson AC, Tan WG, West EE, Ha SJ, Araki K, Freeman GJ, 
Kuchroo VK, Ahmed R. 2010. 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. 

164. Curran MA, Montalvo W, Yagita H, Allison JP. 2010. PD-1 and CTLA-4 
combination blockade expands infiltrating T cells and reduces regulatory T and 
myeloid cells within B16 melanoma tumors. Proc Natl Acad Sci U S A 107:4275-
4280. 

165. Sakuishi K, Apetoh L, Sullivan JM, Blazar BR, Kuchroo VK, Anderson AC. 
2010. Targeting Tim-3 and PD-1 pathways to reverse T cell exhaustion and 
restore anti-tumor immunity. J Exp Med 207:2187-2194. 

166. Woo SR, Turnis ME, Goldberg MV, Bankoti J, Selby M, Nirschl CJ, Bettini 
ML, Gravano DM, Vogel P, Liu CL, Tangsombatvisit S, Grosso JF, Netto G, 
Smeltzer MP, Chaux A, Utz PJ, Workman CJ, Pardoll DM, Korman AJ, 
Drake CG, Vignali DA. 2012. Immune inhibitory molecules LAG-3 and PD-1 
synergistically regulate T-cell function to promote tumoral immune escape. 
Cancer Res 72:917-927. 

167. Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Cowey CL, Lao CD, 
Schadendorf D, Dummer R, Smylie M, Rutkowski P, Ferrucci PF, Hill A, 
Wagstaff J, Carlino MS, Haanen JB, Maio M, Marquez-Rodas I, McArthur 
GA, Ascierto PA, Long GV, Callahan MK, Postow MA, Grossmann K, Sznol 
M, Dreno B, Bastholt L, Yang A, Rollin LM, Horak C, Hodi FS, Wolchok 
JD. 2015. Combined Nivolumab and Ipilimumab or Monotherapy in Untreated 
Melanoma. N Engl J Med 373:23-34. 

168. Postow MA, Chesney J, Pavlick AC, Robert C, Grossmann K, McDermott D, 
Linette GP, Meyer N, Giguere JK, Agarwala SS, Shaheen M, Ernstoff MS, 
Minor D, Salama AK, Taylor M, Ott PA, Rollin LM, Horak C, Gagnier P, 
Wolchok JD, Hodi FS. 2015. Nivolumab and ipilimumab versus ipilimumab in 
untreated melanoma. N Engl J Med 372:2006-2017. 

169. Restifo NP, Dudley ME, Rosenberg SA. 2012. Adoptive immunotherapy for 
cancer: harnessing the T cell response. Nat Rev Immunol 12:269-281. 

170. Maus MV, Fraietta JA, Levine BL, Kalos M, Zhao Y, June CH. 2014. 
Adoptive immunotherapy for cancer or viruses. Annu Rev Immunol 32:189-225. 

171. Heslop HE, Slobod KS, Pule MA, Hale GA, Rousseau A, Smith CA, Bollard 
CM, Liu H, Wu MF, Rochester RJ, Amrolia PJ, Hurwitz JL, Brenner MK, 
Rooney CM. 2010. Long-term outcome of EBV-specific T-cell infusions to 
prevent or treat EBV-related lymphoproliferative disease in transplant recipients. 
Blood 115:925-935. 

172. Rooney CM, Smith CA, Ng CY, Loftin S, Li C, Krance RA, Brenner MK, 
Heslop HE. 1995. Use of gene-modified virus-specific T lymphocytes to control 
Epstein-Barr-virus-related lymphoproliferation. Lancet 345:9-13. 

173. Louis CU, Straathof K, Bollard CM, Ennamuri S, Gerken C, Lopez TT, Huls 
MH, Sheehan A, Wu MF, Liu H, Gee A, Brenner MK, Rooney CM, Heslop 
HE, Gottschalk S. 2010. Adoptive transfer of EBV-specific T cells results in 
sustained clinical responses in patients with locoregional nasopharyngeal 
carcinoma. J Immunother 33:983-990. 



