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Antiretroviral therapy initiated
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with HIV-1 clade C reduces anti-
Tat antibody production and
lowers CD8+ T cell activation
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Introduction: The HIV-1 Tat protein is essential for virus replication and spread

and is therefore a potential target for anti-HIV therapy. Anti-Tat antibodies have

been shown to slow HIV disease progression and improve antiretroviral therapy

(ART) efficacy. Long-term ART results in partial reconstitution of the immune

system in people living with HIV-1 (PLWH) who start treatment in the chronic

phase of infection, but the impact of ART initiation in the acute phase of infection

is less studied. In this study, we investigate the effect of initiating ART in acute

phase infection on the production of anti-Tat antibodies and on T-cell activation.

Methods: Anti-Tat IgA, IgG, and IgM titres were evaluated longitudinally by

enzyme-linked immunosorbent assay in plasma samples collected from 34

women who started ART immediately following the detection of acute HIV-1

infection. Total HIV-1 DNAmeasurements were performed by droplet digital PCR

from total peripheral bloodmononuclear cells at 1-year post ART initiation. T-cell

activation was assessed longitudinally by analysis of the expression of HLA-DR

and CD38 on CD4+ and CD8+ T-cells using flow cytometry. We also explored

the association between anti-Tat antibody titres and CD4+ T-cell counts.

Results: The data showed that anti-Tat IgG and IgM titres had decreased

significantly after 12 months of treatment (p=0.0001) with no correlation

between anti-Tat IgA, IgG or IgM and CD4+ T-cell counts (r= -0.09 to 0.2,

p>0.05). There was no correlation between anti-Tat antibody levels and total

HIV-1 DNA levels at ART initiation (r= 0.2143, p= 0. 6191) or after 12 months post-

ART (r= -0. 2857, p= 0, 5008). There was a significant decrease in CD8+ T-cell

activation between the baseline (day 1 on ART) and 12 months post-

ART (p=0.0129).
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Discussion and conclusion: These findings suggest early initiation of ART

reduces the production of anti-Tat antibodies and reduces CD8+ T-cell

activation. Further studies on the impact of early ART on antiviral immune

responses are needed and may shed light on mechanisms of optimal immune

reconstitution and reservoir control in PLWH.
KEYWORDS

ART, HIV-1 Tat, Tat antibodies, early treated HIV, ELISA - enzyme-linked
immunosorbent assay
1 Introduction

The introduction of antiretroviral therapy (ART) has reduced

the impact of HIV-1 infection into a manageable chronic condition.

ART effectively decreases viral loads to undetectable levels, delays

disease progression and restores T-cell immune function. ART also

reduces the overall socioeconomic burden of HIV-1 by decreasing

comorbidities and mortality rate of people living with the virus, and

by preventing transmission to uninfected individuals (1, 2).

However, the inability of ART to cure infection, the development

of drug resistance and residual drug toxicity or side effects pose

challenges to the ART success story. A vaccine to prevent new

infections would be the most cost-effective approach to limit the

spread of HIV-1, however, an effective vaccine remains elusive

primarily due to the extreme genetic variation of the virus.

Moreover, complete eradication of the virus in PLWH is also a

significant scientific challenge with the major barrier being the

presence of viral reservoirs of latently infected cells (3–5). These

latently infected cells are not recognized by the immune system, and

ART cannot eliminate these cells (6). To date, there is neither an

effective preventative HIV-1 vaccine nor a cure for HIV-1, and

therefore, there is a need to continue to search for innovative

approaches to achieve these important goals.

The HIV-1 regulatory protein known as Tat increases viral

transcription and plays an important role in disease progression.

The major function of Tat is to stimulate transcriptional elongation

after initiation of the process (7, 8). Tat is also essential in

controlling latency and viral rebound following the interruption

of ART (9). Evidence indicates that, when present in sufficient

quantities, Tat may counteract the establishment of HIV-1 latency

by promoting transcriptional initiation or elongation (10, 11). Tat

protein is released into the extracellular space and into neighboring

uninfected cells even without active HIV-1 replication and viral

production, such as during effective ART (12). Extracellular Tat

binds to trimeric Env on HIV-1, promoting engagement of

arginine-glycine-aspartic acid (RGD) binding integrins, expressed

by inflammatory dendritic cells (DCs), macrophages and

endothelial cells (ECs) present at the site of infection. As a result,

virions escape neutralization by anti-Env antibodies and enter

target cells upon binding to RGD-binding integrins. Anti-Tat
02
antibodies neutralize this binding, preventing virus entry through

RGD-binding integrins (13).

Novel strategies are needed to enhance the effectiveness of

ART, as it only partially restores immune functions and does not

decrease the latent HIV reservoir. A therapeutic Tat vaccine

strategy, has generated hope due to its encouraging outcomes in

boosting ART, enhancing immune restoration, raising CD4+ T-cell

count, and decreasing virus reservoirs more successfully than ART

alone (14). Research points to the Tat vaccine as a viable vaccine

option for strategies aimed at enhancing ART, depleting the HIV

reservoir, and eradicating HIV-1 (14, 15). Previous research on

HIV-1 infection has shown that the presence of an immune

response specific to Tat is correlated with a lower incidence and a

lower risk of developing AIDS in comparison to anti-Tat-

negative individuals. This suggests that an immune response to

Tat may play a protective role and regulate the in vivo progression

to AIDS (16, 17). A study a combined Tat-based vaccine (Tat Oyi)

and ART showed some promise as a strategy to control the reservoir

of HIV-1 infected cells (18). Anti-Tat immunity, may also

counteract Tat-mediated immunological dysregulation, thus

significantly regulating HIV-1 disease and co-morbidity

development (16, 19).

