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Abstract

People with HIV (PWH) may exhibit altered immune responses to SARS-CoV-2 vaccination
due to persistent immune dysregulation despite antiretroviral therapy. We evaluated
humoral immunogenicity following mRNA SARS-CoV-2 vaccination in PWH according
to CD4 T-cell count and compared responses with HIV-negative controls. The study
included 57 PWH stratified by CD4 count (<200 and ≥200 cells/µL), alongside 12 HIV-
negative controls. Neutralizing antibody titers (NT50) against SARS-CoV-2 pseudoviruses
expressing the D614G and Omicron BA.5 spike variants were measured using a luciferase-
based neutralization assay one month (M1) and six months (M6) after primary vaccination
with BNT162b2 or mRNA-1273. PWH with CD4 counts ≥ 200 cells/µL demonstrated
higher neutralizing titers against D614G at M1 and M6, with significant differences observed
between CD4 groups (M1: p = 0.03; M6: p = 0.02). Neutralization of BA.5 was lower overall;
while no overall group differences were observed at M1, higher titers were detected among
individuals with CD4 ≥ 200 cells/µL at six months (p = 0.04). Neutralizing titers correlated
positively with CD4 counts among PWH. Responses were broadly comparable between
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PWH and HIV-negative controls and did not differ substantially by vaccine type. These
findings indicate that immune status, reflected by CD4 T-cell count, is a key determinant
of SARS-CoV-2 vaccine-induced humoral responses in PWH and support prioritizing
vaccination strategies for individuals with advanced immunosuppression.

Keywords: HIV; SARS-CoV-2; COVID-19; humoral response; vaccination

1. Introduction
People with HIV (PWH) remain a population of clinical interest in the context of

SARS-CoV-2 infection due to persistent immune dysregulation despite antiretroviral ther-
apy (ART) [1,2]. Large population-based analyses have demonstrated that PWH may
experience higher risks of severe COVID-19 outcomes, particularly those with advanced
immunodeficiency or uncontrolled viral replication [3,4]. Low CD4 T-cell counts, especially
<200 cells/µL, have consistently been associated with increased morbidity and mortality
following SARS-CoV-2 infection [3,4].

Vaccination has played a central role in reducing the burden of severe COVID-19
globally [5]. mRNA vaccines such as BNT162b2 and mRNA-1273 showed high efficacy in
randomized clinical trials conducted in the general population [6,7]. However, individu-
als with immunocompromising conditions, including PWH, were under-represented in
these trials, leaving uncertainties regarding vaccine-induced immune responses in this
population [7,8].

HIV-related immune dysregulation can affect both antibody-mediated and cellular
responses to vaccination [9]. Even in virologically suppressed individuals receiving ART,
immune activation, B-cell dysfunction, and incomplete immune reconstitution may reduce
vaccine immunogenicity or accelerate waning antibody responses [10]. Earlier studies
of SARS-CoV-2 vaccination in PWH have reported generally adequate seroconversion
rates, particularly among individuals with CD4 counts ≥ 200 cells/µL [11,12]. However,
several studies have also demonstrated attenuated neutralizing antibody responses among
individuals with advanced immunodeficiency [13,14].

Despite these findings, evidence regarding the durability and variant-specific neu-
tralizing activity of vaccine-induced antibodies in PWH remains limited. Many early
investigations focused primarily on binding antibody responses or short-term outcomes
following vaccination and did not assess functional neutralizing activity against emerging
variants of concern. Additionally, longitudinal data evaluating neutralizing responses
stratified by immune status in PWH remain scarce [13].

Characterizing these immune responses is particularly important given the continued
evolution of SARS-CoV-2 variants with immune escape capacity. Characterizing vaccine-
induced neutralizing responses against these variants in immunocompromised populations
may help inform vaccination strategies and booster policies.