	  

	  

125	  

174. Bollard CM, Aguilar L, Straathof KC, Gahn B, Huls MH, Rousseau A, 
Sixbey J, Gresik MV, Carrum G, Hudson M, Dilloo D, Gee A, Brenner MK, 
Rooney CM, Heslop HE. 2004. Cytotoxic T lymphocyte therapy for Epstein-
Barr virus+ Hodgkin's disease. J Exp Med 200:1623-1633. 

175. Riddell SR, Watanabe KS, Goodrich JM, Li CR, Agha ME, Greenberg PD. 
1992. Restoration of viral immunity in immunodeficient humans by the adoptive 
transfer of T cell clones. Science 257:238-241. 

176. Lam S, Bollard C. 2013. T-cell therapies for HIV. Immunotherapy 5:407-414. 
177. Kochenderfer JN, Wilson WH, Janik JE, Dudley ME, Stetler-Stevenson M, 

Feldman SA, Maric I, Raffeld M, Nathan DA, Lanier BJ, Morgan RA, 
Rosenberg SA. 2010. Eradication of B-lineage cells and regression of lymphoma 
in a patient treated with autologous T cells genetically engineered to recognize 
CD19. Blood 116:4099-4102. 

178. Porter DL, Levine BL, Kalos M, Bagg A, June CH. 2011. Chimeric antigen 
receptor-modified T cells in chronic lymphoid leukemia. N Engl J Med 365:725-
733. 

179. Wrzesinski C, Paulos CM, Kaiser A, Muranski P, Palmer DC, Gattinoni L, 
Yu Z, Rosenberg SA, Restifo NP. 2010. Increased intensity lymphodepletion 
enhances tumor treatment efficacy of adoptively transferred tumor-specific T 
cells. J Immunother 33:1-7. 

180. Noji S, Hosoi A, Takeda K, Matsushita H, Morishita Y, Seto Y, Kakimi K. 
2012. Targeting spatiotemporal expression of CD137 on tumor-infiltrating 
cytotoxic T lymphocytes as a novel strategy for agonistic antibody therapy. J 
Immunother 35:460-472. 

181. Liu C, Lewis CM, Lou Y, Xu C, Peng W, Yang Y, Gelbard AH, Lizee G, 
Zhou D, Overwijk WW, Hwu P. 2012. Agonistic antibody to CD40 boosts the 
antitumor activity of adoptively transferred T cells in vivo. J Immunother 35:276-
282. 

182. Muranski P, Restifo NP. 2009. Adoptive immunotherapy of cancer using 
CD4(+) T cells. Curr Opin Immunol 21:200-208. 

183. Walter EA, Greenberg PD, Gilbert MJ, Finch RJ, Watanabe KS, Thomas 
ED, Riddell SR. 1995. Reconstitution of cellular immunity against 
cytomegalovirus in recipients of allogeneic bone marrow by transfer of T-cell 
clones from the donor. N Engl J Med 333:1038-1044. 

184. John LB, Devaud C, Duong CP, Yong CS, Beavis PA, Haynes NM, Chow 
MT, Smyth MJ, Kershaw MH, Darcy PK. 2013. Anti-PD-1 antibody therapy 
potently enhances the eradication of established tumors by gene-modified T cells. 
Clin Cancer Res 19:5636-5646. 

185. Peng W, Liu C, Xu C, Lou Y, Chen J, Yang Y, Yagita H, Overwijk WW, 
Lizee G, Radvanyi L, Hwu P. 2012. PD-1 blockade enhances T-cell migration to 
tumors by elevating IFN-gamma inducible chemokines. Cancer Res 72:5209-
5218. 

186. Quezada SA, Simpson TR, Peggs KS, Merghoub T, Vider J, Fan X, Blasberg 
R, Yagita H, Muranski P, Antony PA, Restifo NP, Allison JP. 2010. Tumor-
reactive CD4(+) T cells develop cytotoxic activity and eradicate large established 
melanoma after transfer into lymphopenic hosts. J Exp Med 207:637-650. 



