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Background: CD4+ T cells play a critical role in the regulation of immunopathogenesis in 
HIV infection. Previous studies have shown contradictory results of the CD4+ T-cell 
responses in people living with HIV (PLHIV).
Methods: A cross-sectional study was performed on 40 healthy controls, 134 ART-naïve 
PLHIV, and 34 individuals who experienced 3-year ART with low baseline CD4 count from 
4 August 2016 to 23 January 2019. We determined the frequencies of CD4+ T-cell subsets 
and described the cytokine secretion pattern of total and subsets of CD4+ T cells in these 
individuals.
Results: We found that CD4+ T cells in PLHIV displayed enhanced secretion of pro- 
inflammation cytokines and polyfunctionality due to HIV disease progression (r = −0.282, 
P = 0.0035 for IFN-γ; r = −0.412, P = 0.0002 for TNF-α; r = −0.243, P < 0.0001 for GM- 
CSF; r = −0.252, P = 0.0093 for IFN-γ+ TNF-α+ cells). However, the altered T-cell subsets, 
as presented by the loss of naïve cells and expansion of memory/effector population in 
PLHIV, were associated with discordant results in total and subsets of CD4+ T cells. As 
major cytokine-producing T subsets, effector/memory CD4 subsets showed impaired cyto-
kine production (P < 0.05). We further demonstrated that 3-year ART treatment could 
improve CD4 counts by increasing the pool of naïve T cells but could not restore cytokine 
secretion in CD4+ T-cell subsets (P < 0.05).
Conclusion: These data identified the impaired capacity of cytokine secretion in CD4+ 

T-cell subsets due to HIV disease progression, and the altered T-cell subsets were associated 
with pseudo-elevation of cytokine production in total CD4+ T cells. This study collectively 
suggested the importance of therapies that can preserve and/or enhance the function of CD4+ 

T cells in strategies of HIV remission.
Keywords: HIV infection, cytokines, T-cell dysfunction, T-cell subsets, inflammatory 
responses

Introduction
Chronic human immunodeficiency virus (HIV) infection causes progressive destruc-
tion of CD4+ T cells and profound immune suppression, increasing the risk for 
opportunistic infections.1 As a target of HIV infection, CD4+ T cells play a critical 
role in the modulation of innate immunity and initiation of adaptive immunity by their 
production of cytokines and chemokines to orchestrate the full panoply of immune 
responses.2–4 Recently, considerable emphasis has been placed on the cytokine immu-
nity of CD4+ T cells regulating immunopathogenesis during HIV infection.5
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CD4+ T cells, commonly referred to as T-helper (Th) 
cells, differentiate into Th1 and Th2 populations character-
ized exclusively by cytokine secretion patterns and distinct 
biological functions. Th1 cells synthesize IFN-γ, TNF-α, IL- 
2, and are associated with protective responses, whereas Th2 
cells secret anti-inflammatory cytokines such as IL-10.6,7 

Numerous studies showed defects in Th1 immune response 
with reduced expression of IL-2 and IFN-γ during HIV 
infection.8,9 On the contrary, some studies revealed that 
HIV could activate the Th1 immune response, induce inflam-
matory processes, and indirectly accelerate disease 
progression.10,11 Diverse methodological approaches could 
explain the contradictory results for the analysis of cytokines 
or Th subsets. A range of novel subsets of T helper cells, 
which could produce IL-17, IL-22, IL-9, and IL-27, have 
been characterized as Th17, Th22, Th9, and Th27 cells.12–15 

Depletion of Th17 and Th22 cells were observed in PLHIV 
and was linked to the loss of mucosal immunity.14,16,17 

Gorenec et al found a decrease of Th9 cells from acute to 
chronic stage of HIV infection.18 Additionally, IL-27 was 
demonstrated to exhibit potent anti-HIV properties in all 
major cell types targeted by HIV.15,19,20 More importantly, 
accumulating evidence suggested that polyfunctional T cells 
(PFC) are associated with more effective control of chronic 
viral infections, including HIV.21–24 However, our knowl-
edge of the complex cytokine profile of Th cells during 
HIV infection was limited.

Most previous studies of cytokine profiles in PLHIV were 
based on serological data. However, it is impossible to deter-
mine the exact source of elevated cytokines in plasma. 
A plethora of cytokines is not only released by CD4+ 

T helper cells but also by CD8+ T cells or innate immune 
cells.25 CD4+ T cells are also heterogeneous and display 
differential proliferative capacities and effector functions by 
producing characteristic cytokines.26 It is necessary to con-
sider the imbalance of distinct CD4+ T lymphocyte subsets 
during HIV infection. In the present study, we described the 
profile of multiple Th cells subsets in PLHIV. Overall, we 
found contradictory CD4+ T-cell responses in total and subsets 
of CD4+ T cells, which could be explained by the altered 
distribution of T-cell subsets during HIV infection.