In this study, we evaluated the humoral immunogenicity of mRNA-based SARS-
CoV-2 vaccines (BNT162b2 or mRNA-1273) in PWH receiving ART. Neutralizing antibody
responses against the D614G and Omicron BA.5 variants were assessed one month and six
months following primary vaccination. We further stratified responses according to CD4
T-cell counts to evaluate the impact of immune recovery and compared these responses
with those observed in an HIV-negative control group.
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2. Materials and Methods
2.1. Study Design

Study participants with HIV were recruited from centers participating in the PISCIS
cohort, a population-based cohort that includes individuals receiving HIV care in hospitals
across Catalonia and the Balearic Islands [15]. Eligible individuals were those in active
follow-up, from whom participants were randomly selected.

The present analysis was primarily based on the COVIHVAC study, a prospective
multicenter observational cohort that evaluated immune responses following SARS-CoV-2
vaccination among PWH. For comparison, HIV-negative control participants were in-
cluded from COVIHVAX, a separate concurrent cohort study investigating vaccine-specific
immune responses following two doses of mRNA-based SARS-CoV-2 vaccination [16].
Participants received a two-dose schedule of an mRNA SARS-CoV-2 vaccine (BNT162b2 or
mRNA-1273). The recommended interval between doses was 21 days for BNT162b2 and
28 days for mRNA-1273, in accordance with manufacturer recommendations and national
vaccination guidelines. Participants were enrolled between 22 April 2021 and 15 February
2022. Peripheral blood samples and clinical data were collected at baseline prior to vaccina-
tion (M0), approximately one month after completion of the primary vaccination schedule
(M1), and six months after vaccination (M6). Baseline samples were used to confirm the
absence of prior SARS-CoV-2 infection.

The primary outcome was humoral immunogenicity measured by neutralizing an-
tibody titers against SARS-CoV-2 variants. Neutralizing responses against the ancestral
D614G variant and the Omicron BA.5 variant were assessed one month and six months
following vaccination. Clinical data, including comorbidities and HIV viral load, were
obtained at baseline (M0). When baseline data were not available, the most recent values
recorded in the PISCIS cohort database prior to vaccination were used. PWH were stratified
according to baseline CD4 T-cell counts (<200 and ≥200 cells/µL).

2.2. Participant Eligibility

We included adults aged ≥ 18 years who received either the BNT162b2 or mRNA-
1273 SARS-CoV-2 vaccine and were able to provide informed consent. Participants with
evidence of previous SARS-CoV-2 infection were excluded based on a rapid antibody test
performed at baseline. Participants without available baseline CD4 T-cell counts were
excluded from the analysis. The HIV-negative control participants were obtained from
COVIHVAX [16]. Individuals with conditions known to affect immune responses were
excluded, including autoimmune diseases, chronic kidney disease, active cancer, previ-
ous organ transplantation, immunosuppressive therapy, or immunoglobulin replacement
therapy. The control group was not matched for age. For PWH, clinical information on
chronic comorbidities was collected, including diabetes mellitus, hypertension, current
cancer, chronic kidney disease, chronic obstructive pulmonary disease (COPD), asthma,
and other relevant conditions. Comparable comorbidity data were not collected for the
control group; however, participants with medical conditions known to significantly affect
immune responses were excluded during recruitment. Participants who reported a positive
SARS-CoV-2 test or COVID-19-compatible symptoms during follow-up were excluded
from analyses from that time point onward.

2.3. Viral Neutralization Assay

SARS-CoV-2 spike-pseudotyped viruses were generated using a vesicular stomatitis
virus (VSV) backbone encoding a luciferase reporter, as previously described [17]. Briefly,
293T cells (provided by the ACTG program) were transfected with 3 µg of the plasmid
pcDNA3.1-S-CoV-2∆19-G614, a mutation associated with enhanced transmissibility com-
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pared to the ancestral Wuhan strain, or with the Omicron BA.5 spike variant. After 24 h,
the cells were infected for 2 h with a replication-deficient VSV (G*VSV-∆G-Luc) encoding
the luciferase gene. Cells were then washed with warm PBS and incubated overnight in
DMEM supplemented with 10% anti-VSV-G antibodies obtained from the I1 hybridoma
(ATCC CRL-2700). The following day, the supernatant containing the pseudoviruses
(VSV-SARS-CoV-2) was collected and titrated in Vero E6 (TMPRSS2) cells.

