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ABSTRACT

CD4� T cells play a pivotal role in the control of chronic viral infections. Recently, nontraditional CD4� T cell functions beyond
helper effects have been described, and a role for cytolytic CD4� T cells in the control of HIV infection has been suggested. We
define here the transcriptional, phenotypic, and functional profiles of HIV-specific cytolytic CD4� T cells. Fluidigm BioMark
and multiparameter flow cytometric analysis of HIV-specific cytolytic CD4� T cells revealed a distinct transcriptional signature
compared to Th1 CD4� cells but shared similar features with HIV-specific cytolytic CD8� T cells. Furthermore, HIV-specific
cytolytic CD4� T cells showed comparable killing activity relative to HIV-specific CD8� T cells and worked cooperatively in the
elimination of virally infected cells. Interestingly, we found that cytolytic CD4� T cells emerge early during acute HIV infection
and tightly follow acute viral load trajectory. This emergence was associated to the early viral set point, suggesting an involve-
ment in early control, in spite of CD4 T cell susceptibility to HIV infection. Our data suggest cytolytic CD4� T cells as an inde-
pendent subset distinct from Th1 cells that show combined activity with CD8� T cells in the long-term control of HIV infection.

IMPORTANCE

The ability of the immune system to control chronic HIV infection is of critical interest to both vaccine design and therapeutic
approaches. Much research has focused on the effect of the ability of CD8� T cells to control the virus, while CD4� T cells have
been overlooked as effectors in HIV control due to the fact that they are preferentially infected. We show here that a subset of
HIV-specific CD4� T cells cooperate in the cytolytic control of HIV replication. Moreover, these cells represent a distinct subset
of CD4� T cells showing significant transcriptional and phenotypic differences compared to HIV-specific Th1 cells but with sim-
ilarities to CD8� T cells. These findings are important for our understanding of HIV immunopathology.

The pivotal role of CD4� T cells in the control of chronic viral
infections is well established. In particular, robust and func-

tional CD4� T cell responses are critical to maintain the efficacy of
virus-specific CD8� T cell responses and to facilitate memory for-
mation. However, the simplified view of CD4� T cells as “helpers”
and CD8� T cells as “killers” has allowed other important CD4� T
cell functions to be overlooked. Since the 1980s, observations con-
sistently reoccur that CD4� T cells are not merely helpers but can
also directly contribute to the control of viral infection through
the killing of infected cells (1). An important role for these cyto-
toxic CD4� T cells has been described for both acute influenza
virus infection, as well as conferring improved clinical responses
following expansion and readmission of an expanded autologous
cytolytic CD4� T cell clone in cancer (2, 3). Moreover, it has also
been shown that cytolytic CD4� T cells may play a prominent role
in chronic viral infection, as evidenced by their influence in the
containment of viral replication in Epstein-Barr virus and cyto-
megalovirus (CMV) infection (4). The ability of CD4� T cells to
directly assist in control of acute and chronic viral infections, as
well as cancers, therefore represents a novel and intriguing possi-
bility for immune interventions.

The importance of cytolytic CD4� T cells in controlling infec-
tions suggests that they may play a role in the pathogenesis and
progression of HIV infection. We were recently able to demon-
strate that a distinct HIV-specific CD4� T cell population, ex-
pressing the degranulatory marker CD107a, emerges early during

acute HIV infection in individuals able to spontaneously control
HIV replication for a prolonged period of time (5). These HIV-
specific CD4� T cell responses exhibited a human lymphocyte
antigen (HLA) class II-dependent cytolytic phenotype, character-
ized by the expression of high levels of granzymes A and B, as well
as perforin. Interestingly, the presence of these HIV-specific
CD4� T cell responses in acute HIV infection was highly predic-
tive for disease outcome (5). Although the results of these studies
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are remarkable, little is known about the nature, phenotype, func-
tion, and lineage commitment of cytolytic CD4� T cells in con-
trast to other CD4� T cell subsets and CD8� T cells. Furthermore,
it is not known whether HIV-specific CD8� T cells and HIV-
specific cytolytic CD4� T cells can act in concert in the control of
HIV viremia. Here, we describe—phenotypically, transcription-
ally, and functionally—a population of HIV-specific cytolytic
CD4� T cell responses that are distinct from HIV-specific Th1
CD4� T cells but which show striking cytolytic similarities to
HIV-specific CD8� T cells. We demonstrate that HIV-specific
cytolytic CD4� and CD8� T cells exhibit a strong cooperative
antiviral effect, suggesting an important in vivo role for these cells
in the control of HIV infection. These results further our under-
standing of HIV disease progression, give insight into the ability of
certain patients to control viral replication, and have implications
for the targeted elicitation of cytolytic CD4� cells through vacci-
nation.

MATERIALS AND METHODS
Study subjects. Frozen, leukapheresed peripheral blood mononuclear
cells (PBMCs) of 11 subjects with chronic HIV infection enrolled in study
RV149 were used as positive HIV samples. Frozen PBMCs of 24 subjects
used in the acute studies were enrolled in study RV217. Viral load data
were clinically established and provided for the acutely infected individ-
uals in RV217. The early viral set point was calculated by taking the aver-
age viral load between days 80 and 365 prior to the initiation of antiretro-
viral therapy and requiring at least two consecutive time points. In
addition, cryopreserved specimens of 14 elite controllers, 4 viremic con-
trollers, and 15 chronic progressors from the Massachusetts General Hos-
pital (MGH) were used in the present study. All study subjects gave in-
formed consent, and institutional review board (IRB) approval was
obtained.

