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A hallmark of human immunodeficiency virus type 1 (HIV-1) pathogenesis is the rapid loss of CD4 T cells
leading to generalized immune dysfunction, including an exhausted CD8 T cell phenotype. Understanding the
necessary factors that govern the functional quality and protective potential of antiviral T cell responses would
facilitate rational vaccine design and improve therapeutic strategies to combat persistent infections. Mouse
models of chronic viral infection demonstrate that interleukin-21 (IL-21), produced primarily by CD4 T cells,
is required for the generation and maintenance of functionally competent CD8 T cells and viral containment.
We reasoned that preserved IL-21 production during HIV-1 infection would be associated with enhanced CD8
T cell function, allowing improved viral control. Here we analyzed the ability of CD4 and CD8 T cells to produce
several cytokines in addition to IL-21 ex vivo following stimulation with overlapping HIV-1 peptides. Both CD4
and CD8 T cells were able to produce IL-21 in response to HIV-1 infection, with the latter cell type more closely
associated with viral control. Furthermore, IL-21-producing HIV-1-specific CD4 T cells (compared to those
producing other cytokines) were the best indicator of functional CD8 T cells. Our results demonstrate that
HIV-1-specific IL-21-producing CD8 T cells are induced following primary infection and enriched in elite
controllers, suggesting a critical role for these cells in the maintenance of viremia control.

Despite the induction of ample virus-specific CD8 T cell
responses, ongoing antigenemia precludes human immunode-
ficiency virus type 1 (HIV-1) containment in the majority of
patients. A hallmark of patients with primary HIV-1 infection
(PHI) is the massive depletion of memory CD4 T cells (3, 24).
This virus-induced destruction continues into chronic infection
and is accompanied by the functional abrogation of robust
HIV-1-specific CD4 T cell responses (19, 40). The impaired
capacity of virus-specific CD4 T cells to provide cognate help
to CD8 T cells compromises the protective immune responses
necessary to control chronic viral infection (19). As such, HIV-
1-specific CD8 T cells gradually become less functional and
persist in an exhausted state, unable to elicit potent polyfunc-
tional effector traits or effectively eradicate infected targets.
Remarkably, polyfunctional CD8 T cells, capable of cytokine
secretion, proliferation, and degranulation, are maintained in
HIV-1 controllers, chronically infected patients who spontane-
ously control viremia in the absence of antiretroviral therapy
(ART) (1). Still, virus-specific T cell populations in these pa-
tients are considerably heterogeneous, and attributes that con-
fer protection remain elusive. Understanding the necessary
factors that regulate the induction, functional quality, and lon-
gevity of such responses is imperative for the rational design of
preventative and therapeutic interventions against HIV-1.

The underlying mechanisms for T cell dysfunction were first
recognized in mouse models of chronic viral infection, includ-
ing lymphocytic choriomeningitis virus (LCMV), which results

in defects similar to those seen in HIV-1 infection. From these
studies, the molecular signatures of exhausted T cells are being
elucidated. Alterations in expression of costimulatory com-
mon gamma-chain (�c) cytokines, such as interleukin-2 (IL-
2), IL-7, and IL-15, are a common feature of many viral
infections and have been shown to correlate with T cell
nonresponsiveness (18, 33). Notably, T cell exhaustion is
exacerbated under conditions of chronic antigenic stimula-
tion and reduced CD4 T cell help, as seen in progressive
HIV-1 infection (12, 13, 22, 34).

Several lines of evidence suggest that early CD4 T cell-
mediated CD8 T cell priming events are crucial for program-
ming vigorous effector and memory CD8 T cell responses. CD4
T cells are principal producers of IL-21, a �c cytokine referred
to as a “third signal” (in addition to major histocompatibility
complex class I [MHC-I] engagement and costimulation) for
the differentiation, expansion, and phenotype of antigen-spe-
cific CD8 T cells (5, 30). IL-21/IL-21 receptor (IL-21R)-defi-
cient hosts infected with LCMV exhibit exhausted CD8 T cells
unable to clear virus, thereby resembling CD4 T cell-deficient
hosts (9, 11, 37, 38). Strikingly, IL-21 administration reverses
CD8 T cell exhaustion and reduces viral titers (37).