	  

	  

126	  

187. Chapuis AG, Lee SM, Thompson JA, Roberts IM, Margolin KA, Bhatia S, 
Sloan HL, Lai I, Wagener F, Shibuya K, Cao J, Wolchok JD, Greenberg PD, 
Yee C. 2016. Combined IL-21-primed polyclonal CTL plus CTLA4 blockade 
controls refractory metastatic melanoma in a patient. J Exp Med 213:1133-1139. 

188. Afkhami S, Yao Y, Xing Z. 2016. Methods and clinical development of 
adenovirus-vectored vaccines against mucosal pathogens. Mol Ther Methods Clin 
Dev 3:16030. 

189. Majhen D, Calderon H, Chandra N, Fajardo CA, Rajan A, Alemany R, 
Custers J. 2014. Adenovirus-based vaccines for fighting infectious diseases and 
cancer: progress in the field. Hum Gene Ther 25:301-317. 

190. Buchbinder SP, Mehrotra DV, Duerr A, Fitzgerald DW, Mogg R, Li D, 
Gilbert PB, Lama JR, Marmor M, Del Rio C, McElrath MJ, Casimiro DR, 
Gottesdiener KM, Chodakewitz JA, Corey L, Robertson MN, Step Study 
Protocol T. 2008. Efficacy assessment of a cell-mediated immunity HIV-1 
vaccine (the Step Study): a double-blind, randomised, placebo-controlled, test-of-
concept trial. Lancet 372:1881-1893. 

191. McElrath MJ, De Rosa SC, Moodie Z, Dubey S, Kierstead L, Janes H, 
Defawe OD, Carter DK, Hural J, Akondy R, Buchbinder SP, Robertson MN, 
Mehrotra DV, Self SG, Corey L, Shiver JW, Casimiro DR, Step Study 
Protocol T. 2008. HIV-1 vaccine-induced immunity in the test-of-concept Step 
Study: a case-cohort analysis. Lancet 372:1894-1905. 

192. Bassett JD, Swift SL, Bramson JL. 2011. Optimizing vaccine-induced CD8(+) 
T-cell immunity: focus on recombinant adenovirus vectors. Expert Rev Vaccines 
10:1307-1319. 

193. Tatsis N, Fitzgerald JC, Reyes-Sandoval A, Harris-McCoy KC, Hensley SE, 
Zhou D, Lin SW, Bian A, Xiang ZQ, Iparraguirre A, Lopez-Camacho C, 
Wherry EJ, Ertl HC. 2007. Adenoviral vectors persist in vivo and maintain 
activated CD8+ T cells: implications for their use as vaccines. Blood 110:1916-
1923. 

194. Yang TC, Millar J, Groves T, Zhou W, Grinshtein N, Parsons R, Evelegh C, 
Xing Z, Wan Y, Bramson J. 2007. On the role of CD4+ T cells in the CD8+ T-
cell response elicited by recombinant adenovirus vaccines. Mol Ther 15:997-
1006. 

195. Provine NM, Larocca RA, Penaloza-MacMaster P, Borducchi EN, McNally 
A, Parenteau LR, Kaufman DR, Barouch DH. 2014. Longitudinal requirement 
for CD4+ T cell help for adenovirus vector-elicited CD8+ T cell responses. J 
Immunol 192:5214-5225. 

196. Provine NM, Badamchi-Zadeh A, Bricault CA, Penaloza-MacMaster P, 
Larocca RA, Borducchi EN, Seaman MS, Barouch DH. 2016. Transient CD4+ 
T Cell Depletion Results in Delayed Development of Functional Vaccine-Elicited 
Antibody Responses. J Virol 90:4278-4288. 

197. Kara EE, Comerford I, Fenix KA, Bastow CR, Gregor CE, McKenzie DR, 
McColl SR. 2014. Tailored immune responses: novel effector helper T cell 
subsets in protective immunity. PLoS Pathog 10:e1003905. 

198. Hale JS, Youngblood B, Latner DR, Mohammed AU, Ye L, Akondy RS, Wu 
T, Iyer SS, Ahmed R. 2013. Distinct memory CD4+ T cells with commitment to 



	  

	  

127	  

T follicular helper- and T helper 1-cell lineages are generated after acute viral 
infection. Immunity 38:805-817. 