T cell activation for phenotyping experiments. PBMCs from HIV-
infected patients, either acutely or chronically infected, were stimulated
with HIV-Gag peptide pools at 2 �g/ml (AIDS reagents) for 6 h at 37°C in
the presence of CD28-49d costimulatory antibodies and anti-human
CD107a PE-CF594 (clone H4A3; BD Biosciences). After 1 h of stimula-
tion, a cocktail of Golgi Stop (monensin; BD) and brefeldin A (Sigma) was
added to the PBMCs for the rest of the incubation. As a positive control,
PBMCs also stimulated with staphylococcal enterotoxin B (List Biologi-
cals) at 5 �g/ml. The cells were washed with phosphate-buffered saline
(PBS) and stained with amine-reactive viability dye (Live/Dead Aqua; Life
Technologies) for 20 min at room temperature. The cells were washed
with staining buffer (PBS with 2% fetal calf serum [FCS]) and then stained
for 20 min at 4°C with the surface markers CD8 allophycocyanin-H7
(APC-H7; clone SK1; BD) and CD127 brilliant violet 785 (BV785; clone
A019D5, BioLegend) and any of the following combinations: CD57-flu-
orescein isothiocyanate (FITC; clone HNK-1; BioLegend) and KLRG1-
phycoerythrin (PE; clone 2F5; BioLegend); CD45RO-eFluor650 (clone
UCHL1; eBioscience), CD161-FITC (clone HP-3G10; BioLegend), and
CD223-PE (polyclonal; R&D Systems); CD94-FITC (clone DX22; Bio-
Legend) and CD314 (clone 1D11; BioLegend); and NKp80-PE (clone
5D12; BioLegend) and CCR5-PE (clone 2D7; BD). PBMCs were subse-
quently washed with staining buffer and then fixed and permeabilized
with Foxp3/transcription factor staining buffer (eBioscience) for half an
hour at room temperature. PBMCs were washed with 1� permeabiliza-
tion buffer (eBioscience) and then stained intracellularly with CD3
Qdot605 (clone UCHT1; Life Technologies), CD4 PerCP-Cy5.5 (clone
RPA-T4; BioLegend), granzyme B-Alexa Fluor 700 (AF700; clone GB11;
BD), gamma interferon (IFN-�)-PE-Cy7 (clone B27; BioLegend), Eome-
sodermin-eFluor 660 (clone WD1928; eBioscience), perforin-BV421
(clone B-D48; BioLegend), granulysin AF488 (clone RB1; BD), GATA3
PE (clone L50-823; BD), and T-bet-AF488 (clone O4-46; BD) at room
temperature for 30 min. A four-laser LSR II flow cytometer running FAC-

SDiVa software (BD) was used to collect data from T-cell activation ex-
periments. The data were analyzed with FlowJo (v9.410; Tree Star, Inc.).

Gene expression analysis. Similar to the T cell activation, the PBMCs
of HIV-infected patients were stimulated with HIV-Gag peptide pools in
the presence of CD28-49d costimulatory antibodies and anti-human
CD107a PE-CF594 and Golgi Stop (monensin; BD) for 5 h. After being
washed in cold medium, the cells were incubated with IFN-�� catch re-
agent (IFN-� secretion assay; Miltenyi Biotec) for 5 min on ice, and then
warm medium was added to the tube for a 45-min incubation at 37°C.
PBMCs were subsequently washed with PBS and stained with amine-
reactive viability dye (Live/Dead Aqua) for 20 min at room temperature.
Cells were washed with staining buffer and stained for 20 min at 4°C with
IFN-�� APC (IFN-� secretion assay), CD8 FITC (clone RPA-T8; BD),
CD4 brilliant violet 421 (RPA-T4; BioLegend), and CD3 Qdot 605 (clone
UCHT1; Life Technologies). After being washed twice with staining buf-
fer, the PBMCs were resuspended in sorting buffer (PBS, 1% FCS, 10 mM
HEPES). An index sort was performed on a FACSAria (BD) running on
FACSDiVa software (BD). Cells were sorted using a stringent gating strat-
egy, excluding doublets and CD14�, CD19�, CD3�, and nonviable cells
(see Fig. S1 in the supplemental material). Both CD4� and CD8� T cells
were sorted into wells of 100 cells of 96-well plates containing 10 �l of
reverse transcription preamplification reaction mix, composed of Super-
script III platinum Taq (Life Technologies), SUPERase-In (Ambion),
0.2� assays (mixture of 96 primers and FAM-conjugated probes; Life
Technologies). The reverse transcription reaction (15 min at 50°C and
then 2 min at 95°C) was followed by a preamplification step of 16 cycles of
95°C for 15 s and 60°C for 4 min. The cDNA produced was diluted 1:5 in
DNA suspension buffer (Teknova). Experimental assays (20� assay mix-
es; TaqMan primers and probe) were diluted 1:1 with 2� assay loading
buffer (Fluidigm) and samples (diluted cDNA mixed with TaqMan Uni-
versal PCR Master mix [Life Technologies] and 20� GE sample loading
reagent [Fluidigm]) were loaded onto a primed 96.96 Dynamic Array chip
(Fluidigm). The chip was then loaded into the IFC Controller (Fluidigm)
to fill the matrix with both samples and assays. The chip was transferred
into a Biomark (Fluidigm) for thermocycling and fluorescence acquisi-
tion using the GE 96�96 standard v1 program. For quality control, quan-
titative PCR (qPCR) amplification curves were first validated using gene
expression Fluidigm BioMark real-time PCR analysis software on a Bio-
mark (Fluidigm). The analysis was done with the linear derivative mode
with a cycle threshold (CT) check, which allows the threshold to be specific
to each individual assay. The amplification curves were validated based on
the intensity of the signal. Statistical analysis was performed on JMP10
software (SAS). The results are plotted as the expression threshold (ET),
where ET � Cmax – CT, with Cmax being the maximum number of cycles,
which in these experiments was 40 (6). A table of genes used in the Flui-
digm analysis is displayed in Table S1 in the supplemental material.