Materials and Methods
Study Participants
We conducted a cross-sectional study, which was approved 
by the Committee of Ethics at Beijing Ditan Hospital, Capital 
Medical University in Beijing, and the study conformed to 

the tenets of the Declaration of Helsinki. All the human blood 
samples were collected with informed consent. From 
4 August 2016 to 23 January 2019, we examined the cytokine 
secretion pattern of CD4+ T cells in 40 healthy controls, 134 
ART-naïve, and 34 ART-experienced individuals with HIV 
infection. The precise infection time in these PLHIV is 
unknown. At the time of specimen collection, ART- 
experienced PLHIV were treated for a median of 3 years 
(IQR 2.0–3.4) with low baseline CD4 count (baseline CD4 
<200 cells/μL) and had plasma HIV RNA levels that were 
below detection according to routine clinical assays. 
Participants co-infected with hepatitis B virus (HBV) infec-
tion, hepatitis C virus (HCV) infection, syphilis, or other 
opportunistic infections/cancers were excluded. Among 
ART-experienced PLHIV, 12 immunological responders 
(CD4 cell count <200 cells/μL before ART and CD4 cell 
count ≥350 cells/μL at 3 years following ART initiation) 
were included. The clinical details of all the PLHIV are 
shown in Table 1 and Supplementary Table 1.

Sample Collection and Processing
Peripheral blood mononuclear cells were prepared from 
venous blood by density gradient centrifugation. All samples 
were processed and analyzed within 24 hours of collection.

Plasma HIV-1 Viral Load and CD4+ T-Cell 
Count
The plasma HIV-1-RNA levels were measured using 
a Standard Amplicor HIV Monitor assay, version 1.5 
(Roche Diagnostics, Indianapolis, IN, USA), with a lower 
detection limit of 40 copies/mL. The CD4+ T-cell count was 
determined with a standard flow cytometry technique with 
a TruCOUNT tube in routinely equipped laboratories (BD 
Biosciences, San Jose, CA, USA). Both measurements were 
determined twice per year in a single laboratory using stan-
dard methodologies that are included in the National Quality 
Assurance Programs.

Flow Cytometry Cell Phenotype Analysis
PBMCs were incubated with directly conjugated antibo-
dies for 30 min at 4°C. The cells were washed before flow 
cytometry analysis. Antibodies used included anti-human 
CD3-BV786 (clone SK7), CD8-BV510 (clone SK1), 
CD45RA-BV711 (clone HI100, BD Biosciences, San 
Diego, CA, USA), CD4-APC-Fire750 (clone SK3), 
CCR7-PE-CY7 (clone G043H7, BioLegend, San Diego, 
CA, USA), and the corresponding isotype controls 
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including BV786 Mouse IgG1 (clone X40), BV510 Mouse 
IgG1 (clone X40), BV711 Mouse IgG2b (clone 27–35, BD 
Biosciences), APC-Fire750 Mouse IgG1 (clone MOPC- 
21), PE-CY7 Mouse IgG2a (clone MOPC-173, 
BioLegend). Flow cytometric acquisition was performed 
on at least 100,000 T lymphocytes on BD LSRFortessa 
driven by the FACS Diva software. Analysis of the 
acquired data was performed using FlowJo software 
(TreeStar, Ashland, OR, USA).

In vitro Stimulation and Intracellular 
Staining
Levels of Th cells were determined as the percentage of 
CD4+ T cells that produce these cytokines following in vitro 
stimulation with PMA & Ionomycin. PBMCs, isolated as 
described above, were resuspended to 1×106 cells/mL in 
RPMI 1640 medium plus 10% FBS (R10). Cells were then 
incubated for 5h at 37°C in a medium with 1 × Cell 
Stimulation Cocktail (containing 81 nM PMA and 1.34 
nM ionomycin plus protein transport inhibitors, 
Ebioscience, San Diego, CA, USA). Following incubation, 
the cells were washed and surface-stained with CD3- 
BV786, CD4-APC-Fire750, CD8-BV510 for 30 minutes 
in the dark at room temperature, followed by fixation and 
permeabilization. After permeabilization, cells were stained 
with IFN-γ-AF700 (clone 4S.B3), IL-22-FITC (clone 
22URTI), IL-9-PE (clone MH9D1), IL-27-APC (clone 
ebic6), IL-10-PE-CY7 (clone JES3-9D7, Ebioscience), 
TNF-α-BV711 (clone MAb11), IL-17-BV421 (clone 
BL168), IL-2-BV650 (clone MQ1-17H12, BioLegend), or 
GM-CSF-PE-CF594 (clone BVD2-21C11, BD Biosciences) 
antibodies for 30 minutes in the dark at room temperature. 
Following staining, cells were washed and acquired on an 
LSRFortessa.

