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Abstract

Purpose of review—To understand the role of HIV-specific CD4 T cells in viral control and
highlight recent progress in the field.

Recent findings—HIV-specific CD4 T cells show higher functional avidity in elite controllers
than in subjects with progressive infection. There is an attrition of the HIV-specific CD4 T cell
population in the digestive mucosa of ART-treated subjects that contrasts with robust responses in
individuals with spontaneous viral control. Secretion of the cytokine 1L-21, by HIV-specific CD4
T cells, is associated with disease control and enhances the capacity of HIV-specific CTL's to
suppress viral replication. Studies of the PD-1, IL-10 and Tim-3 pathways provided insight into
mechanisms of HIV-specific CD4 T cell exhaustion and new evidence that manipulation of these
networks may restore immune functions. Robust, polyfunctional CD4 T cell responses can be
elicited with novel HIV and SIV vaccines.

Summary—These observations show that HIV-specific CD4 T cell responses are different in
elite controllers and individuals with progressive disease. Evidence suggests that HIV-specific
CD4 T cells will be an important component of an effective HIV vaccine and significant efforts
need to be done to further our understanding of HIV-specific CD4 T cell functions in different
body compartments.
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Introduction

Since the initial descriptions of adaptive immune responses against HIV in infected
individuals, research efforts in the HIV field have put a strong emphasis on CD8 T cell
(CTL) responses with the goals of understanding the capacity of elite controllers (EC) to
suppress viral replication and the development of a CTL-based vaccine. The recent
outcomes of the STEP and the RV144 clinical trials[1-3**] highlighted the need for a
rational vaccine design that will aim at inducing broader and stronger combined humoral
and cell-mediated immune responses[4]. Numerous studies in animal models and data in
humans provide strong evidence that CD4 help in vivo is critical for the generation of
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effective CTL and B cell responses[5] and for mobilizing CTLs to infected mucosa[6**].
Although the preferential infection of HIV-specific CD4 T cells raised the concern that this
subset might fuel viral replication rather than contribute to its control[7], this relative
increase is small and the large majority of HIV-specific CD4 T cells are not infected in vivo,
even in the presence of high viral loads[7]. It is thus likely that vaccine-induced HIV-
specific CD4 T cells will significantly contribute to effective immunotherapies against HIV.

Here, we review recent studies that examined differences in HIV-specific CD4 T cell
responses between elite controllers and subjects with progressive infection. We also discuss
data that shed light on mechanisms of CD4 T cell help and its functional impairment.
Finally, we comment on virus—specific CD4 T cell responses generated by HIV vaccines.

Differences between in HIV-specific CD4 T cell responses of HIV controllers and
individuals with progressive infection

Virus-specific CD4 T cell responses are impaired early in the course of HIV disease. The
weak or absent HIV-specific proliferative CD4 T cell responses that are a hallmark of
progressive HIV infection[8-10] were subsequently shown to be largely caused by loss of
functions, in particular defective IL-2 secretion, and not physical deletion[11-13]. HIV-
specific CD4 T cell responses are detectable in the large majority of HIV-infected
individuals with current techniques (e.g. flow cytometry) but their magnitude is typically
low and several fold smaller than the magnitude of CTL responses in the same subjects[11].
Studies showing that HIV-specific CD4 T cells in EC subjects maintained proliferative
capacity in vitro compared to untreated individuals with progressive disease (CP) [14-16]
suggested that these responses might have unique characteristics. Consistent with these
findings, HIV-specific CD4 T cells of EC were shown to produce more IL-2 and to be more
polyfunctional than those of CP subjects[11, 13, 17, 18], whereas the magnitude of HIV-
specific CD4 T cell responses measured by IFN-y secretion did not correlate with
viremia[11]. Subsequent data comparing EC, CP and subjects with optimally controlled viral
load on antiretroviral therapy (CART) demonstrated that the differences in proliferative
capacity, IL-2 secretion and phenotypic markers observed were at least in part the
consequence, and not the cause, of low viral load[17, 19-21].

Recent studies, however, showed that HIV-specific CD4 T cells in EC and CP individuals
present differences that cannot be restored by antiviral therapy alone. Involvement of the
gut-associated lymphoid tissue (GALT) is thought to be critical in HIV pathogenesis[22—
25]. Ferre et al[26*] compared HIV Gag-specific CD4 T cell responses (measured by
production of the cytokines IFN-y, IL-2, TNF-a and MIP-1p) in peripheral blood and rectal
mucosa from HIV controllers, CP and cART individuals. HIV-specific CD4 T cell responses
were generally higher in the rectal mucosa than in peripheral blood. The total magnitude of
mucosal HIV-specific CD4 T cell responses in controllers did not differ significantly from
CP subjects, but was higher than in cART subjects. This is consistent with previous findings
in PBMC showing a decrease in the number of virus-specific HIV-specific CD4 T cells after
control of viral load by ART[27, 28]. This dependency of dysfunctional T cells on antigen
persistence is consistent with various animal models[29]. The maintenance of virus—specific
CDA T cell responses in EC suggests a more functional, long-lived memory T cell
population and/or a better capacity to respond to small antigen load. Additionally, the same
study[26*] showed that controllers had higher frequency of mucosal HIV-specific
polyfunctional CD4 T cells than CP and cART individuals. Further tissue studies are
required to expand these data, as studies in animal models showed significant organ-specific
differences in T cell responses[29].