qPCR measurement of viral loads. qPCR was performed using the
following primers and a probe for the HIV long terminal repeat: forward
primer, GCCTCAATAAAGCTTGCCTTGA; reverse primer, GGGCGCC
ACTGCTAGAGA; and probe, 6-FAM-CCAGAGTCACACAACAGACG
GGCACA (BHQ1a-6FAM). An ABI Prism was used to perform the qPCR,
using a one-step qPCR Superscript kit (Invitrogen), according to the
manufacturer’s instructions. Reverse transcription was performed at 50°C
for 15 min, with a hot start of 95°C for 2 min, followed by 45 cycles of PCR
at 95°C for 15 s and 60°C for 30 s. The standards used were derived from
plasmid NL4-3, with the dilution curve displaying an R2 of 0.9921 and a
slope of �3.6. This curve was confirmed against known virus titers of
stock NL4-3 virus.

Cell subset enrichment. PBMCs were thawed and sorted using a
Dynabeads CD8 positive selection kit or untouched CD4 selection kit
(Life Technologies). To separate CD57, CD161, or HLA-DR positive and
negative populations, CD4� cells were stained with the respective PE-
conjugated antibodies (CD57, CD161, and HLA-DR) and sorted using
anti-PE MACS beads and MACS columns (Miltenyi Biotec), according to
the manufacturer’s instructions.
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Viral inhibition assay. A panel of four R5-tropic viruses was created
by isolating viruses from HIV-infected individuals, cloning the sequences
into expression vectors, and transfecting cells with the plasmid to grow
virus stocks. One clone was found to be nevirapine resistant by compari-
son of the viral sequence with the Stanford HIV Drug Resistance Data-
base, possessing the variant DQB106. Nevirapine resistance was con-
firmed by in vitro outgrowth in the presence of nevirapine.

293T cells were transfected with 1 �g of viral plasmid using calcium
phosphate in Dulbecco’s modified Eagle medium (DMEM) plus 10% FCS
with 1 mM HEPES. The cells were incubated at 37°C with 5% CO2 for 1
day, after which the medium was removed and replaced with DMEM
containing 10% FCS. Two days later, the virus-containing supernatant
was harvested and filtered. A total of 50,000 PBMCs were then spinocu-
lated at 800 � g for 30 min with the indicated virus at a multiplicity of
infection (MOI) of 0.1. The cells were cultured in RPMI–10% FCS and
incubated at 37°C with 5% CO2. After 2 h, virus was washed off the cells,
and the cells were incubated at 37°C in 5% CO2 in the required assay.

Target cells (HLA-DR�) were infected with the nevirapine-resistant
virus at an MOI of 0.01 for 2 h. Excess virus was washed off, and 100,000
cells were added to a 96-well plate in RPMI–10% FCS. Effector cells
(CD4� or CD8� populations) were added to target cells at a ratio of 1:1.
For coculture experiments, two populations of effectors were added in
equal ratios, standardized for the total amount of effector cells. Nevira-
pine (AIDS reagents) was added to cultures on day 0 at a concentration of
10 �g/ml from a stock solution of 0.1 mg/ml.

Statistical analysis. Mann-Whitney U tests were used to compare the
gene expression levels in CD4� and CD8� T cell subsets, and a P value of
�0.05 was considered significant in all scenarios unless otherwise indi-
cated. GraphPad Prism v6 was used for statistical analysis, and JMP ver-
sion 11 software was used for multivariate and principal component anal-
ysis. A D’Agostino-Pearson omnibus test was used to verify the normal
distribution for Pearson correlation. Clustering analysis was performed in
Gene-E as an unsupervised hierarchical clustering using Pearson correla-
tion matrices. Both genes and flow markers, as well as sample identifica-
tions, were clustered for ease of presentation. Z scores in Fig. 6 were
derived from the formula: Z � (raw scores – the mean)/the standard
deviation.

Ethics statement. Specimens from the Stanford blood bank provided
HIV-negative blood samples. Cryopreserved specimens of individuals
from the Walter Reed Army Institute of Research (WRAIR) and the MGH
were used. All study subjects gave written informed consent prior to par-
ticipating in the study, and approval was obtained from the respective
IRBs (WRAIR and MGH).

