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Purpose: Initiating antiretroviral therapy promptly (rapid ART) is linked to better immune recovery in people with HIV (PWH), 
although its specific effects on immune dysregulation remain partially understood. We have discovered a “pathological proliferation” 
phenomenon, marked by T cell over-proliferation and exhaustion in PWH, potentially hindering full immune recovery. The objective 
of this research is to examine how rapid ART affects T-cell pathological proliferation, immune recovery, and systemic inflammation in 
PWH.
Patients and Methods: In this cross-sectional study (conducted at Beijing Youan Hospital, Capital Medical University, China, from 
April 1 to September 18, 2022), we recruited 39 PWH, including 23 in the rapid ART group (within 30 days) and 16 in the non-rapid 
ART group (after 180 days). Fasting venous blood samples were collected in the morning. Immune phenotypes of T cells were 
analyzed using mass cytometry and Luminex.
Results: The rapid ART group demonstrated a significant decline in Ki67⁺ CD4⁺ and CD8⁺ T cells. Within this group, a higher 
percentage of naive T (TN) cells was observed in CD4⁺ T cells, along with a remarkable reduction in Ki67 expression. Additionally, 
CD8⁺ T cells in the rapid ART group exhibited an increased presence of TN cells while showing a decreased proportion of PD-1/HLA- 
DR/CD38 high-expressing cells. In addition, the rapid ART group exhibited significantly lower IL-18 levels. TN cells (CD31+ HLA- 
DR− CD38− CD57− PD-1−) and central memory T (TCM) cells (HLA-DR+ CD38− PD-1− CD57−) that were not suppressed by rapid 
ART showed significant correlations with baseline CD4 counts, HIV loads, and recent CD4/CD8 ratio.
Conclusion: These findings suggest rapid ART may curb pathological T cell proliferation and improved immune recovery in PWH. 
Despite these benefits, persistent immune activation in some individuals highlights the need for targeted immune monitoring and 
potential adjunctive interventions to optimize long-term immune health in PWH.
Keywords: rapid ART, pathological proliferation, immunological non-responders, INRs, human immunodeficiency virus, HIV

Introduction
Despite the substantial advancements in treatment for people with HIV (PWH) due to antiretroviral therapy (ART), 
immune dysregulation still poses a significant challenge.1 The rapid initiation of ART (Rapid ART) following an HIV 
diagnosis, is currently recommended by international guidelines and authoritative bodies2,3 due to its numerous clinical 
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benefits. Although existing data clearly indicate that rapid ART can provide numerous clinical advantages for PWH, there 
is still limited understanding of the specific effects of rapid ART on immune dysregulation.

T cells are crucial for immune recovery in PWH,4 but HIV-induced activation and exhaustion impair their function.5–8 

Prior studies from our group have indicated that individuals with acute HIV-1 infection experience heightened T cell 
hyperactivation and excessive proliferation before the initiation of ART.9 Persistent PD-1⁺ T cell expansion following 
ART initiation exhibits an inverse correlation with CD4⁺ T cell levels. Although early ART helps to restore T cell activity, 
it does not entirely normalize proliferation rates.10–14 Sustained T cell proliferation may negatively impact CD4⁺ T cell 
restoration in individuals undergoing early ART. Pathological proliferation, identified in immune non-responders among 
PWH, involves excessive CD4+ T cell proliferation alongside heightened activation and senescence.15 We suggest that 
throughout the progression of HIV infection, a persistent state of “pathological proliferation” remains, marked by 
sustained T cell overgrowth, immune activation, senescence, and exhaustion.

Naive T (TN) cells and central memory T (TCM) cells represent critical components of the adaptive immune 
system, playing key roles in immune surveillance, long-term memory, and immune reconstitution.16,17 Given their 
functional importance, detailed immunophenotyping of T-cell subsets—including naive, central memory, and effector 
memory cells, is essential for understanding immune dysregulation and recovery in PWH. Rapid ART may improve 
the immune status by suppressing these aberrant immune phenotypes, potentially facilitating immune reconstitution 
in PWH.