Focusing on immunodominant HIVV CD4 epitopes, Vingerts et al[30*] examined growth
kinetics, VB repertoire, and avidity for antigen of HIV-specific CD4 T cell lines derived

Curr Opin HIV AIDS. Author manuscript; available in PMC 2012 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Porichis and Kaufmann Page 3

from PBMC of EC, cART and CP subjects. They identified a subpopulation of HIV-specific
CDA T cells in EC endowed with a higher functional avidity compared to non-controllers.
These differences were noted in responses specific for an HIV Gag p24 peptide previously
shown to be immunodominant and presented by multiple HLA Class 11 alleles[31, 32].
Using HLA-Class 11 tetramers, the authors further demonstrated a higher functional of TCR
binding avidity to the HLA-peptide complex in EC. This capacity of HIV-specific CD4 T
cells in EC to respond to minimal amounts of antigen may contribute to higher magnitudes
of HIV-specific CD4 T cell responses in EC compared to cART individuals[11, 17, 26].

Some previous studies suggested that HLA-DRB1*13 could be associated with immune
control[33, 34]. Ferre et al [26*] found that controllers carrying the class 1l alleles HLA-
DRB1*13 and/or HLA-DQB1*06 had the most robust HIV-specific CD4 T cell responses
and that individuals that had both alleles showed highly polyfunctional mucosal CD4 T cells
compared to those that had HLA-DQB1*06 alone or other class Il alleles. However, the
association of specific HLA Class Il alleles with EC status remains to be confirmed in larger
studies. While a recent large GWAS study[35**] confirmed the association of several HLA
Class | alleles including B57 and B27 with viral control, no HLA Class Il association
reached genome-wide significance. Whereas mutations in epitopes targeted by CD4 T cells
during early HIV infection have been described[36], no direct evidence of CD4 T cell-
driven viral escape or HLA Class Il footprint has been documented thus far. Clearly, further
studies are required to better determine the link between specific HLA Class Il molecules
and characteristics of HIV-specific CD4 T cell responses.

Inhibitory receptors and HIV-specific CD4 T cell exhaustion

An important factor in the lack of pathogen clearance in chronic infection is T cell
exhaustion, defined as the progressive loss of functions in antigen-specific T cells leading to
ineffective T cell response[37]. T cell exhaustion is due both to progressive damage to the
cellular machinery and to active suppression of functions[38], and is in part mediated by
negative regulatory pathways that play an important role in maintaining peripheral tolerance
and avoid excessive immune activation in physiologic conditions. T cell exhaustion is a
gradual process, with some functions being lost early (proliferation, IL-2 secretion) while
others, like IFN-y secretion, are lost at an advanced stage of impairment[5], consistent with
the characteristics of HIV-specific CD4 T cell responses at different disease stages.

Whereas several studies have investigated the role of Programmed Death-1 (PD-1), an
inhibitory molecule of the B7:CD28 family, in HIV-specific CTL dysfunction[39], less is
known on the role of immunoregulatory networks in HIV-specific CD4 T cell
exhaustion[40]. P D-1 is upregulated on HIV-specific CD4 T cells[41, 42] and its expression
level correlated with viremia[41]. Blockade of the PD-1 pathway with a PDL-1 blocking
antibody increased HIV-specific CD4 T cell proliferation, with significant variability
amongst the small cohorts of subjects investigated[41-43] . The observation that CTLA-4,
another molecule of the B7:CD28 family, was also upregulated on HIV-specific CD4 T cells
and mediated a reversible dysfunction of these responses[42, 44] demonstrated that multiple
inhibitory receptors co-regulate virus-specific T cell impairment[40]. Kassu et al[45],
recently extended these observations by examining expression of PD-1, CTLA-4 and
another regulatory receptor, TIM-3, which has been shown to impair HIV-specific CTL
responses[46]. Co-expression of all three receptors was more strongly correlated with viral
load compared to the expression of each receptor individually. They also observed that in
contrast to HIV-specific CTL, a high fraction of HIV-specific CD4 T cells that expressed
inhibitory receptors also co-expressed CD28. PD-L1 blockade concurrent with CD28
stimulation had an additive effect in enhancing HIV-specific CD4 T cell proliferation in
vitro compared to manipulation of either pathway alone, illustrating that concurrent
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modulation of inhibitory and stimulatory receptors augmented restoration of HIV-specific
CDAT cell responses.

A recent study by Quigley et al investigated the transcriptional “signature” generated by
PD-1 in HIV-specific CD8 T cells and found that this signature was highly enriched in
progressors as compared to controllers[47*]. The authors used gene-set enrichment analyses
that allowed them not only to compare transcriptional profiles between data obtained on
primary CTLs and transfected model cell lines, but also to perform informative cross-species
comparisons with the murine LCMV model[48]. The transcriptional factor BATF was found
to be downstream of the PD-1 receptor and to b a key regulator of CTL exhaustion. The
authors successfully used siRNA knockdown in primary HIV-specific T cells to demonstrate
that silencing BATF expression not only restored IFN-y secretion and proliferation by HIV-
specific CD8 T cells but also augmented secretion of IL-2 by HIV-specific CD4 T cells,
suggesting that BATF may play an important role in the dysregulation of CD4 T cells in
HIV infection.

Taken together, these data suggest that as shown for virus-specific CTLs in the murine
LCMV model[49*], HIV-specific CD4 T cells are controlled by complex layers of negative
regulation resulting from the coexpression of multiple inhibitory receptors, and that the sets
of inhibitory molecules controlling the CD4 and CD8 T cell responses are only partially
overlapping. Whether manipulation of these immunoregulatory networks can be beneficial
in vivo to complement ART or boost vaccine efficacy will require further studies. Careful
monitoring of potential autoimmune side effects will be critical, as illustrated by the
occurrence of an inflammatory colitis in a cancer patient treated in a recent trial with a
blocking anti-PD-1 antibody [50].

