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Background: Incomplete immune recovery in people living with HIV/AIDS

(PLWHA) remains an important clinical challenge with the lack of an effective

strategy currently available to restore their T-cell immune response. This study

aimed to evaluate the effect of Albuvirtide (ABT) on immune recovery in

immunological non-responders (INRs) and attempted to explore potential

mechanisms of ABT on the functionality of immune cells.

Methods: In this prospective, open-label, controlled clinical study, participants

with incomplete immune reconstitution (continuous ART over 5 years and CD4+T

lymphocyte absolute count of <500 cells/µl or ART for 2–5 years and CD4+T cell

count of <200 cells/µl with undetectable viral load) were received intensive

treatment with ABT or maintained on the original ART regimen at a ratio of 1:1.

Immune response and safety were examined within 24 weeks. In the cytological

study, T subsets, cell apoptosis and cell autophagy were analyzed using

immunofluorescence staining and flow cytometry from 25 blood specimens.

Results: Both groups (n=25 each) were comparable in age, gender, and ART

duration. At week 12, CD4+T cell count increased significantly in the intensive ABT

group compared with control group (the change from baseline in CD4+T cell

count: 45 vs. -5 cells/µL, p<0.001). After ABT discontinuation, CD4+T cell counts

remained significantly higher in the intensive ABT group at week 24 (55 vs. -5 cells/

µL, p=0.012). In laboratory analysis, naïve CD4+ T cell amounts were lowest among

participants with unsatisfactory immune response (uIR) to ABT (p=0.001). The

proportion of caspase 3+CD45RA+CD31+CD4+ T cells was significantly lower in

participants with satisfactory immune response (sIR) to ABT (p<0.05).

Conclusion: Significant CD4+T cell count increase suggests ABT enhances

immune function in INRs which may be attributed to its antiviral properties as

well as its ability to increase thymic cell output and decrease cell apoptosis.
KEYWORDS

HIV, incomplete immune reconstitution, albuvirtide, intensification, CD4+
T lymphocyte
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Introduction

Antiretroviral therapy (ART) is highly successful in the treatment

of people living with HIV/AIDS (PLWHA). However, some PLWHA

do not achieve immune reconstitution and are referred to as

immunological non-responders (INRs). INRs are defined as PLWHA

with CD4+T cell counts below 350 cells/µL (Rb-Silva et al., 2019),

despite full virologic suppression (generally HIV RNA <50 copies/mL)

for at least two years. In China, approximately 20–30% of PLWHA are

INRs (Medicine A-ABoCAoC, 2020).

Poor immune recovery leads to AIDS progression, increased

incidence rates of comorbidities (e.g., cancer and opportunistic

infections) and long-term morbidity (Engsig et al., 2014; Takuva et al.,

2014;Noimanet al., 2022).Potential contributing factorsof INRs include

reduced thymic function, persistent viral replication, abnormal immune

activation, and dysregulated cytokines (Yang et al., 2020). Additionally,

thymic exhaustion is one of the major factors affecting INRs.

Currently, therapeutic approaches to restore immune response

for INRs are undefined. Several interventions such as (5R)-5-

hydroxytriptolide and IL-7 have been studied and reported to have

promising effect on immune reconstitution (Cao et al., 2023). Also,

applying maraviroc and raltegravir intensified ART has been studied

for its effect on immune activation (Corbeau and Reynes, 2011).

However, intensification regimens did not report consistent efficacy

or had limited evidence strength (Yang et al., 2020). There remains a

need to further explore intensification regimens for immune

reconstitution in individuals with INRs.

ABT, a long-acting fusion inhibitor, has been widely used in

China since its launched. Previous investigations have predominantly

focused on the reduction of viral load and the increase in CD4+T cell

count in both treatment-naïve and treatment-experienced PLWHA.