To perform the viral neutralization assay, plasma samples were heat-inactivated (56 ◦C
for 1 h) and distributed through four-fold serial dilutions (1:32 to 1:131,072) in a 96-well
plate. VSV-SARS-CoV-2 pseudoviruses (0.1 MOI) were then added. After incubation with
plasma samples for 1 h at 37 ◦C, 7.5 × 103 Vero E6 (TMPRSS2) cells were added to each
well and incubated for 20–24 h. Viral entry was quantified based on luminescence signals
measured in lysed cells using an enzyme luminescence assay (Britelite Plus kit; PerkinElmer,
Waltham, MA, USA). Each plate included controls for 100% infection (VC) and background
luminescence (CC). A plasma sample with a previously characterized neutralization titer
was included as an internal control.

Neutralizing antibody titers (NT50) were calculated using the Reed–Muench method
and expressed as the highest plasma dilution, resulting in a 50% reduction in luciferase
activity compared with the VC. Samples with NT50 values < 32 were considered negative
and assigned an arbitrary titer value of 16.

2.4. Statistical Analysis

Baseline characteristics were summarized using descriptive statistics. Continuous vari-
ables were reported as medians with interquartile ranges (IQRs), and categorical variables
were presented as frequencies and percentages. NT50 were compared between groups
using non-parametric tests due to the skewed distribution of antibody titers. Compar-
isons between more than two groups were performed using the Kruskal–Wallis test, while
comparisons between two groups were conducted using the Mann–Whitney U test. Spear-
man rank correlation coefficients were calculated to evaluate the association between CD4
T-cell counts and neutralizing antibody titers. All statistical tests were two-sided and a
p-value < 0.05 was considered statistically significant. Statistical analyses were performed
using Stata version 14 (StataCorp, College Station, TX, USA).

3. Results
3.1. Participant Enrollment and Follow-Up

Participant enrollment and follow-up in the COVIHVAC cohort are shown in
Figure 1. A total of 64 PWH and 12 HIV-negative controls were initially enrolled.
Among PWH, one participant was excluded due to missing baseline CD4 T-cell data,
and six were lost to follow-up (LTFU), leaving 57 PWH included in the immunogenicity
analyses. Participants were stratified according to baseline CD4 T-cell counts into two
groups: CD4 < 200 cells/µL (n = 21) and CD4 ≥ 200 cells/µL (n = 36). At M1,
samples were available for all participants in both CD4 groups. At M6, samples re-
mained available for 21 participants in the CD4 < 200 group and 34 participants in the
CD4 ≥ 200 group. Two participants in the CD4 ≥ 200 group were not included in the M6
analysis due to being LTFU (n = 1) and COVID-19 symptoms during follow-up (n = 1). All
12 HIV-negative controls completed follow-up and were included in the analyses.
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Figure 1. Patient flow diagram. Footnote: Abbreviations—PWH, people with HIV; CD4, CD4 T-cell
count; M1, one month after completion of primary vaccination; M6, six months after vaccination;
LTFU, lost to follow-up. A total of 64 PWH and 12 HIV-negative controls were enrolled. Among
PWH, one participant was excluded because baseline CD4 T-cell count was unavailable and six
were lost to follow-up, leaving 57 PWH in the immunogenicity analyses. At M1, samples were
available for all included participants. At M6, samples were available for 21 participants in the
CD4 < 200 cells/µL group and 34 participants in the CD4 ≥ 200 cells/µL group; one participant was
excluded from the M6 analysis because of COVID-19 symptoms during follow-up.