Previous research from our group has demonstrated the other aspects of rapid ART in PWH, as reported by He et al,18 

which focused on brain structure and function outcome. Here, we investigate whether rapid ART more effectively 
suppresses T cell over-proliferation, immune activation, and senescence, which were not analyzed in the previous work. 
To achieve this objective, we employed advanced methodologies, including mass cytometry and Luminex technology. 
This research is anticipated to offer important insights into how rapid ART aids immune reconstitution in PWH, thus 
aiding clinical decisions with evidence-based outcomes.

Materials and Methods
Participants
This cross-sectional study was conducted at Beijing Youan Hospital, Capital Medical University (Beijing, China) from 
April 1 to September 18, 2022. Potential participants were identified and screened using the hospital’ s outpatient 
electronic medical records. Participants provided written informed consent following a comprehensive explanation of the 
study’s procedures and associated risks. Details regarding the inclusion and exclusion criteria were outlined in 
Supplementary Methods 1. Based on a thorough screening process, participants were classified into two distinct groups: 
those who commenced ART within thirty days of an HIV diagnosis (rapid ART group) and those who initiated ART more 
than six months post-diagnosis (non-rapid ART group). Age was calculated at the time of study enrollment based on the 
participant’s date of birth recorded in their medical records. All participants were male, consistent with the men who have 
sex with men demographic most commonly represented in our clinical population. Fasting venous blood samples were 
collected from all participants in the morning on the day of enrollment. These samples were used for mass cytometry 
analysis of T cell phenotypes and for cytokine/chemokine assays.

Analysis of Data from Mass Cytometry
The details of monoclonal antibodies labeled with metal isotopes can be found in Supplementary Table 1. To differentiate 
immune cell populations, 23 distinct pre-conjugated antibodies were employed. Cell labeling was performed based on 
previously established protocols.19 The experimental procedures were performed following our previously published 
protocol.15 The methodologies used for mass cytometry data analysis are provided in Supplementary Methods 2. The 
thresholds for Ki67 and PD-1 positivity were determined following the gating principles established in our previously 
published work.15 Consistent gating strategies were applied across T cell subsets, with adaptations based on their 
respective expression patterns to ensure accurate and reproducible classification.15
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Cytokine and Chemokine Assay
Luminex Technology Was Performed to Evaluate Cytokine/Chemokine Levels (Supplementary Methods 3).

Statistical Analysis
Statistical analysis was performed using R (v3.6.0) and SPSS (v18.0). The normality of continuous variables was 
assessed using the Shapiro-Wilk test. Categorical variables were compared using the χ²-test or Fisher’s exact test, while 
continuous variables were analyzed using Student’s t-test or the Mann-Whitney U-test as appropriate. Spearman’s rank 
correlation analysis was performed to investigate the relationships among inflammatory cytokine levels, T cell sub
populations, and clinical parameters. Data visualization and analysis were conducted using R (v3.6.0), GraphPad Prism 
(v9.5.1), and Origin (v2021). A P-value below 0.05 was considered statistically significant.

Results
Features of Participants
Thirty-nine participants met the eligibility requirements for the study after a thorough screening process. These 
individuals were allocated into two groups: the rapid ART group (n = 23) and the non-rapid ART group (n = 16). The 
median duration between HIV diagnosis and ART initiation was significantly shorter in rapid ART group at 13 days (IQR 
8–18 days) compared to 645 days (IQR 390.75–1419 days) in non-rapid ART group (Table 1). The two groups had 
comparable demographic and clinical characteristics (Table 1).

Rapid ART Suppress the Over-Proliferation of T Cells in PWH
Ki67 overexpression marks incomplete reconstitution.15 We categorized CD3+ T cells into CD4+ and CD8+ subsets 
(Figure 1A). We identified Ki67+ CD4+ /CD8+ T cells within these populations (Figure 1B–C). The findings demon
strated that the rapid ART group exhibited a notable decline in Ki67 positive CD4+ and CD8+ T cells.