A previous study examined the relationship between various anti-

Tat antibody isotypes and disease progression markers (plasma viral

loads, CD4+ T-cell counts and T-cell phenotypes) in individuals with

chronic non-B clade HIV infection (19). The study found that anti-

Tat IgG alone was not protective unless it was present in combination

with IgM, suggesting that persistent anti-Tat IgM has a protective role

independent (19). Nevertheless, not enough research has been done

on anti-Tat antibodies and how they may change, particularly in early

treated HIV-1 infections. In the present study, we examine the

evolution in anti-Tat IgA, IgG, and IgM from HIV-1 clade C

infected women who initiated ART in acute phase of infection and

were longitudinally followed for up to 12 months. Thereafter, we

explored potential association between anti-Tat antibodies and total

cellular HIV-1 DNA, CD4+ T cell counts and T-cell activation

markers. Participants in our study were from the study measured

the total anti-Tat-specific antibody titers in early-treated individuals

in the Females Rising through Education, Support and Health

(FRESH) cohort in Durban South Africa, which use a combination
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of a socioeconomic empowerment program and regular HIV-1 RNA

screening to identify acute infection, with ART initiated immediately

for those detected with acute HIV-1 infection (20, 21). Hence the

study also examined the evolution of HIV-1 anti-Tat antibodies and

markers of T-cell activation in women treated with ART from acute

infection and up to 12 months post-ART.
2 Materials and methods

2.1 Study participants

2.1.1 Females rising through education, support
and health cohort

The Females Rising through Education, Support and Health

(FRESH) is an ongoing cohort study conducted in KwaZulu-Natal,

South Africa. The goals of the FRESH study are to combine a

socioeconomic interventional with basic science research (20, 21).

Eligible women were HIV uninfected, aged 18–23 years, sexually

active, not pregnant, non-anemic (hemoglobin ≥10 g/L), without

other barriers to participation (serious chronic illness, enrolment in

another study, or family responsibilities). Participants are screened

for acute HIV-1 infection through twice weekly finger prick

assessment for presence of plasma HIV-1 RNA. In the present

study, human plasma samples were analyzed from 34 ART-treated

women, who initiated treatment one day after detection of HIV-1

plasma RNA. Table 1 shows the characteristics of the participants

included in the study, and Figure 1 is a summary of the

study design.

The Biomedical Research Ethics Committee of the University of

KwaZulu-Natal approved the study (BREC/00004500/2022).

Participants gave written informed consent.

2.1.2 Study participants
2.1.3 Study design

Participants included in the present study were 34 women aged

18–23 years in KwaZulu-Natal, South Africa, who were HIV

uninfected and sexually active consented to HIV-1 RNA testing

twice a week. Participants were diagnosed with acute HIV-1

infection of whom were diagnosed in Fiebig stage I infection with

a median initial viral load of 11500 copies/mL (IQR= 53000-1000).

These participants started ART at a median of 1 day (1–1) after

detection of plasma viraemia, which leads to a suppressed viral load

(to <20 copies/mL) within 3 months of treatment.
Frontiers in Immunology 03
2.2 Enzyme-linked immunosorbent assay

Human anti-Tat IgG, IgM and IgA were measured by ELISA

in plasma samples collected from the participants. Ninety-six

well Nunc™ MaxiSorp™ ELISA plates (BioLegend, San Diego,

CA, US) were coated with 100 mL/well of HIV-1 clade C Tat

(Sigma-Aldrich, St louis, MO,US) resuspended in phosphate

buffered saline (PBS) (Gibco, New York, US), overnight at 4°C.

Plates were then washed three times with PBS containing 0.05%

Tween-20 (Sigma-Aldrich, St louis, MO, US) and then blocked

with PBS containing 5% BSA (Thermo Fisher, Waltham, MA,

US) for 2 hours at room temperature. Plates were washed three

times, and 100 mL/well of appropriate dilutions of each plasma

diluted in PBS were dispensed in duplicate wells and incubated

for 2 hours at room temperature. Plates were washed three

times before the addition of 100 mL/well of HRP-conjugated

anti-human IgG (Sigma-Aldrich, St louis, MO, US), HRP-

conjugated anti-human IgA (Sigma Aldrich, St louis, MO, US),

or HRP-conjugated anti-human IgM (Sigma Aldrich, St louis,

MO, US) diluted 1:1, 1:10 and 1:100, in PBS and incubated for 1

hour at room temperature. After incubation, plates were washed

three times and 50mL of the substrate (1 o-phenylenediamine

dihydrochloride (OPD) tablet (Thermo Fisher, Waltham, MA,

US), 11mL of phosphate citrate buffer (Sigma Aldrich, St louis,

MO, US) and 4.4 mL H2O2 (ReAgent, Runcorn, Cheshire, UK))

was added for detection. 50 mL of H2SO4 was added to stop the

reaction. Absorbance in optical density was measured at 490 nm

using a Victor Nivo multimode plate reader (PerkinElmer,

Waltham, MA, US). Plasma from HIV-1-negative participants

were used as negative controls, and plasma from ART-naïve

participants with chronic HIV-1 infection were used as positive

controls. The cut-off value was estimated as the mean of the

negative controls. A plasma sample with a higher value than the

cut-off value was considered positive for anti-Tat antibodies.

GraphPad Prism was used, titers were calculated using different

dilutions to get the area under the curve.
2.3 Measurement of the total HIV-1 DNA
by droplet digital PCR

Total peripheral blood mononuclear cells (PBMCs) collected

from each participant at each time point were independently

subjected to DNA extraction using DNeasy Blood & Tissue Kits
TABLE 1 Characteristics of the HIV-1 participants included in the study.