RESULTS
Cytolytic CD4� T cells are a distinct subset from Th1 helper
CD4� T cells. We have previously demonstrated that the emer-
gence of HIV-specific cytolytic CD4� T cell responses during
acute HIV infection is associated with a low viral set point and a
significant delay in disease progression, suggesting a potential role
in HIV control (5). Indeed, examination of individuals able to
spontaneously control HIV replication below the limit of detec-
tion (�50 HIV RNA copies/ml [termed elite controller]) in com-
parison to individuals with controlled viremia but with viral loads
ranging up to 2,000 HIV RNA copies/ml (termed viremic control-
ler) or individuals with high viremia (termed chronic progressor)
revealed significant enrichment of HIV-specific cytolytic or
IFN-�� CD4� T cell responses in elite controllers compared to
chronic progressors (Fig. 1A). Interestingly, elite controllers dis-
played 9.5-fold-higher levels of cytolytic CD4� T cells relative to
chronic progressors, while they only displayed 1.6-fold-higher
levels of IFN-�� cells, highlighting the potential importance of
cytolytic CD4� T cells in viral control. Given the potential impor-
tance of these HIV-specific cytolytic CD4� T cell responses in the

long-term control of HIV viremia, we sought to determine factors
involved in driving a cytotoxic program in HIV-specific CD4� T
cells. We first utilized a surface capture technique to isolate HIV-
specific CD4� T cells based on their ability to respond by either
secreting IFN-� alone (termed Th1) or in combination with de-
granulatory function (CD107a� IFN-��) (termed cytolytic) after
stimulation with HIV Gag peptides. These cells were then probed
by Fluidigm BioMark HD analyses to dissect the gene profiles
either associated with either cytotoxicity or classical Th1 function.

We found striking differences in the transcriptional program
of Gag-specific CD107a� IFN-�� CD4� T cells compared to
IFN-�� CD107a� CD4� T cells (Fig. 1B). Performing unsuper-
vised hierarchical clustering analyses on resultant transcriptional
profiles revealed that CD107a� IFN-�� displayed a transcrip-
tional profile similar to the cytolytic effector functions that have
been described for CD8� T cells and natural killer (NK) cells,
including granzymes A, B, and K and perforin. Besides these ef-
fector molecules, the surface natural killer 1 receptor (HNK-1;
also known as CD57), which has also been previously linked to
cytolytic activity of CD8� T cells and NK cells, was prominently
displayed, further suggesting cytolytic function in this subset (7–
9). In contrast, Gag-specific Th1 CD4� T cells showed higher
expression of several surface markers associated with helper CD4�

T cell functions, including ICOS, interleukin-7 (IL-7) receptor,
and CD161 (Fig. 1B). Together, these data demonstrate significant
differences in the gene expression profile of HIV-specific cytolytic
CD4� T cells and HIV-specific Th1 cells and implicate CD107a�

IFN-�� cells as a unique cellular subset to classically defined Th1
cells.

CD57 phenotypically defines HIV-specific cytolytic CD4� T
cells. To further explore cellular phenotype associated with cyto-
toxic CD4� T cells, we next analyzed phenotypic markers on the
protein level of HIV-specific cells utilizing multiparameter flow
cytometry. A panel of 16 putative biomarkers, which were signif-
icantly expressed in cytolytic CD4� T cells versus Th1 cells by our
previous Fluidigm BioMark analyses were assessed for protein ex-
pression via flow cytometry. Similar to prior transcriptional re-
sults, we found that perforin, granzyme B, and CD57 were ex-
pressed at significantly higher levels in HIV-specific cytolytic
CD4� T cells relative to Th1 cells, whereas IL-7 receptor and
CD161 showed significantly lower expression (Fig. 2A). More-
over, in contrast to the mRNA results, we also found significantly
higher expression of the killer-cell lectin-like receptor G1
(KLRG1) on HIV-specific cytolytic CD4� T cells compared to
HIV-specific Th1 CD4� T cells. KLRG-1 has been previously as-
sociated with cytolytic effector function of CD8 T cells, further
defining the phenotypic profile of cytolytic CD4� T cells (10, 11).
Interestingly, we found that CD57 surface expression could serve
as a good surrogate to phenotypically describe HIV-specific cyto-
lytic CD4� T cells, since it showed close coexpression with other
phenotypic and functional markers associated with cytolytic
CD4� T cell function, such as perforin and granzyme B expression
(Fig. 2B). Moreover, we found that a set of six phenotypic markers
tightly correlated with the cytolytic CD4� T cell program (Fig.
2C), while seven phenotypic markers were instead associated with
Th1 CD4� T cell function. Thus, our data suggest that HIV-spe-
cific cytolytic CD4� T cells have a phenotypically distinct profile
compared to HIV-specific Th1 CD4� T cells.

The cytolytic CD4� T cell program is associated with the co-
expression of two T-box transcription factors. A CD4� T cell

Johnson et al.

7496 jvi.asm.org August 2015 Volume 89 Number 15Journal of Virology

http://jvi.asm.org


lineage commitment is generally established through the expres-
sion of different characteristic transcription factors. The lineage
commitment of Th1 cells has been previously linked to the expres-
sion of the transcription factor tbx21 (TBET) (12, 13). We there-

fore were interested in whether HIV-specific Th1 cells and HIV-
specific cytolytic CD4� T cells differ in their expression levels of
T-box transcription factors, potentially further demonstrating
differences in their lineage commitment. Using Fluidigm Bio-