A prior study has indicated that PD-1 positive T cells maintain proliferation,9 prompting us to analyze the level of 
Ki67+ PD-1+ CD4/CD8+ T cells. The rapid ART group exhibited notably higher frequencies in Ki67+ PD-1+ CD4+ 

T cells, while lower frequencies in Ki67+ PD-1+ CD4+ T cells (Figure 1D and E).

Rapid ART Normalized the Proliferation and Differentiation of CD4+ T Cells
Definitions of cell subpopulations and clusters are shown in Figure 2A–C and the Supplementary Results 1, and 
Supplementary Table 2. Among the 21 clusters, C18, characterized as CD38+ HLA-DR− PD-1− CD57− TN cells, was 
notably more common in the rapid ART group (Figure 2D). Furthermore, Ki67 expression in C18 was notably higher in 
the rapid ART group (Figure 2E). The proportions of TN cell clusters C21 (HLA-DR− CD38− PD-1− CD57+) and C14 
(HLA-DR− CD38− PD-1− CD57−) did not differ significantly between the two groups (Figure 2F and G). Additionally, 
clusters C8, C13, and C15 also displayed significant intergroup differences (Figures 2H–J). According to these results, 
rapid ART may increase the frequency of functionally active naive T cells (eg C18: CD38⁺HLA-DR⁻CD57⁻PD-1⁻ TN 

cells) while not increasing senescent naive T cells (eg C21: CD57⁺ TN cells). We noted a higher frequency of C13 (HLA- 
DR− CD38− PD-1− CD57− CCR2− TCM) and C15 (HLA-DR− CD38− PD-1− CD57− CCR2− TCM) in the rapid ART group 
(Figure 2H and I). The frequency of C8 (HLA-DR+ CD38+ PD-1− CD57− CCR2+ TCM), a highly activated and 
inflammation-associated population, was notably reduced (Figure 2J).

The rapid ART group demonstrated a decrease in Ki67 expression in both C4 (HLA-DR− CD38− PD-1− CD57− 

CCR2+ TCM cells) and C6 (HLA-DR− CD38− PD-1+ CD57− CCR2+ TCM cells) (Figure 2K and L). Our observations 
revealed that cluster C11 (Ki67high CD38− HLA-DR− PD-1− CD57− CCR2− TCM) exhibited no significant differences in 
activation, senescence, programmed death, or non-specific cytotoxic function markers between the two groups.

Rapid ART Inhibits Hyperactivation and Exhaustion of CD8+T Cells
Figures 3A–C, Supplementary Results 2 and Supplementary Table 2 illustrate the definitions of cell subpopulations and 
clusters. Notable differences were identified in the proportions of cell clusters C2, C4, C9, C12, and C15 between the two 
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groups among the 20 clusters (Figure 3D–H). The rapid ART group exhibited a significantly higher proportion of C15 
(CD31+ HLA-DR− CD38− PD-1− CD57− TN), while proportions of C1 (CD31− HLA-DR+ CD38+ PD-1− CD57+ TN), C6 
(CD31− HLA-DR+ CD38− PD-1− CD57+ TN), C14 (CD31+ HLA-DR− CD38+ PD-1− CD57− TN), and (CD31+ HLA-DR+ 

CD38− PD-1− CD57+ TN) did not differ significantly (Figure 3I–L). CD31+ TN cells are associated with inducing regulatory 
T cells, which may contribute to reduced expression of PD-1, CD57, CD38, and HLA-DR. The rapid ART group exhibited 
reduced levels of C4 (CD38− HLA-DR− CD57+ PD-1+ CD45RA⁺ effector memory T(TEMRA)), C9 (CD38− HLA-DR+ 

CD57− PD-1− TEMRA), C2 (CD38+ HLA-DR+ CD57− PD-1+ TCM), and C12 (CD38− HLA-DR+ CD57− PD-1− TCM).
Remarkably, we found that certain subpopulations of activated, senescent, or exhausted cells were not suppressed in the 

rapid ART group. These include C1 (HLA-DR+ CD38+ CD57+ TN), C6 (HLA-DR+ CD57+ TN), C17 (CD57+ TEMRA), C3 
(CD57+ effector memory T (TEM)), C10 (PD-1+ CD57+ TCM), C5 (PD-1+), C16 (CD57+ TEM), C11 (CD57+ HLA-DR+ TEM), 
C20 (PD-1+ TCM), and C14 (CD38+ TN).