Statistical Analysis
The data are expressed as the mean [standard deviation 
(SD)], median [interquartile range (IQR)], and percentage 
[frequency]. The normality of each variable was evaluated 
using the Kolmogorov–Smirnov test. In cases of two nor-
mally distributed data, the comparison of variables was 
performed using unpaired or paired data were specified 
and two-tailed Student’s t-tests for unpaired and paired 
data, respectively. A one-way ANOVA test followed by 
Tukey’s multiple comparisons test was performed to com-
pare two more independent samples. When the data were 
not normally distributed, the comparison of variables was 

performed with a Mann–Whitney U-test or a Wilcoxon 
matched-pairs signed-rank test for unpaired and paired 
data. A Kruskal–Wallis test followed by Dunn’s multiple 
comparisons test was applied for comparing two more 
independent samples. Comparisons of participant charac-
teristics were analyzed using Fisher’s exact test (categori-
cal variables) or the Kruskal–Wallis test (continuous 
variables). Pearson’s or Spearman correlation coefficients 
were used to evaluating correlations for normally or non- 
normally distributed data, respectively. All analyses were 
performed using GraphPad7 (GraphPad Software, La 
Jolla, CA, USA) or SPSS (IBM Corporation, New York, 
NY, USA). P<0.05 was considered significant.

Results
Intracellular Cytokine Profile of CD4+ 

T Cells of PLHIV in Response to PMA 
Activation
We recruited 134 ART-naïve PLHIV and 40 gender- and 
age-matched healthy controls. According to their baseline 
CD4 cell count, 134 PLHIV were subdivided into three 
subgroups at three CD4 cell count thresholds (<200 cells/ 
µL, 200–350 cells/µL, and ≥350 cells/µL). The clinical 
characteristics and laboratory parameters are presented in 
Table 1.

To determine the cytokine secretion pattern of CD4+ 

T cells after activation, we in vitro stimulated PBMCs with 
PMA/Ionomycin. We then analyzed a series of representa-
tive T helper cell-related cytokines (IFN-γ, TNF-α, GM- 
CSF, IL-17, IL-22, IL-9, IL-27, IL-10, and IL-2) by using 
multicolor intracellular cytokine staining. Representative 
flow cytometry gating strategy for cytokine-producing 
CD4+ T cells is illustrated in Figure S1. As shown in the 
heatmap of Figure 1A, CD4+ T cells in PLHIV exhibited 
aberrant profiles of these cytokines compared with those in 
healthy controls.

Compared with healthy donors, the expression of IFN- 
γ, TNF-α, and GM-CSF on CD4+ T cells was found to be 
significantly increased in the PLHIV with low CD4 counts 
(<200 cells/µL) (Figure 1B). There were also higher per-
centages of IL-9+ and IL-27+ cells in PLHIV than in 
healthy controls. In addition, we noted a decreased fre-
quency of IL-22 on CD4+ T cells from every PLHIV group 
compared with those in healthy donors, suggesting IL-22 
production was severely affected since a relatively early 
stage of HIV infection. Of interest, a decrease in IL-2 per-
centage was observed in CD4+ T cells from PLHIV with 
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CD4 count <200 cells/µL. The frequencies of IL-10- and 
IL-17-expressing CD4+ T cells did not show a significant 
difference between PLHIV and healthy donors (Figures 1A 
and S2A).

Correlation analysis revealed that TNF-α+ cells fre-
quencies among CD4+ T cells were negatively correlated 
with CD4 count (r = −0.412, P = 0.0002; Figure 1C), 
whereas the frequencies of IL-2+ cells exhibited 
a positive correlation (r = 0.437, P = 0.0033; Figure 
S2B). Although not statistically significant, there was 
a trend that suggested that frequencies of intracellular 
IFN-γ and GM-CSF increased with HIV disease progres-
sion (r = −0.282, P = 0.0035; r = −0.243, P = 0.0001; 
Figure 1C). Similar results were obtained in IL-9 and IL- 
27 expression, and no significant correlation was observed 

between the expression of CD4 count and IL-17, IL-22, or 
IL-10 (Figure S2B). Thus, our data revealed a tendency 
toward secretion of pro-inflammation cytokines in the 
PLHIV with low CD4 count, consistent with previous 
reports.27,28

Assessment of Cytokines Producing 
CD4+ T-Cell Polyfunctionality in PLHIV
We then assessed the ability of blood CD4+ T cells to co- 
produce multiple pro-inflammation cytokines in PLHIV 
and healthy donors, including IFN-γ, TNF-α, and GM- 
CSF. Representative staining for these cytokines is 
shown in Figure 2A. Analysis of CD4+ T-cell cytokine 
profiles (ie, all combinations of IFN-γ, TNF-α, and GM- 