In the phase III, open-label, randomized, multicenter, parallel-group,

non-inferiority study, ABT plus ritonavir-boosted lopinavir (LPV/r)

significantly elevates CD4+T cell amounts by 50 cells/µL in four

weeks (Zhang et al., 2016; Chen et al., 2022). Clinical evidence

suggests that ABT is promising in offering additional immune

recovery for HIV-infected individuals with incomplete immune

reconstitution (Zhang et al., 2016; Su et al., 2020; Chen et al., 2022;

Su et al., 2022; Tang et al., 2023). Previous vitro and ex vivo assays

demonstrated that fusion inhibitors, including T20 and C34, who

have similar amino acid sequences with ABT can prevent Env-

mediated cellular autophagy and reduce thymocyte apoptosis

(Meissner et al., 2006; Doitsh et al., 2014). In this study, we aim to

broaden the scope of ABT to investigate its potential in immune

reconstitution in INRs after long-term ART and an exploratory study

was performed to identify how ABT mediate T cell subsets to

enhance immune recovery.
Methods

Study design and participants in the
clinical study

This prospective, open-label, controlled study was performed at

Tianjin Second People’s Hospital in Tianjin, China, and had
Frontiers in Cellular and Infection Microbiology 02
approval from the Ethics Committee of the above hospital (Ethics

Committee approval code: 2021–35).

From November 2021 to August 2023, fifty participants were

assigned to and received treatment either in the ABT or control

group at a 1:1 ratio. In the control group, the patients continued

their original ART regimens if no modifications were required for

HIV care. In the ABT group, the participants received additional

ABT at 320 mg IV once daily on days 1, 2, and 3, and weekly from

day 8 onwards till week 12. Follow-up was performed at weeks 12

and 24.

Eligible participants were individuals aged 18–65 diagnosed

with HIV infection, under antiretroviral therapy (ART) for at least 5

years with CD4+T cell counts below 500 cells/µL, or under ART for

2–5 years with CD4+T cell counts below 200 cells/µL and a plasma

viral load below 50 copies/mL (within one month before baseline).

Exclusion criteria included prior use of fusion inhibitors targeting

gp41, opportunistic infections or cancer, and abnormalities such as

low HGB (<90 g/L), lowWBC (<3.0×109/L), low NEUT (<1×109/L),

low PLT (<75×109/L), high SCr (>1.5 ULN), elevated AST/ALT/

AKP (>3 ULN), and elevated TBIL (>2 ULN). Ineligible participants

included pregnant or lactating women, drug abuse cases, and

individuals with severe mental or neurological disorders, severe

gastrointestinal ulcers, acute hepatitis, and pancreatitis.

Contraceptive measures were required for female participants

during the study period.
Participants in the laboratory analysis

Peripheral blood samples were only collected from those who

were willing to take additional sampling, including 6 uninfected

healthy donors (HDs); 5 immunological responders (IRs, immune

reconstitution after ART initiation); 8 satisfactory immune response

(sIRs, previous incomplete immune reconstitution and had CD4+T

cell counts >200 cells/µL after ABT); 6 unsatisfactory immune

response (uIRs, previous incomplete immune reconstitution and

had CD4+T cell counts <200 cells/µL after receiving regimens

including ABT). sIRs and uIRs collected peripheral blood samples

within 3 months after ABT administration. At the time of

comparison, the sample size of four groups was sufficient to be

statistically significant. Peripheral blood samples were obtained to

identify T cell subgroups, and caspase-3 and MDC expression in

PBMC (Figure 1B). All patients were enrolled after written

informed consents were obtained.
Endpoints and assessments

The primary outcome was the absolute change in CD4+T cell

counts from baseline to week 12. Secondary outcomes included the

absolute change in CD4+T cell counts from baseline to week 24, the

percentage of patients achieving a CD4+T cell counts increase

of ≥100 cells/mL or a 30% increase from baseline to week 12, and

the change in CD4+/CD8+ cell ratio from baseline to week 12.