3.2. Baseline Characteristics

Baseline characteristics of the study participants are presented in Table 1. Among the
57 PWH included in the analysis, the majority were male (98.2%), with a median age of
39.5 years (IQR 33.0–48.5). Participants in the control group were older, with a median
age of 53.5 years (IQR 37.0–60.5). Most PWH were of Spanish origin (59.3%), while all
participants in the control group were from Spain. The most common reported HIV trans-
mission risk group was men who have sex with men (MSM), accounting for 77.2% of PWH,
followed by heterosexual transmission (8.8%). A small proportion of participants reported
injection drug use or other transmission categories. The majority of PWH had suppressed
HIV viral load (93.0%), while four participants (7.0%) had detectable viral load (three of
them with low-level viremia), all belonging to the CD4 < 200 cells/µL group. Median CD4
T-cell count among PWH was 404 cells/µL (IQR 156–783). Approximately 19.3% of PWH
had at least one chronic comorbidity. Most participants were receiving integrase-inhibitor-
based antiretroviral therapy, and the most common nucleoside reverse transcriptase in-
hibitor backbone was tenofovir alafenamide (TAF). Regarding vaccination, the majority
of participants received the mRNA-1273 vaccine, particularly among individuals with
CD4 < 200 cells/µL (90.5%).
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Table 1. Baseline characteristics of people with HIV and HIV-negative controls.

Characteristic All PWH (n = 57) CD4 < 200 (n = 21) CD4 ≥ 200 (n = 36) Controls (n = 12) p-Value *

Gender >0.999
Male 56 (98.2%) 21 (100.0%) 35 (97.2%) 12 (100.0%)

Transgender 1 (1.8%) 0 1 (2.8%) 0

Age, years, median (IQR) 39.5 (33.0–48.5) 40.0 (33.0–51.0) 38.0 (33.0–45.0) 53.5 (37.0–60.5) 0.056

Age category, years 0.004
<40 28 (49.1%) 10 (47.6%) 18 (50.0%) 4 (33.3%)

40–49 17 (29.8%) 4 (19.0%) 13 (36.1%) 0
50–59 8 (14.0%) 6 (28.6%) 2 (5.6%) 5 (41.7%)
≥60 4 (7.0%) 1 (4.8%) 3 (8.3%) 3 (25.0%)

Country of origin 0.015
Spain 32 (59.3%) 12 (57.1%) 20 (60.6%) 12 (100.0%)

Non-Spanish 22 (40.7%) 9 (42.9%) 13 (39.4%) 0

HIV transmission risk
group N/A 0.907

PWID 2 (3.5%) 0 2 (5.6%)
MSM 44 (77.2%) 18 (85.7%) 26 (72.2%)

Heterosexual 5 (8.8%) 1 (4.8%) 4 (11.1%)
Bisexual 3 (5.3%) 1 (4.8%) 2 (5.6%)

Unknown 3 (5.3%) 1 (4.8%) 2 (5.6%)

HIV viral load 0.015
Detectable 4 (7.0%) ** 4 (19.0%) 0 N/A

Undetectable 53 (93.0%) 17 (81.0%) 36 (100.0%) N/A

Current CD4 count
(cells/µL), median (IQR) 404 (156–783) 141 (122–157) 720.5 (441–1037) N/A <0.0001

At least one chronic
comorbidity 0.296

Yes 11 (19.3%) 6 (28.6%) 5 (13.9%) N/A
No 46 (80.7%) 15 (71.4%) 31 (86.1%) N/A

Current NRTI backbone N/A 0.174
TAF 37 (67.3%) 13 (65.0%) 24 (68.6%)
TDF 2 (3.6%) 1 (5.0%) 1 (2.9%)
ABC 8 (14.5%) 4 (20.0%) 4 (11.4%)
Other 8 (14.5%) 2 (10.0%) 6 (17.1%)

Current ART regimen class N/A 0.286
NNRTI-based 4 (7.3%) 0 4 (11.4%)

PI-based 8 (14.5%) 3 (15.0%) 5 (14.3%)
Integrase-inhibitor-based 43 (78.2%) 17 (85.0%) 26 (74.3%)

Type of vaccine received 0.004
BNT162b2 18 (31.6%) 2 (9.5%) 16 (44.4%) 1 (8.3%)

mRNA-1273 39 (68.4%) 19 (90.5%) 20 (55.6%) 11 (91.7%)

Footnote: Percentages are calculated based on the number of non-missing responses. * p-values compare all
three groups (PWH with CD4 < 200 cells/µL, PWH with CD4 ≥ 200 cells/µL, and HIV-negative controls) for
variables available across groups. For HIV-specific variables where control data were not applicable, comparisons
were performed between the two PWH groups only. ** Detectable plasma viral load values were 65, 216, 496,
and 118,470 copies/mL. Detectable viral load was defined as ≥50 copies/mL, and undetectable viral load as
<50 copies/mL. Abbreviations: PWH, people living with HIV; PWID, people who inject drugs; MSM, men
who have sex with men; ART, antiretroviral therapy; NNRTI, non-nucleoside reverse transcriptase inhibitor;
PI, protease inhibitor; INSTI, integrase strand transfer inhibitor; TAF, tenofovir alafenamide; TDF, tenofovir
disoproxil fumarate; ABC, abacavir; IQR, interquartile range; N/A, not applicable.