Early in vitro studies of bulk CD8 T cells from HIV-1-
infected patients suggested a role for IL-21 in upregulating
perforin expression in memory CD8 T cells, protecting CD8 T
cells from undergoing apoptosis, and restoring cytotoxicity, the
latter requiring IL-15. In contrast, IL-21 was not necessary to
augment proliferation or increase degranulation (35). Defini-
tive links to protective immunity came from subsequent studies
showing enhanced suppression of HIV-1 replication following
IL-21 exposure to CD8 T cells (6). In vivo evidence of the
importance of IL-21 is demonstrated by reduced serum levels

* Corresponding author. Mailing address: University of Alabama at
Birmingham, Department of Medicine, 908 20th Street South, CCB
328, Birmingham, AL 35294. Phone: (205) 975-5667. Fax: (205) 975-
6027. E-mail: paulg@uab.edu.

� Published ahead of print on 15 December 2010.

2316



in HIV-1-infected patients and the finding that IL-21 produc-
tion from total CD4 T cells correlates with disease progression
(16, 17). However, the only study that comprehensively ana-
lyzed CD4 T cell responses by intracellular cytokine staining
(ICS) demonstrated no major differences in HIV-1-specific
IL-21 production when comparing chronically infected pa-
tients with various levels of viral control (39). These discordant
results highlight the importance of further studies examining
HIV-1-specific CD4 and CD8 T cells in well-characterized
cohorts.

Here we present a comprehensive analysis demonstrating
that HIV-1 controllers and primary infected patients have
qualitatively superior HIV-1-specific T cells capable of IL-21
secretion, which is associated with enhanced CD8 T cell func-
tionality and viral containment. Using peripheral blood mono-
nuclear cells (PBMC) from primary and chronically infected
patients, we directly assess several attributes of HIV-1-specific
IL-21-producing CD4 and CD8 T cells ex vivo, including the
functional profile, frequency, and protein targeting of these
populations. These data clearly indicate a relationship between
the aforementioned parameters and the ability to curtail the
infection, providing additional insights into complexity and
qualitative requirements of immune protection against HIV-1
disease progression, thus aiding in vaccine design.

MATERIALS AND METHODS

Study subjects. Forty-three HIV-1-infected patients were recruited from the
University of Alabama at Birmingham (UAB) Adult AIDS 1917 clinic after
informed consent and UAB institutional review board approval were obtained.
PBMC were isolated from anticoagulated peripheral blood by Histopaque den-
sity gradient centrifugation and cryopreserved for later use. Subjects were strat-
ified according to immune control of virus and categorized as follows: those with
primary infection (n � 17), based on identification less than 6 months after
infection (Fiebig stages II to VI); elite controllers (EC; n � 7), based on
spontaneous control of viremia without ART initiation and undetectable viral
loads (VL) (�50 RNA copies/ml plasma); viremic controllers (VC; n � 8), based
on VL of �50 but �2,000 RNA copies/ml in the absence of ART; and progres-
sors (P; n � 11), based on VL of �10,000 RNA copies/ml in the absence of ART.
All patients with chronic infection were not on ART, while 11/17 patients with
primary infection began ART 2 to 4 weeks prior to sample collection.

Viral load and CD4 T cell count determination. HIV-1 RNA levels were
quantified in plasma samples using the Amplicor ultrasensitive HIV-1 monitor
assay, in accordance with the manufacturer’s protocol (Roche Diagnostics). The
absolute CD4 T cell count was measured by flow cytometry using the flow count
method and analyzed on a FACScan/FACSort instrument using MultiSET soft-
ware (BD Biosciences).

Peptides. Synthetic peptides (15-mers overlapping by 11 amino acids; clade B
consensus sequence; courtesy NIH AIDS Research and Reference Reagent
Program) spanning the entire HIV-1 proteome were used to enumerate antigen-
specific CD4 and CD8 T cell responses. Lyophilized peptides were reconstituted
at 50 �g/ml in dimethyl sulfoxide or distilled water. Five pools were prepared—
one corresponding to each HIV-1 antigen (Gag, Pol, Env, and Nef and accessory
proteins Rev, Tat, Vif, Vpr, and Vpu were combined to form the final pool)—
and used at final concentrations of 2 �g/ml. Optimized HLA class I-restricted
epitopes (New England Peptide) were alternatively used to confirm CD8 T cell
specificity.