199. Iyer SS, Latner DR, Zilliox MJ, McCausland M, Akondy RS, Penaloza-
Macmaster P, Hale JS, Ye L, Mohammed AU, Yamaguchi T, Sakaguchi S, 
Amara RR, Ahmed R. 2013. Identification of novel markers for mouse CD4(+) 
T follicular helper cells. Eur J Immunol 43:3219-3232. 

200. Johnston RJ, Choi YS, Diamond JA, Yang JA, Crotty S. 2012. STAT5 is a 
potent negative regulator of TFH cell differentiation. J Exp Med 209:243-250. 

201. Johnston RJ, Poholek AC, DiToro D, Yusuf I, Eto D, Barnett B, Dent AL, 
Craft J, Crotty S. 2009. Bcl6 and Blimp-1 are reciprocal and antagonistic 
regulators of T follicular helper cell differentiation. Science 325:1006-1010. 

202. Marshall HD, Ray JP, Laidlaw BJ, Zhang N, Gawande D, Staron MM, Craft 
J, Kaech SM. 2015. The transforming growth factor beta signaling pathway is 
critical for the formation of CD4 T follicular helper cells and isotype-switched 
antibody responses in the lung mucosa. Elife 4:e04851. 

203. Ray JP, Marshall HD, Laidlaw BJ, Staron MM, Kaech SM, Craft J. 2014. 
Transcription factor STAT3 and type I interferons are corepressive insulators for 
differentiation of follicular helper and T helper 1 cells. Immunity 40:367-377. 

204. van Panhuys N. 2016. TCR Signal Strength Alters T-DC Activation and 
Interaction Times and Directs the Outcome of Differentiation. Front Immunol 7:6. 

205. Fazilleau N, McHeyzer-Williams LJ, Rosen H, McHeyzer-Williams MG. 
2009. The function of follicular helper T cells is regulated by the strength of T 
cell antigen receptor binding. Nat Immunol 10:375-384. 

206. Tubo NJ, Pagan AJ, Taylor JJ, Nelson RW, Linehan JL, Ertelt JM, Huseby 
ES, Way SS, Jenkins MK. 2013. Single naive CD4+ T cells from a diverse 
repertoire produce different effector cell types during infection. Cell 153:785-796. 

207. Blanchfield JL, Shorter SK, Evavold BD. 2013. Monitoring the dynamics of T 
cell clonal diversity using recombinant peptide:MHC technology. Frontiers in 
Immunology 4. 

208. Tan WG, Jin HT, West EE, Penaloza-MacMaster P, Wieland A, Zilliox MJ, 
McElrath MJ, Barouch DH, Ahmed R. 2013. Comparative analysis of simian 
immunodeficiency virus gag-specific effector and memory CD8+ T cells induced 
by different adenovirus vectors. J Virol 87:1359-1372. 

209. Penaloza-MacMaster P, Provine NM, Ra J, Borducchi EN, McNally A, 
Simmons NL, Iampietro MJ, Barouch DH. 2013. Alternative serotype 
adenovirus vaccine vectors elicit memory T cells with enhanced anamnestic 
capacity compared to Ad5 vectors. J Virol 87:1373-1384. 

210. Oxenius A, Bachmann MF, Zinkernagel RM, Hengartner H. 1998. Virus-
specific MHC-class II-restricted TCR-transgenic mice: effects on humoral and 
cellular immune responses after viral infection. Eur J Immunol 28:390-400. 

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



	  

	  

128	  

212. Houot R, Schultz LM, Marabelle A, Kohrt H. 2015. T-cell-based 
Immunotherapy: Adoptive Cell Transfer and Checkpoint Inhibition. Cancer 
Immunol Res 3:1115-1122. 

213. Kamphorst AO, Ahmed R. 2013. CD4 T-cell immunotherapy for chronic viral 
infections and cancer. Immunotherapy 5:975-987. 

214. Berger C, Turtle CJ, Jensen MC, Riddell SR. 2009. Adoptive transfer of virus-
specific and tumor-specific T cell immunity. Curr Opin Immunol 21:224-232. 