3.3. Neutralizing Antibody Responses Following Vaccination

Neutralizing antibody responses against the D614G and Omicron BA.5 SARS-CoV-2
variants are shown in Figure 2. For the D614G variant, neutralizing titers were detectable in
all groups at M1. Overall differences across the three groups were observed (Kruskal–Wallis
p = 0.047), with significantly higher titers among PWH with CD4 ≥ 200 cells/µL compared
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with those with CD4 < 200 cells/µL (p = 0.03). At M6, neutralizing titers remained detectable
across groups, although titers were generally lower compared with M1. Overall differences
between groups persisted (Kruskal–Wallis p = 0.048), with significant differences between
CD4 groups persisting at this time point (p = 0.02).

Figure 2. Neutralization titers (NT50) in a longitudinal cohort of people with HIV according to
baseline CD4 T-cell counts. Footnote: Participants were stratified into groups with CD4 < 200 and
CD4 ≥ 200 cells/µL, and HIV-negative individuals were included as controls. Neutralizing antibody
titers (NT50) were measured one month (M1) and six months (M6) after completion of primary
vaccination against the D614G and Omicron BA.5 SARS-CoV-2 variants using pseudotyped viruses.
NT50 values are presented on a log10 scale. Differences in NT50 distributions between groups
were assessed using the Kruskal–Wallis test, and the overall p-value for each time point is shown.
Statistically significant pairwise comparisons between groups are additionally indicated.

For the Omicron BA.5 variant, neutralizing titers were lower overall compared with
the D614G variant. At M1, no overall differences were observed between groups (Kruskal–
Wallis p = 0.604). However, a pairwise difference was observed between CD4 groups,
with higher titers among PWH with CD4 ≥ 200 cells/µL compared with those with
CD4 < 200 cells/µL (p = 0.04). At M6, overall differences between groups were
detected (Kruskal–Wallis p = 0.037), with higher titers observed among PWH with
CD4 ≥ 200 cells/µL compared with those with CD4 < 200 cells/µL (p = 0.04). When
PWH were analyzed as a pooled group, neutralizing responses were comparable to those
observed in HIV-negative controls at both time points for the D614G and BA.5 variants
(Figure S1). Neutralizing antibody responses were also evaluated according to vaccine type
among people living with HIV. NT50 titers elicited by BNT162b2 and mRNA-1273 vaccines
were comparable at both M1 and M6 for the D614G and BA.5 variants (Figure S2).

3.4. Association Between CD4 T-Cell Counts and Neutralizing Titers

Neutralizing antibody responses were further examined in relation to baseline CD4
T-cell counts among people living with HIV (Figure 3). A positive correlation was observed
between CD4 T-cell count and neutralizing antibody titers against the D614G variant at
both time points. At M1, CD4 T-cell counts were modestly correlated with NT50 titers
(r = 0.29, p = 0.009). A stronger correlation was observed at M6 (r = 0.38, p = 0.0006).
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Figure 3. Correlation between baseline CD4 T-cell count and neutralizing antibody titers (NT50)
against the SARS-CoV-2 D614G variant at one and six months after vaccination in people with HIV.
Footnote: Neutralizing antibody titers (NT50) measured against the SARS-CoV-2 D614G variant
were plotted against baseline CD4 T-cell counts among people living with HIV. Responses were
assessed at one month (M1) and six months (M6) after completion of the primary vaccination series.
NT50 values are shown on a log10 scale. Correlations were assessed using the Spearman rank
correlation coefficient.