Intracellular cytokine staining assay. PBMC were thawed, washed twice (in
RPMI medium supplemented with 10% human AB sera), and resuspended at
2 � 106 cells/ml. Cells were then pulsed with the appropriate peptide pool (2
�g/ml) in the presence of costimulatory monoclonal antibodies (anti-CD28 and
anti-CD49d; each at 1 �g/ml), Benzonase (50 U/ml; Novagen), GolgiStop (10
�g/ml; BD Biosciences), GolgiPlug (10 �g/ml; BD Biosciences), and anti-CD4-
Qdot 655 (BD Biosciences). An unstimulated and positive control (phorbol
12,13-dibutyrate [PDBu]-ionomycin [25 ng/ml and 500 ng/ml, respectively; Sig-
ma-Aldrich]) was included in each assay. Following a 5-h incubation period at
37°C in 5% humidified CO2, cells were harvested and washed twice with phos-
phate-buffered saline (PBS) containing 5% fetal bovine serum (FBS) prior to

being labeled with a fluorescent LIVE/DEAD fixable dead cell dye (Molecular
Probes, Invitrogen). Fluorochrome-conjugated monoclonal antibodies anti-CD3-
Pacific Blue, CD8-Qdot 605, and CD45RO-allophycocyanin (APC) (BD Bio-
sciences) were used for surface labeling. Following fixation and permeabilization
with Caltag Fix and Perm reagents (Invitrogen), cells were washed and pheno-
typically identified by staining with monoclonal antibodies against intracellular
markers IL-21–phycoerythrin (PE) (eBioscience), gamma interferon (IFN-�)–
Alexa Fluor 700 (BD Biosciences), IL-2–fluorescein isothiocyanate (FITC) (BD
Biosciences), IL-17–peridinin chlorophyll protein (PerCP)–Cy5.5 (eBioscience),
and tumor necrosis factor alpha (TNF-�)–PE–Cy7 (BD Biosciences). Following
staining, cells were washed, fixed in 2% paraformaldehyde (Sigma-Aldrich), and
analyzed on an LSRII flow cytometer within 24 h (BD Biosciences).

Flow cytometric analysis. At least 100,000 CD3� events were acquired from
each sample. Data analysis was performed using FlowJo version 8.1.1 software
(Tree Star). CD3� CD4� or CD3� CD8� lymphocytes were gated based on
forward and side scatter properties after the exclusion of dead cells and doublets.
Gates were set relative to the media control and subsequently applied to all
samples per individual analyzed. Contemporaneous assays were performed using
PBMC obtained from HIV-1-uninfected individuals (n � 5) to derive strict
criteria for a positive IL-21 response. A positive response was determined to be
(i) any value greater than or equal to the mean plus three standard deviations for
all HIV-1-uninfected samples, as determined relative to medium control values,
(ii) twice the medium control value for each individual, and (iii) greater than
0.05. A Boolean gating strategy was employed, and polyfunctionality was deter-
mined using PESTLE and SPICE software (courtesy of Mario Roederer, Vac-
cine Research Center, NIH).

Quantification of IL21 and IFNG mRNA transcripts in CD4 and CD8 T cells.
CD4 and CD8 T cells from cryopreserved patient PBMC were obtained by
negative selection (CD4� and CD8� T cell isolation kits; Miltenyi Biotec) and
cocultured in RPMI medium containing 10% FBS with HIV-1 peptide-pulsed
monocytes (stimulated with Gag, Env, Nef, or accessory peptide pools or HLA-
A*03-, -B*07-, and -B*57-restricted [QVPLPPMTYK {Nef}, HPVHAGPIA
{Gag}, and KAFSPEVIPMF {Gag}, respectively] CD8 T cell epitopes) for 6 h.
Total RNA was extracted from cell pellets using the AllPrep DNA/RNA/protein
minikit (Qiagen). mRNA transcripts (500 ng) were converted to cDNA with the
RT2 First Strand kit (SABiosciences) before being tested by real-time, quanti-
tative PCR (custom RT2 PCR array, catalog no. CAPH09425; SABiosciences).
The abundance of IL21 and IFNG mRNA was normalized to that of the house-
keeping gene, beta-2 microglobulin (	2M), after 40 cycle reactions in an ABI
7500 fast system (Applied Biosystems). Upregulation of IL21 and IFNG mRNA
expression was determined against cells cultured in RPMI medium-10% FBS
alone using the 

CT method, where CT is the cycle threshold for SYBR
green-based detection of gene-specific PCR amplicons (SABiosciences).

Statistical analysis. Nonparametric Mann-Whitney U, Spearman rank corre-
lation, and Fisher’s exact tests were performed using GraphPad Prism software
version 5.0. All tests were two tailed, and P values of �0.05 were considered
significant.

RESULTS

Induction of antigen-specific IL-21 T cells during HIV-1
infection. Previous studies examining IL-21 in humans have
shown its selective expression by CD45RO� but not
CD45RO� T cells (4, 26). To assess HIV-1-specific T cell
IL-21 production, we stimulated patient PBMC with overlap-
ping peptide pools (HIV-1 clade B consensus sequence Gag,
Pol, Env, Nef, and accessory proteins), followed by intracellu-
lar cytokine staining for IL-21, IFN-�, IL-2, IL-17, and TNF-�.
Using multiparametric flow cytometry, IL-21 was readily de-
tected in the CD45RO� CD4 T cell compartment (Fig. 1A and
B), and a subset of responding cells displayed coproduction of
IFN-� and, to a lesser extent, IL-2 and TNF-� (Fig. 1C).
However, virus-specific T cells coexpressing IL-21 and IL-17 or
IL-17 alone were not observed, as previously reported (2, 11).

