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ABSTRACT Despite long-term suppressive antiretroviral therapy (ART), immune 
dysregulation due to impaired reconstitution of CD4+ T cells is a major hurdle for 
reducing morbidity and mortality in HIV-1-infected immunological non-responders (INRs, 
CD4+ T cells ≤350 cells/µL). To evaluate potential immunological factors associated 
with impaired CD4+ T-cell reconstitution, we performed comprehensive immunopheno­
typing of multiple subsets of CD4+ T cells among HIV-1-infected individuals with high 
(>350 cells/µL) and low (≤350 cells/µL) CD4+ T cells, either ART-naïve or ART-exposed 
(median, 10 years). In comparison to other groups, INRs showed exclusively elevated 
proportions of CXCR3+ CCR6− Th1-like circulatory T follicular helper (cTfh1) CD4+ T cells, 
correlating negatively with CD4+ T cells (r = −0.6769, P < 0.0001), suggesting a strong 
association with incomplete CD4+ T-cell recovery. In contrast, compared to INRs, higher 
proportions of CXCR3− CCR6+ Th17-like cTfh cells (cTfh17) in immunological respond­
ers (IRs, CD4+ T cells >350 cells/µL) showed no correlation with CD4+ T-cell counts, 
suggesting a lack of association with CD4+ T-cell recovery. Additionally, proportions of 
activated (CD4+ CD38+ HLA-DR+) and regulatory (CD4+ CD25+/hi CD127−/lo) CD4+ T 
cells were increased in INRs compared to IRs, as previously known. A negative correlation 
was also observed between the CD4+ T-cell counts and activated (r = −0.6726, P < 
0.0001) or regulatory (r = −0.5627, P < 0.0001) CD4+ T-cell proportions among IRs 
and INRs. Our study highlights that immune dysregulation associated with skewing 
of cTfh cells toward CXCR3+ CCR6− Th1-like phenotype may be the leading cause of 
inefficient CD4+ T-cell recovery in INRs and can serve as a hallmark of impaired CD4+ 
T-cell reconstitution.

IMPORTANCE The altered proportions of CD4+ T-cell subsets in immunological 
non-responders (INRs) indicate their involvement in poor CD4+ T-cell reconstitution. 
Reversing these alterations may help prevent the loss of CD4+ T cells. Particularly, 
blocking cTfh-cell polarization toward CXCR3+ CCR6− cTfh-cell subset may help restore 
CD4+ T-cell counts in INRs, thereby preventing increased risk of morbidity and mortality.

KEYWORDS HIV-1, immunological non-responders, altered CD4+ T-cell subsets, 
impaired immunological reconstitution, circulatory T follicular helper cells, cTfh, CXCR3+ 
CCR6− cTfh cells

C D4+ T cells (abbreviated as CD4+) are gradually depleted in human immunode­
ficiency virus (HIV)-infected individuals in the absence of antiretroviral therapy 

(ART) (1, 2). Most of the HIV-infected people recover their CD4+ counts to normal 
(≥500 cells/µL) with suppressive ART (suppressed viral load: undetectable to <1,000 
copies/mL after initiation of ART [3–5]). HIV-1-infected individuals who recover their 
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CD4+ counts to >350 or ≥500 cells/µL are termed immunological responders (IRs) (4, 
6). However, despite long-term suppressive ART, about 10%–40% of the HIV-1-infec­
ted individuals fail to restore their CD4+ counts and are referred to as immunological 
non-responders (INRs, whose CD4+ counts remain ≤350 cells/µL). These individuals 
are at an increased risk of developing AIDS (acquired immunodeficiency syndrome) 
and non-AIDS-related comorbidities and mortality (1, 7, 8). Poor CD4+ reconstitution is 
a multifactorial condition with several risk factors such as persistent immune activa­
tion and inflammation, lymphoid fibrosis, thymic deficiency, microbial translocation, 
involvement of auto-reactive anti-CD4+ T-cell antibodies, residual viral replication, 
lower pre-treatment CD4+ counts and activation-induced apoptosis (6, 9–11). However, 
specific factors and underlying mechanisms are unclear. Unraveling specific factors that 
cause impaired immune reconstitution can inform newer therapeutic approaches to 
restore CD4+ counts, thereby reducing comorbidities among INRs.

We hypothesized that the proportions of crucial subsets of CD4+ would be altered 
in INRs and correlate with non-recovery of CD4+ counts despite ART. Though there 
are several reports on alterations among individual subsets of CD4+ among INRs from 
Western and African countries (9, 12–17), a comprehensive assessment of multiple 
subsets of CD4+ and their association with impaired CD4+ recovery is lacking. Partic­
ularly in light of a recent report on the impact of geographical region on inflamma­
tory markers among HIV-infected individuals on ART (18), understanding the factors 
responsible for impaired immune reconstitution in HIV-1-infected subjects from India is 
of significance.

We present a cross-sectional study performed to delineate the alterations in CD4+ 
subsets before ART initiation and after prolonged ART exposure. To the best of our 
knowledge, this is the first study to determine alterations among a wide range of 
CD4+ subsets simultaneously in multiple groups that include long-term treated and 
untreated HIV-1-infected individuals with low (≤350 cells/µL) and high (>350 cells/µL) 
CD4+ counts. The peripheral CD4+ subsets assessed were T regulatory (Tregs), resting 
CD4+, CD69+ (early activation marker) CD4+, CD38+ HLA-DR+ (late activation markers) 
activated CD4+, cytolytic CD4+, naïve T cells (TN), effector T cells (TEFF), memory subsets 
like central-transitional memory T cells (TCM-TTM), and effector memory T cells (TEM), 
T-helper (Th) subsets (Th1, Th2, and Th17), CXCR5+ CD4+ (cTfh cells), helper-like cTfh 
subsets (cTfh1, cTfh2, and cTfh17), CD31 expressing total CD4+ (CD31+ CD4+), recent 
thymic emigrants (RTEs), and CD31+ memory subsets.

RESULTS

Of the total 131 participants recruited, 38 were HIV-1 seronegative healthy controls (HC), 
28 each among IRs and INRs, untreated HIV-1-infected individuals with CD4+ counts 
>350 cells/µL (UT>350) were 15, and those with CD4+ counts ≤350 cells/µL (UT≤350) were 
22. We observed no significant difference in age (mean) between the groups. IRs and 
INRs had a comparable duration of exposure to ART (median of 10 years and 9.5 years, 
respectively).

At recruitment, the viral load of all the treated subjects was either <1,000 copies/mL 
or below the detection level, except for two participants (7.14%) out of 28 in the INR 
group who had a viral load >1,000 copies/mL (Table 1). These data confirmed suppressed 
viremia (HIV-1 RNA; below detection level or <20 to <1,000 copies/mL [3–5]) in most 
study participants on ART despite CD4+ cell-count differences (Table 1). Analysis of 
socioeconomic status revealed no difference in education or economic status among 
the treated or untreated groups. A higher number of employed subjects was noticed in 
INRs and UT≤350 than in the IRs and UT>350 group (see Table S1 at https://figshare.com/s/
4d69d02499e92beeb30d).

Delayed ART impacts CD4+ recovery, irrespective of gender

A higher number of males was observed in the groups with low CD4+ irrespective of 
ART; INRs (64.28%) and UT≤350 (63.63%), compared to the untreated group with high 
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CD4+ (UT>350) that comprised a majority of females (73.33%) (Table 1). However, the 
proportions of males and females were comparable in the IR (Table 1) and HC (Fig. 1A) 
groups. On combining the groups with high CD4+ (IRs and UT>350) and those with low 
CD4+ (INRs and UT≤350), regardless of ART, females were found to be the majority in the 
high CD4+ groups (61.9%) (Fig. 1B). In comparison, males predominated in the low CD4+ 
groups (64.0%) (Fig. 1C). The differences in the distribution of male and female subjects 
in the high and low CD4+ groups were statistically significant (P = 0.0004) (Fig. 1B and C).