FIG 1 Cytolytic CD4� T cells are a distinct subset from Th1 helper CD4� T cells. (A) CD4� cells from HIV-infected patients were stimulated with Gag peptide
pools and stained for CD107a (left) or IFN-� (right). EC, elite controllers (n � 16); VC, viremic controllers (n � 4); CP, chronic progressors (n � 15).
Mann-Whitney U tests were used for comparisons of subsets (*, P � 0.05). (B) CD4� cells from HIV-infected patients (n � 6, numbered 1 to 6) were stimulated
with Gag peptide pools and sorted into CD107a� IFN-�� (red) and IFN-�� CD107a� (blue) populations. These cells, 100 per well, were then subjected to gene
expression analysis via Fluidigm BioMark. Unsupervised hierarchical clustering of select gene expression from these cell populations was then performed using
Pearson correlation matrices. Color indicates the relative minimum expression (yellow) to relative maximum expression (violet).
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Mark analysis as described above, we explored the expression of a
panel of 12 characteristic CD4� T cell lineage transcription factors
in HIV-specific cytolytic CD4� T cells compared to HIV-specific
Th1 CD4� T cells (Fig. 3A). Interestingly, we found significantly
lower expression of TBET mRNA expression in HIV-specific cy-
tolytic CD4� T cells compared to Th1 cells (P � 0.003) (Fig. 3A).
In contrast, the T-box transcription factor Eomesodermin
(EOMES), which has been previously linked to cytolytic functions
of CD8� T cells (14), was significantly higher expressed in cyto-
lytic CD4� T cells compared to Th1 CD4� T cells (P � 0.001).
Other transcription factors that have been previously linked to
cytolytic activity, including runx3 or THPOK displayed no differ-
ences between Th1 and cytolytic CD4� T cells (data not shown).
These differences in transcription factor mRNA expression were
confirmed at the protein level by flow cytometry (Fig. 3B). Cyto-
lytic CD4� T cells were found to express higher levels of EOMES
relative to Th1 cells, in agreement with our mRNA data (P �
0.0001). Unexpectedly, however, we observed higher levels of T-
bet in cytolytic relative to Th1 CD4� T cells as well (P � 0.05),
while the Th2 transcription factor GATA3 was expressed at
slightly higher levels in Th1 CD4� T cells (P � 0.05), although
these differences were relatively lower than that observed for

Eomes. Moreover, we found that the coexpression of Eomes and
T-bet, and to a lesser extent singular expression of Eomes, most
closely associated with the cytolytic CD4� T cell program, as pre-
viously suggested for mice (15–17) (Fig. 3C). As is the case for
most transcription factors, however, a strict delineation of cyto-
lytic versus Th1 CD4� T cells was not achieved by comparing
Eomes and T-bet. This may also indicate a role for additional
transcription factors in maintenance of the cytolytic phenotype
that have not been tested in the present study. Together, these data
indicate that cytolytic and Th1 CD4� T cells differ in their tran-
scription factor expression, highlighting differences in their effec-
tor function.

Cytolytic CD4� and CD8� T cells share common cytolytic
features. Given the expression of transcriptional factors associ-
ated with cytolytic function in cytolytic CD4� T cells, we next
sought to compare their transcriptional profile with classically de-
fined cytolytic CD8� T cells. We began by selecting 94 genes in-
volved in T cell effector functions (see Table S1 in the supplemen-
tal material) and analyzed expression of these markers by
Fluidigm BioMark analyses as described above for HIV-specific
Th1 CD4�, cytolytic CD4�, and cytolytic CD8� T cells. Neither
CD4� mRNA in CD8� T cells nor CD8� mRNA in CD4� T cells,

FIG 2 CD57 is a marker of HIV-specific cytolytic CD4� T cells. CD4� cells from HIV-infected subjects (n � 12) were stimulated with Gag peptide pools and
sorted into CD107a� IFN-�� and IFN-�� CD107a� populations. These cells were then subjected to multiparameter flow cytometry. (A) Expression levels,
presented as a percentage of CD4� T cells, of CD57 and additional cytolytic markers. (B) Exemplary flow plots of CD57 coexpression with KLRG-1, perforin,
granzyme B, Eomes, and IL-7R. (C) Coexpression of flow cytometric parameters from cytolytic (CD107a� IFN-��) CD4� T cell populations in Fig. 2A were
determined by clustering by Pearson correlation matrices. Genes identified in red correspond to the identified cytolytic phenotype.
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FIG 3 The cytolytic CD4� T cell program is associated with T-box transcription factors. CD4� T cells from HIV� individuals (n�12) were stimulated with Gag peptide
pools and sorted into cytolytic (CD107a� IFN-��) and Th1 (IFN-�� CD107a�) CD4� T cell populations. These cells were then subjected to gene expression analysis
via Fluidigm BioMark or flow cytometry. (A) Expression levels of transcription factors mRNA sorted HIV-specific cytolytic CD4� T cells versus HIV-specific Th1 CD4�

T cells (blue, Th1 CD4� T cells; red, cytolytic CD4� T cells). (B) Protein expression of T-bet and Eomes in CD4� cytolytic T cells and Th1 CD4� T cells measured by flow
cytometry. (C) Coexpression of T-bet and Eomes in cytolytic CD4� versus Th1 CD4� T cells measured by flow cytometry as in panel B.
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respectively, were detectable, confirming CD4� and CD8� T cell
lineage commitment and sort purity (data not shown). Genes
showing the broadest differences from the data set were then used
in an unsupervised hierarchical clustering analysis (Fig. 4A). As
expected, all three cell populations formed distinct clusters, and
both Th1 and cytolytic CD4� T cells clustered with one another,
separate from cytolytic CD8� T cells. However, despite the overall
similarities in gene expression between the CD4� T cell subsets,
cytolytic CD4� T cells uniquely shared a module of genes, includ-
ing CD57, granzyme B, and granzyme H with cytolytic CD8� T
cells. Therefore, although there are fundamental differences be-
tween CD4� and CD8� T cell lineages, cytolytic CD4� T cells
express a module of genes classically associated with cytolytic
function in CD8� T cells.