Characteristics Early treatedb

(n= 34)
Chronic untreatedc

(n= 10)
HIV-1

negative (n=10)

Median CD4 T cell counts a cells/mL 632.5 (791- 505) 325 (495- 262) 1000 (1300-700)

Median viral loadsa HIV-1 RNA copies/ml 11500 (53,000- 1,000) 48,600 (76,900- 42,900) -
aMedian values are shown with interquartile ranges in brackets.
bEarly treated participants started ART 1 day following first detection of plasma viraemia.
cChronic untreated participants were HIV-1 immunoassay seropositive participants who were ART-naïve.
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(QIAGEN, Germantown, Maryland, US). Total HIV-1 DNA and

host cell concentrations in the DNA extracts were estimated using

Bio-Rad droplet digital PCR (ddPCR), using primers and probes

covering HIV-1 5′ LTR-gag HXB2 coordinates 684–81037 (forward

primer 5′-TCTCGACGCAGGACTCG-3′, reverse primer 5′-
TACTGA CGCTCTCGCACC-3′ probe/56-FAM/CTCTCTCCT/

ZEN/TCTAGCCTC/31ABkFQ/, and human RPP30 gene forward

primer 5′-GATTTGGACCTGCGAGCG-3′, reverse primer 5′-
GCGGCTGTCTCCACAAGT-3′, probe/56 FAM/CTGACCTGA/

ZEN/AGGCTCT/31ABkFQ/). ddPCR was performed using the

following thermocycler program: 95°C for 10 min, 45 cycles of

94°C for 30 s, and 60°C for 1 min, and 72°C for 1 min. The Bio-Rad

QX100 droplet reader (Bio-Rad, Hercules, CA, US) subsequently

read the droplets and data were analyzed using QuantaSoft software

(Bio-Rad) edition 1.2.
2.4 Calculations of area under the curve
for viral load

The area under the curve (AUC) for viral load in participants

longitudinally followed from ART initiation in acute HIV-1

infection was calculated to quantify overall exposure to the virus

before full viral suppression. The AUC was determined by

integrating viral load measurements taken from the time of first

HIV-1 viral RNA detection to the day the participant’s viral load

dropped below 20 copies/mL (undetectable viral load). A graph was

plotted with days post onset of plasma viraemia (DPOPV) on the X-

axis and viral load (log copies/mL) on the Y-axis. The AUC was

then calculated using GraphPad Prism version 5. This method
Frontiers in Immunology 04
provides a comprehensive summary of viral load dynamics, offering

insights into how viral load exposure may correlate with disease

progression and the efficacy of ART.
2.5 Measurement of immune activation by
flow cytometry

PBMCs from participants were isolated by Ficoll density gradient

centrifugation and cryopreserved until use. Cryopreserved samples

were thawed and resuspended in R10 medium (RPMI (Sigma-

Aldrich, St louis, MO, US), 5.5 mL L-glutamine (Gibco, Grand

Island, NY, US), 5.5 mL Penicillin- Streptomycin (Thermo Fisher,

SA), 5.5 mL Hepes (Thermo Fisher, Waltham, MA, US), 10% FBS

(Gibco, Grand Island, NY, US). Cells were rested for 2 hours at 37 0C

before staining. For immunophenotyping one million cells were

stained and incubated for 20 minutes using the following

fluorochrome-labelled monoclonal antibodies (MAbs): CD3-

BV650/BV786, CD4-APC, CD8-FITC, CD56-BV510, CD38-

BV711, HLA-DR-PECF594 (BD Biosciences, San Diego, CA, US)

and fixable viability dye (Thermo Fisher, Waltham, MA, US), before

the 20 minutes fixation with Fix and Perm Medium A (Thermo

Fisher, Waltham, MA, US). Acquisition was performed on an LSR

Fortessa (BD Biosciences, San Diego, CA, US). Compensation was

conducted with antibody capture beads (BD Biosciences, San Diego,

CA, US) stained separately with the individual antibodies used for

sample staining. Flow cytometry data was analyzed using FlowJo

version 10.8.1. The gating strategy for T-cell activation assessment is

shown in Supplementary Figure 1. Briefly, single and viable cells were

gated from the total lymphocytes to omit doublets and non-viable
FIGURE 1

There were 34 acute treated participants analyzed, with samples collected on the day of ART initiation (day 1) and at 3 and 12 months post-ART. The
controls were HIV-1 chronically infected ART naïve participants (n=10) and HIV-1 uninfected participants (n=10). Samples were obtained once for
the latter 2 groups. The various assays performed at each timepoint are shown by the orange (anti-Tat antibodies), green (total HIV-1 DNA) and
purple arrows (markers of T-cell activation).
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cells from the analyses. Following their identification, CD3+ T-cell

lymphocytes were gated for CD4+ and CD8+ T-cell subsets and

activation was defined by HLA-DR and CD38 expression.
2.6 Software and statistical analysis

FlowJo software, version 10.81, was used for flow cytometry data

analysis. Data analyses were performed using Graphpad Prism version

5 (GraphPad Inc.) for graphical display and Microsoft Excel

(Microsoft). Groups were compared using the Mann-Whitney U-

test. For association analyses, the Spearman rank correlation was

determined. P-values ≤ 0.05 were regarded as statistically significant.
3 Results

3.1 Longitudinal analysis of anti-Tat
antibodies in HIV-1 early treated individuals

Plasma samples from early treated HIV-1 individuals were first

tested for anti-Tat IgA, IgG and IgM antibodies recognizing clade C

Tat (Figure 2). Figure 2 shows the anti-Tat antibody titers for

different isotypes within the first year of ART initiation in early

treated individuals. HIV-1 chronically infected ART-naïve

participants were included as positive controls, and the cut-off

value was estimated as the median of the negative controls (HIV-1

uninfected participants). The median for anti-Tat IgA titer detected

on day 1 of ART was 106.7 Ab titer; it was 84.6 Ab titer at 3 months

post-ART, and it was 124.3 Ab titer at 12 months post-ART

(Figure 2A). The median for anti-Tat IgG titers were 1029, 185.6,

and 110.8 at day 1, 3 months and 12 months post-ART, respectively

(Figure 2B). The median for anti-Tat IgM titers were 1601, 356.3, and

140.9 at day 1, 3 months and 12 months post-ART, respectively

(Figure 2C). All individuals had higher anti-Tat antibodies than the
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Ab titer cut-off values of 10.53, 19.61, and 19,61 for IgA, IgG, and

IgM, respectively. These results indicate that anti-Tat IgG and IgM

titers had decreased significantly after 12 months of treatment

(p<0.0001). There was no statistical difference detected between day

1 and 12 months post-ART for anti-Tat IgA titers (p= 0.3512).