Furthermore, previous studies have reported that delayed ART (i.e., ART initiation at 
CD4+ counts ≤200 cells/µL) leads to poor CD4 recovery despite long-term ART (7, 19, 20). 
To determine whether CD4+ recovery is dependent on gender and/or delayed ART, data 
of CD4+ counts pre-ART were obtained from the medical records of the long-term ART-
treated individuals (IRs and INRs combined) and segregated the treated subjects (N = 56) 
as those with CD4+ counts ≤200 cells/µL (n = 38) and >200 cells/µL (n = 18) (Fig. 1D and 
E). Among the 56 treated individuals, a majority (67.85%, 38/56) had delayed ART, and 
the rest (32.14%, 18/56) had pre-ART CD4+ counts >200 cells/µL (Fig. 1D and E). Among 
the 38 individuals with delayed ART, 36.84% (14/38) were IRs and 63.15% (24/38) were 
INRs (Fig. 1D). The IRs included 71.42% (10/14) males and 28.57% (4/14) females. 
Likewise, INRs included 70.83% (17/24) males and 29.17% (7/24) females (Fig. 1D).

The group with pre-ART CD4+ counts >200 cells/µL (32.14%, 18/56) had 77.77% 
(14/18) IRs and 22.22% (4/18) INRs, in contrast to the delayed ART group (Fig. 1E). 
However, the IRs included 21.42% (3/14) males and 78.57% (11/14) females, while the 
INRs included 25% (1/4) males and 75% (3/4) females (Fig. 1E). The similar proportions of 
male and female subjects in IRs and INRs, among both groups with delayed ART or pre-
ART CD4+ counts >200 cells/µL, indicate that CD4+ recovery or failure is impacted by 
delayed ART, independent of gender.

CD4+ counts negatively correlate with Tregs and activated CD4+ among 
treated groups

Although HIV-1-infected groups were classified based on absolute CD4+ counts and the 
presence or absence of ART, all our subsequent analyses of CD4+ subsets were based on 
their proportions. Among the treated groups, INRs had significantly higher proportions 
of Tregs and activated CD4+ (CD38+ HLA-DR+; late activation markers) compared to the 
IRs (Fig. 2A and B), and both subsets showed a strong negative correlation (r = –0.5627, 

TABLE 1 Demographic data of study participants at the time of recruitmenta,d

Groups HC IRs (CD4 > 350) INRs (CD4 ≤ 350) UT>350 (CD4 > 350) UT≤350 (CD4 ≤ 
350)

No. 38 28 28 15 22
Females 18 (47.36) 15 (53.57) 10 (35.71) 11 (73.33) 8 (36.36)
Males 20 (52.63) 13 (46.43) 18 (64.28) 3 (20) 14 (63.63)
Transgender 0 (0) 0 (0) 0 (0) 1 (6.66) 0 (0)
Age, yearsb 40.42 (21–64) 46.14 (36–59) 45.46 (23–60) 37.6 (20–65) 43.9 (29–66)
ART duration, yearsc NAP 10 (8.25–11) 9.5 (5–12) 0 0
CD4+ (cells/µL) 951.3b (362–1,520) 648.5b (360–1,065) 227.8b (43–306) 475c (395–539) 191.5c (93.75–

277.5)
Viral load (copies/mL)
  >1,000 NAP 0 (0) 2 (7.14) NTe NTe

  <1,000 4 (14.28) 6 (21.42)
  TND 22 (78.57) 11 (39.28)
  NT 2 (7.1)e 9 (32.14)e

aData are presented as no. (%) unless otherwise indicated.
bMean (range).
cMedian (IQR).
dIQR, interquartile range; UT>350, untreated HIV-1-infected group with CD4+ counts >350 cells/µL; UT≤350, untreated HIV-1-infected group with CD4+ counts ≤350 cells/µL; 
NAP, not applicable; NT, not tested; TND, target not detected. Suppressed viremia: HIV-1 RNA not detectable or <20 to <1,000 copies/mL (3–5).
eViral load was TND 6 months prior or later to recruitment.
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P < 0.0001 and r = –0.6726, P < 0.0001, respectively) with CD4+ counts (Fig. 2D and E). 
Whereas, between the untreated groups, though statistically not significant, an increas­
ing trend in proportions of Tregs and activated CD4+ was observed in UT≤350 compared 
to UT>350 (Fig. 2A). However, correlation analysis revealed a lack of or a weak negative 
correlation with CD4+ counts for both the subsets, respectively (r = –0.2497, P = 
0.1361 and r = –0.3508, P = 0.0333) (see Fig. S2 at https://figshare.com/s/
4d69d02499e92beeb30d). CD69 is an early activation marker expressed on T cells (21, 
22). We found no differences in CD69+ CD4+ proportions between either IRs and INRs or 
UT>350 and UT≤350 (Fig. 2I). The assessment of CD57-expressing cytolytic CD4+ revealed 
that the groups with low CD4+ (INR and UT≤350) had significantly higher proportions than 
the groups with high CD4+ (IR and UT>350), regardless of ART (Fig. 2C). Furthermore, they 
showed a weak negative correlation with CD4+ counts among treated (r = –0.3774, P = 
0.0041) or untreated (r = –0.3167, P = 0.0562) groups (Fig. 2F; Fig. S2C).

In contrast, proportions of resting CD4+ were significantly lower in groups with low 
CD4+ (INR and UT≤350) compared to that of high CD4+ groups (IR and UT>350), treated or 
not (Fig. 2H). A strong negative correlation between the proportions of activated CD4+ 
and resting CD4+ (r = –0.8325, P < 0.0001) was observed (Fig. 2I), indicating an inverse 

FIG 1 CD4+ non-restoration is prevalent in those with delayed ART. The number of females vs males in the (A) HIV-1-uninfected group (HC), (B) HIV-1-infected 

groups with high CD4+ (IR and UT>350), and (C) HIV-1-infected groups with low CD4+ (INR and UT≤350). Gender-based CD4+ recovery after long-term ART in the 

treated groups (IRs and INRs) with (D) delayed ART (CD4+ counts ≤200 cells/µL) and (E) CD4+ counts >200 cells/µL at ART initiation. Fisher’s test has been used 

for analyzing categorical data. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: not significant. HC, healthy controls; IRs, HIV-1-infected individuals on ART 

with CD4 counts >350 cells/µL; INRs, HIV-1-infected individuals on ART with CD4 counts ≤350 cells/µL; UT>350, untreated HIV-1-infected individuals with CD4+ 

counts >350 cells/µL; and UT≤350, untreated HIV-1-infected individuals with CD4 counts ≤350 cells/µL.
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relationship. These results indicate that the proportions of Tregs and activated CD4+ 
are strongly associated with CD4+ non-restoration and resting CD4+ are associated with 
CD4+ recovery.

Central-transitional memory CD4+ predominates in low CD4+ subjects, 
irrespective of ART

We further determined the proportions of other CD4+ subsets, including cTfh, naïve 
(TN), TCM-TTM, effector memory (TEM), and effector (TEFF) CD4+ T cells. We noted 
a significantly reduced proportion of TN in the group UT≤350 compared to UT>350 (Fig. 
3A). Among treated groups, a decreasing trend in proportions of TN with no statistical 
significance was observed in INRs compared to IRs (P = 0.0631) (Fig. 3A). Whereas a 
significantly higher proportion of TCM-TTM and reduced ratio of TN to TCM-TTM were 
observed in both the low CD4+ groups (INR and UT≤350) compared to the high CD4+ 
groups (IR and UT>350), irrespective of ART (Fig. 3B and C). Furthermore, a weak positive 

FIG 2 Proportions of Tregs and activated CD4+ associated with low CD4+ counts in INRs. Proportions of (A) Tregs, (B) activated CD4+ (CD38+ HLA-DR+ 

CD4+), and (C) cytolytic CD4+. Correlation of CD4+ counts with proportions of (D) Tregs, (E) activated CD4+, and (F) cytolytic CD4+ among infected groups. (G) 

Proportions of resting CD4+ and (I) CD69+ CD4+ between groups. (H) Correlation between frequencies of activated and resting CD4+ among infected groups. 

Differences between the two groups were analyzed using the Mann-Whitney test (A, C, G, and I). Non-parametric Kruskal-Wallis with Dunn’s multiple comparison 

test was used for multiple group comparisons (B). Spearman correlation was used to determine the association between variables (D, E, F, and H). *P < 0.05, **P < 

0.01, ***P < 0.001, ****P < 0.0001, ns: not significant. Each data point represents a single individual. Black solid circles, HC; blue solid circles, IRs; red solid circles, 

INRs; blue squares, UT>350; and red squares, UT≤350.
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correlation between CD4+ counts and TN or ratio of TN:TCM-TTM was noted among 
both treated (r = 0.3111, P = 0.0196 or r = 0.2990, P = 0.0252) (Fig. 3D and F) and 
untreated groups (r = 0.4759, P = 0.0029 or r = 0.4260, P = 0.0086) (see Fig. S2 at 
https://figshare.com/s/4d69d02499e92beeb30d). Whereas between CD4+ counts and 
TCM-TTM, a weak negative correlation was observed among both treated (r = –0.2696, P 
= 0.0445) and untreated (r = –0.4161, P = 0.0104) groups (Fig. 3E; Fig. S2E). These results 
indicate the possible simultaneous depletion of TN and their increased differentiation 
into TCM-TTM in both the groups with low CD4+ counts, regardless of ART.