Associations of Clinical Characteristics with Inflammatory Response, and Immune 
Dysregulation in PWH Receiving Rapid ART
Luminex technology was utilized to quantify 21 inflammatory cytokines. IL-18 levels were notably lower in rapid ART 
group (Figure 4A), pointing to a significantly diminished systemic inflammatory response. A correlation analysis was 
performed to examine the relationship between inflammatory cytokine and chemokine levels and clinical characteristics 
in rapid ART group (Figure 4B). The findings revealed a significant positive correlation between interferon gamma- 
induced protein 10 (IP-10) levels and CD8 counts both at the initial HIV diagnosis (baseline) and at the beginning of 

Table 1 Basic Information for Participants

Characteristic Rapid ART  
Group (n = 23)

Non-Rapid ART  
Group (n = 16)

Statistic P value

Gender (male/female) 23/0 23/0 NA NA

Age (years), mean ± SD 33.74 ± 6.57 38.19 ± 7.28 t = −1.991 0.0541

Education (years), median (IQR) 16.00 (15.00 ~ 16.00) 14.00 (12.00 ~ 16.00) Z = −1.129 0.2682

Weight (kg), mean ± SD 67.87 ± 9.25 68.69 ± 9.35 t = −0.270 0.7881

Height (meters), mean ± SD 1.75 ± 0.06 1.74 ± 0.05 t = 0.591 0.5581

BMI (kg/m²), median (IQR) 22.15 (20.28 ~ 23.67) 22.11 (20.82 ~ 23.67) Z = −0.386 0.7082

HIV baseline indicators

CD4 counts (cells/μL), mean ± SD 345.82 ± 195.26 353.68 ± 164.15 t = −0.132 0.8961

CD8 counts (cells/μL), mean ± SD 983.23 ± 385.51 970.68 ± 247.71 t = 0.115 0.9091

CD4/CD8 ratio, median (IQR) 0.36 (0.25 ~ 0.43) 0.37 (0.28 ~ 0.47) Z = −0.414 0.6872

HIV load (log10 copies/mL), mean ± SD 4.24 ± 0.73 4.11 ± 0.65 t = 0.569 0.5731

ART initiation indicators

CD4 counts (cells/μL), mean ± SD 359.92 ± 210.76 362.13 ± 180.53 t = −0.034 0.9731

CD8 counts (cells/μL), median (IQR) 1041.00 (751.00 ~ 1,209.82) 904.95 (696.24 ~ 1,250.91) Z = −0.228 0.8322

CD4/CD8 ratio, median (IQR) 0.36 (0.25 ~ 0.46) 0.36 (0.22 ~ 0.55) Z = 0.000 1.0002

HIV load (log10 copies/mL), mean ± SD 4.18 ± 0.71 4.44 ± 0.71 t = −1.096 0.2801

ART regimen (INSTI/Non-INSTI) 1/22 3/13 NA 0.2863

Current HIV-associated indicators

CD4 counts (cells/μL), mean ± SD 613.04 ± 267.74 686.10 ± 324.05 t = −0.769 0.4471

CD8 counts (cells/μL), median (IQR) 894.18 (673.00–1,062.00) 783.50 (529.75–1,225.47) Z = −0.157 0.8822