Table 1 Demographic and Clinical Characteristics in ART-Naïve PLHIV

Characteristics Healthy 
Controls

PLHIV P-value

≥350 CD4 200–350 CD4 <200 CD4

N (%) 40 59(43.70) 37(27.41) 38(28.15) –

Sex (M/F) 35/5 58/1 35/2 34/4 0.1248

Age (mean, years) 32±7 30±9 31±9 32±6 0.0754

Transmission route

MSM – 51 31 32 –
Heterosexual – 2 4 4 –

Blood – 0 0 0 –

Other/unknown – 6 2 2 –

CD4 count (cells/mm3), 

median (IQR)

– 482(392–540) 294(251–322) 74(34–156) <0.0001

CD8 count (cells/mm3), 

median (IQR)

– 882(767–1141) 838(604–1123) 701(472–867) 0.0011

HIV RNA viral load (copies/ 

mL), median (IQR)

– 19999 (10483–52406) 65420 (25515–149919) 136859 (45097–503323) <0.0001

WBC, ×109/L, median (IQR) – 6.4(5.0–7.1) 5.1(4.6–7.2) 4.6(3.3–5.2) <0.0001

LY, ×109/L, median (IQR) – 2.0(1.7–2.3) 1.6(1.4–2.0) 1.1(0.8–1.5) <0.0001

Hb, g/L, median (IQR) – 159(153–167) 159(153–162) 138(120–149) <0.0001

PLT, ×109/L, median (IQR) – 209(174–245) 209(174–236) 200(166–236) 0.738

BUN, mmol/L, median (IQR) – 4.5(3.7–5.4) 4.6(3.7–5.3) 3.8(3.0–4.7) 0.0102

ALT, U/L, median (IQR) – 20.3(16.0–31.9) 23.2(14.7–34.2) 22.9(17.4–40.1) 0.2790

AST, U/L, median (IQR) – 20.9(17.6–25.1) 20.4(16.6–26.0) 23.6(18.7–29.3) 0.1044

Tbil, μmol/L, median (IQR) – 11.3(8.7–14.5) 10.7(8.1–14.0) 6.5(4.9–9.8) <0.0001

Abbreviations: MSM, man have sex with man; WBC, white blood cell; LY, lymphocyte; Hb, hemoglobin; PLT, blood platelet; BUN, urea nitrogen; ALT, alanine transaminase; 
AST, aspartate aminotransferase; Tbil, total bilirubin.
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CSF) revealed frequent coproduction of multiple 
cytokines.

To better characterize these CD4+ T-cell subsets, we 
used a 3-set Venn diagram displaying the overlap among 
IFN-γ-, TNF-α- and GM-CSF-producing CD4+ T cells 
(Figure 2B). Specifically, all these CD4+ T-cell subsets 
showed remarkably larger fractions of cells producing 
double or triple-positive cytokines both in PLHIV and 

healthy controls. We also observed an increased proportion 
of IFN-γ+ TNF-α+ in CD4+ T cells in the PLHIV with CD4 
count <200 cells/µL (Figure 2C), and correlation analysis 
confirmed that the percentage of IFN-γ+ TNF-α+ cells was 
elevated accompanying by a decrease in CD4 count (r = 
−0.252, P = 0.0093; Figure 2D). Of note, we found that the 
majority of IFN-γ+ TNF-α+ CD4+ T cells were also GM- 
CSF+ (Figure 2A). Therefore, the PLHIV with CD4 count 

Figure 1 Heatmap and cluster analysis of cytokine profiles and correlation with HIV disease progression. (A) Heatmap and cluster analysis of cytokines for healthy donors 
and PLHIV. The percentage of cytokine-producing cells was expressed as color scales (black represents low levels; red, high levels). Dendrograms on the left side reflected 
proximities of cytokines based on intracellular cytokine staining. (B) The expression of IFN-γ, TNF-α, and GM-CSF in healthy controls and different PLHIV groups (CD4 
count≥350 cells/µL, 200–350 cells/µL, <200 cells/µL). P values were obtained by the Kruskal–Wallis test followed by Dunn’s multiple comparisons test (IFN-γ, GM-CSF) or 
one-way ANOVA test followed by Tukey’s multiple comparisons test (TNF-α). (C) Correlation analysis of the percentages of cytokine-producing CD4+ T cells and CD4 
count. Pearson’s (TNF-α) or spearman’s (IFN-γ, GM-CSF) test was used to test for correlations. *P < 0.05, **P < 0.01, ***P < 0.001. 
Abbreviations: GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon; IL, interleukin; TNF, tumor necrosis factor.
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<200 cells/µL also displayed an increased fraction of IFN- 
γ+ TNF-α+ GM-CSF+ in CD4+ T cells (Figure 2C). 
However, we could not find a correlation between the 
triple-functional CD4+ T cells and CD4 numbers 

(Figure 2D). A similar polyfunctionality was also found 
in IL-9+ and IL-27+ CD4+ T cells (Figure S3A and B).