3.5. Age-Stratified Neutralizing Responses

As an exploratory analysis, neutralizing antibody responses were evaluated according
to age group among people living with HIV using the cohort median age (40 years) as
a cutoff (Figure S3). For the D614G variant, NT50 titers were comparable between age
groups at both one month (M1) and six months (M6) following vaccination, with no
statistically significant differences observed. For the BA.5 variant, lower neutralizing titers
were observed among participants younger than 40 years at M1 compared with those aged
≥ 40 years (p = 0.04); however, this difference was not sustained at M6, where responses
were similar between age groups.

3.6. Sensitivity Analysis

As a sensitivity analysis, multivariable linear regression models were performed
among PWH to assess independent predictors of neutralizing antibody responses
(Supplementary Table S1). CD4 ≥ 200 cells/µL remained independently associated with
higher neutralizing titers against the D614G variant at M1 (p = 0.021), while detectable
HIV viral load was associated with lower titers (p = 0.044). Age was not independently
associated with neutralizing responses.

At M6, the association between CD4 group and neutralizing titers was attenuated
and no longer statistically significant. For the BA.5 variant, no independent predictors of
neutralizing antibody responses were identified at either time point.

4. Discussion
We assessed the humoral immunogenicity of mRNA-based SARS-CoV-2 vaccines

(BNT162b2 and mRNA-1273) among PWH according to CD4 T-cell count and compared
these responses with those observed in HIV-negative individuals over a six-month period
following primary vaccination. Overall, our findings indicate that CD4 T-cell count is a key
determinant of vaccine-induced neutralizing antibody responses in PWH, with individuals
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with CD4 counts ≥ 200 cells/µL demonstrating stronger neutralizing responses than those
with CD4 counts < 200 cells/µL.

Consistent with this observation, PWH with CD4 counts ≥ 200 cells/µL exhibited
significantly higher neutralizing responses against both the ancestral D614G variant and
the Omicron BA.5 variant at both one month and six months after vaccination compared
with those with CD4 counts < 200 cells/µL. These findings align with previous studies
demonstrating that immune recovery, as reflected by higher CD4 counts, is associated
with improved SARS-CoV-2 vaccine immunogenicity in PWH [14,16,18–21]. Brumme
et al. [22] reported that HIV infection was associated with lower antibody concentrations
and viral neutralization activity following the first vaccine dose, but these differences
were largely attenuated after the second dose when adjusted for CD4 T-cell counts [22].
Similarly, a systematic review evaluating vaccine responses in PWH highlighted that lower
CD4 counts were consistently associated with reduced seroconversion rates and lower
antibody titers following vaccination [19]. A systematic review has also reported that
PWH with CD4 counts < 200 cells/µL exhibited significantly weaker humoral and cellular
immune responses one month after vaccination compared with individuals with higher
CD4 counts and HIV-negative controls [23]. These findings reinforce the importance of
immune reconstitution in shaping vaccine-induced responses in PWH and support focused
vaccination and booster strategies for individuals with advanced immunosuppression.
These findings were further supported by multivariable analyses, in which CD4 T-cell count
remained independently associated with neutralizing antibody responses at one month.

Age has been proposed as an additional factor that may influence vaccine immuno-
genicity. In our analysis, exploratory stratified comparisons suggested some variation in
neutralizing responses by age; however, these differences were not consistent across time
points and were not statistically significant in multivariable analyses. Previous studies
evaluating SARS-CoV-2 vaccine responses in PWH have generally focused on CD4 count
and viral suppression and have rarely assessed the direct impact of age [19,20,22]. In the
general population, however, older age has consistently been associated with reduced
vaccine-induced immune responses due to immunosenescence [24,25]. Interestingly, the
HIV-negative control group in our study did not demonstrate markedly higher neutralizing
titers compared with PWH. This may partly reflect the older age distribution in the control
group, which could have attenuated differences between groups. Age-related findings
should be interpreted cautiously, as this analysis was exploratory and not powered to
assess age as an independent predictor.