IL-21 production by polyclonal CD8 T cells from psoriasis
patients and LCMV-infected mice has been demonstrated (11,
27). We therefore analyzed whether HIV-1-specific CD8 T
cells were cellular sources of IL-21, responsible for sustained
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CD8 T cell functionality. Indeed, a modest but consistently
reproducible population of IL-21-producing CD8 T cells, ca-
pable of IFN-� production, was discernible after antigenic
stimulation (Fig. 1D and E). Similar to CD4 T cells, IL-21-
producing CD8 T cells did not coexpress IL-17.

Differential IL-21 secretion from HIV-1-specific T cells
across an HIV-1 cohort. Given the data supporting the oblig-
atory role of IL-21-producing T cells in immune-mediated viral
containment, we reasoned that these cells represent at least
one contributor to the differences in HIV-1 control observed

FIG. 1. HIV-1-specific IL-21 T cell responses are detected in human peripheral blood. Representative flow cytometric analysis of intracellular
staining for IL-21, IFN-�, IL-2, TNF-�, and IL-17 production by HIV-1-specific CD4 and CD8 T cells. PBMC from an elite controller were
stimulated for 5 h ex vivo with a peptide pool spanning Gag (15-mers overlapping by 11 amino acids; consensus B sequence) in the presence of
anti-CD28, CD49d, GolgiStop, and GolgiPlug. (A) Cells were gated based on light scatter properties, followed by dead cell exclusion (fluorescent
dye) and gating for singlets and CD3� CD4� or CD3� CD8� T lymphocytes. SSC, side scatter; FSC-A, forward scatter area; FSC-H, forward
scatter height. (B and D) Elaboration of IL-21-producing Gag-specific or PDBu-ionomycin-activated CD4 (B) or CD8 (D) T cells in the CD45RO�

and CD45RO� compartments after staining for IL-21 or the isotype control (post-cell permeabilization). (C and E) Frequencies of IL-21�

Gag-specific CD45RO� CD4 (C) or Gag or Nef-specific CD8 (E) T cells that coproduced IFN-�, IL-2, TNF-�, or IL-17.
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among patients. Having established that CD45RO surface ex-
pression consistently marked IL-21� T cells, we examined
polyclonal and HIV-1-specific CD45RO� T cell IL-21 produc-
tion across HIV-1 cohorts consisting of patients with primary

HIV-1 infection (PHI), chronic infection with undetectable or
low viremia (elite controllers [EC] and viremic controllers
[VC], respectively), and chronic infection with uncontrolled
viremia (progressors [P]) (Table 1). In marked contrast to
uninfected persons, the proportion of polyclonal CD4 and
CD8 T cells producing IL-21 in response to PDBu/ionomycin
was substantially greater in HIV-1 patients, and this coincided
with the degree of viral persistence (Fig. 2A and B). Notably,
these responses were significantly increased in all cohorts ex-
cept EC compared to those of seronegative subjects (Fig. 2B).
A comparative analysis of HIV-1-specific responses revealed
similar CD4 T cell IL-21 production across the cohorts (Fig.
2C). Furthermore, neither the frequency of individuals dem-
onstrating responses to at least one peptide pool nor the total
number of positive responses distinguished the patient groups
(data not shown). In contrast, EC and VC maintained signifi-
cantly higher percentages of HIV-1-specific IL-21-producing

TABLE 1. Clinical characteristics of study participants

Cohort No. of
patients

Plasma VLa CD4 T cell count
(no. of cells/�l) ART

Median Range Median Range

PHI 17 10,841 1,531–15,300,000 521 164–964 Yesb

EC 7 �50 �50 769 368–1,741 No
VC 8 236 63–847 985 722–1,620 No
P 11 86,900 18,501–484,600 514 334–874 No

a Viral load (VL) is shown as the number of HIV-1 RNA copies/ml at the time
of sample collection.

b A total of 11/17 patients were on antiretroviral therapy (ART) for 2 to 4
weeks.