Cytokines and HIV-specific CD4 T cell impairment: the roles of IL-10 and IL-21

Soluble factors, such as chemokines and cytokines, are both critical mediators of HIV-
specific CD4 T cell functions and key regulators of this lymphocyte subset. Interleukin 10
(IL-10) has been shown to play a critical role in the balance between immunopathology and
protective responses in infectious diseases[51, 52], and to facilitate the establishment of
chronic infection in the murine LCMV model[53, 54]. In HIV infection, early studies[55,
56] have shown that plasma IL-10 levels increased with disease progression and that IL-10
blockade enhanced HIV Env-specific T cell proliferative responses in some subjects.
Brockman et al[57*] further clarified the role of the IL-10 pathway in impairment of HIV-
specific CD4 T cell responses. Antibody blockade of the 1L-10 receptor (IL-10Ra) resulted
not only in increased proliferation but also enhanced secretion of the cytokines IFN-y and
IL-2 by HIV-specific CD4 T cells. The effect of IL-10Ra blockade on proliferation
correlated with 1L-10 plasma levels and IL-10 RNA expression in PBMC. Investigating the
source of IL-10, the authors showed that even though monocytes appeared to be the major
source of IL-10, a variety of cell subsets contributed to the increased levels of IL-10 in HIV
infection. Said et al[58**] showed a functional relationship between the IL-10 and PD-1
pathways, and established a link to microbial products whose translocation from the gut is
thought to play an important role in HIV pathogenesis. The authors demonstrated that
microbial products induce expression of PD-1 molecule on monocytes, and expression of
PD-1 on these cells correlated with viral load. Triggering PD-1 signaling into monocytes
induced IL-10 production. The inhibitory effect that PD-1 signaling into monocytes had on
HIV-specific CD4 T cell proliferative responses was reversed upon IL-10R blockade,
showing that the modulation of monocyte antigen-presenting functions by PD-1 is critically
mediated by IL-10. This study demonstrates that besides inducing chronic immune
activation in HIV infection[59], bacterial translocation through the damaged intestinal
mucosa upregulates inhibitory pathways that impair virus-specific immune responses.
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IL-21 is a y-chain cytokines mainly produced by a subset of CD4 T cells, which are now
termed T follicular Th cells (Tfh)[60]. IL-21 induces the development of Th17 cells, blocks
the differentiation of regulatory T cells[61], maintains CD8 T cell function[62], regulates B
cell differentiation[63, 64], and is important in regulating effector T cells in the gut[65].
Clinical trials with recombinant IL-21 are ongoing in cancer patients to boost immune
responses[66], while excessive IL-21 production is thought to play a role in multiple
autoimmune diseases[67].

Studies in the murine LCMV model showed that IL-21 produced by virus-specific CD4 T
cells was critical in controlling chronic infection and in preventing exhaustion of CD8 T
cells[68-70**]. In HIV infection, lannello et al observed decreased levels of plasma 1L-21
in CP individuals, and found a positive correlation of plasma IL-21 levels with CD4
counts[71]. A subsequent study from the same group showed that only EC maintained
normal plasma levels of IL-21 compared with HIV negative subjects. ART only partially
restored production of this cytokine[72]. Stimulated bulk CD4 T cells from CP produced
less IL-21 than CD4 T cells from EC. Recombinant human IL-21 prevented enhanced
spontaneous apoptosis of CD4 T cells from HIV-infected subjects.

Yue et al[73] showed that in CP subjects, higher frequencies of 1L-21 producing CD4 T
cells correlated with lower viral load. However, control of viremia in EC and in ART-treated
subjects was associated with low frequency of IL-21-secreting HIV-specific CD4 T cells. In
contrast, Chevalier et al[74*], using a different technical approach, found higher levels of
IL-21 secretion by HIV-specific CD4 T cells in EC than in cART individuals, with the
lowest levels detected in CP subjects. Examining mechanisms of T cell help, the authors
found that IL-21 increased perforin, granzyme A and B, and the degranulation marker
CD107 in HIV-specific CTL and that addition of IL-21 increased the capacity of CTLs to
inhibit viral replication in vitro[74]. These data suggest that HIV-specific IL-21+ CD4 T
cells might contribute to the control of viral replication in humans and be important for an
effective vaccine.

Virus-specific CD4 T cells and HIV vaccines

Studies performed in monkeys indicated the importance of cell-mediated immunity that
could significantly reduce replication of simian immunodeficiency virus (SIV)[75-78].
Based on these data and because eliciting broadly neutralizing antibodies has proven to be a
very challenging task, the first HIV vaccines were primarily designed to induce HIV-
specific CTL responses since the prevailing view was that augmenting the CD4 T cells
responses might lead to increased numbers of target cells available for infection[79].

The failure of the STEP trial[1, 2], based on a Ad5 adenoviral vector, was a major setback
for the T cell-vaccine strategy. The CTL responses generated by this vaccine were weak and
narrow[80]. One hypothesis proposed to explain the increased rate of HIV acquisition
among vaccinees that had pre-vaccine anamnestic adenovirus-specific immune responses
was the induction of vector-specific CD4 T cells that increased the number of target at
mucosal sites[80]. However, recent studies suggest that this hypothesis might not be
valid[81]. Major efforts are being dedicated to creating vectors that do not induce vector-
specific immune responses[82, 83] and generate broader HIV-specific T cell responses,
including CD4 T cell responses[84**].

The RV144 clinical trial, based on a poxvirus (canarypox/ALVAC) vector/recombinant
gp120 combination, which showed a modest 31.2% efficacy in reducing HIV infection rates,
has revived hope of an effective HIV vaccine[3**]. The correlates of immunity elicited by
this vaccine are still not fully characterized. Even though the RVV144 was designed to induce
strong CTL responses, the only HIV-specific T cell responses found in vaccinees were weak
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Conclusion

CDA T cell proliferative responses[85] suggesting a potentially beneficial role of HIV-
specific CD4 T in this trial. The RV144 study has strengthened the rationale for testing
poxvirus-based vaccines and multiple candidate are now in clinical trials using different
vectors and prime-boost regimens[86]. Poxvirus vectors are capable of inducing robust HIV-
specific CD4 T cell responses in humans[87, 88] but there is currently no evidence that one
type of vector is superior to the others to generate effective HIVV-specific CD4 T cell
responses.