Safety indexes were the occurrence rates of adverse events (AEs)

and serious adverse events (SAEs) throughout the study period.
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Adverse events included those related to the study medication, all

instances of serious adverse events, and any abnormal laboratory

finding recorded during the study period.
Peripheral blood mononuclear
cell collection

PBMC were obtained from EDTA anticoagulant peripheral

blood samples by Ficoll-Paque gradient centrifugation

(Amersham Pharmacia Biotech, Sweden). All samples were

analyzed within 4 h of collection.
Immunofluorescence staining and
flow cytometry

PBMC were incubated with conjugated antibodies for 30 min at

4°C. Antibodies were anti-human CD38-APC, CD3-FITC, CD45RA-

PE, CD8-APC-CY7, CCR7-BV421, and CD31-BV510 (BD

Biosciences, San Diego, CA, USA). Data acquisition was carried out

on a Canto II flow cytometer (BD Bioscience) and data were analyzed

with the FlowJo 10.0 Software (Tree Star, Ashland, OR, USA)
Autophagy assays

RPMI-1640medium (GIBCO, Grand Island, NY, USA) containing

10% FBS and 80ml MDC (Monodansylcadaverine) (10 mg/ml in

DMSO, Sigma-Aldrich, USA) was used for culturing PBMC at 3*105

in each well of a 6-well plate. After 4 h of culture at 37°C with 5% CO2,

some cells growing on glass slides were washed with 2 mL phosphate-

buffered saline (PBS), and 20ml Antifade Mounting Medium with

DAPI was added prior to fluorescence microscopy. The remaining cells

were washed with 2 mL PBS twice and incubated for 30 min with

conjugated antibodies, i.e., anti-human CD3-BV421, CD45RA-PE,

CD8-APC-CY7, CD4-PE-CY7 and CD31-BV510. Data acquisition

was performed on Canto II flow cytometry (BD Bioscience).
Apoptosis assays

PBMC were surface-stained with anti-human CD38-APC,

CD3-BV421, CD45RA-PE, CD4-PE-CY7, CD8-APC-CY7, and
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CD31-BV510 for 30 min at 4°C. After addition of the fixation/

permeabilization solution (BD, USA) according the manufacturer’s

instructions, intracellular staining was performed with caspase-3-

APC antibodies (BD Biosciences, San Diego, CA, USA) for 30 min

at 4°C.
Statistical analysis

Continuous data with normal distribution were expressed as

mean and standard deviation (SD), while those with skewed

distribution were presented as median and interquartile range

(IQR). The treatment and control groups were compared by the

t-test and Wilcoxon test for continuous variables; the Chi-squared

test and Fisher’s exact test were used for categorical measures.

General Estimation Equation (GEE) was applied for the analysis of

longitudinal data, including changes in indexes from baseline at

various follow-up times and their potential influential factors. All

statistical analyses used R Studio (version 4.2.1). P<0.05 was

considered statistically significant.

In the laboratory analysis, the unpaired two-tailed Student’s t-

test was used to compare normally distributed data, with the Mann-

Whitney U or Wilcoxon matched-pairs signed-rank test used for

unpaired and paired data. The Kruskal-Wallis test followed by

Dunn’s multiple comparison was used for two or more independent

samples. In this study, SPSS version 21 (SPSS, Chicago, IL, USA)

and GraphPad Prism 10 (GraphPad Software, San Diego, CA, USA)

were employed for statistical analysis. The Chi-square test was

utilized to compare categorical variables.
Results

Totally 50 INRs enrolled from November 2021 to May 2023

were assigned to the intensive and control groups at a ratio of 1:1

based on the participants’ preference as ABT requires weekly

intravenous administration (Figure 1A). Figure 1A depicts the

enrollment process and the sample sizes included in various

analyses. Demographic and baseline features were generally

balanced between the two groups (Tables 1, 2).

The clinical and sample data for 25 participants in the

laboratory analysis are found in the Supplementary Materials

(Supplementary Table S3).
BA

FIGURE 1

(A) Flow diagram showing the sample population enrolled in the clinical study. (B) Flow diagram showing the sample population enrolled in the
cytological study.
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CD4+T cell counts were increased by
ABT administration

All patients maintained virologic suppression during the study

period. CD4+T cell counts at week 12 was 356 (133) cells/µL in the

intensive group, versus 282 (110) cells/µL in the control group. Only

the intensive group showed a statistically significant CD4+ and

CD8+ cell count increase from the baseline value (Figures 2, 3).