FIG. 2. Magnitude and responder frequency of IL-21-producing HIV-1-specific CD4 and CD8 T cells. PBMC obtained from patients with
primary HIV-1 infection (PHI), elite controllers (EC), viremic controllers (VC), and progressors (P) were stimulated with HIV-1 consensus B
peptide pools (15-mers overlapping by 11 amino acids) spanning the entirety of the expressed proteome (pooled to represent Gag, Pol, Env, Nef,
and the remaining accessory proteins). The magnitudes of CD45RO� CD4 (A) and CD8 (B) T cells producing IL-21 are shown, with horizontal
bars indicating median values. The percentages of patients with HIV-1-specific CD45RO� CD4 (C) and CD8 (D) T cells producing IL-21 in
response to peptides from the indicated proteins are shown. Statistical comparisons were made using the two-tailed Fisher’s exact test. *, P � 0.03;
**, P � 0.006 (compared to results for P) by Fisher’s exact test. #, P � 0.0001 compared to results for each group of HIV-1-seropositive patients
by the Mann-Whitney U test.
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CD8 T cells than P, with PHI displaying appreciable response
heterogeneity albeit an overall lower median response (EC,
0.035 [interquartile range {IQR}, 0.006 to 0.078]; VC, 0.024
[IQR, 0.014 to 0.048]; P, 0.013 [IQR, 0.004 to 0.024]; PHI,
0.009 [IQR, 0 to 0.044]) (Fig. 2D). This decreased fraction of
IL-21-competent CD8 T cells in P was paralleled by a 3- to
4-fold reduction in frequencies of positive responses in these
subjects (P � 0.001 and 0.008 versus EC and VC, respectively)
(data not shown). As expected, HIV-1-specific IL-21-produc-
ing T cells were not seen in seronegative controls (Fig. 2C and
D). Therefore, the magnitude and frequency of the HIV-1-
specific IL-21 CD8 T cell response is a better correlate of viral
control than the IL-21 CD4 T helper response. However, in the
progressor cohort, the magnitude of CD8 T cells producing
IL-21 did not correlate with the viral load or CD4 T cell count,
suggesting that a threshold level of this cytokine may be
needed for enhanced viral control (data not shown).

To further define an optimal antiviral IL-21 response, we
evaluated the extent to which viral control correlated with
IL-21 responses directed against different viral proteins. De-
spite similar protein targeting by CD8 T cells, as measured by

IFN-� production (data not shown), Gag- and Pol-specific
IL-21-producing CD8 T cells were completely ablated in P,
concomitant with their exclusive presence in PHI and persis-
tence in EC and VC (Fig. 2F). In contrast, no protein-specific
differences in IL-21 production by CD4 T cells were apparent
(Fig. 2E). These results are consistent with increasing evidence
demonstrating that preferentially targeting Gag, and possibly
Pol, is strongly associated with improved clinical markers of
disease progression (8, 14, 21, 23) and suggest that CD8 T cell
IL-21 responses directed toward these proteins may contribute
to the maintenance of viremia control.

HIV-1-specific IL21 mRNA analysis mirrors protein expres-
sion by ICS. To further elucidate the specificity of IL-21 CD8
T cell secretion, we stimulated patient PBMC ex vivo with
optimized HLA class I-restricted CD8 T cell epitopes. Notably,
when CD4 T cells were depleted prior to stimulation (by neg-
ative selection [�99% purity]) (data not shown), mRNA anal-
ysis of isolated CD8 T cell populations demonstrated IL21 and
IFNG upregulation in response to HLA-A*03-, -B*07-, and
-B*57-restricted epitopes (QVPLPPMTYK [Nef], HPVHA
GPIA [Gag], and KAFSPEVIPMF [Gag], respectively), fur-
ther validating the foregoing results (Fig. 3A).

To confirm the observed differences in CD8 T cell IL-21
production across the cohorts (Fig. 2D), we next compared the
transcriptional profiles of a subset of controllers and progres-
sors either exhibiting or lacking these responses, respectively
(as measured by flow cytometry). Following HIV-1 peptide
pool stimulation, quantitative PCR analysis of purified CD8 T
cell fractions revealed that controllers uniformly upregulated
IL21 mRNA (4/4 responses), whereas none of the progressors
substantially amplified transcripts (0/3 responses; P � 0.03)
(Fig. 3B). Moreover, the frequency of CD8 T cells producing
IL-21, as assessed by flow cytometry, directly correlated with
the abundance of IL21 transcripts (P � 0.003; correlation
coefficient [r] � 0.96).