Additionally, an increasing trend in the proportions of TEM was noticed in UT≤350 

than in UT>350 (Fig. 3G), with no differences observed in TEFF and cTfh cells between IRs 
and INRs or UT>350 and UT≤350, irrespective of CD4+ counts (Fig. 3H and I). These results 
suggest a lack of association of TEM, TEFF, or cTfH cells with CD4+ recovery in INRs. 
Interestingly, treated groups showed higher proportions of cTfh cells than untreated 
groups (P = 0.0732 and 0.0002) (Fig. 3I), suggesting their restoration upon ART introduc­
tion.

FIG 3 Proportions of central-transitional memory CD4+ (TCM-TTM) predominate in subjects with low CD4+, irrespective of ART. Proportions of (A) naïve (TN), 

(B) central and transitional memory (TCM-TTM), (C) ratio of % TN:TCM-TTM. Correlation between CD4+ counts and proportions of (D) TN, (E) TCM-TTM, and (F) 

ratio of TN:TCM-TTM among treated groups. Proportions of (G) effector memory (TEM), (H) effector CD4+ (TEFF), and (I) cTfh cells among the groups. Differences 

between the two groups were analyzed using the unpaired t-test (A and B) or Mann-Whitney test (C, G, and H). One-way ANOVA (analysis of variance) was used 

for multiple group comparisons (I). Pearson (D and E) or Spearman (F) correlation was used to determine the association between variables. *P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001, ns: not significant. Each data point represents a single individual. Black solid circles, HC; blue solid circles, IRs; red solid circles, INRs; 

blue squares, UT>350; and red squares, UT≤350.
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Thymic dysfunction does not underlie CD4+ non-restoration in INRs

CD31 or platelet endothelial cell adhesion molecule-1 (PECAM-1) is used as a marker 
of RTEs, a measure of thymic function (1, 23, 24). Higher expression of CD31 on naïve 
CD4+ (TN) enables quantification of RTEs (CD31+ TN), as it progressively declines with 
increased cell division and differentiation (i.e., CD31− CD4+) (25–27). We quantified the 
proportions of CD31 expression on total CD4+ cells and their subtypes (RTEs, memory, 
and effector cells) to know whether low CD4+ counts were due to inefficient thymic 
output.

We observed lower proportions of total CD31+ CD4+ in INRs compared to IRs and 
a decreasing trend in UT≤350 than in UT>350 (Fig. 4A). However, RTEs (CD31+ TN) were 
significantly lower in UT≤350 compared to UT>350, with no difference between IRs and 
INRs (Fig. 4B). In contrast, CD31+ differentiated subsets (TCM-TTM + TEM + TEFF) were 
significantly lower in INRs compared to IRs, with no differences observed between UT≤350 

and UT>350 (Fig. 4C). Further analysis revealed that the lower CD31+ differentiated subsets 
in INRs were due to reduced CD31+ memory cells (CD31+ TCM-TTM and CD31+ TEM) 
(Fig. 4D and E) contributing to lower proportions of total CD31+ CD4+ in INRs (Fig. 
4A) and not CD31+ TEFF (Fig. 4F). These results indicate that thymic deficiency partially 
contributes to reduced CD4+ counts in the UT≤350 group, but not in INRs, and reduced 
CD31+ memory cells suggest an increased differentiation or peripheral proliferation of 
TN (CD31− CD4+, loss of CD31 expression).

Elevated CXCR3+ CCR6− cTfh cells strongly correlate with CD4+ non-restora­
tion in INRs

To assess the link between proportions of helper CD4+ subsets and CD4+ recovery, we 
quantified total CD4+, cTfh cells (CXCR5+ CD4+), non-cTfh cells (CXCR5− CD4+), and 
subsequently, quantified their T-helper and helper-like subsets as described in Materials 
and Methods. The proportions of total CD4+ T cells and non-cTfh cells with T-helper 
phenotypes (Th1, Th2, and Th17 or non-cTfh1, non-cTfh2, and non-cTfh17) between 

FIG 4 Thymic deficiency in the UT≤350, but not in INRs. Proportions of CD31+: (A) total CD4+, (B) RTEs (CD31+ TN), (C) differentiated subsets of CD4+, (D) 

TCM-TTM, (E) TEM, and (F) TEFF between the groups. Differences between the two groups were analyzed using the Mann-Whitney test. *P < 0.05, **P < 0.01, ***P 

< 0.001, ****P < 0.0001, ns: not significant. Each data point represents a single individual. Black solid circles, HC; blue solid circles, IRs; red solid circles, INRs; blue 

squares, UT>35; and red squares, UT≤350.
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the groups with high and low CD4+ T-cell counts were not significantly different 
(see Fig. S3 at https://figshare.com/s/4d69d02499e92beeb30d). However, proportions 
of CXCR3+ CCR6− cTfh cells (Th1-like cTfh cells—cTfh1) were significantly elevated in 
INRs compared to HC, IRs, and UT≤350 groups (Fig. 5A). Additionally, a strong negative 
correlation (r = –0.6769, P < 0.0001) between CXCR3+ CCR6− cTfh cells and CD4+ counts 
was observed exclusively in INRs (Fig. 5C). These results suggest the skewing of cTfh cells 
toward Th1-like phenotype, and therefore, CD4+ non-restoration in INRs is probably by 
cTfh1-mediated depletion. Whereas, in the IRs, proportions of CXCR3− CCR6+ cTfh cells 
(Th17-like cTfh cells—cTfh17) were significantly increased compared to the HC group 
and INRs (Fig. 5B), with no correlation (r = –0.01801, P = 0.9273) with CD4+ counts (Fig. 
5D).

FIG 5 Proportions of CXCR3+ CCR6− Th1-like cTfh cells are associated with poor CD4+ recovery in INRs. Proportions of (A) CXCR3+ CCR6− cTfh cells (Th1-like 

cTfh cells) and (B) CXCR3− CCR6+ cTfh cells (Th17-like cTfh cells) among the groups. Correlation between CD4+ counts and (C) Th1-like cTfh cells in INRs or (D) 

Th17-like cTfh cells in IRs. Differences between the two groups were analyzed using the Mann-Whitney test (B). One-way ANOVA was used for multiple group 

comparisons (A). Pearson (C) or Spearman (D) correlation was used to determine the association between variables (C and D). *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001, ns: not significant. Each data point represents a single individual. cTfh cells, CXCR5+ CD4+. Black solid circles, HC; blue solid circles, IRs; red solid 

circles, INRs; blue squares, UT>350; and red squares, UT≤350.
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DISCUSSION

The loss of CD4+ during HIV infection is restored by suppressive ART in most people, 
referred to as IRs. However, despite long-term suppressive ART, a considerable propor­
tion fails to restore their CD4+ counts, referred to as INRs. To delineate the factors 
associated with impaired immune reconstitution in INRs, this study sought to understand 
the dynamics of CD4+ subset distribution among HIV-1-infected people, with high or low 
CD4+ counts, in the presence or absence of ART. We performed a comprehensive analysis 
of multiple subsets of CD4+ such as naïve, resting, activated (early and late), memory 
subsets (TCM-TTM and TEM), TEFF, Tregs, cytolytic, cTfh CD4+ T cells, and T-helper 
and helper-like subsets among the study groups. Studies with such extensive analysis 
are lacking globally, particularly in India, where HIV-1 subtype C is predominant. This 
study highlights that the altered proportions of CXCR3+ CCR6− cTfh cells are prominent 
exclusively in INRs, and their strong association with incomplete CD4+ recovery serves as 
a hallmark of impaired CD4+ reconstitution.

The study reiterated the fact that delayed ART is one of the causes for impaired 
CD4+ recovery, with no influence of gender, and low CD4+ groups comprised higher 
proportions of males probably due to delay in seeking therapy and care (19, 28).