We also evaluated whether the type of mRNA vaccine administered influenced neutral-
izing antibody responses. Both the BNT162b2 and mRNA-1273 vaccines elicited comparable
neutralizing titers at one month and six months following vaccination, regardless of the
variant evaluated. These findings suggest that, among PWH, the choice between these
two mRNA vaccines may not substantially affect the magnitude of the humoral response.
Previous studies have similarly reported broadly comparable immunogenicity profiles
between the two mRNA vaccine platforms in both the general population and immuno-
compromised groups [26]. These results support the overall effectiveness of mRNA vaccine
technologies in generating neutralizing responses against SARS-CoV-2 variants in PWH.

Several limitations of our study should be considered. First, the HIV-negative control
group was relatively small and not matched to PWH on key characteristics such as age,
which may limit the robustness of comparisons. Second, although participants with evi-
dence of prior SARS-CoV-2 infection were excluded at baseline using rapid antibody testing
and clinical history, baseline neutralizing antibody measurements were not available. There-
fore, the possibility of unrecognized prior infection cannot be completely excluded. Third,
our cohort consisted of PWH receiving antiretroviral therapy with largely suppressed viral
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loads, and therefore our findings may not be generalizable to individuals with uncontrolled
HIV infection or those not receiving ART. Fourth, the follow-up period was limited to
six months after primary vaccination, and longer-term follow-up would be necessary to
better characterize the durability of vaccine-induced immune responses in this population.
Fifth, the study focused on neutralizing responses against the D614G and Omicron BA.5
variants, and responses against more recently circulating variants such as XBB, JN.1, and
KP lineages were not evaluated [27]. Sixth, although multivariable regression analyses
were performed, the relatively small sample size may limit the precision of estimates and
the ability to detect weaker associations. Therefore, residual confounding cannot be fully
excluded. Finally, the study population consisted almost exclusively of male participants,
limiting the generalizability of the findings to women living with HIV.

Despite these limitations, our study provides important longitudinal data on SARS-
CoV-2 vaccine immunogenicity in PWH stratified by immune status. Our findings highlight
the importance of immune reconstitution and CD4 recovery in optimizing vaccine-induced
protection among PWH, and support continued prioritization of vaccination strategies for
individuals with advanced immunosuppression.

5. Conclusions
In conclusion, our study provides longitudinal evidence that the humoral immuno-

genicity of mRNA-based SARS-CoV-2 vaccines among people living with HIV is consis-
tently influenced by immune status, as reflected by CD4 T-cell counts. Individuals with
CD4 counts ≥ 200 cells/µL demonstrated substantially stronger neutralizing antibody
responses against both the ancestral D614G variant and the Omicron BA.5 variant com-
pared with those with more advanced immunosuppression. These findings reinforce the
importance of immune reconstitution in shaping vaccine-induced responses in PWH and
support prioritizing vaccination and booster strategies for individuals with low CD4 counts.
Importantly, our study contributes additional real-world evidence by characterizing neu-
tralizing antibody responses over six months after primary vaccination and by evaluating
responses against both ancestral and Omicron lineage variants. We also observed broadly
comparable humoral responses between the BNT162b2 and mRNA-1273 vaccines, suggest-
ing that vaccine platform differences may play a limited role in determining neutralizing
responses in this population. These findings highlight the continued need to optimize
vaccination strategies for PWH with advanced immunosuppression and support ongoing
monitoring of vaccine-induced immunity in this population as SARS-CoV-2 continues to
evolve. Future studies should include longer follow-up periods, assessment of booster
responses, and broader representation of individuals with uncontrolled HIV infection to
further clarify vaccine effectiveness across the spectrum of HIV disease.
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titers among PWH.
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BA.5 Omicron BA.5 variant of SARS-CoV-2
BNT162b2 Pfizer–BioNTech mRNA COVID-19 vaccine
CD4 Cluster of differentiation 4 T lymphocyte
COPD Chronic obstructive pulmonary disease
HIV Human immunodeficiency virus
HIV− People without HIV
HIV+ People with HIV
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IQR Interquartile range
M1 One month after vaccination
M6 Six months after vaccination
mRNA-1273 Moderna mRNA COVID-19 vaccine
MSM Men who have sex with men
NT50 50% neutralizing antibody titer
PWID People who inject drugs
PWH People with HIV
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
VSV Vesicular stomatitis virus
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