We next compared phenotypic differences between HIV-spe-
cific cytolytic CD4� and CD8� T cells. Using multicolor flow
cytometry we found that CD8� T cells shared on many levels
common features with cytolytic CD4� T cells but significantly
differed from Th1 cells. Specifically, we found that cytolytic CD4�

and CD8� T cells had a similar expression profile to that of the
cytotoxic markers that we found describing cytolytic CD4� T
cells, including CD57, perforin, granzyme B, KLRG1, and the
transcription factor Eomes (Fig. 4B). In contrast, these markers
were significantly less expressed in Th1 CD4� T cells. Notably,
only the surface receptor CD161 was differently expressed in all
three populations, with cytolytic CD4� T cells exhibiting an inter-
mediate expression level between CD8� and Th1 CD4� T cells.
Taken together, our data demonstrate a striking similarity in the
gene and surface expression profile of a cytotoxic program in cy-
tolytic CD4� T cells and CD8� T cells.

Temporal cooperativity between HIV-specific cytolytic
CD4� T cells and HIV-specific CD8� T cells in the clearance of
virus-infected cells. Previous studies have demonstrated the pre-
dominant role of HIV-specific CD8� T cells in the control of HIV
infection (18). However, given the transcriptional and phenotypic
similarities between HIV-specific cytolytic CD4� T cells and HIV-
specific CD8� T cells, we next sought to assess the ability of HIV-
specific cytolytic CD4� T cells and cytolytic CD8� T cells to con-
tribute to control of viral replication. To do so, we purified
cytolytic CD4� T cells based on the phenotypic marker CD57 and
CD8� T cells for use as effector cells in a modified viral inhibition
assay (19). Activated HLA-DR� CD4� T cells were used as target
cells and infected with nevirapine-resistant virus in culture, and
effector CD4� or CD8� T cells were added at a ratio of 1:1 (Fig.
5A). As expected, after 3 days of coculture the CD8� T cells
showed robust viral inhibition of 	2 logs (Fig. 5B). Cytolytic
CD4� T cells did not display significant differences in their viral
inhibitory activity compared to CD8� T cells, with both being able
to reduce resultant virus titers by 32% (P � 0.0193) versus 43%
(P � 0.0047), respectively. The ability to reduce viral replication
between cytolytic CD4� T cells and CD8� T cells was not signifi-
cantly different (P � 0.243) at day 3 after coculture. Importantly,
noncytolytic CD4� T cells (CD57�) had no effect on viral inhibi-
tion (Fig. 5B and C). These data suggest that while CD8� T cells
provide greater control of viral replication in coculture, cytolytic
CD4� T cells are also able to effect significant viral inhibition.

We next probed the possibility of whether cytolytic CD4� T
cells and cytolytic CD8� T cells could display cooperativity in the
control of HIV replication. To test this possibility, we repeated our
coculture viral inhibition assay adding cytolytic CD4� T cells and

CD8� T cells in equal ratio and controlled for the overall cell
number. Strikingly, the addition of cytolytic CD4� T cells further
increased viral inhibition relative to cytolytic CD8� T cells alone
by on average of an additional 18% on day 3 (P � 0.009) (Fig. 5D
and E). This effect was most potent at early time points in infec-
tion and waned over time. Only in the cultures of cytolytic CD4�

T cells in which CD8� T cells were present was the inhibitory effect
still observed. However, at day 7 of coculture, the addition of
cytolytic CD4� T cells to CD8� T cells did not have an additional
effect of suppressive activity. We speculate that this may occur due
to cytolytic CD4� T cells themselves becoming infected in the
coculture assay and subsequently losing their protective activity.
Thus, our data suggest a concerted action of cytolytic CD4� and
CD8� T cells, which may be diminished if early viral infection is
not controlled.

Acute CD57� CD4� T cell kinetics suggest involvement of
cytolytic CD4� T cells in HIV control. During acute HIV infec-
tion, a massive depletion of activated CD4� T cells occurs (20),
this observation is mirrored by an increased infection of cytolytic
CD4� T cells by day 7 of our coculture experiments. We therefore
investigated whether cytolytic CD4� T cells are preferentially in-
fected and depleted in the course of HIV infection. We first as-
sessed the susceptibility of cytolytic CD4� T cells to HIV infection
in vitro. Cytolytic CD4� T and Th1 CD4� cells were enriched
based on CD57 or CD161 expression as surrogate phenotypic
markers for cytolytic CD4� T cells and Th1 CD4� T cells, respec-
tively, from PBMCs of 10 HIV-uninfected individuals. We next
infected each population with a panel of R5-tropic primary iso-
lates, as well as NL4-3 virus (21). Although we observed that for
some R5 viruses the CD57� cytolytic CD4� T cells to be less sus-
ceptible to infection than CD57� CD4� T cells, this difference was
not statistically significant for all four viruses tested (P � 0.58)
(Fig. 6A). Similarly, we found that CD161� Th1 CD4� T cells
showed slightly higher levels of infectibility by R5 viruses com-
pared to CD161� CD4� T cells (P � 0.021). There were no dif-
ferences in the susceptibility to the X4 virus NL4-3 between cyto-
lytic and Th1 CD4� T cells (Fig. 6B). These data are in line with
previous data that suggested that CD57� CD4 T cells are slightly
less infectible (22).