CD4+T cell counts at week 12 increased significantly in the intensive

group compared to the control group (45 vs. -5 cells/µL,

p<0.001; Table 2).

At week 12, 40% of participants in the intensive group had a

CD4+T cell count increase over 100 cells/µL (or >30% increase from

baseline), whereas only 8% of patients in the control group had a

CD4+T cell count increase (p=0.018; Table 2). Following a 12-week

ABT administration, 11 participants were loss to follow-up. 6

participants discontinued ABT and 8 participants continued ABT

at their discretion and were continuously observed for up to 24

weeks. By the 24th week, CD4+T cell counts in the intensive group

showed a slight decline from week 12, but still notably higher than

baseline values (Table 2).
Participants over 45 yrs. or ART treatment
history over 5 yrs. benefit more from ABT

Effectiveness was assessed after stratification by age and ART

treatment history. Both the intensive and control groups consisted

of 17 patients aged over 45 years.

In the intensive group, patients aged over 45 years had a notably

higher increase in CD4+T cell counts at 12 weeks (50 vs. -13 cells/

µL, p= 0.001; Supplementary Table S1). Furthermore, the
Frontiers in Cellular and Infection Microbiology 04
effectiveness of ABT was particularly evident in patients

administered ART for more than 5 years with baseline CD4+T

cell counts below 500 cells/µL (Supplementary Table S2).
CD4/CD8 ratio were comparable between
two groups

CD4/CD8 ratio changes at week 12 from baseline in both study

groups were comparable with no significant difference [intensive

group vs. control group: 0.01 (-0.04, 0.07) vs. 0.01 (-0.02,

0.09), p=0.455].
Participants were well tolerated with
ABT treatment

During the 12 weeks of ABT treatment, no participants

experienced injection site reactions, and no clinical adverse events

related to ABT were detected. Additionally, there were no self-

reported complaints during the treatment period. In the laboratory

analysis, the commonest abnormality was elevated triglyceride after

12 weeks of ABT intensive therapy (16%) (Table 3). All hematologic

and biochemical abnormalities were manageable. No ABT-

associated treatment discontinuation was performed, and there

were no drug-related SAEs.
Naïve CD4+T cells were decreased in
PLWHA with INR

As shown in Figure 4A, compared with HDs and PLWHA with

IR and sIR, PLWHA with uIR displayed significantly decreased

percentages of CD4+T cells in PBMC (50.8%, 45%, 35.9% vs 20%;

p<0.05). Meanwhile, significant increases in CD8+T cell proportions

were observed in uIRs, sIRs and IRs compared with the HD group

(35.5%, 45.6%, 57.1% vs 66.3%; p<0.01) (Figure 4A).

To explore the mechanism of CD4+T cell elevation by ABT in

INRs, the percentages of CD4+T cells were assessed in the four

groups. The proportion of naïve T (TN) cells was significantly lower

in PLWHA with uIR compared with the HD group (9.54% vs 44.5,

9.45% vs 44.5% p=0.03). Meanwhile, TN cells were also significantly

decreased in PLWHA with uIR than in those with sIR (9.54% vs

26.2%, p=0.01) (Figures 4B, C). The percentage of effector memory

T (TEM) cells was higher in PLWHA with uIR compared with HDs

and PLWHA with sIR (51.5%, 20.5% vs 28.4%, p=0.001). The

proportion of terminally differentiated T (TTD) cells was highest

in participants with sIR. The amounts of central memory T (Tcm)

cells were comparable in the four groups (Figure 4C).
CD4+ T thymocyte output was decreased
in the INR group

To determine the cause of the deficiency in naïve CD4+T

cells, CD45RA+CD31+ cells were detected among CD4+T cells,
TABLE 1 Baseline characteristics of the participants in the clinical study.