215. Hunder NN, Wallen H, Cao J, Hendricks DW, Reilly JZ, Rodmyre R, 
Jungbluth A, Gnjatic S, Thompson JA, Yee C. 2008. Treatment of metastatic 
melanoma with autologous CD4+ T cells against NY-ESO-1. N Engl J Med 
358:2698-2703. 

216. Kahn M, Sugawara H, McGowan P, Okuno K, Nagoya S, Hellstrom KE, 
Hellstrom I, Greenberg P. 1991. CD4+ T cell clones specific for the human p97 
melanoma-associated antigen can eradicate pulmonary metastases from a murine 
tumor expressing the p97 antigen. J Immunol 146:3235-3241. 

217. Peggs KS, Quezada SA, Chambers CA, Korman AJ, Allison JP. 2009. 
Blockade of CTLA-4 on both effector and regulatory T cell compartments 
contributes to the antitumor activity of anti-CTLA-4 antibodies. J Exp Med 
206:1717-1725. 

218. Wing K, Yamaguchi T, Sakaguchi S. 2011. Cell-autonomous and -non-
autonomous roles of CTLA-4 in immune regulation. Trends Immunol 32:428-
433. 

219. Penaloza-MacMaster P, Kamphorst AO, Wieland A, Araki K, Iyer SS, West 
EE, O'Mara L, Yang S, Konieczny BT, Sharpe AH, Freeman GJ, Rudensky 
AY, Ahmed R. 2014. Interplay between regulatory T cells and PD-1 in 
modulating T cell exhaustion and viral control during chronic LCMV infection. J 
Exp Med 211:1905-1918. 

220. Wang L, Pino-Lagos K, de Vries VC, Guleria I, Sayegh MH, Noelle RJ. 2008. 
Programmed death 1 ligand signaling regulates the generation of adaptive 
Foxp3+CD4+ regulatory T cells. Proc Natl Acad Sci U S A 105:9331-9336. 

221. Walker LS. 2013. Treg and CTLA-4: two intertwining pathways to immune 
tolerance. J Autoimmun 45:49-57. 

222. Good-Jacobson KL, Szumilas CG, Chen L, Sharpe AH, Tomayko MM, 
Shlomchik MJ. 2010. PD-1 regulates germinal center B cell survival and the 
formation and affinity of long-lived plasma cells. Nat Immunol 11:535-542. 

223. Baumjohann D, Preite S, Reboldi A, Ronchi F, Ansel KM, Lanzavecchia A, 
Sallusto F. 2013. Persistent antigen and germinal center B cells sustain T 
follicular helper cell responses and phenotype. Immunity 38:596-605. 

224. Ahmed R, Salmi A, Butler LD, Chiller JM, Oldstone MB. 1984. 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. 

225. Campbell DJ. 2015. Control of Regulatory T Cell Migration, Function, and 
Homeostasis. J Immunol 195:2507-2513. 

226. Rudensky AY. 2011. Regulatory T cells and Foxp3. Immunol Rev 241:260-268. 



	  

	  

129	  

227. Ramirez JC, Gherardi MM, Esteban M. 2000. Biology of attenuated modified 
vaccinia virus Ankara recombinant vector in mice: virus fate and activation of B- 
and T-cell immune responses in comparison with the Western Reserve strain and 
advantages as a vaccine. J Virol 74:923-933. 

228. West EE, Youngblood B, Tan WG, Jin HT, Araki K, Alexe G, Konieczny BT, 
Calpe S, Freeman GJ, Terhorst C, Haining WN, Ahmed R. 2011. Tight 
regulation of memory CD8(+) T cells limits their effectiveness during sustained 
high viral load. Immunity 35:285-298. 

229.  Reprinted from Forum on Immunopathological Diseases and Therapeutics, 2015, 
(1-2): 7-18, Junghwa Lee, Eunseon Ahn, Haydn T. Kissick, Rafi Ahmed, 
Reinvigorating Exhausted T Cells by Blockade of the PD-1 Pathway, Copyright 
(2017), with permission from Begell House, Inc. 

 