Due to the correlation between the emergence of cytolytic
CD8� T cells and the acute control of HIV viremia, we finally
explored whether cytolytic CD4� T cells similarly emerge and
assist in viral control in acute HIV infection (18). We began by
measuring early kinetics of CD57� CD4� T cells in a cohort of 24
acutely HIV infected at days 0, 5, 9, 17, 32, and 52 of infection.
Strikingly, the emergence of cytolytic CD57� CD4� T cells was
tightly associated with viral replication (Fig. 6C). In contrast, the
memory CD4� T cell population as CD45RO� CD4� T cells
markedly dropped during acute HIV infection. These data are in
agreement with our infectibility assays showing decreased infec-
tion of cytolytic CD57� CD4� T cells and furthermore suggest a
role for these cells in acute HIV infection. Finally, in order to assess
whether cytolytic CD4� T cells may have a role in control of
viremia and subsequent viral set point, we performed a correla-
tion analysis on the degree of CD57� CD4� T cell expansion and
subsequent early viral set point. Early emergence of CD57� CD4�

T cells displayed a moderate inverse correlation with the early viral
set point, again suggesting an active role of cytolytic CD4� T cells
in primary HIV infection (R � �0.44, P � 0.03) (Fig. 6D). We
found, based on these results, that despite the susceptibility of
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FIG 4 Cytolytic CD4� cells and CD8� T cells share common cytolytic features. PBMCs from HIV-infected patients (n � 6) were stimulated with Gag peptide
pools and sorted into CD8� T cells, cytolytic CD4� T cells, or Th1 CD4� T cell populations as defined above. These cells were then subjected to gene expression
analysis via Fluidigm BioMark or flow cytometry. (A) Unsupervised hierarchical clustering analysis using Pearson coefficient of gene expression levels of selected
genes associated with effector functions from HIV-specific CD8� T cells (green), HIV-specific cytolytic CD4� T cells (red), and HIV-specific Th1 CD4� T cells
(blue) for all six individuals. (B and C) Comparison of protein expression histograms (B) and gene expression of 100 cells via Fluidigm BioMark (C) of CD8�

(black), cytolytic CD4� T cells (red), and Th1 CD4� T cells (blue) for six cytolytic markers.
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cytolytic CD4� T cells to HIV infection, the emergence of these
cells during acute HIV infection is associated with early control of
viremia. Thus, we describe here a model (Fig. 6E) wherein the
HIV-specific cytolytic CD4� T cells and CD8� T cells cooperate in
the control of early viral replication. Since cytolytic CD4� T cells
are still prone to infection, CD8� T cells are required to keep
overall viral replication in check, and yet cytolytic CD4� T cells
can contribute additively to the overall direct antiviral response.

DISCUSSION

Although CD4� T cells exhibit a host of different helper functions
that contribute to the HIV-specific immune response, a growing
body of evidence supports the idea that direct cytolytic effector
activity by CD4� T cells is also important for HIV control and
clearance (1, 23, 24). Indeed, besides HIV-specific CD8� T cells,
the emergence of HIV-specific cytolytic CD4� T cells during acute
HIV infection has been linked to control of viral replication (5,
25). Furthermore, a publication studying the effect of CD4� T cell

depletion prior to SIV infection had the unexpected result of the
loss of post-peak SIV control despite the presence of HIV-specific
CD8� T cells (24). Subsequent analysis showed that this lack of
control may be due to the depletion of cytolytic CD4� T cells. In
contrast, depletion of CD8� T cells and control of SIV viremia was
associated with the emergence of humoral and cytolytic CD4� T
cell responses (23). Beyond natural HIV infection, the ability to
degranulate upon antigenic recognition and release effector mol-
ecules such as perforin and granzyme B has been shown to be a key
feature of antigen-specific CD4� T cells in other viral infections
such as CMV and hepatitis C (26), as well as in cases of cancer (27)
and after vaccination (2, 28).

We therefore sought to describe more fully the biology of HIV-
specific cytolytic CD4� T cells and understand their underlying
biology and potential cooperation with HIV-specific CD8� T cells
in the control of HIV viremia. We found that cytolytic CD4� T
cells represent a distinct subset of CD4� T cells that differ signif-
icantly in their transcriptional and phenotypic profile compared

FIG 5 Temporal cooperativity between HIV-specific cytolytic CD4� T cells and HIV-specific CD8� T cells in clearance of virus-infected cells. (A) Schematic
drawing of the experimental setup. PBMCs from HIV� donors were separated into multiple populations using MACS columns and Dynabead selection kits. For
a target cell population, HLA-DR� CD4� T cells were infected at an MOI of 0.01 with a nevirapine-resistant R5-tropic virus. Effector cells and target cells were
combined at a ratio of 1:1 with the respective population: CD8�, CD57� cytolytic CD4� T cells and CD57� noncytolytic CD4� T cells. (B) Comparable levels
of viral inhibition by CD8� T cells and cytolytic CD57� CD4� T cells at 3 days postculture (n � 10). (C) Viral inhibition with increasing viral loads in cytolytic
CD4� T cells but decreasing viral loads in CD8� T cells at 7 days postculture (n � 5). (D) Robust cooperativity between CD8� T cells and cytolytic CD4� T cells
in the viral inhibition of HIV-infected cells. The addition of cytolytic CD4� T cells to CD8� T cells increased viral inhibition by 18% (P � 0.0089) at day 3
postcoculture (n � 5; Mann-Whitney U tests). (E) Cooperative short-term viral inhibition by CD8� T cells and cytolytic CD4� T cells (n � 5).
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to Th1 cells, characterized by the expression of a module of genes
associated with cytolytic function, as well as the T-box transcrip-
tion factors T-bet and Eomes. Interestingly, the combinational
expression of both have been previously shown to be linked to
cytolytic function of cytolytic CD4� T cells in lymphochoriomen-
ingitis virus-infected mice (14), which has also been shown to be
linked to the cytolytic activity of CD8� T cells (29, 30). We ob-
served that the transcriptional and phenotypic profile of CD8� T