Since the critical role of immune activation and 
exhaustion during HIV infection was previously stated, 

Figure 2 Polyfunctionality of cytokine-producing CD4+ T cells in PBMCs. (A) Representative staining for IFN-γ, TNF-α, and GM-CSF within CD4+ T cells from healthy 
controls and different PLHIV groups. (B) Venn diagram of the differentially double or triple-positive CD4+ T cells in healthy controls and different PLHIV groups (CD4 
count≥350 cells/µL, 200–350 cells/µL, <200 cells/µL). (C) Box plots of the frequencies of IFN-γ+ TNF-α+, IFN-γ+ TNF-α+ GM-CSF+ cells on CD4+ T cells from healthy 
controls and different PLHIV groups (CD4 count≥350 cells/µL, 200–350 cells/µL, <200 cells/µL). P values were obtained by Kruskal–Wallis test followed by Dunn’s multiple 
comparisons test. (D) Correlation analysis of CD4 count and percentages of IFN-γ+ TNF-α+, IFN-γ+ TNF-α+ GM-CSF+ cells among CD4+ T cells. Spearman’s non- 
parametric test was used to test for correlations. **P < 0.01, ***P < 0.001.
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we further analyzed the expression of HLA-DR, CD38, 
and PD-1. As shown in Table 2, HLA-DR and PD-1 
expression in CD4+ T cells were strongly correlated with 
single or multiple expression of IFN-γ, TNF-α, and GM- 
CSF, implying the involvement of immune activation and 
exhaustion in pro-inflammatory responses during HIV 
infection.

In summary, these results showed that CD4+ T cells in 
PLHIV displayed a character of T-cell polyfunctionality 
and these strong PFC responses were a sign of the most 
severe stage during HIV infection (CD4 count <200 
cells/µL).

Dysregulated Cytokine Secretion Was 
Associated with Loss of TN Fraction and 
the Increase of TCM and TEM CD4+ 

T Cells
CD4+ T cells are a heterogeneous population and could 
contain naïve T cells (TN, CD45RA+ CCR7+), central 
memory T cells (TCM, CD45RA− CCR7+), effector mem-
ory T cells (TEM, CD45RA− CCR7−), and a small fraction 
of terminally differentiated effector cells (TEMRA, 
CD45RA+ CCR7−). Prior studies have demonstrated that 
cytokine production capacity was also different in these 
T populations. In agreement with previous reports, we 
observed that PMA/Ionomycin induced high percentages 
of IFN-γ, TNF-α, and GM-CSF expression in both TCM 

and TEM fractions than TN fraction in healthy donors 
(Figure 3A). Since the dramatic decrease in both the 

percentages of TN fraction and absolute cell count in the 
PLHIV with CD4 count <200 cells/µL (Figure 3B and C), 
we wondered that whether the enhanced capacity of cyto-
kine-production in PLHIV might be a result of the loss of 
TN fraction. To test the above hypothesis, we investigated 
the capacity of cytokine production for each CD4+ T-cell 
fraction. As shown in Figure 3B, the percentage of TEMRA 

CD4+ T cells was meager, and the following study would 
not be covering that subset.

We observed comparable IFN-γ, GM-CSF, and TNF-α 
frequencies in TN cells from PLHIV and healthy controls. 
In line with the above observation, most proliferation 
concentrated in the CD45RA− memory/effector popula-
tions of CD4+ T cells in healthy controls and PLHIV. 
Strikingly, both TCM and TEM from PLHIV displayed 
decreased percentages of cells producing IFN-γ, TNF-α, 
and GM-CSF compared with healthy controls (Figure 4A– 
C). Similar results were found on IL-17- and IL-22- 
producing T cells (Figure S4A and B), and no significant 
change was observed in the expression of IL-9, IL-27, IL- 
10, and IL-2 (Figure S4C–F).

Consistent with the analysis of individual cytokine pro-
duction, TCM and TEM were the main subsets contributing to 
polyfunctional responses (Figures 4D and S4G). Compared 
with healthy individuals, we also observed a declined pro-
portion of IFN-γ+ TNF-α+ GM-CSF+ cells among TCM and 
TEM fractions in PLHIV (Figure 4D). Thus, CD4+ T-cell 
PFC responses were also impaired in PLHIV.