IL-21-producing CD4 T cells are more multifunctional in
elite controllers. Given the role of polyfunctional T cells in
viral control, we speculated that IL-21 production in conjunc-
tion with other cytokines may be an important determinant of
protective immunity (1, 20). To examine the relationship be-
tween the percentage of polyfunctional IL-21-producing T cells
and viral load, a Boolean gating strategy was employed for
HIV-1-specific CD4 and CD8 T cells, yielding 15 unique re-
sponse patterns comprising every combination of the four po-
tential measurements (IL-21, IFN-�, IL-2, and TNF-�). De-
spite the lack of association between the magnitude of IL-21
CD4 T cell responses and viral control, we observed distinct
differences in the functional quality of HIV-1-specific CD4 T
cells that produced IL-21 (Fig. 4A). Specifically, EC and VC
maintained significantly greater proportions of multifunctional
cells capable of simultaneously expressing two or more func-
tions, whereas a largely monofunctional phenotype was ob-
served in PHI and P (Fig. 4A). Overall, EC exhibited a supe-
rior functional profile comprised of greater than 20% of
responding cells being positive for three or four functions
compared to less than 5%, as seen in the other cohorts (P �
0.03) (Fig. 4A). Conversely, while the functionality of antiviral
IL-21-producing CD8 T cells was not significantly enhanced in
EC compared to that in VC and P, it was significantly higher
than that in PHI (Fig. 4B).

FIG. 3. IL21 mRNA expression by HIV-1-specific CD8 T cells.
CD8 T cells from controllers (n � 3) and progressors (n � 3) were
negatively selected from PBMC by magnetic bead isolation (99% pu-
rity). T cells were cocultured with HIV-1 peptide-pulsed monocytes
(stimulated with HLA class I A*03-, B*07-, or B*57-restricted epitopes
[QVPLPPMTYK {Nef}, HPVHAGPIA {Gag}, or KAFSPEVIPMF
{Gag}, respectively] (A) or HIV-1 peptide pools (comprising either
Gag, Env, Nef, or accessory proteins) (B) and activated in the presence
anti-CD28 and anti-CD49d for 6 h. The abundance of IL21 and IFNG
mRNA was determined by real-time quantitative PCR and normalized
to the housekeeping gene, beta-2 microglobulin (	2M). Upregulation
of IL21 and IFNG mRNA expression was determined using the 

CT
method, where data are expressed as fold changes relative to cells
cultured in RPMI-1640 alone. Numbers above the bars indicate the
fraction of stimulations which resulted in IL21 fold change values of
�2. *, 4/4 responses in controllers versus 0/3 responses in progressors;
P � 0.03 by Fisher’s exact test. Results are reported as median values,
with error bars demonstrating the interquartile ranges, and are repre-
sentative of at least two experiments. Comparison of the magnitudes of
IL21 fold changes; P � 0.06 by the Mann-Whitney U test.
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Association of CD4 T cell IL-21 production with CD8 T cell
functionality. We hypothesized that the functional impairment
of IL-21-producing CD4 T cells compromised CD8 T cell func-
tional quality (i.e., IL-2 production) and memory potential,
similar to those of IL-21-deficient mice (37, 38). Therefore, we
assessed whether the total magnitude of HIV-1-specific IL-21
production from CD4 T cells correlated with the total magni-
tude of virus-specific CD8 T cell IL-2 secretion. When all
patients were grouped together, we found that the percentage
of IL-21 modestly correlated with the percentages of CD8 T
cells expressing IL-2 (r � 0.54; P � 0.0003) (Fig. 5A). This
correlation remained significant even when the data were lim-
ited to CD4 T cells that produced IL-21 in the absence of the
other cytokines (r � 0.37; P � 0.01) (Fig. 5B). However, the
number of samples studied was too small to discern whether
polyfunctional IL-21-producing CD4 T cells were better cor-
relates of IL-2� CD8 T cells compared with their monofunc-
tional counterparts. Despite demonstrating a modest relation-
ship between total IL-2� CD4 and IL-2� CD8 T cells (r � 0.45;
P � 0.003) (Fig. 5C), this association was no longer significant
when examining the fraction of CD4 T cells that produced IL-2
without coexpression of IL-21 (r � 0.21; P � 0.18) (Fig. 5D),
suggesting that IL-2 and IL-21 act cooperatively to induce
protective, polyfunctional CD8 T cell responses. Interestingly,
when we restricted our analysis to the stratified cohorts, PHI
sustained these associations, although trends were apparent in
EC (Table 2, compare the r values). Hence, these findings
further solidify that the link between IL-21-mediated T helper
function and subsequent acquisition of CD8 T cell multifunc-
tional traits is established in primary infection but rapidly lost
in chronic, progressive infection.