CD4/CD8 ratio, median (IQR) 0.71 ± 0.30 0.88 ± 0.52 t = −1.111 0.2781

HIV load not detectable (yes/no) 23/0 16/0 NA NA

ART regimen (INSTI/Non-INSTI) 13/10 9/7 NA 1.0003

Duration from diagnosis to ART initiation (days), median (IQR) 13.00 (8.00–18.00) 645.00 (390.75–1419.00) Z = −5.258 <0.0012

ART duration (months), median (IQR) 87.90 (77.60–97.60) 82.20 (22.18–107.90) Z = −0.799 0.43720

HIV diagnosis duration (months), median (IQR) 88.40 (78.00–97.60) 109.00 (87.83–122.65) Z = −1.942 0.0522

Notes: Demographic and clinical characteristics of the study participants at the time of enrollment. Age was calculated based on each participant’s age at enrollment. All 
participants were male. Continuous variables were expressed as mean ± standard deviation (SD) or median (interquartile range, IQR), while categorical variables were 
presented as percentages. For normally distributed continuous data, two-sample t-tests were conducted, whereas the Mann-Whitney U-test was used for non-normally 
distributed data. Categorical variables were analyzed using Chi-square and Fisher’s exact tests. 
Abbreviations: ART, anti-retroviral therapy; SD, standard deviation; IQR, interquartile range; NA, not available; BMI, body mass index; INSTI, integrase strand transfer 
inhibitor.
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Figure 1 Rapid ART suppressed the over-proliferation of T cells in PLWH. (A) Gating strategy for CD45+ CD3+ T cells, distinguishing CD4+ CD8− and CD4− CD8+ T cell 
populations; (B) Frequencies of Ki67+ CD4+ T cells in the rapid ART group versus the non-rapid ART group; (C) Frequencies of Ki67+ CD8+ T cells in the rapid ART group 
versus the non-rapid ART group; (D) Frequencies of Ki67+ PD-1+ CD4+ T cells in both groups; (E) Frequencies of Ki67+ PD-1+ CD8+ T cells in both groups. Thresholds for 
Ki67⁺ and PD-1⁺ gating were determined according to our previously published mass cytometry approach, with subset-specific adjustments to reflect marker expression 
patterns. In all group comparisons, horizontal lines represent the median and interquartile range (IQR). Statistical comparisons for all panels (B–E) were performed using the 
Mann–Whitney U-test. *: P < 0.05; **: P < 0.01.
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ART treatment (ART initiation). At both baseline and ART initiation, Monocyte chemotactic protein-3 (MCP-3) and 
macrophage inflammatory protein-1 alpha (MIP-1α) levels showed a positive correlation with HIV load. Additionally, 
vascular endothelial growth factor a (VEGF-A) levels were significantly positively correlated with age.

A correlation analysis was conducted to assess the relationship between CD4 and CD8 T cell subpopulations and 
clinical indicators in rapid ART group (Figure 4C and D). Within the CD4+ T cell subgroups (Figure 4C), C5 (CCR2+ 

HLA-DR− CD38− CD57+ PD-1−TEM) exhibited a positive correlation with CD4 counts and an inverse correlation with 
HIV load at both baseline and ART initiation. Similarly, C6 (CCR2⁺ HLA-DR⁻ CD38⁻ CD57⁻ PD-1⁺ TCM) was 
negatively associated with CD4 counts at ART initiation and in follow-up assessments. Additionally, C12 (CCR2⁺ HLA- 
DR⁺ CD38⁻ CD57⁺ PD-1⁻ TEM) displayed a significant correlation with baseline CD4 counts and maintained an inverse 
association with HIV load over time.