Indeed, we find that single or multiple IFN-γ, TNF-α, 
and GM-CSF expression was negatively correlated with the 

Table 2 Correlation Between Cytokine-Producing Cells and CD4 Immune Activation or Exhaustion Markers in ART-Naïve PLHIV

Variable HLA-DR CD38 PD-1

r P-value r P-value r P-value

IFN-γ 0.7703 <0.0001 0.1512 0.2115 0.5505 <0.0001

TNF-α 0.6887 <0.0001 0.2657 0.0262 0.5434 <0.0001
GM-CSF 0.5249 <0.0001 0.2145 0.0746 0.4398 0.0002

IL-9 0.2337 0.0516 0.1833 0.1288 0.06383 0.6134

IL-27 0.2897 0.0150 0.1979 0.1005 0.2227 0.0746
IL-2 −0.5851 <0.0001 0.0205 0.8663 −0.3279 0.0077

IL-17 −0.1988 0.0990 −0.0170 0.8886 0.03324 0.7927

IL-22 −0.1491 0.2180 0.0269 0.8252 0.1355 0.282
IL-10 0.0594 0.6253 0.2908 0.0146 0.1432 0.2552

IFN-γ+ TNF-α+ 0.7599 <0.0001 0.0083 0.2198 0.5175 <0.0001

IFN-γ+ GM-CSF+ 0.5816 <0.0001 0.1671 0.1668 0.5016 <0.0001
TNF-α+ GM-CSF+ 0.4894 <0.0001 0.1679 0.1646 0.4247 0.0004

IFN-γ+ TNF-α+ GM-CSF+ 0.5770 <0.0001 0.1477 0.2224 0.5557 <0.0001
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frequency of naïve CD4+ T cells and was positively corre-
lated with CD4 TCM and TEM populations (Figure 5). These 
findings showed impaired production of pro-inflammation 
cytokines in CD4+ T-cell subsets, which was contradictory 

with that in total CD4+ T cells. It could be explained by the 
expansion of major cytokine-producing memory/effector 
T subsets as well as a severe loss of TN fraction despite 
impaired cytokine secretion in each subset of CD4+ T cells.

Figure 3 CD4 TCM and TEM populations were primary subsets of cytokine-producing CD4+ T cells. (A) Expression of IFN-γ, TNF-α, and GM-CSF among each subset (TN, 
TCM, and TEM) of CD4+ T cells was analyzed. Representative histograms displayed the expression of IFN-γ, TNF-α, and GM-CSF among each subset of CD4+ T cells from 
healthy donors. (B) Distribution of TN, TCM, TEM, and TEMRA in CD4+ T cells from healthy donors vs PLHIV. Representative flow data gated on CD4+ T cells of the 
percentage of each subset in healthy donors or PLHIV are shown. (C) Box plots of the frequencies (left) and absolute numbers (right) of different CD4+ T-cell compartments 
(TN, TCM, TEM, TEMRA) from healthy controls and PLHIV groups (CD4 count≥350 cells/µL, 200–350 cells/µL, <200 cells/µL). P values were obtained by Kruskal–Wallis test 
followed by Dunn’s multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4 CD4+ T-cell subsets showed impaired production of pro-inflammation cytokines. (A–C) Data were represented as histograms (left) and box plots (right) 
comparing median frequency in CD4+ cytokine-producing (IFN-γ, TNF-α, and GM-CSF) cells in different CD4+ T-cell subsets (TN, TCM, TEM) among healthy controls and 
different PLHIV groups (CD4 count≥350 cells/µL, 200–350 cells/µL, <200 cells/µL). (D) Data were represented as box plots comparing median frequency in triple-positive 
producing CD4+ T cells in different CD4+ T-cell subsets among healthy controls and different PLHIV groups. P values were obtained by Kruskal–Wallis test followed by 
Dunn’s multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5 Correlation between cytokine-producing CD4+ T cells and CD4 subsets. Heatmap of correlation coefficients for percentages of cytokine-producing cells and 
percentages of CD4+ T-cell subsets (TN, TCM, TEM, TEMRA) among CD4+ T cells from PLHIV. The data shown are representative of 43 PLHIV with complete data. The circle 
size is proportional to the correlation coefficient value. Blue circle: negative correlation; Orange circle: positive correlation; values with no significant correlation are not 
displayed.
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ART Could Not Restore the Cytokine 
Secretion of CD4+ T-Cell Subsets in 
PBMCs
Given that antiretroviral therapy (ART) in the treatment of 
HIV has substantially reduced the morbidity and mortality 
of PLHIV by inhibiting viral replication and immune 
disorders,29 we then investigated how ART influences the 
frequency of cytokine-producing CD4+ T cells. Since 
PLHIV with low baseline CD4 count displayed low fre-
quencies of inflammatory cytokines in CD4 subsets, we 
selected 20 ART-naïve PLHIV with a baseline CD4 count 
lower than 200 cells/μL and 34 PLHIV who experienced 
3-year ART with matched baseline CD4 count. 
Supplementary Table 1 depicts the individuals’ demo-
graphic and clinical characteristics. As shown in Figure 
S5, ART could not alter cytokine secretion in both CD4+ 