Several studies have highlighted the significance of Tregs in controlling exaggerated 
immune activation in the context of HIV-1 infection (29). While some studies have 
shown a negative correlation, others have reported a positive correlation between 
the frequencies of Tregs and immune activation (29). Therefore, the role of immune 
activation and Tregs in HIV-1 disease may be either protective or detrimental (29–31). 
Among HIV-1-infected long-term non-progressors and elite controllers, Treg levels were 
comparable to healthy controls with increased immune activation. However, among 
HIV-exposed seronegative commercial sex workers and neonates born to HIV-positive 
mothers, proportions of Tregs were increased, and levels of T cell activation were 
decreased, signifying resistance to HIV-1 infection (13, 29).

Notably, similar to other studies (12–14, 32), increased frequencies of both Tregs and 
activated CD4+ observed in INRs in the present study may suggest a detrimental role 
(29). A strong negative correlation between CD4+ counts and the proportion of both 
Treg and activated CD4+ among treated groups suggests their possible association with 
CD4+ non-restoration. Increased Tregs in the INRs may occur as a result of exaggerated 
T-cell activation or enhanced thymic output, dendritic cell-mediated conversion and/or 
persistence, and/or the slow decay of pre-existing Tregs (29, 31). Elevated proportions 
of activated CD4+ may suggest persistent immune activation probably due to low 
levels of viral replication in INRs (33). Furthermore, though virologically suppressed, the 
presence of anti-HIV-1 antibodies (anti-HIV-1-gp41 and anti-HIV-1-gp120) (results not 
shown) in both the treated groups may imply the existence of residual HIV-1 activity 
in IRs and INRs. Hence, the higher activated CD4+ in INRs are perhaps sustained from 
those established pre-ART or stimulated by unknown mechanisms upon initiation of ART, 
which need further investigation. No difference in CD69+ CD4+ proportions observed 
between either IRs and INRs or UT>350 and UT≤350 suggesting no influence on CD4+ 
counts.

CD57-expressing CD4 T cells are considered proliferation incompetent, cytolytic, and 
terminally exhausted (senescent). They are shown to produce interferon-gamma (IFN)-γ, 
granzyme B, and perforin, indicative of cytolytic function. These are reported to display 
increased levels of spontaneous and activation-induced apoptosis than the CD4+ cells 
lacking CD57 expression (34, 35). The increased levels of CD57+ CD4+ observed in both 
the HIV-1-infected low CD4+ groups, irrespective of ART, and a weak negative correlation 
with CD4+ counts among treated groups suggest their possible role in CD4+ depletion in 
INRs.

Decreased naïve CD4+ (TN) in HIV-1-infected individuals with low CD4+ counts, with 
either a decrease (24) or an increase in memory subsets (6, 15, 36) have been reported. 
The increased proportions of TCM-TTM and a decreased ratio of proportions of TN:TCM-
TTM among HIV-1-infected individuals with low CD4+, irrespective of ART, observed in 
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our study, are possibly due to the augmented differentiation of activated CD4+ into 
memory cells (37, 38). The significantly decreased proportions of TN in the group UT≤350 

probably suggest depletion and inadequate regeneration of TN (39). The lower trend in 
TN in INRs, though not significantly reduced, probably suggests ongoing replenishment, 
depletion, and differentiation of TN into memory CD4+ (4, 40). These observations were 
alongside significantly reduced proportions of RTEs in the group UT≤350, but not in 
INRs, suggesting thymic deficiency (inadequate regeneration of CD4+) in the untreated 
condition and its restoration upon ART (4, 8, 23), ruling out thymic insufficiency in 
INRs. This is also evidenced by the restoration and comparable proportions of cTfh cells 
in both the treated groups, which were significantly depleted in both the untreated 
groups. The weak positive and negative correlation observed among TN and TCM-TTM 
with CD4+ counts, respectively, probably suggests their partial association with CD4+ 
recovery. Lower CD31+ memory cells in INRs suggest higher differentiation of RTEs into 
CD31− (loss of CD31 expression) memory CD4+ or increased peripheral proliferation (26, 
27). Factors responsible for higher levels of TN differentiation into memory CD4+ require 
further research.

cTfh cells are recognized for their support to help B cells in enhanced antibody 
production (41, 42). Studies have shown that helper-like cTfh subsets such as CXCR3+ 
(cTfh1) and CXCR3− (cTfh2 and cTfh17) cTfh cells correlate with enhanced antigen-spe­
cific antibody production, either against HIV, hepatitis C virus (HCV), during influenza 
vaccination (43), or autoimmune conditions (particularly cTfh17 cells) (41, 43–46). These 
studies indicate that cTfh subset polarization is context-dependent, such as virus type, 
infection state, or immunogen (43). Among helper and helper-like CD4+ subsets, 
polarized proportions of Th1-like cTfh cells (CXCR3+ CCR6− CXCR5+ CD4+, cTfh1 cells) 
in INRs imply that Th1-like cTfh cells may induce antigen­specific antibody response. 
Though the target­specific antibodies in INRs were not identified in our study, they 
are possibly auto-reactive anti-CD4+ T-cell antibodies (11, 47–49), strongly suggesting 
cTfh1-cell-mediated CD4+ depletion. A strong negative correlation between proportions 
of cTfh1 cells and CD4+ counts exclusively in INRs suggests a major contribution of 
elevated cTfh1 cells in CD4+ non-restoration. Our study and other studies highlight the 
need for additional investigations to identify epitope­specific anti-CD4+ T-cell auto-anti­
bodies or approaches to inhibit cTfh1-cell responses that result in CD4+ depletion. Either 
of which would prevent CD4+ T-cell loss and help restoration. On the contrary, the 
predominant proportions of Th17-like cTfh cell (CXCR3− CCR6+ CXCR5+ CD4+, cTfh17 
cells) in IRs may indicate autoimmune antibody responses (41, 46), rather than their 
association with CD4+ restoration as reported (50), which was not observed in our study.

Taken together, our results demonstrate that exclusively elevated proportions of 
CXCR3+ CCR6− cTfh cells and their strong negative correlation with CD4+ counts in 
INRs suggest an association with CD4+ depletion. Elevated proportions of Tregs and 
activated CD4+ in INRs and their strong negative correlation with CD4+ counts among 
treated groups indicate an association with CD4+ non-recovery. Higher cytolytic CD4+ 
and TCM-TTM showed a weak association with CD4+ non-recovery. Increased TCM-TTM 
in INRs is due to increased peripheral proliferation or differentiation of RTEs into memory 
cells. There was no evidence of thymic deficiency in INRs. CXCR3− CCR6+ cTfh cells in IRs 
may suggest their role in autoimmunity, rather than CD4+ recovery.

This study has a few limitations. A longitudinal study design could have made the 
analysis more robust, enabling early prediction of INRs. The mechanism underlying 
altered CD4+ subsets, host genetic factors affecting immune responses, the lifestyle of 
study subjects, viral aspects, and their impact on CD4+ non-restoration in INRs have not 
been investigated due to limited resources.

Conclusions

We postulate that in INRs, the cTfh cells are polarized by an unknown mechanism toward 
cTfh1 (CXCR5+ CXCR3+ CCR6− CD4+) upon initiation of ART, which may contribute to 
CD4+ non-restoration. The cTfh1-mediated immune dysregulation may result in altered 
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Tregs and late-activated CD4+ in INRs. The comprehensive assessment of multiple 
subsets of CD4+ aided the simultaneous identification of specific altered patterns that 
can serve as biomarkers for impaired CD4+ reconstitution. The study findings can drive 
future research to develop cTfh1-targeted interventions to facilitate CD4+ recovery. This,
in turn, can contribute to lowering the increased risk of developing AIDS and non-AIDS 
complications in INRs.

MATERIALS AND METHODS

Study design and population

The study was primarily cross-sectional and conducted from 2022 to 2024. The HIV-1-
infected individuals who sought treatment at the ART Center, Kempegowda Institute of 
Medical Sciences & Research Center (KIMS & RC), Bangalore, India, were recruited. The 
study groups included healthy controls (uninfected), apparently healthy and negative 
for HIV-1/2, hepatitis B virus (HBV), and hepatitis C virus (HCV) infections (HC, n = 38); 
HIV-1-infected individuals on long-term ART for 2–14 years (treated) with CD4+ counts 
either >350 cells/µL (IRs, n = 28) or ≤350 cells/µL (INRs, n = 28); ART-naïve HIV-1-infec­
ted individuals (untreated) with CD4+ counts >350 cells/µL (UT>350, n = 15) and those 
with ≤350 cells/µL (UT≤350, n = 22). These groups are addressed as HC, IRs, INRs, UT>350, 
and UT≤350, respectively. Consenting male, female, and transgender individuals aged 
above 18 years were recruited.