However, there was a statistical difference when compared day 1 and

3 months post-ART treatment (p=0.0099), and between 3 and 12

months post-ART treatment (p<0.0001). Anti-Tat IgA and IgG

antibodies in HIV-1 chronically infected ART-naïve participants

were significantly higher compared to early treated participants

(p<0.05). However anti-Tat IgM in day 1 was significantly higher

compared to HIV-1 chronically infected ART-naïve participants (p<

0.05). These analyses also demonstrate that a large proportion of the

34 HIV early HIV- treated individuals had plasma anti-Tat antibody

responses dominated by IgG and/or IgM very early in infection.
3.2 Correlation between anti-Tat antibodies
and CD4+ T-cell count and viral load

Anti-Tat antibodies have been shown to correlate with markers of

disease progression such as CD4+ T-cell count and viral loads in

chronic HIV-1 infection (19). Here, we investigated if there was

correlation between anti-Tat antibody isotype levels and CD4+ T-cell

count in HIV-1 early treated participants to understand how the

immune system responds to HIV-1 and is impacted by treatment.

Thirty-four plasma samples of HIV-1 early treated individuals from

different time points were selected according to their duration of

treatment. Supplementary Figures 2A-C showed that there was no

significant correlation (r= -0.02 to 0.2, p>0.05) between anti-Tat

antibody levels measured at day 1 of treatment and CD4+ T-cell

counts at day 1, 3 months or 12 months post-ART. Additionally,

correlation between ant-Tat antibody levels and viral load on day 1 of

treatment was analyzed, with no correlation observed (r= -0.25 to

0.17, p> 0.05) (Supplementary Figure 2D). Following the initiation of
FIGURE 2

Longitudinal analyses of anti-Tat antibody isotypes in PLWH who initiated ART during acute infection, with HIV-1 negative and chronically infected
ART-naïve samples as negative and positive controls respectively. Antibody isotypes compared were (A) IgA, (B) IgG and (C) IgM. Y-axes represent
anti-Tat antibody titers, and X-axes represent different post-ART time points. Highlighted in yellow are HIV-1 uninfected negative controls, followed
by acute treated participants at day 1 (blue), 3 months (red) and 12 months (green) post-ART and chronically infected ART-naïve participants (purple).
The straight line within the data points represents the median value. Statistical comparisons were made using the Mann-Whitney test. * represent the
significant p value.
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ART all participants maintained undetectable viral loads (<20 copies/

ml) at 3- and 12-months post-ART. We also analyzed for correlation

between anti-Tat antibody isotypes and CD4+ T-cell count and viral

load in the HIV-1 chronically infected ART-naïve individuals.

Supplementary Figure 3A shows that there was no correlation

between any of the anti-Tat antibody isotype titers and CD4+ T

cell count (r= 0.05 to 0.50, p> 0.05). Supplementary Figure 3B shows

that there was no significant correlation between anti-Tat antibody

titers and viral load (r= -0.7052 to 0.1094, p> 0.05), except for IgA

where the isotype levels negatively correlated with viral load (r=

-0.7052, p= 0.0268). For further analyses, correlation between anti-

Tat antibodies titer and area under curve of viral load in HIV-1 early

treated participants. Supplementary Figure 4 showed how the area

under curve of the participants looked like. It was observed that the

viral load was suppressed overtime. Supplementary Figures 5-7

suggest that there is no correlation between the level of anti-Tat

antibodies and virus attack on the participants (r < 1, p >0.05).
3.3 Correlation between anti-Tat antibodies
and total HIV-1 DNA

We further analyzed the possible relationship between the level

of anti-Tat antibody titers and the total HIV-1 DNA after 12

months post-treatment. Total HIV-1 DNA (Log copies/106 cells)

was measured from 8 plasma samples that showed the presence of

anti-Tat antibodies in all the isotypes on day 1 and 12 months of

treatment using ddPCR. There was no correlation between the level

of anti-Tat antibodies and total HIV-1 DNA (r= 0.2, p >0.05)

(Figure not shown). However, the detection of anti-Tat antibodies,
Frontiers in Immunology 06
as well as the total HIV-1 DNA, decreases with prolonged therapy

(p< 0.05) (Supplementary Figure 8). We further analyzed for

correlation between total HIV-1 DNA and viral load area under

the curve was analyzed. Supplementary Figure 9 suggests no

correlation between the total HIV-1 DNA and area under the

curve of the viral load (r< 1, p >0.05).
3.4 Association between anti-Tat
antibodies and T-cell activation

HIV-1 disease progression is characterized by T-cell abnormalities

such as persistent activation. Activation profiles of CD4+ and CD8+

T-cells by assessing CD38 and HLA-DR co-expression was evaluated,

as shown in Figure 3. Figure 3A shows that there were no statistical

differences in CD4+ T-cell activation between the time points analyzed

within the first year of treatment (p>0.05). Similar frequencies of CD4

+ T-cell activation were observed at 3 and 12 months compared to

HIV-1 negative participants; no statistical differences were observed

(p= 0.7300; p= 0.8550, respectively). As shown in Figure 3B, acutely

treated participants had similar levels of CD8+ T-cell activation on day

1 of treatment compared to HIV-1 negative participants, however no

statistical difference was observed (p= 0.1279). Following the initiation

of therapy, CD8+ T-cell activation was reduced such that the

frequency of activated CD8+ T-cells at 12 months was lower

compared to those on day 1 of treatment (p=0.0129), although this

was not statistically different from the frequency of activated CD8+ T-

cells in HIV negative participants (p= 0.1279). There was no

correlation between anti-Tat antibody titers and T-cell activation

over time across all isotypes (-1< r >1, p > 0.05) (Supplementary
FIGURE 3

T-cell activation frequencies in HIV-1 uninfected controls and in participants who initiated ART in acute HIV-1 infection. (A) The percentages of CD4+ T-cells
expressing CD38 and HLA-DR and (B) The percentages of CD8+ T-cells expressing CD38 and HLA-DR. The T-cell activation frequencies are shown on the
Y-axes, while the treatment duration is shown by X-axes. Shapes highlighted in blue, red, green and black represent HIV-1 negative, day 1, 3 months and 12
months of infection, respectively. Statistical comparisons were performed using the Mann-Whitney test.
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Figure 10). Overall, these results indicate that reduced CD8+ T-cell