FIG. 4. IL-21-producing CD4 T cells are more functional in elite
controllers. CD45RO� CD4 (A) and CD8 (B) T cells that produced
IL-21 were analyzed for their ability to coproduce IFN-�, IL-2, or
TNF-� using SPICE. The magnitudes of virus-specific mono- and
multifunctional CD4 and CD8 T cells producing at least IL-21 from
PHI, EC, VC, and P cohorts were assessed. Horizontal bars indicate
the median percentages of IL-21� T cells. Statistical comparisons were
made using the two-tailed nonparametric Mann-Whitney U test. **,
greater than 3 or 4 functions; P � 0.03 versus PHI, VC, and P cohorts.

FIG. 5. IL-21-producing CD4 T cells predict functional CD8 T cells. Correlation between the magnitude of HIV-1-specific CD4 T cell cytokine
production (summed across all peptide pools) and CD8 T cell IL-2 production. CD45RO� CD4 T cells expressing IL-21 in combination with other
cytokines (A), IL-21 alone (B), IL-2 in combination with other cytokines (C), or IL-2 without coexpression of IL-21 (D) were plotted against the
corresponding proportion of HIV-1-specific IL-2� CD45RO� CD8 T cells. P and r values were calculated using the Spearman rank correlation
test.
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DISCUSSION

Collectively, these data extend our understanding of the
regulation of IL-21-producing antiviral T cell responses during
primary and chronic HIV-1 infection. Previous reports of mice
chronically infected with LCMV have demonstrated that virus-
specific CD8 T cell responses elicited in the absence of IL-21
are functionally inferior, lacking the necessary attributes to
fully clear virus-infected cells (9, 11, 37, 38). Indeed, in differ-
ent cohorts of HIV-1-infected patients with distinct viral loads,
we confirm that antigen-experienced CD4 T cells are a major
cellular source of IL-21 and further define a previously unap-
preciated role for HIV-1-specific CD8 T cells—IL-21 secretion
capacity, which is not detectable in the majority of patients
with persistent viremia. Notably, IL-21-producing HIV-1-spe-
cific CD8 T cells responding against Gag and Pol epitopes were
absent in progressors, while those producing IFN-� and even
IL-2 to these proteins were still present. Whereas the overall
magnitude and frequency of CD4 T cell-derived HIV-1-spe-
cific IL-21 production did not correlate with viral load, elabo-
ration of a polyfunctional IL-21 response reliably predicted
HIV-1 containment. This poor induction of IL-21 by CD4 T
cells seemed to translate into an inability of CD8 T cells to
effectively produce IL-2, a parameter consistently linked with
improved control of the virus (42). Thus, our findings are
consistent with the essential role that IL-21 plays in containing
murine viral infections.

Several studies have now convincingly demonstrated that
IL-21 impacts HIV-1 disease chronicity, albeit with somewhat
paradoxical findings (6, 16, 17, 39). It has been proposed that
the stepwise and progressive impairment of IL-21 in HIV-1,
from serum and ionomycin-activated CD4 T cells, occurs with
disease progression, despite the lack of association with viral
load (6, 16). This view is in contrast to studies by our group and
others showing the sequential elevation of polyclonal IL-21-
producing CD4 T cells into chronic infection, such that levels
exceed those found in seronegative controls (39). This height-
ened IL-21 production was common to all patients with the
exception of a few EC, a phenomenon reminiscent of the
chronic immune activation prominently associated with this
disease (28, 39). Indeed, this interpretation is consistent with
the involvement of IL-21 in inflammatory bowel disease, trig-
gering aberrant immune responses directed toward microbial
constituents, thereby potentiating inflammation and damage to
the mucosal barrier (25, 36).

While not demonstrated in this analysis, prior studies re-

vealed the rapid loss of HIV-1-specific IL-21� CD4 T cells
following primary infection (6, 39). The basis for this apparent
discrepancy is not clear but does not exclude the possibility
that differences in PHI cohort characteristics (time of sample
collection from date of infection, etc.) are a likely culprit.
Nevertheless, the two studies that comprehensively analyzed
IL-21 directly by flow cytometry were unable to show signifi-
cant differences in the induction of these responses in long-
term nonprogressors versus chronically infected patients with
uncontrolled viremia, suggesting that compromised IL-21 se-
cretion likely reflects early insults to the CD4 T cell compart-
ment (39). The notion that HIV-1 uniformly disables CD4 T
cell function following primary infection, regardless of control-
ler or progressor classification, is further supported by a num-
ber of studies that argue against the assumption that elite
controllers are exempt from a spectrum of immune alterations,
namely, immune activation. The fact that the memory CD4 T
cell pool is already depleted prior to the chronic phase, com-
pounded by the limited reconstitution of the memory CD4 but
not CD8 T cell pool, could provide an explanation as to why
the CD4 fraction is damaged while the CD8 pool is left rela-
tively intact (7). In line with these observations, levels of acti-
vated HIV-1-specific CD38� HLA-DR� CD4 T cells are sim-
ilar among elite controllers and noncontrollers, whereas only
elite controllers maintain lower levels of activated CD8 T cells
(28). Thus, our findings are consistent with the foregoing ob-
servations whereby CD4 T cell function appears similar while
CD8 T cell function is enhanced in the EC cohort.