HIV diagnosis, plasma viral load, and CD4+ counts

CD4+ counts and viral load details of HIV-1-positive individuals at recruitment, before 
and after initiation of ART were obtained from their medical records. Plasma samples of 
apparently healthy subjects were used to exclude HIV-1/HIV-2, HCV, and HBV-infected 
individuals by using rapid card tests (Diagnostic Enterprises, India) such as HIV Tri-Dot kit, 
HCV Tri-Dot kit, and Hepacard, respectively. Their CD4 counts were measured in whole 
blood using a CD4 easy count kit in the Sysmex Partec CyFlow flow cytometer (Sysmex 
Partec GmbH, Germany) by trained personnel.

Identification of subsets of CD4+ between the groups

CD4+ subsets were identified and quantified by their expression of the following 
surface markers: Tregs (CD4+ CD25+/hi CD127lo/−) (16), resting (CD4+ CD25− CD69− 
HLA-DR−), TN (CD4+ CD27+ CD45RO−), TEM (CD4+ CD27− CD45RO+), TCM-TTM (CD4+ 
CD27+ CD45RO+), TEFF (CD4+ CD27− CD45RO−) (51), cytotoxic (CD4+ CD57+) (34), 
CD69+ (early activation marker) CD4+, activated (CD4+ CD38+ HLA-DR+; late activation 
markers) (21, 22, 24), RTEs (CD4+ CD31+ CD27+ CD45RO−), CD31+ memory subsets: 
CD31+ TEM (CD4+ CD31+ CD27− CD45RO+), CD31+ TCM-TTM (CD4+ CD31+ CD27+ 
CD45RO+), and CD31+ TEFF (CD4+ CD31+ CD27− CD45RO−) (26). Total CD4+ were 
classified into two major subsets based on the expression or lack of CXCR5 chemokine 
receptor: (i) cTfh cells (CXCR5+ CD4+) and (ii) non-cTfh cells (CXCR5− CD4+). Subse­
quently, these subsets were further subtyped into T-helper and helper-like subsets 
based on the expression of CXCR3 and CCR6, such as Th1 (CD4+ CXCR3+ CCR6−), 
Th2 (CD4+ CXCR3− CCR6−), and Th17 (CD4+ CXCR3− CCR6+) under total CD4+, cTfh1 
(CD4+ CXCR5+ CXCR3+ CCR6−), cTfh2 (CD4+ CXCR5+ CXCR3− CCR6−), and cTfh17 (CD4+ 
CXCR5+ CXCR3− CCR6+) under cTfh cells, and non-cTfh1 (CD4+ CXCR5− CXCR3+ CCR6−), 
non-cTfh2 (CD4+ CXCR5− CXCR3− CCR6−), and non-cTfh17 (CD4+ CXCR5− CXCR3− 
CCR6+) under non-cTfh cells (43, 52). A representative figure showing the gating strategy 
for the identification and quantification of all CD4+ subsets is shown in Fig. S1 at https://
figshare.com/s/4d69d02499e92beeb30d.
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Immunophenotyping of peripheral blood mononuclear cells (PBMCs) by flow 
cytometry

PBMCs isolated from blood by Ficoll density gradient centrifugation were stained with 
Live/Dead Fixable Green and with respective antibody panels. The antibodies procured 
from either BD Biosciences or BioLegend included the following: anti-CD3 (UCHT1 or 
SK7), anti-CD4 (SK3), anti-CD8 (SK1), anti-CD25 (M-A251), anti-CD69 (FN50), anti-HLA-DR 
(G46-6), anti-CD127 (hIL-7R-M21 or A019D5), anti-CD38 (HIT2 or HB7), anti-CD31 or 
anti-PECAM-1 (WM59), anti-CD27 (L128), anti-CXCR5 (RF8B2 or J252D4), anti-CD45RO 
(UCHL1), anti-CD57 (NK-1), CXCR3 (1C6), and CCR6 (G034E3). Stained cells were acquired 
using a FACSVerse (BD Bioscience) flow cytometer. Data were analyzed using Flowjo 
version 10.0.8 (BD Bioscience).

Statistical analysis

A Fisher’s test was used to compare categorical data. Data that followed the Gaussian 
distribution were analyzed using parametric tests; otherwise, non-parametric tests were 
used. The unpaired t-test or non-parametric Mann-Whitney U test was used to com­
pare two independent groups. For multiple-group comparisons, one-way ANOVA or 
non-parametric Kruskal-Wallis with Dunn’s multiple comparison tests were used. Pearson 
or non-parametric Spearman correlation tests were used to determine the association 
between variables. A P value of ˂0.05 was considered statistically significant. Statistical 
analysis was performed using GraphPad Prism 10 (version 10.2.2 [397]).

ACKNOWLEDGMENTS

We thank our study participants and staff from the Anti-Retroviral Therapy (ART) Centre, 
Department of Community Medicine, KIMS & RC, Bengaluru, India for their valuable 
support and contribution to this study. We are thankful to Dr. Amit Singh, Professor, 
Centre for Infectious Disease Research, Indian Institute of Science, Bengaluru for his 
inputs during the study. We are grateful to NIMHANS for providing facilities to conduct 
the study and the International AIDS Vaccine Initiative (IAVI), India for facilitation as the 
Project Management Unit. We thank Srilatha Marate, Dr. Narendra Kumar, and Dr. Arya 
Ramachandran for the critical review of the manuscript.

This study was supported by the Department of Biotechnology, Government of 
India project grant (BT/IN/Netherlands/RG/40/2015) to M.M.V. R.N. is grateful to the 
Indian Council of Medical Research (ICMR), India for the Senior Research Fellowship (no. 
HIV/STI/19/02/2022-ECD-II).

R.N. conceptualized, designed, and performed the experiments, analyzed the data, 
and wrote the manuscript—original draft. P.S.G. recruited the study subjects and 
reviewed the manuscript, D.M.G. contributed to statistical analysis, A.S.D. supervised the 
conduct of the study and reviewed the manuscript, U.R. supervised the conduct of the 
study and reviewed the manuscript, R.N.R.M. supervised and reviewed the manuscript, 
M.M.V. provided conceptual advice, supervised the conduct of assays, data analysis, 
organized, and edited the manuscript.

AUTHOR AFFILIATIONS

1Department of Neurovirology, National Institute of Mental Health and Neurosciences, 
Bengaluru, Karnataka, India
2Department of Community Medicine, Kempegowda Institute of Medical Sciences 
Hospital & Research Centre, Bengaluru, Karnataka, India
3Department of Biostatistics, National Institute of Mental Health and Neurosciences, 
Bengaluru, Karnataka, India
4Jawaharlal Nehru Centre for Advanced Scientific Research, Bengaluru, Karnataka, India

Research Article mBio

May 2025  Volume 16  Issue 5 10.1128/mbio.00575-2512

https://doi.org/10.1128/mbio.00575-25


AUTHOR ORCIDs

Udaykumar Ranga  http://orcid.org/0000-0003-3726-7932
Manjunatha M. Venkataswamy  http://orcid.org/0000-0003-3908-7222

FUNDING

Funder Grant(s) Author(s)

Department of Biotechnology, 
Ministry of Science and Technol­
ogy, India

BT/IN/Nether­
lands/RG/40/2015

Manjunatha M. 
Venkataswamy

Indian Council of Medical 
Research

No.HIV/STI/19/02/2022-
ECD-II

Ruthu Nagaraju

AUTHOR CONTRIBUTIONS

Ruthu Nagaraju, Conceptualization, Data curation, Formal analysis, Investigation, 
Methodology, Writing – original draft, Writing – review and editing | Pruthvi S. Gowda, 
Resources, Supervision, Writing – review and editing | Durai M. Gunasekaran, Formal 
analysis | Anita S. Desai, Supervision, Writing – review and editing | Udaykumar 
Ranga, Supervision, Writing – review and editing | Ramesh N. R. Masthi, Conceptualiza­
tion, Writing – review and editing | Manjunatha M. Venkataswamy, Conceptualization, 
Funding acquisition, Project administration, Resources, Supervision, Writing – original 
draft, Writing – review and editing

ETHICS APPROVAL

This study was approved by the Karnataka State AIDS Prevention Society (KSAPS), the 
Institutional Ethics Committee (IEC) of KIMS & RC for recruiting HIV-1-infected individuals, 
and the IEC of the National Institute of Mental Health and Neurosciences (NIMHANS) 
in Bengaluru, India, to recruit healthy volunteers. Demographic data of HIV-1-infected 
individuals were collected from their medical records (Table 1).

