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Background. The COVIH study is a prospective coronavirus disease 2019 (COVID-19) vaccination study in 1154 people with 
HIV (PWH), of whom 14% showed reduced antibody levels after primary vaccination. We evaluated whether an additional 
vaccination boosts immune responses in these hyporesponders.

Methods. The primary end point was the increase in antibodies 28 days after additional mRNA-1273 vaccination. Secondary 
end points included neutralizing antibodies, S-specific T-cell and B-cell responses, and reactogenicity.

Results. Of the 66 participants, 40 previously received 2 doses ChAdOx1-S, 22 received 2 doses BNT162b2, and 4 received a 
single dose Ad26.COV2.S. The median age was 63 years (interquartile range [IQR], 60–66), 86% were male, and median CD4+ 

T-cell count was 650/μL (IQR, 423–941). The mean S1-specific antibody level increased from 35 binding antibody units (BAU)/ 
mL (95% confidence interval [CI], 24–46) to 4317 BAU/mL (95% CI, 3275–5360) (P < .0001). Of all participants, 97% showed 
an adequate response and the 45 antibody-negative participants all seroconverted. A significant increase in the proportion of 
PWH with ancestral S-specific CD4+ T cells (P = .04) and S-specific B cells (P = .02) was observed.

Conclusions. An additional mRNA-1273 vaccination induced a robust serological response in 97% of PWH with a 
hyporesponse after primary vaccination.
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People with human immunodeficiency virus (PWH) show di
minished responses to a wide variety of vaccines compared to 
HIV-negative controls, such as hepatitis B [1] and seasonal in
fluenza vaccines [2]. As we hypothesized that this also holds 
true for severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) vaccines, we previously investigated the immu
nogenicity of SARS-CoV-2 vaccinations in PWH with the vac
cines currently approved in the Netherlands. Whereas smaller 
studies showed variable antibody responses after SARS-CoV-2 
vaccination in PWH compared to HIV-negative controls [3–9], 
our study in 1154 PWH clearly demonstrated a diminished an
tibody response [10]. In total, 165 (14%) of the participants had 
a hyporesponse (≤300 spike [S]-specific binding antibody 
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units [BAU]/mL by chemiluminescence immunoassay 
[DiaSorin Liaison]) and in 33 (3%) of them the antibody level 
remained below the cutoff level of test positivity (<33.8 BAU/mL). 
In comparison with vaccinated HIV-negative controls, hypo
response (≤300 BAU/mL) rates were 7% (59/884) versus none 
(0/94) after vaccination with BNT162b2, 4% (4/100) versus 
none (0/247) after mRNA-1273, 55% (82/150) versus 39% 
(10/26) after ChAdOx1-S, and all (20/20) versus 99% (72/ 
73) after a single dose of Ad26.COV2.S. In our Dutch cohort, 
CD4+ T-cell counts under 250 cells/µL, age above 65 years, 
and male sex were associated with lower antibody levels (all 
P ≤ .001). The reduced response against SARS-CoV-2 in 
PWH compared to HIV-negative controls is in line with the 
higher breakthrough infection risk observed in PWH com
pared to HIV-negative controls (adjusted hazard ratio 1.28) 
[11]. In addition, a higher incidence of SARS-CoV-2 mortality 
was observed in PWH (adjusted hazard ratios 3.29 and 2.59) 
[12, 13]. It was reported that the magnitude of the antibody 
response after vaccination correlates with protection against 
symptomatic infection with the ancestral viral strain [14]. 
This correlation likely holds true for novel emerging variants, 
although it is known that the neutralization potency dimin
ishes with every new variant [15] and that 2 doses of 
BNT162b2 vaccination are not very effective in preventing 
symptomatic Omicron BA.1 or BA.2 infection [16]. With 
the continuing emergence of novel variants, it is reasonable 
to assume that antibodies remain important for clinical pro
tection against SARS-CoV-2 infection. Indeed, in healthy in
dividuals, one additional vaccination after a primary 
vaccination regimen restored transient neutralization potency 
against the subvariants BA.2.12.1 and BA.4/5 [17]. Following 
from these observations and reasoning, PWH may require ad
ditional vaccinations to achieve adequate protection against 
SARS-CoV-2 infection, especially with the emergence of nov
el antigenically distinct variants like the currently circulating 
Omicron lineage.

The effect of an additional SARS-CoV-2 vaccination on the 
humoral and cellular immune responses in PWH with a low 
or absent serological response after completing a primary vac
cination regimen is unknown. Three studies on additional 
SARS-CoV-2 vaccinations in PWH have been performed that 
showed an increase in antibody levels, without analysis of the 
cellular immune response [18–20]. All 3 studies did not focus 
on those who may benefit most from additional vaccinations, 
namely the subgroup of hyporesponders after a primary vacci
nation regimen.

The aim of this study was to evaluate the SARS-CoV-2 
S-specific immune responses after an additional mRNA-1273 
vaccination in PWH, who had a serological hyporesponse after 
a primary SARS-CoV-2 vaccination regimen.