Seminal studies established IL-21 as a principal product of
CD4 T cells. However, increasing evidence supports that IL-21
production is not exclusively restricted to CD4 T cells. IL21
mRNA expression in CD4-depleted splenocytes of LCMV-
infected mice suggested that natural killer T cells, B cells,
macrophages, and dendritic cells are cellular sources (9). In
accordance with the present findings, polyclonal CD8 T cell
IL-21 production has been demonstrated in mice infected with
LCMV via mRNA and protein expression, albeit at reduced
levels compared to those of CD4 T cells (11). Furthermore, the
latter cells have been implicated in the pathogenesis of psori-
asis and immune thrombocytopenia in humans, suggesting a
biological ability rather than a virus-specific modification (27,
41). Although it remains unresolved which cells are directly
responsible for mediating viral control, our data favors the
participation of both CD4 and CD8 T cell subsets during
HIV-1 infection. Thus, it is tempting to speculate that CD8 T

TABLE 2. Association of HIV-1-specific CD4 T cell cytokine production with CD8 T cell IL-2 productiona

Cytokine produced

Cohort value

All PHI EC VC P

P r P r P r P r P r

IL-21 total 0.0003 0.54 0.01 0.63 0.11 0.67 0.08 0.66 0.82 0.08
IL-21 alone 0.01 0.37 0.03 0.54 0.14 0.63 0.70 0.16 0.95 0.03
IL-21 without IL-2 0.02 0.37 0.03 0.53 0.14 0.64 0.50 �0.27 0.61 0.17
IL-2 total 0.01 0.45 0.04 0.52 0.24 0.54 0.15 0.56 0.95 0.02
IL-2 alone 0.29 0.17 0.21 0.33 0.44 0.36 1.00 0.00 0.49 0.24
IL-2 without IL-21 0.18 0.21 0.14 0.38 0.39 0.40 0.70 0.17 0.49 0.24

a All CD4 T cell cytokine production was compared to total CD8 T cell IL-2 production. P and r values were calculated using the Spearman rank correlation test.
Total, in combination with the production of other cytokines.
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cells from HIV-1 controllers are endowed with IL-21 secretion
capabilities to self-sustain CD8 T cell homeostasis (11). In-
deed, activation of purified CD8 T cells differentiated in the
presence of anti-CD3/CD28 and IL-21 results in robust IL21
mRNA expression (15).

A connecting hypothesis among the reports describing anti-
gen-specific IL-21 is that this cytokine is a critical player in
enhancing the functional quality and protective potential of
CD8 T cell responses. It has been suggested that since IL-2 is
rapidly abolished early in infection, IL-21 may compensate for
the lack of IL-2 helper function during chronic infection (9). It
is noteworthy that HIV-1-specific IL-21, but not IL-2 produced
alone, from CD4 T cells correlates with CD8 T cell IL-2 se-
cretion only during primary and possibly controlled chronic
infection. From these data, it appears that although IL-21
responses are present in progressors, they fail to effectively
program CD8 T cells to produce IL-2. It is plausible that the
phenotypic alterations induced by HIV-1, including collapse of
the lymph node architecture, could potentially disrupt CD4/
CD8 T cell interactions and prevent crucial CD4 T cell-medi-
ated costimulatory signaling required for optimal CD8 T cell
function (31, 32). Moreover, the preferential preservation of
lymph node architecture in long-term nonprogressors further
supports this idea (10, 29). We propose that IL-21, along with
IL-2 and other helper factors, act cooperatively to regulate
CD8 T cell functional competence, which may be a conse-
quence of the tightly clustered genomic organization of IL-21
and IL-2 (30).

While the studies presented here do not demonstrate cau-
sality, they nonetheless reveal a unique quality in elite control-
lers that may explain their superior viral control, namely, the
ability to elicit IL-21-producing CD8 T cells. Furthermore, we
provide evidence that HIV-1-specific CD8 T cells producing
IL-21 are a better correlate of HIV-1 control than their CD4 T
cell counterparts. These findings represent a key step toward
improving our understanding of the composition of optimal
HIV-1-specific T cell repertoires, which is directly relevant to
strategies aiming to enhance vaccine efficacy or restore fa-
tigued T cells.
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