REFERENCES

1. Zhang W, Ruan L. 2023. Recent advances in poor HIV immune 
reconstitution: what will the future look like? Front Microbiol 
14:1236460. https://doi.org/10.3389/fmicb.2023.1236460

2. Vidya Vijayan KK, Karthigeyan KP, Tripathi SP, Hanna LE. 2017. 
Pathophysiology of CD4+ T-cell depletion in HIV-1 and HIV-2 infections. 
Front Immunol 8:580. https://doi.org/10.3389/fimmu.2017.00580

3. Consolidated guidelines on HIV prevention, testing, treatment, service 
delivery and monitoring: recommendations for a public health 
approach. Available from: https://www.who.int/publications-detail-redir
ect/9789240031593

4. Yang X, Su B, Zhang X, Liu Y, Wu H, Zhang T. 2020. Incomplete immune 
reconstitution in HIV/AIDS patients on antiretroviral therapy: challenges 
of immunological non-responders. J Leukoc Biol 107:597–612. https://do
i.org/10.1002/JLB.4MR1019-189R

5. Hunt PW, Deeks SG, Rodriguez B, Valdez H, Shade SB, Abrams DI, 
Kitahata MM, Krone M, Neilands TB, Brand RJ, Lederman MM, Martin JN. 
2003. Continued CD4 cell count increases in HIV-infected adults 
experiencing 4 years of viral suppression on antiretroviral therapy. AIDS 
17:1907–1915. https://doi.org/10.1097/00002030-200309050-00009

6. Luo Z, Li Z, Martin L, Wan Z, Meissner EG, Espinosa E, Wu H, Yu X, Fu P, 
Julia Westerink MA, Kilby JM, Wu J, Huang L, Heath SL, Li Z, Jiang W. 
2017. Pathological role of Anti-CD4 antibodies in HIV-infected 
immunologic nonresponders receiving virus-suppressive antiretroviral 
therapy. J Infect Dis 216:82–91. https://doi.org/10.1093/infdis/jix223

7. NIH. 2021. Poor CD4 cell recovery and persistent inflammation despite 
viral suppression. Available from: https://clinicalinfo.hiv.gov/en/guidelin
es/hiv-clinical-guidelines-adult-and-adolescent-arv/poor-cd4-cell-recov
ery-and-persistent

8. Dos Santos Guedes MC, Carvalho-Silva WHV, Andrade-Santos JL, Brelaz-
de-Castro MCA, Souto FO, Guimarães RL. 2023. Thymic exhaustion and 

increased immune activation are the main mechanisms involved in 
impaired immunological recovery of HIV-positive patients under ART. 
Viruses 15:440. https://doi.org/10.3390/v15020440

9. Piconi S, Trabattoni D, Gori A, Parisotto S, Magni C, Meraviglia P, Bandera 
A, Capetti A, Rizzardini G, Clerici M. 2010. Immune activation, apoptosis, 
and Treg activity are associated with persistently reduced CD4+ T-cell 
counts during antiretroviral therapy. AIDS 24:1991–2000. https://doi.org/
10.1097/QAD.0b013e32833c93ce

10. Carvalho-Silva WHV, Andrade-Santos JL, Souto FO, Coelho AVC, Crovella 
S, Guimarães RL. 2020. Immunological recovery failure in cART-treated 
HIV-positive patients is associated with reduced thymic output and RTE 
CD4+ T cell death by pyroptosis. J Leukoc Biol 107:85–94. https://doi.org
/10.1002/JLB.4A0919-235R

11. Luo Z, Zhou Z, Ogunrinde E, Zhang T, Li Z, Martin L, Wan Z, Wu H, Qin Z, 
Ou T, Zhang J, Ma L, Liao G, Heath S, Huang L, Jiang W. 2017. The effect 
of plasma auto-IgGs on CD4+ T cell apoptosis and recovery in HIV-
infected patients under antiretroviral therapy. J Leukoc Biol 102:1481–
1486. https://doi.org/10.1189/jlb.5A0617-219R

12. Horta A, Nobrega C, Amorim-Machado P, Coutinho-Teixeira V, Barreira-
Silva P, Boavida S, Costa P, Sarmento-Castro R, Castro AG, Correia-Neves 
M. 2013. Poor immune reconstitution in HIV-infected patients associates 
with high percentage of regulatory CD4+ T cells. PLoS One 8:e57336. htt
ps://doi.org/10.1371/journal.pone.0057336

13. Card CM, McLaren PJ, Wachihi C, Kimani J, Plummer FA, Fowke KR. 2009. 
Decreased immune activation in resistance to HIV-1 infection is 
associated with an elevated frequency of CD4+CD25+FOXP3+ regulatory 
T cells. J Infect Dis 199:1318–1322. https://doi.org/10.1086/597801

14. Méndez-Lagares G, Pozo-Balado MM, Genebat M, García Pergañeda A, 
Leal M, Pacheco YM. 2012. Severe immune dysregulation affects 
CD4⁺CD25(hi)FoxP3⁺ regulatory T cells in HIV-infected patients with 

Research Article mBio

May 2025  Volume 16  Issue 5 10.1128/mbio.00575-2513

http://orcid.org/0000-0003-3726-7932
http://orcid.org/0000-0003-3908-7222
http://dx.doi.org/10.13039/501100001407
http://dx.doi.org/10.13039/501100001411
https://doi.org/10.3389/fmicb.2023.1236460
https://doi.org/10.3389/fimmu.2017.00580
https://www.who.int/publications-detail-redirect/9789240031593
https://doi.org/10.1002/JLB.4MR1019-189R
https://doi.org/10.1097/00002030-200309050-00009
https://doi.org/10.1093/infdis/jix223
https://clinicalinfo.hiv.gov/en/guidelines/hiv-clinical-guidelines-adult-and-adolescent-arv/poor-cd4-cell-recovery-and-persistent
https://doi.org/10.3390/v15020440
https://doi.org/10.1097/QAD.0b013e32833c93ce
https://doi.org/10.1002/JLB.4A0919-235R
https://doi.org/10.1189/jlb.5A0617-219R
https://doi.org/10.1371/journal.pone.0057336
https://doi.org/10.1086/597801
https://doi.org/10.1128/mbio.00575-25


low-level CD4 T-cell repopulation despite suppressive highly active 
antiretroviral therapy. J Infect Dis 205:1501–1509. https://doi.org/10.109
3/infdis/jis230

15. Robbins GK, Spritzler JG, Chan ES, Asmuth DM, Gandhi RT, Rodriguez BA, 
Skowron G, Skolnik PR, Shafer RW, Pollard RB, AIDS Clinical Trials Group 
384 Team. 2009. Incomplete reconstitution of T cell subsets on 
combination antiretroviral therapy in the AIDS clinical trials group 
protocol 384. Clin Infect Dis 48:350–361. https://doi.org/10.1086/595888

16. Tenorio AR, Martinson J, Pollard D, Baum L, Landay A. 2008. The 
relationship of T-regulatory cell subsets to disease stage, immune 
activation, and pathogen­specific immunity in HIV infection. J Acquir 
Immune Defic Syndr 48:577–580. https://doi.org/10.1097/QAI.0b013e31
817bbea5

17. Eggena MP, Barugahare B, Jones N, Okello M, Mutalya S, Kityo C, 
Mugyenyi P, Cao H. 2005. Depletion of regulatory T cells in HIV infection 
is associated with immune activation. J Immunol 174:4407–4414. https:/
/doi.org/10.4049/jimmunol.174.7.4407

18. Streeck H, Maestri A, Habermann D, Crowell TA, Esber AL, Son G, Eller LA, 
Eller MA, Parikh AP, Horn PA, Maganga L, Bahemana E, Adamu Y, 
Kiweewa F, Maswai J, Owuoth J, Robb ML, Michael NL, Polyak CS, 
Hoffmann D, Ake JA, AFRICOS Study Group. 2022. Dissecting drivers of 
immune activation in chronic HIV-1 infection. EBioMedicine 83:104182. 
https://doi.org/10.1016/j.ebiom.2022.104182