The interest for the role of CD4 T cell responses in HIV infection has been reignited in
recent years. Besides their critical role in orchestrating the different arms of the immune
response, HIV-specific CD4 T cell responses may also have direct antiviral effector effects.
A clarification of the role of HIV-specific CD4 T cells at mucosal sites should be of high
priority in future studies. The latest data discussed here suggest that CD4 T cells play an
important role in controlling HIV infection and highlight the need for a more vigorous
investigation of the HIV-specific CD4 T cell responses in the perspective of developing an
effective HIV vaccine.

Acknowledgments

D.E.K is supported by grants from the NIH (RO1 HL-092565 and P01 Al-080192)

References

1. Buchbinder SP, Mehrotra DV, Duerr A, Fitzgerald DW, Mogg R, Li D, et al. Efficacy assessment of
a cell-mediated immunity HIV-1 vaccine (the Step Study): a double-blind, randomised, placebo-
controlled, test-of-concept trial. Lancet. 2008; 372(9653):1881-93. [PubMed: 19012954]

2. McElrath MJ, De Rosa SC, Moodie Z, Dubey S, Kierstead L, Janes H, et al. HIV-1 vaccine-induced
immunity in the test-of-concept Step Study: a case-cohort analysis. Lancet. 2008; 372(9653):1894—
905. [PubMed: 19012957]

**3. Rerks-Ngarm S, Pitisuttithum P, Nitayaphan S, Kaewkungwal J, Chiu J, Paris R, et al.
Vaccination with ALVAC and AIDSVAX to prevent HIV-1 infection in Thailand. N Engl J Med.
2009; 361(23):2209-20. [PubMed: 19843557] The authors provide data of the first clinical trial
of an HIV vaccine in the history of HIV infection that may have a modest effect in protecting
heterosexual subjects from HIV acquisition.

4. Kim JH, Rerks-Ngarm S, Excler JL, Michael NL. HIV vaccines: lessons learned and the way
forward. Curr Opin HIV AIDS. 2010; 5(5):428-34. [PubMed: 20978385]

5. Virgin HW, Wherry EJ, Ahmed R. Redefining chronic viral infection. Cell. 2009; 138(1):30-50.
[PubMed: 19596234]

**6. Nakanishi Y, Lu B, Gerard C, lwasaki A. CD8(+) T lymphocyte mobilization to virus-infected
tissue requires CD4(+) T-cell help. Nature. 2009; 462(7272):510-3. [PubMed: 19898495] The
authors show that CD4 T cells help effector CTLs in mobilizing to the peripheral sites of
infection through the secretion of IFN-gamma and induction of local chemokine secretion in the
infected tissue.

7. Douek DC, Brenchley JM, Betts MR, Ambrozak DR, Hill BJ, Okamoto Y, et al. HIV preferentially

infects HIV-specific CD4+ T cells. Nature. 2002; 417(6884):95-8. [PubMed: 11986671]

8. Wahren B, Morfeldt-Mansson L, Biberfeld G, Moberg L, Sonnerborg A, Ljungman P, et al.
Characteristics of the specific cell-mediated immune response in human immunodeficiency virus
infection. J Virol. 1987; 61(6):2017-23. [PubMed: 3033328]

9. Berzofsky JA, Bensussan A, Cease KB, Bourge JF, Cheynier R, Lurhuma Z, et al. Antigenic
peptides recognized by T lymphocytes from AIDS viral envelope-immune humans. Nature. 1988;
334(6184):706-8. [PubMed: 2457809]

Curr Opin HIV AIDS. Author manuscript; available in PMC 2012 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Porichis and Kaufmann

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

*2

Page 7

. Krowka JF, Stites DP, Jain S, Steimer KS, George-Nascimento C, Gyenes A, et al. Lymphocyte
proliferative responses to human immunodeficiency virus antigens in vitro. J Clin Invest. 1989;
83(4):1198-203. [PubMed: 2703528]

Betts MR, Ambrozak DR, Douek DC, Bonhoeffer S, Brenchley JM, Casazza JP, et al. Analysis of
total human immunodeficiency virus (HIV)-specific CD4(+) and CD8(+) T-cell responses:
relationship to viral load in untreated HIV infection. J Virol. 2001; 75(24):11983-91. [PubMed:
11711588]

Palmer BE, Boritz E, Blyveis N, Wilson CC. Discordance between frequency of human
immunodeficiency virus type 1 (HIV-1)-specific gamma interferon-producing CD4(+) T cells and
HIV-1-specific lymphoproliferation in HIVV-1-infected subjects with active viral replication. J
Virol. 2002; 76(12):5925-36. [PubMed: 12021325]

Younes SA, Yassine-Diab B, Dumont AR, Boulassel MR, Grossman Z, Routy JP, et al. HIV-1
viremia prevents the establishment of interleukin 2-producing HIV-specific memory CD4+ T cells
endowed with proliferative capacity. J Exp Med. 2003; 198(12):1909-22. [PubMed: 14676302]

Rosenberg ES, Billingsley JM, Caliendo AM, Boswell SL, Sax PE, Kalams SA, et al. Vigorous
HIV-1-specific CD4+ T cell responses associated with control of viremia. Science. 1997;
278(5342):1447-50. [PubMed: 9367954]

McNeil AC, Shupert WL, lyasere CA, Hallahan CW, Mican JA, Davey RT Jr. et al. High-level
HIV-1 viremia suppresses viral antigen-specific CD4(+) T cell proliferation. Proc Natl Acad Sci U
S A. 2001; 98(24):13878-83. [PubMed: 11717444]