In CD8+ T cell subpopulations (Figure 4D), C3 (HLA-DR− CD38− CD57− PD-1− TEM) was positively correlated with 
baseline CD4 counts and negatively associated with both baseline and ART initiation HIV loads. C6 (CD31− HLA-DR+ 

CD38+ CD57− PD-1− TN) exhibited a positive correlation with CD4 counts at both baseline and ART initiation. C8 
(CD31+HLA-DR− CD38− PD-1− CD57− TN) was reported negatively correlated with CD4+ and CD8+ T cell counts at 
both baseline and upon ART initiation. C12 (HLA-DR+ CD38− PD-1− CD57− TCM) was inversely associated with CD4 

Figure 2 Rapid ART may normalize proliferation and differentiation of CD4 T cells. (A) Distribution of CD4+ T cell subpopulations categorized into TN, TEM, TEMRA, and 
TCM cells, analyzed using R software; (B) Expression of associated markers in the rapid ART and non-rapid ART groups; (C) Specific clusters representing TN, TEM, and TCM 

cells among the 21 CD4+ T cell clusters; (D) Frequency of TN cell cluster C18 in the rapid ART group versus the non-rapid ART group; (E) Ki67 expression levels in TN cell 
cluster C18 between the two groups; (F–J) Frequencies of C21 (F) C14 (G) C13 (H) C15 (I) and C8 (J) cell clusters in the rapid ART group compared to the non-rapid ART 
group; (K–L) Ki67 expression levels in C4 (K) and C6 (L) cell clusters. TN, naïve T cells; TEM, effector memory T cells; TEMRA, CD45RA+ TEM; TCM, central memory T cells. 
Statistical comparisons in panels (D–L) were performed using the Mann–Whitney U-test. A P-value of less than 0.05 was considered indicative of statistical significance.
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counts and CD4/CD8 ratio across all time points, but exhibited a positive correlation with HIV load at ART initiation. 
C17 (HLA-DR− CD38− PD-1− CD57+ TEMRA) showed a positive correlation with CD4 counts and the CD4/CD8 ratio 
consistently over time, while exhibiting a negative correlation with HIV load at both baseline and ART initiation.

Discussion
Rapid ART plays a critical role in alleviating immune dysregulation in PWH.21 Our analysis initially demonstrated that 
rapid ART effectively suppressed T cell over-proliferation and enhanced immune recovery. However, persistent immune 
activation in some T cell subpopulations suggests that rapid ART alone may not fully normalize immune function. This 
underscores the need for ongoing immune monitoring and individualized treatment strategies to optimize immune 
reconstitution. Future research should examine the extended impact of rapid ART on sustained immune recovery and 
explore potential additional therapeutic strategies to further optimize immune function.

The significant decrease in Ki67+ T cells highlights the potent inhibitory effect of rapid ART on T cell over- 
proliferation. Our research notably found a significant decrease in the frequencies of Ki67+ CD4+ and CD8+ T cells 
within the rapid ART group. High levels of Ki67 expression suggest excessive T cell proliferation, which is frequently 
linked to increased immune activation and cellular senescence.15 Such over-proliferation serves as a crucial indicator of 
immune dysfunction. Although CD4+ T cell counts and functions might progressively improve with ART, they typically 
do not reach the normal levels observed in HIV-negative individuals and may even progress to immune non-responder 
status. By effectively inhibiting this over-proliferation, rapid ART appears to facilitate a more balanced immune response, 

Figure 3 Rapid ART may inhibit hyperactivation and exhaustion of CD8+T cells. (A) Distribution of CD8+ T cell subpopulations categorized into TN, TEM, TEMRA, and TCM 

cells, analyzed using R software; (B) Expression of associated markers in the rapid ART and non-rapid ART groups; (C) Specific clusters representing TN, TEM, and TCM cells 
among the 20 CD4+ T cell clusters; (D–L) Frequencies of TN cell clusters C2 (D) C4 (E) C9 (F) C12 (G) C15 (H) C1 (I) C6 (J) C14 (K) and C18 (L) in the rapid ART 
versus non-rapid ART groups. TN, naïve T cells; TEM, effector memory T cells; TEMRA, CD45RA+TEM; TCM, central memory T cells. Statistical comparisons in panels (D–L) 
were performed using the Mann–Whitney U-test. A P-value of less than 0.05 was considered indicative of statistical significance.
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potentially obstructing the progression of HIV-related immune impairment. Recent studies support these results, high
lighting the crucial role of rapid ART in lessening the adverse effects of T cell hyperactivation and exhaustion in those 
with chronic HIV.20,22 The reduction in Ki67 expression within these TN and TCM cells indicates a suppression of 
pathological proliferation, potentially leading to a more balanced immune response. This suppression may be crucial in 
preventing the harmful effects of excessive T cell activation while still preserving immune function.