19. Kelley CF, Kitchen CMR, Hunt PW, Rodriguez B, Hecht FM, Kitahata M, 
Crane HM, Willig J, Mugavero M, Saag M, Martin JN, Deeks SG. 2009. 
Incomplete peripheral CD4+ cell count restoration in HIV-infected 
patients receiving long-term antiretroviral treatment. Clin Infect Dis 
48:787–794. https://doi.org/10.1086/597093

20. Lok JJ, Bosch RJ, Benson CA, Collier AC, Robbins GK, Shafer RW, Hughes 
MD, team A. 2010. Long-term increase in CD4+ T-cell counts during 
combination antiretroviral therapy for HIV-1 infection. AIDS 24:1867–
1876. https://doi.org/10.1097/QAD.0b013e32833adbcf

21. Pitsios C, Dimitrakopoulou A, Tsalimalma K, Kordossis T, Choremi-
Papadopoulou H. 2008. Expression of CD69 on T-cell subsets in HIV-1 
disease. Scand J Clin Lab Invest 68:233–241. https://doi.org/10.1080/003
65510701630227

22. Ding Y, Pu C, Zhang X, Tang G, Zhang F, Yu G. 2013. Identification of 
potential diagnostic genes of HIV-infected immunological non-
responders on bioinformatics analysis. J Inflamm Res 16:1555–1570. http
s://doi.org/10.2147/JIR.S396055

23. Ferrando-Martinez S, De Pablo-Bernal RS, De Luna-Romero M, De Ory SJ, 
Genebat M, Pacheco YM, Parras FJ, Montero M, Blanco JR, Gutierrez F, 
Santos J, Vidal F, Koup RA, Muñoz-Fernández MÁ, Leal M, Ruiz-Mateos E. 
2017. Thymic function failure is associated with human immunodefi­
ciency virus disease progression. Clin Infect Dis 64:1191–1197. https://do
i.org/10.1093/cid/cix095

24. Briceño O, Chávez-Torres M, Peralta-Prado A, Garrido-Rodríguez D, 
Romero-Mora K, Pinto-Cardoso S, Reyes-Terán G. 2020. Associations 
between recent thymic emigrants and CD4+ T-cell recovery after short-
term antiretroviral therapy initiation. AIDS 34:501–511. https://doi.org/1
0.1097/QAD.0000000000002458

25. Wightman F, Solomon A, Khoury G, Green JA, Gray L, Gorry PR, Ho YS, 
Saksena NK, Hoy J, Crowe SM, Cameron PU, Lewin SR. 2010. Both CD31+ 

and CD31- naive CD4+ T cells are persistent HIV type 1-infected reservoirs 
in individuals receiving antiretroviral therapy. J Infect Dis 202:1738–
1748. https://doi.org/10.1086/656721

26. Batorov EV, Tikhonova MA, Kryuchkova IV, Sergeevicheva VV, Sizikova 
SA, Ushakova GY, Batorova DS, Gilevich AV, Ostanin AA, Shevela EY, 
Chernykh ER. 2017. CD4+ memory T cells retain surface expression of 
CD31 independently of thymic function in patients with lymphoprolifer­
ative disorders following autologous hematopoietic stem-cell 
transplantation. Int J Hematol 106:108–115. https://doi.org/10.1007/s12
185-017-2214-4

27. Newman DK, Fu G, McOlash L, Schauder D, Newman PJ, Cui W, Rao S, 
Johnson BD, Gershan JA, Riese MJ. 2018. Frontline science: PECAM-1 
(CD31) expression in naïve and memory, but not acutely activated, CD8+ 

T cells. J Leukoc Biol 104:883–893. https://doi.org/10.1002/JLB.2HI0617-2
29RRR

28. Takarinda KC, Harries AD, Shiraishi RW, Mutasa-Apollo T, Abdul-Quader 
A, Mugurungi O. 2015. Gender-related differences in outcomes and 
attrition on antiretroviral treatment among an HIV-infected patient 
cohort in zimbabwe: 2007-2010. Int J Infect Dis 30:98–105. https://doi.or
g/10.1016/j.ijid.2014.11.009

29. Chevalier MF, Weiss L. 2013. The split personality of regulatory T cells in 
HIV infection. Blood 121:29–37. https://doi.org/10.1182/blood-2012-07-
409755

30. Hubert A, Seddiki N. 2018. Regulatory T cells (Tregs): a major immune 
checkpoint to consider in combinatorial therapeutic HIV-1 vaccines. 
Hum Vaccin Immunother 14:1432–1437. https://doi.org/10.1080/216455
15.2018.1434384

31. Rocco J, Mellors JW, Macatangay BJ. 2018. Regulatory T cells: the 
ultimate HIV reservoir? J Virus Erad 4:209–214. https://doi.org/10.1016/S
2055-6640(20)30305-8

32. Lim A, Tan D, Price P, Kamarulzaman A, Tan HY, James I, French MA. 2007. 
Proportions of circulating T cells with a regulatory cell phenotype 
increase with HIV-associated immune activation and remain high on 
antiretroviral therapy. AIDS 21:1525–1534. https://doi.org/10.1097/QAD.
0b013e32825eab8b

33. Younas M, Psomas C, Reynes J, Corbeau P. 2016. Immune activation in 
the course of HIV-1 infection: causes, phenotypes and persistence under 
therapy. HIV Med 17:89–105. https://doi.org/10.1111/hiv.12310

34. Phetsouphanh C, Aldridge D, Marchi E, Munier CML, Meyerowitz J, 
Murray L, Van Vuuren C, Goedhals D, Fidler S, Kelleher A, Klenerman P, 
Frater J. 2019. Maintenance of functional CD57+ cytolytic CD4+ T Cells in 
HIV+ elite controllers. Front Immunol 10:1844. https://doi.org/10.3389/fi
mmu.2019.01844

35. Palmer BE, Blyveis N, Fontenot AP, Wilson CC. 2005. Functional and 
phenotypic characterization of CD57+CD4+ T cells and their association 
with HIV-1-induced T cell dysfunction. J Immunol 175:8415–8423. https:/
/doi.org/10.4049/jimmunol.175.12.8415

36. Xu L, Liu Y, Song X, Li Y, Han Y, Zhu T, Cao W, Li T. 2021. Naïve CD4+ cell 
counts significantly decay and high HIV RNA levels contribute to 
immunological progression in long-term non-progressors infected with 
HIV by blood products: a cohort study. BMC Immunol 22:36. https://doi.o
rg/10.1186/s12865-021-00426-8

37. Barton K, Winckelmann A, Palmer S. 2016. HIV-1 reservoirs during 
suppressive therapy. Trends Microbiol 24:345–355. https://doi.org/10.10
16/j.tim.2016.01.006

38. Cashin K, Paukovics G, Jakobsen MR, Østergaard L, Churchill MJ, Gorry 
PR, Flynn JK. 2014. Differences in coreceptor specificity contribute to 
alternative tropism of HIV-1 subtype C for CD4+T-cell subsets, including 
stem cell memory T-cells. Retrovirology (Auckl) 11. https://doi.org/10.11
86/s12977-014-0097-5

39. Ye P, Kirschner DE, Kourtis AP. 2004. The thymus during HIV disease: role 
in pathogenesis and in immune recovery. Curr HIV Res 2:177–183. https:/
/doi.org/10.2174/1570162043484898

40. Lederman MM, Calabrese L, Funderburg NT, Clagett B, Medvik K, Bonilla 
H, Gripshover B, Salata RA, Taege A, Lisgaris M, McComsey GA, Kirchner 
E, Baum J, Shive C, Asaad R, Kalayjian RC, Sieg SF, Rodriguez B. 2011. 
Immunologic failure despite suppressive antiretroviral therapy is related 
to activation and turnover of memory CD4 cells. J Infect Dis 204:1217–
1226. https://doi.org/10.1093/infdis/jir507

41. Morita R, Schmitt N, Bentebibel SE, Ranganathan R, Bourdery L, Zurawski 
G, Foucat E, Dullaers M, Oh S, Sabzghabaei N, Lavecchio EM, Punaro M, 
Pascual V, Banchereau J, Ueno H. 2011. Human blood CXCR5+CD4+ T 
cells are counterparts of T follicular cells and contain specific subsets 
that differentially support antibody secretion. Immunity 34:108–121. htt
ps://doi.org/10.1016/j.immuni.2010.12.012