T-cell subsets and total CD4+ T cells from these selected 
PLHIV. To determine whether ART could effectively 
restore the cytokine secretion of CD4+ T cells in immuno-
logical responders (IRs),30,31 we further identified 12 
PLHIV with matched low baseline CD4 count who 

achieved successful immune reconstitution after 3 years of 
ART. Of note, the frequencies of IFN-γ+ producing CD4+ 

T-cell subsets were unchanged throughout treatment. 
Surprisingly, we observed a decline of TNF-α+ cells among 
TN and TCM fractions and decreased GM-CSF+ cells in the 
TN population (Figure 6A). Additionally, along with 
the altered ratio of CD4+ T-cell subsets after 3-year ART, 
the proportions of TNF-α+ and GM-CSF+ cells in total 
CD4+ T cells were significantly down-regulated in IRs 
(Figure 6B–C).

Collectively, ART was instrumental in recovering naïve 
T-cell subsets but did not restore the function of cytokine 
secretion in CD4+ T-cell subsets. Moreover, some func-
tions of CD4+ T-cell subsets, such as TNF-α and GM-CSF 
secretion, became worse after ART.

Discussion
Previous studies have described discordant results of the 
CD4+ T-cell responses during chronic HIV infections. In 
the present study, we demonstrated the impaired cytokine 
secretion capacity such as IFN-γ, TNF-α, and GM-CSF in 

Figure 6 ART was instrumental in recovering naïve T cells but could not restore the function of cytokine secretion in CD4+ T-cell subsets. (A) Box plots of the frequencies 
of IFN-γ+, TNF-α+, and GM-CSF+ cells in TN, TCM, TEM CD4+ T cells from ART-naïve PLHIV with baseline CD4 count<200 cells/μL and IRs who had CD4+ T cell counts 
above 350 cells/μL after 3-year ART with matched baseline CD4 cell count. P values were obtained by the Kruskal–Wallis test, followed by Dunn’s multiple comparisons test. 
(B) The frequencies of TN, TCM, TEM, TEMRA CD4+ T cells in ART-naïve PLHIV and IRs. P values were obtained by the Kruskal–Wallis test, followed by Dunn’s multiple 
comparisons test. (C) The expression of IFN-γ, TNF-α, and GM-CSF in total CD4+ T cells from ART-naïve individuals and IRs. P values were obtained by unpaired t-test. *P < 
0.05, **P < 0.01, ***P < 0.001.
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effector/memory CD4 subsets due to HIV disease progres-
sion. In contrast, total CD4+ T cells exhibited elevated 
production of these pro-inflammation cytokines. 
However, T cells are heterogeneous, consist of subpopula-
tions with diverse cytokine production. These contradic-
tory results in total and subsets of CD4+ T cells could be 
explained by the skewed T-cell subsets caused by loss of 
naïve cells and expansion of memory/effector population 
in PLHIV. Since the frequency of prominent cytokine- 
producing T subsets, TCM and TEM, remarkedly increased 
in PLHIV, total CD4+ T cells produced elevated cytokine 
despite decreased cytokine secretion in each subset of 
T cells. These data explained the contradictory findings 
in previous studies and suggested that we need to evaluate 
the response of CD4+ T cells at a subset level during HIV 
infection.

It has been demonstrated that chronic HIV infection is 
associated with establishing high and persistent levels of 
immune activation and inflammation, which contributes to 
disease progression and immune dysfunction.32,33 Innate 
cells such as natural killer cells, dendritic cells, and macro-
phages affected by HIV infection may cause high plasma 
levels of pro-inflammatory cytokines.34 Moreover, chronic 
activation of adaptive immunity, including CD8+ T-cell and 
CD4+ T-helper cell responses, is also vital against 
infections.35 Surprisingly, our results seemed inconsistent 
with these findings. We found that PLHIV harbored reduced 
inflammatory cytokine production and polyfunctional 
responses in CD4+ T-cell subsets. Accordingly, CD8+ T-cell 
dysfunction has also been demonstrated in various 
studies.36,37 Our results implied that effector cells of innate 
immunity, rather than activated T cells, might contribute to 
the systemic immune activation during HIV infection. The 
reduced amount and impaired function of regulatory T cells 
were demonstrated to facilitate immune hyperactivation dur-
ing HIV infection.38,39 Of note, studies in mice models 
revealed that the insufficient number of T cells results in 
loss of control of innate immune responses, which presented 
a possible explanation for chronic activation of innate immu-
nity in PLHIV.40,41 Furthermore, low-level inflammation due 
to innate immune cells might cause numerical depletion and 
progressive loss of CD4+ T cells’ functional responsiveness 
in a negative feedback loop. These findings supported the 
notion that the functional impairment and loss of CD4+ 

T cells leading to the increased risk of serious opportunistic 
infections. As such, we suggest that therapies able to reduce 
chronic activation of the innate immune system and preserve 
and/or enhance the functions of CD4+ T-cell subsets should 

be considered in the therapeutic regimen necessary for 
achieving HIV remission.