activation was more closely associated with early ART initiation rather

than with the presence or titer of anti-Tat antibodies, resulting in levels

of CD8+ T-cell activation that are comparable to HIV-1 negative

individuals. No statistically significant correlation was observed

between anti-Tat antibody levels and T-cell activation markers.
4 Discussion

Antiretroviral therapy (ART) suppresses HIV-1 replication to

levels that are undetectable in the peripheral blood with the lower

limit of detection being 20 or 50 copies/ml of HIV-1 RNA depending

on the assay. However, ART does not eradicate the virus, even after

decades of treatment. Tat-specific antibodies have been found to be

associated with lower disease progression in untreated patients (19). In

this study, the longitudinal evolution of Tat-specific antibodies from

early treated PLWH was determined from the first day to 12 months

of infection. Consistent with Keating et al. (22) and Nicoli et al. (19),

the present study shows that initiation of ART significantly reduces

anti-Tat clade C antibodies (IgG and IgM). It is interesting that in this

cohort of acute treated HIV-1 infection, most participants had already

developed anti-Tat antibodies even though they did not display full

antibody seroconversion as previously described (20). However, there

was no correlation between anti-Tat antibody isotypes and markers of

disease progression except for anti-Tat IgA which showed a negative

correlation with viral load (Supplementary Figure 3B). Moreover,

there was no correlation between the levels of anti-Tat antibodies and

total HIV-1 DNA at 12 months post ART, suggesting that these

antibodies did not contribute to reservoir reduction. However, this

result needs to be interpreted with caution due to the small sample size

of our study. ART initiated in acute infection also reduced CD8+ T-

cell activation over the 12 months of follow up.

Enzyme-linked immunoassay assay was performed to measure

the presence of Tat clade C antibodies in the plasma of early treated

participants and demonstrated that anti-Tat IgG and IgM decreased

over time, with no significant difference observed in anti-Tat IgA titer

between day 1 and 12 months post-ART. Whereas robust anti-Tat

IgG and IgM titers were observed in these early treated participants

(median AUC values of 1029 and 1601, respectively), Tat IgA levels

were much lower at a median titer AUC of 106.7, likely a reflection of

IgA being more robustly expressed in mucosal tissues. High

responses of all anti-Tat antibodies in chronically HIV-1 ART-

naive individuals were observed compared to HIV-1 early treated

(Figure 2). Our results are consistent with the study by Keating et al.

(22) who reported a progressive decline in antibody responses due to

ART-induced viral suppression that lasted for 5–7 years. However,

unlike Keating et al. (22), we did not observe a correlation between

anti-Tat antibodies and viral load, likely because participants in our

study started treatment in acute infection or the sample size was too

small for the chronically infected ART-naïve participants.

The current study shows that IgG and IgM responses dominate

in the early stages of treatment (Figures 2B, C). IgM (unswitched

antibody) is the first antibody isotype produced during an immune

response, followed by the class-switched antibodies, IgG and IgA.
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Moreover, IgM functions as a primary barrier against HIV-1 and

regulates immune responses (23). IgM is highly efficient in

activating the complement system and inhibiting virus entry by

directly interacting with HIV-1 co-receptors (24). The persistence

of IgM during chronic infection is interesting and has been recently

described for other diseases (Figure 1) (25). In addition, Tat IgM has

been observed to also persist in Tat-vaccinated subjects, suggesting

that Tat-specific IgM+ memory B cells are long-lived (26).

Individuals with detectable IgM and IgG antibodies responses

displayed higher responses at the early stages of infection shortly

after treatment initiation, which declined over time. According to

these results, a lowering of anti-Tat antibody levels during early

ART may reflect decreased viral production.

Interestingly, IgA responses reduced from the initiation of

treatment to 3 months of infection and a recovery of responses at

12 months of infection was observed (Figure 2A). The role of serum

HIV-specific IgA has been previously debated with some reports

indicating that serum IgA may display neutralizing activity (19).

Results from the RV144 trial demonstrated that serum anti-Env IgA

may counteract the activity of protective IgG (27). HIV-infected

individuals with Tat IgA showed significantly higher pVL and

activation of CD8+ T-cells and lower CD4+ T-cell counts (19).

There was no evidence of accelerated disease progression in these

subjects, but firm conclusions are not possible participants in our

study were initiated on ART during acute infection and the

longitudinal follow-up was limited to one year.

Previous studies have shown a significant correlation between anti-

Tat immunity and high CD4+ T-cell counts and control of low viral

loads in people living with HIV-1 who are chronically untreated or on

ART (19, 28). A subsequent study reported that anti-Tat IgM correlated

with higher CD4+ T-cell counts and lower viral loads irrespective of the

duration of chronic infection in ART-naive patients (19). In this study,

we reported no correlation or statistical significance between anti-Tat

antibodies and CD4+ T-cell count and viral load for both HIV-1 early

treated and chronically HIV-1 ART-naïve participants (Supplementary

Figures 2, 3). However, there was significance between IgA and viral

load in chronic group (Supplementary Figure 3B). This may be because

most participants had relatively high (>500 copies/ml) CD4+ T-cell

count and initiated treatment early. The viral loads of the present study

HIV-1 early treated participants remained less than 20 copies/ml

following the initiation of ART (20). In addition, no correlation was

observed between anti-Tat antibodies and area under the curve of viral

load in early-treated participants. Thus, we cannot conclude that anti-

Tat immunity influenced the drastic decrease of the viral load in HIV-1

early treated participants.