42. Thornhill JP, Fidler S, Klenerman P, Frater J, Phetsouphanh C. 2017. The 
role of CD4+ T follicular helper cells in HIV infection: from the germinal 
center to the periphery. Front Immunol 8:46. https://doi.org/10.3389/fim
mu.2017.00046

43. Zhang J, Liu W, Wen B, Xie T, Tang P, Hu Y, Huang L, Jin K, Zhang P, Liu Z, 
Niu L, Qu X. 2019. Circulating CXCR3+ Tfh cells positively correlate with 
neutralizing antibody responses in HCV-infected patients. Sci Rep 
9:10090. https://doi.org/10.1038/s41598-019-46533-w

44. Locci M, Havenar-Daughton C, Landais E, Wu J, Kroenke MA, Arlehamn 
CL, Su LF, Cubas R, Davis MM, Sette A, Haddad EK, International AIDS 
Vaccine Initiative Protocol C Principal Investigators, Poignard P, Crotty S. 
2013. Human circulating PD-1+CXCR3-CXCR5+ memory Tfh cells are 
highly functional and correlate with broadly neutralizing HIV antibody 
responses. Immunity 39:758–769. https://doi.org/10.1016/j.immuni.2013
.08.031

45. Verma A, Schmidt BA, Elizaldi SR, Nguyen NK, Walter KA, Beck Z, Trinh 
HV, Dinasarapu AR, Lakshmanappa YS, Rane NN, Matyas GR, Rao M, Shen 
X, Tomaras GD, LaBranche CC, Reimann KA, Foehl DH, Gach JS, Forthal 
DN, Kozlowski PA, Amara RR, Iyer SS. 2020. Impact of Th1 CD4 follicular 

Research Article mBio

May 2025  Volume 16  Issue 5 10.1128/mbio.00575-2514

https://doi.org/10.1093/infdis/jis230
https://doi.org/10.1086/595888
https://doi.org/10.1097/QAI.0b013e31817bbea5
https://doi.org/10.4049/jimmunol.174.7.4407
https://doi.org/10.1016/j.ebiom.2022.104182
https://doi.org/10.1086/597093
https://doi.org/10.1097/QAD.0b013e32833adbcf
https://doi.org/10.1080/00365510701630227
https://doi.org/10.2147/JIR.S396055
https://doi.org/10.1093/cid/cix095
https://doi.org/10.1097/QAD.0000000000002458
https://doi.org/10.1086/656721
https://doi.org/10.1007/s12185-017-2214-4
https://doi.org/10.1002/JLB.2HI0617-229RRR
https://doi.org/10.1016/j.ijid.2014.11.009
https://doi.org/10.1182/blood-2012-07-409755
https://doi.org/10.1080/21645515.2018.1434384
https://doi.org/10.1016/S2055-6640(20)30305-8
https://doi.org/10.1097/QAD.0b013e32825eab8b
https://doi.org/10.1111/hiv.12310
https://doi.org/10.3389/fimmu.2019.01844
https://doi.org/10.4049/jimmunol.175.12.8415
https://doi.org/10.1186/s12865-021-00426-8
https://doi.org/10.1016/j.tim.2016.01.006
https://doi.org/10.1186/s12977-014-0097-5
https://doi.org/10.2174/1570162043484898
https://doi.org/10.1093/infdis/jir507
https://doi.org/10.1016/j.immuni.2010.12.012
https://doi.org/10.3389/fimmu.2017.00046
https://doi.org/10.1038/s41598-019-46533-w
https://doi.org/10.1016/j.immuni.2013.08.031
https://doi.org/10.1128/mbio.00575-25


helper T cell skewing on antibody responses to an HIV-1 vaccine in 
rhesus macaques. J Virol 94:e01737-19. https://doi.org/10.1128/JVI.0173
7-19

46. Li X, Wu Z, Ding J, Zheng Z, Li X, Chen L, Zhu P. 2012. Role of the 
frequency of blood CD4+ CXCR5+ CCR6+ T cells in autoimmunity in 
patients with Sjögren’s syndrome. Biochem Biophys Res Commun 
422:238–244. https://doi.org/10.1016/j.bbrc.2012.04.133

47. Kuwata T, Nishimura Y, Whitted S, Ourmanov I, Brown CR, Dang Q, 
Buckler-White A, Iyengar R, Brenchley JM, Hirsch VM. 2009. Association 
of progressive CD4+ T cell decline in SIV infection with the induction of 
autoreactive antibodies. PLoS Pathog 5:e1000372. https://doi.org/10.137
1/journal.ppat.1000372

48. Daniel V, Sadeghi M, Naujokat C, Weimer R, Huth-Kühne A, Zimmermann 
R, Opelz G. 2004. Evidence for autoantibody-induced CD4 depletion 
mediated by apoptotic and non-apoptotic mechanisms in HIV-positive 
long-term surviving haemophilia patients. Clin Exp Immunol 135:94–
104. https://doi.org/10.1111/j.1365-2249.2004.02339.x

49. Ardman B, Mayer K, Bristol J, Ryan M, Settles M, Levy E. 1990. Surface 
immunoglobulin-positive T lymphocytes in HIV-1 infection: relationship 

to CD4+ lymphocyte depletion. Clin Immunol Immunopathol 56:249–
258. https://doi.org/10.1016/0090-1229(90)90146-h

50. Liu Y, Li Z, Lu X, Kuang YQ, Kong D, Zhang X, Yang X, Wang X, Mu T, 
Wang H, Zhang Y, Jin J, Xia W, Wu H, Zhang T, Moog C, Su B. 2023. 
Dysregulation of memory B cells and circulating T follicular helper cells is 
a predictor of poor immune recovery in HIV‐infected patients on 
antiretroviral therapy. J Med Virol 95:e28559. https://doi.org/10.1002/jm
v.28559

51. Kwon KJ, Timmons AE, Sengupta S, Simonetti FR, Zhang H, Hoh R, Deeks 
SG, Siliciano JD, Siliciano RF. 2020. Different human resting memory 
CD4+ T cell subsets show similar low inducibility of latent HIV-1 
proviruses. Sci Transl Med 12:eaax6795. https://doi.org/10.1126/scitransl
med.aax6795

52. Niessl J, Baxter AE, Morou A, Brunet-Ratnasingham E, Sannier G, 
Gendron-Lepage G, Richard J, Delgado GG, Brassard N, Turcotte I, 
Fromentin R, Bernard NF, Chomont N, Routy JP, Dubé M, Finzi A, 
Kaufmann DE. 2020. Persistent expansion and Th1-like skewing of HIV­
specific circulating T follicular helper cells during antiretroviral therapy. 
EBioMedicine 54:102727. https://doi.org/10.1016/j.ebiom.2020.102727

Research Article mBio

May 2025  Volume 16  Issue 5 10.1128/mbio.00575-2515

https://doi.org/10.1128/JVI.01737-19
https://doi.org/10.1016/j.bbrc.2012.04.133
https://doi.org/10.1371/journal.ppat.1000372
https://doi.org/10.1111/j.1365-2249.2004.02339.x
https://doi.org/10.1016/0090-1229(90)90146-h
https://doi.org/10.1002/jmv.28559
https://doi.org/10.1126/scitranslmed.aax6795
https://doi.org/10.1016/j.ebiom.2020.102727
https://doi.org/10.1128/mbio.00575-25

	Higher proportions of circulating CXCR3+ CCR6− Tfh cells as a hallmark of impaired CD4+ T-cell recovery in HIV-1-infected immunological non-responders
	RESULTS
	Delayed ART impacts CD4+ recovery, irrespective of gender
	CD4+ counts negatively correlate with Tregs and activated CD4+ among treated groups
	Central-transitional memory CD4+ predominates in low CD4+ subjects, irrespective of ART
	Thymic dysfunction does not underlie CD4+ non-restoration in INRs
	Elevated CXCR3+ CCR6− cTfh cells strongly correlate with CD4+ non-restoration in INRs

	DISCUSSION
	Conclusions

	MATERIALS AND METHODS
	Study design and population
	HIV diagnosis, plasma viral load, and CD4+ counts
	Identification of subsets of CD4+ between the groups
	Immunophenotyping of peripheral blood mononuclear cells (PBMCs) by flow cytometry
	Statistical analysis