ART can suppress the virus in PLHIV to below the detec-
tion limit of the conventional clinical assay, improve CD4+ 

lymphocyte count and overall immunity.42,43 In the present 
study, we also showed that ART could restore the pool of naïve 
T cells in PLHIV and reconstituted their immune systems. 
Nevertheless, our data demonstrated that the function of cyto-
kine secretion in CD4+ T-cell subsets could not be restored 
after 3 years of ART. It was consistent with others’ findings 
that 2 years of ART could not correct the dysfunctional phe-
notypes occurring in CD4+ and CD8+ T cells associated with 
HIV infection.44 Instead, we observed a further decline of Th1- 
related cytokine TNF-α and GM-CSF, indicating a persistent 
immune impairment. Morou et al indicated that the impaired 
functions of helper T cells might result from persistent changes 
in gene modules adapting to the environment.45 However, our 
previous study indicated that thymic output and CD4+ T-cell 
recovery could be further improved after long-term ART.46 

Thus, a longer follow-up may be required after the ART to 
assess CD4+ T-cell function status. In addition, our results 
highlight the importance of developing novel, effective HIV 
treatments that can overcome the limitations of ART.

A key unresolved issue is the mechanism underlying the 
immune dysregulation of CD4+ T cells during HIV infection. 
Our study showed reduced production of pro-inflammation 
cytokines, including IFN-γ, TNF-α, and GM-CSF in CD4+ 

T-cell subsets. In addition, the polyfunctionality of CD4+ 

T-cell subsets to secrete more than one cytokine was also 
impaired in PLHIV. More importantly, we also observed 
a declined secretion of IL-17 and IL-22 in severely immu-
nocompromised PLHIV, whose naïve CD4+ T cells were 
significantly reduced. Previous studies suggested that persis-
tent virus infections (such as HBV, HCV, and HIV) are 
associated with a state of T-cell exhaustion in both CD4+ 

and CD8+ T cells.47,48 Exhausted T cells expressed multiple 
inhibitory receptors and exhibited functional impairment 
manifested by low cytokine production and impaired prolif-
eration capacity.49,50 CD8+ T-cell exhaustion has been well 
described in chronic infection and tumor studies.36,37 During 
HIV infection, the focus of T cell exhaustion is often on 
CD8+ T cells that are primarily responsible for killing 
infected cells. However, it is now accepted that exhaustion 
is not restricted to CD8+ T cell responses as CD4+ T cells are 
also subject to exhaustion. Studies have demonstrated that 
exhausted CD4+ T cells shared similar features with CD8+ 

T cells during tumor and chronic viral infections. Goding et al 
showed tumor-specific CD4+ T cells upregulated PD-1, TIM- 
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3, LAG-3, 2B4, and TIGIT, accompanied by reduced expres-
sion of IFN-γ and TNF-α.51 Moreover, CD4+ T cells with 
PD-1 and LAG-3 expression exhibited decreased cytokine 
production in chronic HBV infection, and treatment with PD- 
L1 and LAG-3 antibodies could restore CD4+ T-cell 
function.52 CD4+ helper T cells in PLHIV also expressed 
PD-1, CTLA-4, and TIM-3 and reduced IL-2 
production,53–56 suggesting a similar exhausting state of 
CD4+ T cells. The notion was further confirmed by the 
present study, which showed over-activation and exhaustion 
of CD4+ T cells, accompanied by severe skewing of CD4+ 

T-cell subsets during HIV disease progression.
Our study has several limitations, including a lack of 

longitudinal data after ART and a heavily gender-skewed 
cohort. This analysis is almost entirely made up of men 
who have sex with men (MSM) due to the clinical status in 
our hospital. There have been essential distinctions 
reported between immune/inflammatory profiles in HIV- 
infected men vs women (generally more inflammatory in 
the latter).57 Therefore, more evidence was urgently 
needed to investigate whether the findings accurately 
reflect a more gender-balanced cohort.

Conclusions
Our study identified inconsistent results of cytokine secre-
tion in total and subsets of CD4+ T cells. The capacity of 
cytokine production of each CD4+ T subset was impaired 
during HIV infection, and altered T-cell subsets were 
associated with pseudo-elevation of cytokine production 
in total CD4+ T cells. Moreover, ART could increase CD4 
counts by restoring the pool of naïve T cells but could not 
improve the effector function of CD4+ T-cell subsets. 
Therefore, therapies that can preserve and/or enhance the 
function of CD4+ T cells should be considered as another 
target in strategies of HIV remission.
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