HIV-1 Tat protein abnormalities have been found to have an

impact on the establishment and maintenance of latent infection (3).

Thus, we ascertained the disparity between anti-Tat antibodies and

the total HIV-1 DNA. Acute infection creates the latent reservoir,

which is primarily made up of CD4+ T cells with resting memory.

Research indicates that Tat, in sufficient amounts, may be able to

prevent HIV-1 latency from developing by promoting transcription

initiation or elongation (10, 11). The current study found that, there

was no correlation between the level of anti-Tat antibodies and the

total HIV-1 DNA, not statistically significant (Figure not shown).
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Our results are consistent with a study by Reddy et al. (29), which

found that although ART started during hyperacute HIV-1 subtype C

infection did not affect reservoir seeding, it was linked to a faster

decay of intact viral genomes. The current study found no

correlation; however, we observed that total HIV-1 DNA was high

during the acute phase of the infection than they were a year later,

and they reduced after 12 months post-ART (Supplementary

Figure 8). Because latent proviruses do not produce viral gene

products, they are protected from both ART drugs and the host

immune response. The long-lived, latently infected host cell remains

unaffected by viral cytopathic effects (30). Hence, we can conclude

that the decrease in total HIV-1 DNA maybe be associated with the

earlier ART initiation (31).

This study demonstrates that in the early-treated PLWH, anti-Tat

antibodies are linked to the decrease of CD4+ and CD8+ T-cell

activation (Figure 3). Similarly, anti-Tat antibodies were linked to low

T-cell activation in individuals with chronic infection (19). Consistently,

we observed that patients with positive IgA, IgG and IgM responses on

day 1 of infection displayed high frequencies of HLA-DR+CD38+ CD4+

T cells compared to HIV-1 negative individuals, but not significant.

Almost similar frequencies of HLA-DR+CD38+ CD4+ T-cells were

observed at 3 and 12 months compared with HIV-1 negative, but not

significant (Figure 3A). According to Naidoo et al. (32), T-cell

activation was measured at 1 month and 12 months for PLWH that

initiated ART in the hyperacute stage of infection. The median T-cell

activation was lower compared to HIV-1 negative individuals, but not

significant (32). In our study, HLA-DR+CD38+ CD8+ T-cell activation

significantly decreased with prolonged treatment (Figure 3B), this

implies that early initiation of ART reduced virus associated immune

activation (33). In addition, there was no correlation between the

presence of anti-Tat antibodies and T-cell activation in HIV-1 early

treated participants (Supplementary Figure 10). However, Nicoli et al.

(19) reported that anti-Tat IgM were preferentially detected in chronic

HIV-infected subjects with low T cell activation (p-value = 0.03). High

CD8+ T-cell activation was observed compared to CD4+ T cell

activation (Figure 3). CD8+ T-cells are critical in the natural and

ART-induced control of viral replication; however, CD8+ T-cells are

highly affected by the persistent immune activation and exhaustion

state driven by the increased antigenic and inflammatory burden

during HIV-1 infection, inducing phenotypic and functional

alterations and hampering their antiviral response (34).

The limitations of the current study include a small sample size,

lack of matching samples to analyze some of the parameters at every

time point and a relatively short longitudinal follow up period.

These limitations necessitate caution in our data interpretation and

make it challenging to generalize our findings. Therefore, further

experiments with a larger sample size is needed to explore the link

between anti-Tat immunity, markers of disease progression and

total HIV-1 DNA following early ART initiation. The current study

could not compare T-cell activation of patients with and without

anti-Tat antibodies because of the limited sample size. Therefore,

future studies should have a long duration of longitudinal follow-up

and increase the number of samples. In addition, determining a

direct association between levels of anti-Tat antibodies and T-cell

activation in HIV-1 participants is recommended for potential
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future studies. Nevertheless, longitudinal samples from early

treated HIV-1 participants (FRESH cohort) allowed us to observe

the evolution of anti-Tat antibodies, the association between anti-

Tat antibodies and the total HIV-1 DNA, and immune activation.

In summary, early treatment reduces the production of anti-Tat

antibodies as they gradually deteriorate, and they appear to have no

impact on the total HIV-1 DNA decay. Anti-Tat antibody levels did

not correlate with CD4+ T-cell counts. Early ART administered for

up to 12 months, lowered CD8+ T-cell activation. These findings

highlight the importance of early initiation ART in mitigating the

detrimental effects of HIV-1 on the immune system, thereby

improving long-term clinical outcomes and reducing the risk of

immune dysfunction and progression to AIDS.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding author.
Ethics statement

The studies involving humans were approved by University of

Kwazulu Natal Bimedical Research Ethics Committee. The studies

were conducted in accordance with the local legislation and

institutional requirements. The participants provided their written

informed consent to participate in this study.
Author contributions

TK: Data curation, Formal analysis, Investigation, Methodology,

Writing – original draft, Writing – review & editing. KN: Investigation,

Methodology, Writing – review & editing. KR: Investigation,

Methodology, Writing – review & editing. TN: Conceptualization,

Funding acquisition, Supervision, Writing – review & editing. NM:

Conceptualization, Funding acquisition, Methodology, Project

administration, Supervision, Writing – original draft, Writing –

review & editing.
Funding

The author(s) declare that financial support was received for the

research and/or publication of this article. National Research

Foundation Thuthuka Grant to Dr NP Mkhwanazi (NRF 138260).