Rapid ART might enhance immune status by encouraging normal CD4+ TN cells differentiation and decreasing the 
count of abnormally proliferating TCM cells.23 Our data illuminate the specific effects of rapid ART on various T cells 
subpopulations. The rapid ART group showed a higher frequency of TN cells and lower abnormal proliferation, as 
evidenced by decreased Ki67 expression, which suggests that rapid ART not only replenishes naive T cells but also 
diminishes the pathogenic hyperproliferation characteristic of immune dysregulation. Also, these results underscore the 
beneficial role of rapid ART in mitigating immune activation and inflammation. Importantly, this supports the idea that 
rapid ART could be pivotal in restoring the naive T cell pool, which is essential for effective immune responses following 

Figure 4 Immunomodulatory benefits of rapid ART are more pronounced in over-proliferated or exhausted T cells. (A) Differences in IL-18 levels between the rapid ART 
and non-rapid ART groups. Horizontal lines represent median and interquartile range (IQR). Statistical comparisons were performed using the Mann–Whitney U-test. (B–D) 
Spearman’s rank correlation analysis in the rapid ART group: (B) Inflammatory factors and clinical parameters; (C) CD4⁺ T cell subpopulations and clinical parameters; (D) 
CD8⁺ T cell subpopulations and clinical parameters. Circle size represents the absolute value of the Spearman correlation coefficient. Red circles indicate positive 
correlations, while blue circles indicate negative correlations. TN, naïve T cells; TEM, effector memory T cells; TEMRA, CD45RA⁺ TEM; TCM, central memory T cells; ART, 
antiretroviral therapy. *: P < 0.05.
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HIV infection.24 Moreover, rapid ART is more effective at inhibiting excessive proliferation in TCM cells associated with 
exhaustion or inflammation, the findings regarding TCM cells further clarify the complex interplay between ART and 
immune reconstitution. The significant reduction of PD-1 high-expressing TCM cells in the rapid ART group implies that 
early intervention could be crucial in preventing programmed cell death.25 The established association between PD-1 and 
T cell exhaustion underscores how rapid ART can reduce PD-1 levels in TCM cells, offering a hopeful therapeutic path to 
boost immune function in PWH.26 Rapid ART could improve the immune system’s long-term ability to combating HIV 
by reducing T cell exhaustion.27

Rapid of ART might suppress the hyperactivation and exhaustion of CD8+ T cells. Findings indicate that rapid ART 
significantly reduces immune-activated CD8⁺ T cell subsets, including PD-1 high-expressing TN cells and HLA-DR⁺ 
TEMRA cells. Meanwhile, rapid ART could significantly increase the number of functional regulatory TN cells without 
elevating excessively activated or senescent cell levels. This indicates that rapid ART is not only effective in inhibiting 
excessive activation but also in fine-tuning the immune response, potentially leading to more effective antiviral responses 
from CD8 T cells.28 Rapid ART significantly inhibits terminally differentiated T cells that are activated, exhausted, or 
senescent Importantly, by suppressing immune activation, rapid ART may limit the progression of T cell dysfunction and 
maintain a robust immune profile. Notably, the suppressive effect of rapid ART on pathological proliferation in CD8⁺ 
T cells appeared to be subset-specific—while certain subsets exhibited reduced proliferation, others remained unaffected. 
This suggests that rapid ART may only partially limit pathological CD8⁺ T cell responses, warranting further investiga
tion into their role in immune recovery in PWH.