Dyer WB, Zaunders JJ, Yuan FF, Wang B, Learmont JC, Geczy AF, et al. Mechanisms of HIV
non-progression; robust and sustained CD4+ T-cell proliferative responses to p24 antigen correlate
with control of viraemia and lack of disease progression after long-term transfusion-acquired
HIV-1 infection. Retrovirology. 2008; 5:112. [PubMed: 19077215]

Harari A, Petitpierre S, Vallelian F, Pantaleo G. Skewed representation of functionally distinct
populations of virus-specific CD4 T cells in HIV-1-infected subjects with progressive disease:
changes after antiretroviral therapy. Blood. 2004; 103(3):966—72. [PubMed: 12958069]

Pereyra F, Addo MM, Kaufmann DE, Liu Y, Miura T, Rathod A, et al. Genetic and immunologic
heterogeneity among persons who control HIV infection in the absence of therapy. J Infect Dis.
2008; 197(4):563-71. [PubMed: 18275276]

Tilton JC, Luskin MR, Johnson AJ, Manion M, Hallahan CW, Metcalf JA, et al. Changes in
paracrine interleukin-2 requirement, CCR7 expression, frequency, and cytokine secretion of
human immunodeficiency virus-specific CD4+ T cells are a consequence of antigen load. J Virol.
2007; 81(6):2713-25. [PubMed: 17182676]

Potter SJ, Lacabaratz C, Lambotte O, Perez-Patrigeon S, Vingert B, Sinet M, et al. Preserved
central memory and activated effector memory CD4+ T-cell subsets in human immunodeficiency
virus controllers: an ANRS EP36 study. J Virol. 2007; 81(24):13904-15. [PubMed: 17928341]
Harari A, Vallelian F, Pantaleo G. Phenotypic heterogeneity of antigen-specific CD4 T cells under
different conditions of antigen persistence and antigen load. Eur J Immunol. 2004; 34(12):3525-
33. [PubMed: 15484193]

Deeks SG, Walker BD. Human immunodeficiency virus controllers: mechanisms of durable virus
control in the absence of antiretroviral therapy. Immunity. 2007; 27(3):406-16. [PubMed:
17892849]

Shacklett BL. Immune responses to HIV and SIV in mucosal tissues: “location, location, location'.
Curr Opin HIV AIDS. 2010; 5(2):128-34. [PubMed: 20543589]

Shacklett BL, Anton PA. HIV Infection and Gut Mucosal Immune Function: Updates on
Pathogenesis with Implications for Management and Intervention. Curr Infect Dis Rep. 2010;
12(1):19-27. [PubMed: 20174448]

Haase AT. Targeting early infection to prevent HIV-1 mucosal transmission. Nature. 2010;
464(7286):217-23. [PubMed: 20220840]

6. Ferre AL, Hunt PW, McConnell DH, Morris MM, Garcia JC, Pollard RB, et al. HIV controllers
with HLA-DRB1*13 and HLA-DQB1*06 alleles have strong, polyfunctional mucosal CD4+ T-
cell responses. J Virol. 2010; 84(21):11020-9. [PubMed: 20719952] This study provides data on
the HIV-specific CD4 T cell responses in the gastrointestinal tract and shows that elite controllers

Curr Opin HIV AIDS. Author manuscript; available in PMC 2012 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Porichis and Kaufmann Page 8

that carry specific HLA Class Il molecules have more robust and polyfunctional mucosal CD4 T
cell responses

27. Pitcher CJ, Quittner C, Peterson DM, Connors M, Koup RA, Maino VC, et al. HIV-1-specific
CD4+ T cells are detectable in most individuals with active HIV-1 infection, but decline with
prolonged viral suppression. Nat Med. 1999; 5(5):518-25. [PubMed: 10229228]

28. Seth N, Kaufmann D, Lahey T, Rosenberg ES, Wucherpfennig KW. Expansion and contraction of
HIV-specific CD4 T cells with short bursts of viremia, but physical loss of the majority of these
cells with sustained viral replication. J Immunol. 2005; 175(10):6948-58. [PubMed: 16272355]

29. Wherry EJ, Blattman JN, Murali-Krishna K, van der Most R, Ahmed R. Viral persistence alters
CD8 T-cell immunodominance and tissue distribution and results in distinct stages of functional
impairment. J Virol. 2003; 77(8):4911-27. [PubMed: 12663797]

*30. Vingert B, Perez-Patrigeon S, Jeannin P, Lambotte O, Boufassa F, Lemaitre F, et al. HIV
controller CD4+ T cells respond to minimal amounts of Gag antigen due to high TCR avidity.
PLoS Pathog. 2010; 6(2):1000780. [PubMed: 20195518] The authors highlight that HIV-
specific CD4 T cells from elite controllers have the intrinsic ability to recognize minimal
amounts of Gag antigen, which may enable them to respond strongly in the presence of low viral
load.

31. Kaufmann DE, Bailey PM, Sidney J, Wagner B, Norris PJ, Johnston MN, et al. Comprehensive
analysis of human immunodeficiency virus type 1-specific CD4 responses reveals marked
immunodominance of gag and nef and the presence of broadly recognized peptides. J Virol. 2004;
78(9):4463-77. [PubMed: 15078927]

32. Ramduth D, Day CL, Thobakgale CF, Mkhwanazi NP, de Pierres C, Reddy S, et al.
Immunodominant HIV-1 Cd4+ T cell epitopes in chronic untreated clade C HIV-1 infection. PLoS
One. 2009; 4(4):e5013. [PubMed: 19352428]

33. Malhotra U, Holte S, Dutta S, Berrey MM, Delpit E, Koelle DM, et al. Role for HLA class Il
molecules in HIV-1 suppression and cellular immunity following antiretroviral treatment. J Clin
Invest. 2001; 107(4):505-17. [PubMed: 11181650]

34. Chen Y, Winchester R, Korber B, Gagliano J, Bryson Y, Hutto C, et al. Influence of HLA alleles
on the rate of progression of vertically transmitted HIV infection in children: association of several
HLA-DR13 alleles with long-term survivorship and the potential association of HLA-A*2301 with
rapid progression to AIDS. Long-Term Survivor Study. Hum Immunol. 1997; 55(2):154-62.
[PubMed: 9361967]

**35. International HIV Controller study. et al. The Major Genetic Determinants of HIV-1 Control
Affect HLA Class | Peptide Presentation. Science. 2010; 330(6010):1551-7. [PubMed:
21051598] This genome wide association study on large cohorts of controllers and progressors
shows that specific amino acids in the binding groove of HLA Class | molecules, are the major
factor modulating durable control of HIV infection.