Characteristic
Intensive
group
N=25

Control
group
N=25

P-value

Male, n (%) 24 (96.0) 24 (96.0) 1.000

ART regimens, n (%)

2 NRTIS+NNRTIS 5 (20.0) 9 (36.0) 0.452

2 NRTIS+PIS 3 (12.0) 4 (16.0)

2NRTIS +INSTIS 17 (68.0) 12 (48.0)

Age# (years) 48.00 (42, 56) 53.00 (38, 57) 0.954

ART
duration* (years)

7.46 (2.91) 7.73 (2.82)
0.744

Baseline laboratory data

CD4 count*
(cells/µL)

287 (99) 280(105)
0.813

CD8 count#

(cells/µL)
577 (412, 907) 650 (572, 910)

0.200

CD4/CD8 ratio# 0.45 (0.31, 0.65) 0.44 (0.28, 0.55) 0.357
#Value represents the median (IQR) * Value represents the mean (SD)
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which reflect thymocyte migration (Iio et al., 2023). Compared

with HDs and PLWHA with sIR, decreased proportion of

CD45RA+CD31+CD4+ T cells was found in PLWHA with uIR

(26.5%, 31.5%, 19.3% vs 7.4%, p=0.001) (Figures 5A, B), indicating

lower thymocyte output might account for TN deficiency in PLWHA

with uIR.
Frontiers in Cellular and Infection Microbiology 05
Increased apoptosis of naïve CD4+T cells in
the INR group

To further investigate the roles of apoptosis and autophagy in

immune reconstitution, the expression of capspase-3 on CD4+T

cells was examined. The percentages of caspase 3+CD45RA+CD31+
TABLE 2 Outcomes of treatment efficacy parameters at Week 12 & Week 24.

Treatment efficacy parameter Intensive group (n=25)
Control group

(n=25)
P-value

CD4+T absolute counts cells/µL

Baseline* 287 (99) 280(105) 0.813

Week 12* 356 (133) 282 (110) 0.037

Change in CD4+T cells at week 12 from baseline# 45 (24, 122) -5(-23, 13) <0.001

CD8+T absolute counts cells /µL

Baseline# 576 (412, 907) 650 (572, 910) 0.2

Week 12# 690 (567, 919) 608 (411, 1095) 0.528

Change in CD8+T cells at week 12 from baseline# 82 (18, 158) -41 (-137, 207) 0.043

CD4/CD8 ratio

Baseline# 0.45 (0.31, 0.65) 0.44 (0.28, 0.55) 0.357

Week 12# 0.44 (0.32, 0.63) 0.44 (0.30, 0.53) 0.541

Change in CD4/CD8 ratio at week 12 from baseline# 0.01 (-0.04, 0.07) 0.01 (-0.02,0.09) 0.455

Proportion of participants with CD4+T cell count
increase ≥100 cells/µL or ≥30% from baseline at
week 12

10 (40.0) 2 (8.0) 0.018

Treatment efficacy parameter

Discontinued
ABT after Week

12
(n=6)

Continued ABT
after Week 12

(n=8)

Control group
(n=25)

P-value

CD4+T absolute counts cells/µL

Baseline* 294 (96) 254 (100) 280 (105) 0.748

Week 24* 374 (190) 331 (161) 259 (141) 0.415

Change in CD4+T cells at week 24 from baseline# 47 (25, 81) 56 (36, 122) -5 (-16, 11) 0.039

Change in CD4+T cells at week 24 from week 12* -21 (92) -12 (32) -4 (21) 0.826

CD8+T absolute counts cells /µL

Baseline# 474 (401, 918) 408 (345, 589) 650 (572, 910) 0.059

Week 24# 643 (534, 914) 540 (420, 608) 587 (519, 630) 0.609

Change in CD8+T cells at week 24 from baseline# 74 (-43, 125) 82 (-2, 193) -28 (-130, 137) 0.468

Change in CD8+T cells at week 24 from week 12# -226 (-478, 90) -61 (-111, -24) -19 (-69, 38) 0.587

CD4/CD8 ratio

Baseline# 0.57 (0.34, 0.78) 0.47 (0.43, 0.63) 0.44 (0.28, 0.55) 0.326

Week 24# 0.54 (0.36, 0.74) 0.53 (0.45, 0.71) 0.37 (0.28, 0.49) 0.303

Change in CD4/CD8 ratio at week 24 from baseline# 0.01 (-0.04, 0.07) -0.02 (-0.04, 0.07) 0.00 (-0.02, 0.05) 0.978