This work was partially supported by the Sub-Saharan African

Network for TB/HIV Research Excellence (SANTHE) which is

funded by the Science for Africa Foundation through the Developing

Excellence in Leadership, Training and Science in Africa (DELTAS

Africa) programme (Del-22-007) with support from Wellcome Trust

and the UK Foreign, Commonwealth & Development Office and is

part of the EDCPT2 programme supported by the European Union;
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1564960
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kubheka et al. 10.3389/fimmu.2025.1564960
the Bill & Melinda Gates Foundation (INV-033558); and Gilead

Sciences, Inc. (grant # 19275). All content contained within is that of

the authors and does not necessarily reflect positions or policies of any

SANTHE funder. For the purpose of open access, the author has

applied a CC BY public copyright license to any Author Accepted

Manuscript version arising from this submission.We also acknowledge

support from the International AIDS Vaccine Initiative (grant

number UKZNRSA1001).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Frontiers in Immunology 09
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Author disclaimer

All content contained within is that of the authors and does not

necessarily reflect positions or policies of any SANTHE funder.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.

1564960/full#supplementary-material
References
1. Castro-Gonzalez S, Colomer-Lluch M, Serra-Moreno R. Barriers for HIV cure: the
latent reservoir. AIDS Res Hum Retroviruses. (2018) 34:739–59. doi: 10.1089/
aid.2018.0118

2. Tseng A, Seet J, Phillips EJ. The evolution of three decades of antiretroviral
therapy: challenges, triumphs and the promise of the future. Br J Clin Pharmacol.
(2015) 79:182–94. doi: 10.1111/bcp.2015.79.issue-2

3. Chen J, Zhou T, Zhang Y, Luo S, Chen H, Chen D, et al. The reservoir of latent
HIV. Front Cell Infect Microbiol. (2022) 12. doi: 10.3389/fcimb.2022.945956

4. Ho Y-C, Shan L, Hosmane NN, Wang J, Laskey SB, Rosenbloom DI, et al.
Replication-competent noninduced proviruses in the latent reservoir increase barrier to
HIV-1 cure. Cell. (2013) 155:540–51. doi: 10.1016/j.cell.2013.09.020

5. Finzi D, Hermankova M, Pierson T, Carruth LM, Buck C, Chaisson RE, et al.
Identification of a reservoir for HIV-1 in patients on highly active antiretroviral
therapy. Science. (1997) 278:1295–300. doi: 10.1126/science.278.5341.1295

6. Stevenson EM, Ward AR, Truong R, Thomas AS, Huang S-H, Dilling TR, et al.
HIV-specific T cell responses reflect substantive in vivo interactions with antigen
despite long-term therapy. JCI Insight. (2021) 6(3):e142640. doi: 10.1172/
jci.insight.142640

7. Rice AP. The HIV-1 tat protein: mechanism of action and target for HIV-1 cure
stra tegies . Curr Pharm Des . (2017) 23(28) :4098–102. doi : 10.2174/
1381612823666170704130635

8. Kao SY, Calman AF, Luciw PA, Peterlin BM. Anti-termination of transcription
within the long terminal repeat of HIV-1 by tat gene product. Nature. (1987) 330:489–
93. doi: 10.1038/330489a0

9. Jin H, Li D, Lin MH, Li L, Harrich D. Tat-based therapies as an adjuvant for an
HIV-1 functional cure. Viruses. (2020) 12(4):415. doi: 10.3390/v12040415

10. Donahue DA, Kuhl BD, Sloan RD, Wainberg MA. The viral protein Tat can
inhibit the establishment of HIV-1 latency. J Virol. (2012) 86:3253–63. doi: 10.1128/
JVI.06648-11

11. Pearson R, Kim YK, Hokello J, Lassen K, Friedman J, Tyagi M, et al. Epigenetic
silencing of human immunodeficiency virus (HIV) transcription by formation of
restrictive chromatin structures at the viral long terminal repeat drives the progressive
entry of HIV into latency. J Virol. (2008) 82:12291–303. doi: 10.1128/JVI.01383-08

12. Nicoli F, Finessi V, Sicurella M, Rizzotto L, Gallerani E, Destro F, et al. The HIV-
1 Tat protein induces the activation of CD8+ T cells and affects in vivo the magnitude
and kinetics of antiviral responses. PLoS One. (2013) 8:e77746. doi: 10.1371/
journal.pone.0077746

13. Monini P, Cafaro A, Srivastava IK, Moretti S, Sharma VA, Andreini C, et al.
HIV-1 tat promotes integrin-mediated HIV transmission to dendritic cells by binding
Env spikes and competes neutralization by anti-HIV antibodies. PLoS One. (2012) 7:
e48781. doi: 10.1371/journal.pone.0048781
14. Cafaro A, Ensoli B. HIV-1 therapeutic vaccines in clinical development to
intensify or replace antiretroviral therapy: the promising results of the Tat vaccine.
Expert Rev Vaccines. (2022) 21(9):1243–53. doi: 10.1080/14760584.2022.2089119

15. Moretti S, Cafaro A, Tripiciano A, Picconi O, Buttò S, Ensoli F, et al. HIV
therapeutic vaccines aimed at intensifying combination antiretroviral therapy. Expert
Rev Vaccines. (2020) 19(1):71–84. doi: 10.180/14760584.2020.1712199

16. Cafaro A, Tripiciano A, Picconi O, Sgadari C, Moretti S, Buttò S, et al. Anti-tat
immunity in HIV-1 infection: effects of naturally occurring and vaccine-induced
antibodies against tat on the course of the disease. Vaccines. (2019) 7:99.
doi: 10.3390/vaccines7030099

17. Bellino S, Tripiciano A, Picconi O, Francavilla V, Longo O, Sgadari C, et al. The
presence of anti-Tat antibodies in HIV-infected individuals is associated with
containment of CD4+T-cell decay and viral load, and with delay of disease
progression: results of a 3-year cohort study. Retrovirology. (2014) 11:49.
doi: 10.1186/1742-4690-11-49

18. Loret EP, Darque A, Jouve E, Loret EA, Nicolino-Brunet C, Morange S, et al.
Intradermal injection of a Tat Oyi-based therapeutic HIV vaccine reduces of 1.5 log
copies/mL the HIV RNA rebound median and no HIV DNA rebound following cART
interruption in a phase I/II randomized controlled clinical trial. Retrovirology. (2016)
13:21. doi: 10.1186/s12977-016-0251-3