36. Rychert J, Saindon S, Placek S, Daskalakis D, Rosenberg E. Sequence variation occurs in CD4
epitopes during early HIV infection. J Acquir Immune Defic Syndr. 2007; 46(3):261—7. [PubMed:
18167642]

37. Zajac AJ, Blattman JN, Murali-Krishna K, Sourdive DJ, Suresh M, Altman JD, et al. Viral immune
evasion due to persistence of activated T cells without effector function. J Exp Med. 1998;
188(12):2205-13. [PubMed: 9858507]

38. Wherry EJ, Ha SJ, Kaech SM, Haining WN, Sarkar S, Kalia V, et al. Molecular signature of CD8+
T cell exhaustion during chronic viral infection. Immunity. 2007; 27(4):670-84. [PubMed:
17950003]

39. Kaufmann DE, Walker BD. Programmed death-1 as a factor in immune exhaustion and activation
in HIV infection. Curr Opin HIV AIDS. 2008; 3(3):362-7. [PubMed: 19372991]

40. Kaufmann DE, Walker BD. PD-1 and CTLA-4 inhibitory cosignaling pathways in HIV infection
and the potential for therapeutic intervention. J Immunol. 2009; 182(10):5891-7. [PubMed:
19414738]

41. D'Souza M, Fontenot AP, Mack DG, Lozupone C, Dillon S, Meditz A, et al. Programmed death 1
expression on HIV-specific CD4+ T cells is driven by viral replication and associated with T cell
dysfunction. J Immunol. 2007; 179(3):1979-87. [PubMed: 17641065]

Curr Opin HIV AIDS. Author manuscript; available in PMC 2012 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Porichis and Kaufmann

42

43.

44,

45.

46.

Page 9

. Kaufmann DE, Kavanagh DG, Pereyra F, Zaunders JJ, Mackey EW, Miura T, et al. Upregulation

of CTLA-4 by HIV-specific CD4+ T cells correlates with disease progression and defines a
reversible immune dysfunction. Nat Immunol. 2007; 8(11):1246-54. [PubMed: 17906628]

Day CL, Kaufmann DE, Kiepiela P, Brown JA, Moodley ES, Reddy S, et al. PD-1 expression on
HIV-specific T cells is associated with T-cell exhaustion and disease progression. Nature. 2006;
443(7109):350-4. [PubMed: 16921384]

Zaunders JJ, Ip S, Munier ML, Kaufmann DE, Suzuki K, Brereton C, et al. Infection of CD127+
(interleukin-7 receptor+) CD4+ cells and overexpression of CTLA-4 are linked to loss of antigen-
specific CD4 T cells during primary human immunodeficiency virus type 1 infection. J Virol.
2006; 80(20):10162-72. [PubMed: 17005693]

Kassu A, Marcus RA, D'Souza MB, Kelly-McKnight EA, Golden-Mason L, Akkina R, et al.
Regulation of virus-specific CD4+ T cell function by multiple costimulatory receptors during
chronic HIV infection. J Immunol. 2010; 185(5):3007-18. [PubMed: 20656923]

Jones RB, Ndhlovu LC, Barbour JD, Sheth PM, Jha AR, Long BR, et al. Tim-3 expression defines
a novel population of dysfunctional T cells with highly elevated frequencies in progressive HIV-1
infection. J Exp Med. 2008; 205(12):2763-79. [PubMed: 19001139]

*47. Quigley M, Pereyra F, Nilsson B, Porichis F, Fonseca C, Eichbaum Q, et al. Transcriptional

48.

analysis of HIV-specific CD8+ T cells shows that PD-1 inhibits T cell function by upregulating
BATF. Nat Med. 2010; 16(10):1147-51. [PubMed: 20890291] This study uses genome-wide
transcriptional profiling to identify for the first time intracellular pathways that govern T cell
dysregulation in chronic viral infection in humans
Haining WN, Wherry EJ. Integrating genomic signatures for immunologic discovery. Immunity.
2010; 32(2):152-61. [PubMed: 20189480]

*49. Blackburn SD, Shin H, Haining WN, Zou T, Workman CJ, Polley A, et al. Coregulation of CD8+

50.

51.

52.

53.

54.

55.

56.

T cell exhaustion by multiple inhibitory receptors during chronic viral infection. Nat Immunol.
2009; 10(1):29-37. [PubMed: 19043418] A study that describe the hierarchy of inhibitory
receptors that govern T cell dysregulation in a murine model of chronic viral infection

Brahmer JR, Drake CG, Wollner I, Powderly JD, Picus J, Sharfman WH, et al. Phase | study of
single-agent anti-programmed death-1 (MDX-1106) in refractory solid tumors: safety, clinical
activity, pharmacodynamics, and immunologic correlates. J Clin Oncol. 2010; 28(19):3167-75.
[PubMed: 20516446]

Couper KN, Blount DG, Riley EM. IL-10: the master regulator of immunity to infection. J
Immunol. 2008; 180(9):5771-7. [PubMed: 18424693]

Moore KW, de Waal Malefyt R, Coffman RL, O'Garra A. Interleukin-10 and the interleukin-10
receptor. Annu Rev Immunol. 2001; 19:683-765. [PubMed: 11244051]