Change in CD4/CD8 ratio at week 24 from week 12* 0.03 (0.12) 0.00 (0.14) 0.01 (0.12) 0.947

Proportion of participants with CD4+T cell count
increase ≥100 cells/µL or ≥30% at week 24

2 (33.3) 4 (50.0) 0 (0.0) <0.001
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cells were significantly lower in participants with sIR after ABT

compared with participants with uIR and IR (p=0.04) (Figures 6A,

B). However, there were comparable MDC levels in the four groups

(Figures 6C, D).
Discussion

Despite the significant increase in life expectancy for PLWHA

worldwide due to antiretroviral therapy (ART), higher rates of

AIDS-related or non-AIDS related diseases and death were found in

patients with CD4+T cell counts below 200 cells/ml due to various

factors such as reduced thymic output, dysfunction in bone marrow

hematopoiesis, ongoing viral replication, immune exhaustion, and

abnormal immune activation (Kelley et al., 2009; Li et al., 2011).

This study revealed that ABT can remarkably help immune

reconstitution by avoiding TN cell depletion and reducing cell

apoptosis through clinical and cytological results.

CD4+T cell count is the dominant indicator evaluating the

immune reconstitution in PLWHA. In this study, a three-month

intensification ART with ABT treatment significantly enhanced the

recovery of CD4+T cells by 45 cells/ml in INRs and the treatment

could uphold the increase in CD4+T cell count till week 24 which
Frontiers in Cellular and Infection Microbiology 06
had not being achieved by other ARV intensification regimens in

previous studies (Corbeau and Reynes, 2011).

Though elevated CD4+T cell counts can be realized among most

participants with ABT intensified ART, some participants still could

not achieve immune reconstruction (CD4+T cell count <200 cells/

ml), which may result from inadequate duration of ABT use, late

ART onset and/or poor treatment compliance.

From a theoretical perspective, both apoptosis and pyroptosis

contribute to CD4+T cell death, and gp41 and Env fusion is essential

for apoptosis in bystander CD4+T cells (Doitsh et al., 2014). It was

also reported that the fusion inhibitors T20 and C34 block Env-

mediated autophagy (Meissner et al., 2006; Denizot et al., 2008).

ABT is a chemically modified peptide designed to target the HIV-1

envelope protein gp41and blocks HIV entry into cells which can

thus inhibit cell apoptosis and autophagy (Garg and Blumenthal,

2008). ABT can work for patients under viral suppression as gp41

can still be detected in patients with HIV-1 RNA content under the

lower limit (Delagreverie et al., 2019). In sIRs, the proportion of

apoptotic CD4+T cells marked by capspase-3 was reduced,

suggesting that ABT may play a role in immune reconstitution by

decreasing cell apoptosis.

Naive CD4+T cells serve as a crucial reservoir supplying the

central memory. Therefore, the overall reconstitution of CD4+T

cells depends on the integrity of the naive CD4+T cell population in

lymphoid tissues (Li et al., 2011). Avoiding the depletion of TN cells

may contribute to improving immune reconstitution. In uIRs, the

proportion of T cells and TN cells were significantly lower, while

that of TEM cells was notably higher. Previous study with the

kinetics of different T cell subsets also showed that less naive

CD4+T cell increase in the INR group than in the IR group and

the change of the T cells is primarily attributed to the change of TN

cells (Li et al., 2011). The observed reduction in TEM cells indicates a

potential decline in the number of HIV RNA-expressing cells and a

decrease in latent HIV reservoirs, which is one of the major factors

contributing to the increase of CD4+T cells, thereby contributing

immune reconstitution (Iio et al., 2023). The cytological study

results showed that ABT may help INRs achieve immune

recovery, particularly by helping avoid TN cell depletion. Elderly

participants are more immunocompromised with poor output of

thymic immune function (Palmer, 2013). Among all participants,
FIGURE 2

CD4+T cell count changes in the treatment and control groups.
FIGURE 3

CD8+T cell count changes in the treatment and control groups.
TABLE 3 Incidence rates of laboratory parameter abnormalities in both
groups after 12 weeks of ABT treatment.