The immunomodulatory effects of rapid ART are also evident in its potential to suppress inflammation. We found that 
rapid ART is associated with lower systemic inflammation, evidenced by reduced IL-18 levels. This decrease in IL-18 
suggests that rapid ART may mitigate chronic inflammation in PWH, which could lead to better clinical outcomes. 
Previous studies have similarly shown that early ART initiation reduces inflammatory markers and improves immune 
recovery.29,30 We found notable correlations between inflammatory cytokines, including MCP-3, MIP-α, and IP-10, and 
clinical features like CD4+/CD8+ T cell counts and HIV load. These results emphasize the continuous impact of 
inflammation on the immune recovery, suggesting that one advantage of rapid ART could be its capacity to reduce 
chronic inflammation. Even with rapid ART, chronic systemic inflammation levels in PWH are still linked to T cell 
counts and viral replication levels when ART begins.

We discovered connections between specific T cell subpopulations and clinical factors, highlighting the complexity 
of immune restoration under rapid ART. Certain T cell clusters, such as CD8+ TCM and TN cells with phenotypes such 
as CD31+ HLA-DR− CD38− CD57− PD-1−TN and HLA-DR+ CD38− CD57− PD-1− TCM, were not completely 
suppressed by rapid ART. These clusters remained associated with immune status and HIV load at ART initiation 
and during follow-up. Persistent markers of activation and exhaustion suggest rapid ART may not be sufficient to fully 
normalize immune system. For instance, the HLA-DR+ CD38− TCM cells, were not adequately suppressed, indicating 
that these cells could continue to drive immune dysregulation despite rapid ART. These findings align with that 
activated and T cell profiles are linked to poorer immune reconstitution in PWH.8,31,32 The persistence of these T cell 
subpopulations underlines the need for long-term monitoring and potentially the development of targeted therapies to 
manage these cells’ impact on immune reconstitution. Further exploration is needed to clarify if these cells are 
a residual set of dysfunctional T cells or if they indicate ongoing pathological processes that might undermine long- 
term treatment effectiveness.

This study possesses several strengths that contribute to its significance in the field of HIV research. First, it 
emphasizes the timing of ART initiation, demonstrating that rapid ART offers advantages over non-rapid ART in 
improving immune dysregulation in PWH. Additionally, by employing advanced mass cytometry techniques, this 
research allows for a comprehensive analysis of a broader range of T cell subpopulations, as well as their immune 
phenotypes and functions, compared to conventional flow cytometry. This methodology offers detailed insights into rapid 
ART’s effects on T cell phenotypes, enabling precise conclusions about its immunomodulatory effects. Moreover, the 
clearly defined participant groups, consisting of individuals who start ART at various stages of HIV infection, enable 
robust comparisons of immune responses, thereby enhancing the validity of our findings.
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While this study presents notable strengths, it also has certain limitations that should be acknowledged. One key 
constraint is the limited sample size, which may affect the broader applicability of the findings. Although our results were 
statistically significant, larger and more varied populations are needed to validate these findings across different 
demographics and clinical contexts. The cross-sectional design of the study limits the ability to establish causality 
between rapid ART and the observed immune outcomes. Long-term studies are required to evaluate how rapid ART 
impacts immune recovery over time, especially given the changing nature of immune responses in HIV infection. 
Furthermore, while we focused on T cell subpopulations, other immune components and their interactions, such as 
B cells and innate immune cells, were not investigated, which could provide further insights into the multifaceted 
immune landscape in HIV-infected individuals.

Conclusion
In conclusion, we highlight that rapid ART effectively reduces T cell over-proliferation and systemic inflammation, 
which are critical for preventing long-term immune dysfunction. Rapid ART also influences various T cell subpopula
tions, contributing to a more balanced immune profile. However, the persistence of certain T cell subpopulations despite 
treatment indicates that additional strategies may be necessary to fully address immune dysregulation. These results 
highlight the critical role of rapid ART to enhance immune recovery, while emphasizing the necessity for continuous 
monitoring and specific interventions to maintain long-term health in PWH.
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