Brooks DG, Trifilo MJ, Edelmann KH, Teyton L, McGavern DB, Oldstone MB. Interleukin-10
determines viral clearance or persistence in vivo. Nat Med. 2006; 12(11):1301-9. [PubMed:
17041596]

Ejrnaes M, Filippi CM, Martinic MM, Ling EM, Togher LM, Crotty S, et al. Resolution of a
chronic viral infection after interleukin-10 receptor blockade. J Exp Med. 2006; 203(11):2461-72.
[PubMed: 17030951]

Clerici M, Balotta C, Salvaggio A, Riva C, Trabattoni D, Papagno L, et al. Human
immunodeficiency virus (HIV) phenotype and interleukin-2/ interleukin-10 ratio are associated
markers of protection and progression in HIV infection. Blood. 1996; 88(2):574-9. [PubMed:
8695805]

Clerici M, Wynn TA, Berzofsky JA, Blatt SP, Hendrix CW, Sher A, et al. Role of interleukin-10 in
T helper cell dysfunction in asymptomatic individuals infected with the human immunodeficiency
virus. J Clin Invest. 1994; 93(2):768-75. [PubMed: 8113410]

*57. Brockman MA, Kwon DS, Tighe DP, Pavlik DF, Rosato PC, Sela J, et al. IL-10 is up-regulated in

multiple cell types during viremic HIV infection and reversibly inhibits virus-specific T cells.
Blood. 2009; 114(2):346-56. [PubMed: 19365081] The authors identify the various cell sources
of IL-10 production and define the reversible inhibitory effect of IL-10 on HIV-specific CD4 T
cell proliferative and effector functions

Curr Opin HIV AIDS. Author manuscript; available in PMC 2012 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Porichis and Kaufmann Page 10

**58. Said EA, Dupuy FP, Trautmann L, Zhang Y, Shi Y, El-Far M, et al. Programmed death-1-
induced interleukin-10 production by monocytes impairs CD4+ T cell activation during HIV
infection. Nat Med. 2010; 16(4):452-9. [PubMed: 20208540] The authors show how microbial
products can regulate T cell dysregulation through a mechanism that involves the PD-1 induced
production of IL-10 in monocytes.

59. Brenchley JM, Price DA, Schacker TW, Asher TE, Silvestri G, Rao S, et al. Microbial
translocation is a cause of systemic immune activation in chronic HIV infection. Nat Med. 2006;
12(12):1365-71. [PubMed: 17115046]

60. King C, Tangye SG, Mackay CR. T follicular helper (TFH) cells in normal and dysregulated
immune responses. Annu Rev Immunol. 2008; 26:741-66. [PubMed: 18173374]

61. Monteleone G, Pallone F, MacDonald TT. Interleukin-21: a critical regulator of the balance
between effector and regulatory T-cell responses. Trends Immunol. 2008; 29(6):290-4. [PubMed:
18440864]

62. Zeng R, Spolski R, Finkelstein SE, Oh S, Kovanen PE, Hinrichs CS, et al. Synergy of 1L-21 and
IL-15 in regulating CD8+ T cell expansion and function. J Exp Med. 2005; 201(1):139-48.
[PubMed: 15630141]

63. Ettinger R, Sims GP, Fairhurst AM, Robbins R, da Silva YS, Spolski R, et al. IL-21 induces
differentiation of human naive and memory B cells into antibody-secreting plasma cells. J
Immunol. 2005; 175(12):7867-79. [PubMed: 16339522]

64. Kuchen S, Robbins R, Sims GP, Sheng C, Phillips TM, Lipsky PE, et al. Essential role of IL-21 in
B cell activation, expansion, and plasma cell generation during D4+ T cell-B cell collaboration. J
Immunol. 2007; 179(9):5886-96. [PubMed: 17947662]

65. Fantini MC, Monteleone G, MacDonald TT. IL-21 comes of age as a regulator of effector T cells
in the gut. Mucosal Immunol. 2008; 1(2):110-5. [PubMed: 19079168]

66. Davis ID, Brady B, Kefford RF, Millward M, Cebon J, Skrumsager BK, et al. Clinical and
biological efficacy of recombinant human interleukin-21 in patients with stage 1V malignant
melanoma without prior treatment: a phase Ila trial. Clin Cancer Res. 2009; 15(6):2123-9.
[PubMed: 19276257]

67. Sarra M, Monteleone G. Interleukin-21: a new mediator of inflammation in systemic lupus
erythematosus. J Biomed Biotechnol. 2010; 2010:294582. [PubMed: 20652041]
**68. YiJS, Du M, Zajac AJ. A vital role for interleukin-21 in the control of a chronic viral infection.
Science. 2009; 324(5934):1572—-6. [PubMed: 19443735] This study shows the role of IL-21 in
regulating virus-specific T cell function and controlling of viral clearance

**69. Frohlich A, Kisielow J, Schmitz I, Freigang S, Shamshiev AT, Weber J, et al. IL-21R on T cells
is critical for sustained functionality and control of chronic viral infection. Science. 2009;
324(5934):1576-80. [PubMed: 19478140] This study shows the role of IL-21 in regulating virus-
specific T cell function and controlling of viral clearance

**70. Elsaesser H, Sauer K, Brooks DG. IL-21 is required to control chronic viral infection. Science.
2009; 324(5934):1569-72. [PubMed: 19423777] This study shows the role of IL-21 in regulating
virus-specific T cell function and controlling of viral clearance

71. lannello A, Tremblay C, Routy JP, Boulassel MR, Toma E, Ahmad A. Decreased levels of
circulating IL-21 in HIV-infected AIDS patients: correlation with CD4+ T-cell counts. Viral
Immunol. 2008; 21(3):385-8. [PubMed: 18788946]