cells and cytolytic CD4� T cells were very similar in many respects.
We found that the surface molecule human natural killer-1 recep-
tor (HNK-1/CD57), which has been previously linked to cytolytic
activity of CD8� T cells, also best characterizes cytolytic CD4� T
cells (7, 31, 32). Interestingly, CD57 has been previously noted to
denote a nonproliferating CD4� T cell population that is present
in higher numbers in HIV� untreated individuals and predomi-
nantly secrete IFN-� (33). We also found that levels of effector

FIG 6 Acute CD57� CD4� T cell kinetics suggest involvement of cytolytic CD4� T cells in HIV control. (A and B) CD57�, CD57�, CD161�, and CD161� CD4�

T cells were purified via negative selection from PBMCs of HIV� donors (n � 10) using MACS columns and anti-PE beads. A total of 50,000 cells were infected
with an MOI of 0.01 of four R5-tropic viruses, numbered V011 to V014 (A), or an X4-tropic virus strain (B). Supernatants were removed on day 3 postinfection
and assessed for viral load directly via quantitative real-time PCR. CD57� CD4� T cells showed slightly lower susceptibility to HIV infection than CD57� CD4�

T cells. CD161� CD4� T cells were more susceptible to HIV infection than CD161� CD4� T cells (P � 0.05; Student paired t tests). Different colors represent
different R5 viruses used. (B) No difference in the susceptibility to HIV infection of CD57� CD57� or CD161� CD161� CD4� T cells from HIV� donors (n �
6) to CXCR4 viruses. (C) Longitudinal analysis of the emergence of CD57� CD4� T cells during acute HIV infection in acutely infected individuals (n � 24) from
preinfection to early viral set point. CD57� CD4� T cells are indicated in blue, and the general CD45RO� CD4� T cell population is indicated in green. The
average viral load of all individuals is indicated by red dotted lines. (D) Association of the early viral set point with the expression level of CD57� CD4� T cells
shows an inverse correlation of viral set point and CD57� CD4� T cells (R � �0.44, P � 0.03). (E) Schematic drawing of proposed model of cooperativity
between HIV-specific cytolytic CD4� and CD8� T cell responses.
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molecules of granzyme B and perforin were not significantly dif-
ferent between cytolytic CD4� and cytolytic CD8� T cells, further
stressing their role and cooperativity in the control of HIV repli-
cation between both cell types. Taken together, these data indicate
that cytolytic CD4� T cells are a genuinely separate lineage of
CD4� T cells, which display phenotypic and transcriptional sim-
ilarities to classically defined cytolytic functions of CD8� T cells.
The specific signals and pathways that lead to the induction of
such cells and whether they arise from a particular helper progen-
itor subset is therefore of great interest and warrants further in-
vestigation.

We observed that CD57� cytolytic CD4� T cells dramatically
expand during acute HIV infection, tightly following the viral load
trajectory. Interestingly, the set point viral load was inversely cor-
related with the presence of CD57� cytolytic CD4� T cells during
acute infection. This observation is particularly interesting in light
of a recent study that also found that the frequency of CD57�

expressing CD8� T cells is inversely correlated with HIV progres-
sion, suggesting a cooperative role for these cytotoxic cell subsets
to control HIV loads in chronic infection (34). To probe this pos-
sibility, we tested the ability of CD57� CD4� T cells and cytotoxic
CD8� T cells to cooperatively inhibit viral replication. We showed
that cytolytic CD4� T cells are functional and able to inhibit viral
replication to a similar extent as CD8� T cells and that they dis-
played cooperativity in viral control. However, this effect was seen
only early during the viral inhibition assay when the effect of
CD8� T cell inhibition was less pronounced than after 5 or 7 days.
The effect of CD4� T cell killing was later masked by the infection
of CD4� T cells themselves. The cooperativity observed between
CD8� and CD4� T cells in viral inhibition is even more interest-
ing when one considers that the efficacy of HIV-specific CD8� T
cells in controlling viral replication is more susceptible to HIV
evasion strategies, including escape from targeted epitopes. The
peptide-binding modalities of major histocompatibility complex
class II (MHC-II) allow for much greater sequence diversity, re-
ducing the ability of the virus to escape from HIV-specific CD4� T
cell responses (35, 36). Although MHC-II epitope escape has been
previously reported (37, 38), it is less often observed. The fact that
CD4� T cells and CD8� T cells commonly use different antigen
recognition pathways may potentially allow for dual targeting of
the same infected cell and thereby reduce the ability of HIV escape
by epitope mutation. A key question is therefore whether individ-
uals better able to control HIV replication display evidence of
MHC-II-mediated selection pressure and whether such responses
can be augmented by therapeutic interventions.

Taken together, our data show that HIV-specific cytolytic
CD4� T cells are distinct from Th1 CD4� cells. These cytolytic
CD4� T cells share common features with cytolytic CD8� T cells
also and act in concert with CD8� T cells to control viral replica-
tion. These data suggest a role for the combined activity of both
cell types in the long-term control of HIV infection and provide
crucial insight into the processes underlying HIV control, as well
as putative protection from infection by vaccination.
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