19. Nicoli F, Chachage M, Clowes P, Bauer A, Kowour D, Ensoli B, et al. Association
between different anti-Tat antibody isotypes and HIV disease progression: data from an
African cohort. BMC Infect Dis. (2016) 16:344. doi: 10.1186/s12879-016-1647-3

20. Dong KL, Moodley A, Kwon DS, Ghebremichael MS, Dong M, Ismail N, et al.
Detection and treatment of Fiebig stage I HIV-1 infection in young at-risk women in
South Africa: a prospective cohort study. Lancet HIV. (2018) 5:e35–44. doi: 10.1016/
S2352-3018(17)30146-7

21. Ndung’u T, Dong KL, Kwon DS, Walker BD. A FRESH approach: Combining
basic science and social good. Sci Immunol. (2018) 3:eaau2798. doi: 10.1126/
sciimmunol.aau2798

22. Keating SM, Pilcher CD, Jain V, Lebedeva M, Hampton D, Abdel-Mohsen M,
et al. HIV antibody level as a marker of HIV persistence and low-level viral replication.
J Infect Dis. (2017) 216(1):72–81. doi: 10.1093/infdis/jix225

23. Devito C, Ellegård R, Falkeborn T, Svensson L, Ohlin M, Larsson M, et al.
Human IgM monoclonal antibodies block HIV-transmission to immune cells in
cervico-vaginal tissues and across polarized epithelial cells in vitro. Sci Rep. (2018) 8.
doi: 10.1038/s41598-018-28242-y

24. Lobo PI, Schlegel KH, Yuan W, Townsend GC, White JA. Inhibition of HIV-1
infectivity through an innate mechanism involving naturally occurring IgM anti-
leukocyte autoantibodies. J Immunol. (2008) 180:1769–79. doi: 10.4049/
jimmunol.180.3.1769
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1564960/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1564960/full#supplementary-material
https://doi.org/10.1089/aid.2018.0118
https://doi.org/10.1089/aid.2018.0118
https://doi.org/10.1111/bcp.2015.79.issue-2
https://doi.org/10.3389/fcimb.2022.945956
https://doi.org/10.1016/j.cell.2013.09.020
https://doi.org/10.1126/science.278.5341.1295
https://doi.org/10.1172/jci.insight.142640
https://doi.org/10.1172/jci.insight.142640
https://doi.org/10.2174/1381612823666170704130635
https://doi.org/10.2174/1381612823666170704130635
https://doi.org/10.1038/330489a0
https://doi.org/10.3390/v12040415
https://doi.org/10.1128/JVI.06648-11
https://doi.org/10.1128/JVI.06648-11
https://doi.org/10.1128/JVI.01383-08
https://doi.org/10.1371/journal.pone.0077746
https://doi.org/10.1371/journal.pone.0077746
https://doi.org/10.1371/journal.pone.0048781
https://doi.org/10.1080/14760584.2022.2089119
https://doi.org/10.180/14760584.2020.1712199
https://doi.org/10.3390/vaccines7030099
https://doi.org/10.1186/1742-4690-11-49
https://doi.org/10.1186/s12977-016-0251-3
https://doi.org/10.1186/s12879-016-1647-3
https://doi.org/10.1016/S2352-3018(17)30146-7
https://doi.org/10.1016/S2352-3018(17)30146-7
https://doi.org/10.1126/sciimmunol.aau2798
https://doi.org/10.1126/sciimmunol.aau2798
https://doi.org/10.1093/infdis/jix225
https://doi.org/10.1038/s41598-018-28242-y
https://doi.org/10.4049/jimmunol.180.3.1769
https://doi.org/10.4049/jimmunol.180.3.1769
https://doi.org/10.3389/fimmu.2025.1564960
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kubheka et al. 10.3389/fimmu.2025.1564960
25. Skountzou I, Satyabhama L, Stavropoulou A, Ashraf Z, Esser ES, Vassilieva E,
et al. Influenza virus-specific neutralizing IgM antibodies persist for a lifetime. Clin
Vaccine Immunol. (2014) 21:1481–9. doi: 10.1128/CVI.00374-14

26. Ensoli B, Bellino S, Tripiciano A, Longo O, Francavilla V, Marcotullio S, et al.
Therapeutic immunization with HIV-1 Tat reduces immune activation and loss of
regulatory T-cells and improves immune function in subjects on HAART. PloS One.
(2010) 5:e13540. doi: 10.1371/journal.pone.0013540

27. Tomaras GD, Ferrari G, Shen X, Alam SM, Liao HX, Pollara J, et al. Vaccine-induced
plasma IgA specific for the C1 region of the HIV-1 envelope blocks binding and effector
function of IgG. Proc Natl Acad Sci U S A. (2013) 110:9019–24. doi: 10.1073/pnas.1301456110

28. Tripiciano A, Picconi O, Moretti S, Sgadari C, Cafaro A, Francavilla V, et al.
Anti-Tat immunity defines CD4+ T-cell dynamics in people living with HIV on long-
term cART. eBioMedicine. (2021) 66:103306. doi: 10.1016/j.ebiom.2021.103306

29. Reddy K, Lee GQ, Reddy N, Chikowore TJB, Baisley K, Dong KL, et al. Differences in
HIV-1 reservoir size, landscape characteristics and decay dynamics in acute and chronic
treated HIV-1 Clade C infection. eLife. (2024) 13:RP96617. doi: 10.7554/eLife.96617.3
Frontiers in Immunology 10
30. Joos B, Fischer M, Kuster H, Pillai SK, Wong JK, Böni J, et al. HIV rebounds
from latently infected cells, rather than from continuing low-level replication. Proc Natl
Acad Sci U S A. (2008) 105:16725–30. doi: 10.1073/pnas.0804192105
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