Intensive group
(N=25)

Control group
(N=25)

≥1 grade
abnormalities
N (%)

≥1 grade
abnormalities
N (%)

Hyperuricemia 1/25 (4%) /

Hyperglycemia 1/25 (4%) 1/25 (4%)

Increased
total bilirubin

1/25 (4%) /

Increased cholesterol 1/25 (4%) /

Increased triglyceride 4/25 (16%) /
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B

C

A

FIGURE 4

Flow cytometry analysis of CD4+T cell subsets in PBMC from HDs, IRs, sIRs and uIRs. (A) Percentages of CD4+T cells (left) and CD8+T cells (right) in
PBMC for the four groups. (B) Ideograph (right) and scatter diagram of flow cytometry analysis of human CD4+T cells classified by CD45RA and
CCR7 expression. According to the expression patterns of CD45RA and CCR7, CD4+ T cells were divided into naïve T cells (TN), central memory T
cells (TCM), effector memory T cells (TEM) and terminal differentiation cells (TTD). (C) Percentages of TN, TCM, TTD and TEM in PBMC for the four
groups. HDs, healthy donors; uIRs, participants with unsatisfactory immune response to ABT; sIRs, participants with satisfactory immune response to
ABT, IRs, immunological responders.
BA

FIGURE 5

Flow cytometry analysis of CD45RA+CD31+CD4+ T cells in PBMC samples from the four different populations. (A) Representative plots of flow
cytometry analysis with cells gated by CD45RA and CD31 expression. (B) Percentages of CD45RA+CD31+ cells among CD4+T cells in PBMC samples
from the four groups.
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those over 45 years showed the most prominent response to ABT

which was consistent with results from (5R)-5-hydroxytriptolide

phase II study (Cao et al., 2023). Therefore, PLWHA with TN cell

depletion over 45 years are more likely to benefit from the ABT

intensive regimen.

According to a recent study, thymic output dysfunction is a crucial

factor affecting the failure of immune reconstitution in patients with

incomplete immune reconstitution (Li et al., 2011). CD45RA+CD31+

cells as an indicator of recent thymic emigrants were significantly

decreased in individuals with uIR, indicating reduced thymic output

function (Iio et al., 2023).
B

C D

A

FIGURE 6

Caspase-3 and MDC expression levels in CD4+T cells assessed by flow cytometry and fluorescence microscopy in the four different populations.
(A) Representative t-SNE (t-distributed stochastic neighbor embedding) plots of caspase-3 expression in CD45RA+CD31+CD4+ T cells. (B) Percentages of
caspase 3+ cells in CD45RA+CD31+CD4+ T cells in PBMC samples from the four different populations. (C) Representative micrographs obtained by
fluorescence microscopy of PBMC in the four groups. (D) Percentages of MDC+CD4+T cells in PBMC in the four different populations, obtained by
flow cytometry.
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FIGURE 7

The logical flowchart of cytological results. “+” indicate enhanced by
ABT; “-” indicate diminished by ABT.
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This study had several limitations. Firstly, analyzing the long-

term effects of ABT intensification on immune recovery was

challenging as only half of the patients had 24-week data.

Individuals with better outcomes are more likely to have 24-week

data and bias towards the intensive group. Secondly, the laboratory

analysis was a cross-sectional investigation, and a prospective study

with a larger sample is required. Thirdly, in the clinical study,

participants were not randomized into the two arms, which may

lead to selection bias. Fourthly, fluorescence microscopy cannot

distinguish whether the MDC expression found in PBMC originates

from CD4+T cells.

In conclusion, ABT enhances CD4+T cell recovery in PLWHA

with INRs. Enhancing thymocyte cell amounts, decreasing HIV

reservoir replication and reducing naïve CD4+T cell apoptosis

might be the main immune reconstitution mechanisms of ABT

(Figure 7). Intensive ABT treatment might be a promising

therapeutic option for managing INRs, in addition to the

standard ART.
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