72. lannello A, Boulassel MR, Samarani S, Debbeche O, Tremblay C, Toma E, et al. Dynamics and
consequences of 1L-21 production in HIV-infected individuals: a longitudinal and cross-sectional
study. J Immunol. 2010; 184(1):114-26. [PubMed: 19949086]

73. Yue FY, Lo C, Sakhdari A, Lee EY, Kovacs CM, Benko E, et al. HIV-specific IL-21 producing
CDA4+ T cells are induced in acute and chronic progressive HIV infection and are associated with
relative viral control. J Immunol. 2010; 185(1):498-506. [PubMed: 20519650]

*74. Chevalier MF, Julg B, Pyo A, Flanders M, Ranasinghe S, Soghoian DZ, et al. HIV-1-specific
IL-21+ CD4+ T cell responses contribute to durable viral control through the modulation of HIV-
specific CD8+ T cell function. J Virol. Nov 3.2010 Epub ahead of print. This study links IL-21
production by HIV-specific CD4 T cells with spontaneous viral control and shows that 1L-21
increases antiviral CD8 T cell functions

Curr Opin HIV AIDS. Author manuscript; available in PMC 2012 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Porichis and Kaufmann

75

76.

77.

78.

79.

80.

81.

82.

83.

Page 11

. Barouch DH, Craiu A, Santra S, Egan MA, Schmitz JE, Kuroda MJ, et al. Elicitation of high-
frequency cytotoxic T-lymphocyte responses against both dominant and subdominant simian-
human immunodeficiency virus epitopes by DNA vaccination of rhesus monkeys. J Virol. 2001;
75(5):2462-7. [PubMed: 11160750]

Barouch DH, Santra S, Kuroda MJ, Schmitz JE, Plishka R, Buckler-White A, et al. Reduction of
simian-human immunodeficiency virus 89.6P viremia in rhesus monkeys by recombinant modified
vaccinia virus Ankara vaccination. J Virol. 2001; 75(11):5151-8. [PubMed: 11333896]

Shiver JW, Fu TM, Chen L, Casimiro DR, Davies ME, Evans RK, et al. Replication-incompetent
adenoviral vaccine vector elicits effective anti-immunodeficiency-virus immunity. Nature. 2002;
415(6869):331-5. [PubMed: 11797011]

Letvin NL, Mascola JR, Sun 'Y, Gorgone DA, Buzby AP, Xu L, et al. Preserved CD4+ central
memory T cells and survival in vaccinated SIV-challenged monkeys. Science. 2006; 312(5779):
1530-3. [PubMed: 16763152]

Staprans Sl, Barry AP, Silvestri G, Safrit JT, Kozyr N, Sumpter B, et al. Enhanced SIV replication
and accelerated progression to AIDS in macaques primed to mount a CD4 T cell response to the
SIV envelope protein. Proc Natl Acad Sci U S A. 2004; 101(35):13026-31. [PubMed: 15326293]

Corey L, McElrath MJ, Kublin JG. Post-step modifications for research on HIV vaccines. Aids.
2009; 23(1):3-8. [PubMed: 19050380]

Masek-Hammerman K, Li H, Liu J, Abbink P, La Porte A, O'Brien KL, et al. Mucosal trafficking
of vector-specific CD4+ T lymphocytes following vaccination of rhesus monkeys with adenovirus
serotype 5. J Virol. 2010; 84(19):9810-6. [PubMed: 20686023]

Koup RA, Lamoreaux L, Zarkowsky D, Bailer RT, King CR, Gall JG, et al. Replication-defective
adenovirus vectors with multiple deletions do not induce measurable vector-specific T cells in
human trials. J Virol. 2009; 83(12):6318-22. [PubMed: 19339347]

Peiperl L, Morgan C, Moodie Z, Li H, Russell N, Graham BS, et al. Safety and Immunogenicity of
a Replication-Defective Adenovirus Type 5 HIV Vaccine in Ad5-Seronegative Persons: A
Randomized Clinical Trial (HVTN 054). PLoS One. 2010; 5(10):e13579. [PubMed: 21048953]

**84. Barouch DH, O'Brien KL, Simmons NL, King SL, Abbink P, Maxfield LF, et al. Mosaic HIV-1

85.

86.

87.

88.

vaccines expand the breadth and depth of cellular immune responses in rhesus monkeys. Nat
Med. 2010; 16(3):319-23. [PubMed: 20173752] The authors use a mosaic adenoviral vector that
confer coverage of global HIV-1 sequence diversity and showed markedly increased breadth and
depth of antigen-specific T lymphocyte response in rhesus monkeys.
McElrath MJ, Haynes BF. Induction of immunity to human immunodeficiency virus type-1 by
vaccination. Immunity. 2010; 33(4):542-54. [PubMed: 21029964]
Pantaleo G, Esteban M, Jacobs B, Tartaglia J. Poxvirus vector-based HIV vaccines. Curr Opin HIV
AIDS. 2010; 5(5):391-6. [PubMed: 20978379]
Harari A, Bart PA, Stohr W, Tapia G, Garcia M, Medjitna-Rais E, et al. An HIV-1 clade C DNA
prime, NYVAC boost vaccine regimen induces reliable, polyfunctional, and long-lasting T cell
responses. J Exp Med. 2008; 205(1):63-77. [PubMed: 18195071]
Aboud S, Nilsson C, Karlen K, Marovich M, Wahren B, Sandstrom E, et al. Strong HIV-specific
CD4+ and CD8+ T-lymphocyte proliferative responses in healthy individuals immunized with an
HIV-1 DNA vaccine and boosted with recombinant modified vaccinia virus ankara expressing
HIV-1 genes. Clin Vaccine Immunol. 2010; 17(7):1124-31. [PubMed: 20463104]

Curr Opin HIV AIDS. Author manuscript; available in PMC 2012 May 1.



Porichis and Kaufmann Page 12

Curr Opin HIV AIDS. Author manuscript; available in PMC 2012 May 1.