METHODS

Study Design and Participants

We conducted a nested single arm intervention trial embedded 
within the prospective nationwide cohort study in 22 of the 24 
HIV treatment centers in the Netherlands (coronavirus disease 
2019 [COVID-19] vaccination response in people with HIV, 
COVIH, n = 1154). All 165 PWH from the COVIH study 
with a hyporesponse (defined as ≤300 S-specific BAU/mL, 
measured at 4–6 weeks after a primary vaccination regimen 
with either 2 doses of BNT162b2, mRNA-1273, ChAdOx1-S, 
or a single dose of Ad26.COV2.S) were eligible for participa
tion. The serological assay cutoff definition followed the con
sensus by the Dutch national expert working group 
(HARMONY) on the harmonization of SARS-CoV-2 immuno
logical assays. Participants with evidence of intercurrent 
SARS-CoV-2 infection, demonstrated by a history of a reported 
or documented positive polymerase chain reaction (PCR) or 
rapid antigen test, or with serological evidence of >300 BAU/mL 
shortly before the additional vaccination, were excluded.

Clinical Procedures

The intervention consisted of a single mRNA-1273 vaccination 
(100 µg) administered at the Erasmus University Medical 
Centre or Leiden University Medical Centre, both in the 
Netherlands. Blood samples were obtained immediately before 
the vaccination (at the same visit; T0) and 28 days later (T1) for 
collection of serum and peripheral blood mononuclear cells 
(PBMCs).

Clinical data were extracted from an electronic case record 
file. Recorded study variables included year of birth, sex as
signed at birth, dates and type of primary SARS-CoV-2 vacci
nations, current use of combination antiretroviral therapy 
(cART), most recent plasma HIV-RNA (copies/mL), most re
cent and nadir CD4+ T-cell count (cells/µL), and use of immu
nosuppressant medication. Local and systemic adverse events 
were evaluated via a standardized printed or electronic diary 
concerning vaccination related side-effects and medication 
use in the 7 days after the additional vaccination.

Laboratory Procedures

All serum samples were assessed at the Erasmus University 
Medical Centre (World Health Organization SARS-CoV-2 ref
erence laboratory) for the presence of SARS-CoV-2 S1-specific 
binding antibodies (hereafter S1-specific antibodies) with a val
idated immunoglobulin G (IgG) trimeric chemiluminescence 
immunoassay (DiaSorin Liaison) with a lower limit of detec
tion at 4.81 BAU/mL and a cutoff level for positivity at 
33.8 BAU/mL.

SARS-CoV-2 S-specific neutralizing antibodies and S-specific 
T cells were measured on a selection of 40 participants of 
whom 20 had their primary vaccination with ChAdOx1-S and 
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20 with BNT162b2. Selection was based on the S1-specific anti
bodies 28 days after the additional vaccination (T1), to represent 
the whole range of antibody responses as closely as possible. 
Neutralizing functionality of antibodies was assessed by a plaque 
reduction neutralization test (PRNT) and the SARS-CoV-2 
S-specific T cells by an activation induced marker assay (see 
Supplementary Methods for further details on laboratory tests).

SARS-CoV-2-S-fluorochrome–labelled tetramers were used 
to compare the S-specific B-cell compartment on a selection 
of 18 participants that were balanced for primary vaccination 
regimen (ChAdOx1-S or BNT162b2) and CD4+ T-cell counts. 
Four of these 18 participants were also included in a subgroup 
during the initial study, in which PBMCs were collected 21 days 
(± 3 days) after the first vaccination, and 4–6 weeks after com
pleting a primary vaccination schedule. These PBMCs were 
used for longitudinal analysis of class-switching S-specific B 
cells.

Outcomes

The primary outcome was defined as the increase in S1-specific 
antibodies in PWH 28 days after the additional vaccination 
compared to the S1-specific antibodies immediately prior to 
additional vaccination. An adequate response was defined as 
the presence of S1-specific antibodies >300 BAU/mL [10, 21, 
22]. Secondary outcomes included the association between par
ticipant characteristics and antibody responses, the detection 
of SARS-CoV-2 S-specific neutralizing antibodies targeting 
the ancestral SARS-CoV-2 (D614G) and Omicron (BA.1) var
iant, T-cell and B-cell responses targeting the ancestral 
SARS-CoV-2 (Wuhan-Hu1), and additionally T-cell responses 
targeting the Omicron (BA.1) variant. Lastly, we evaluated the 
tolerability by monitoring local and systemic vaccine-related 
adverse events. Severity of reactogenicity was measured as 
mild (symptoms present but no functional impairment or med
ication needed), moderate (necessitating medication, no func
tional impairment), or severe (impairing daily functioning).

Sample Size and Statistical Analysis Plan

The study was designed with the anticipation that 10% of the 
PWH would have a serological hyporesponse after the primary 
vaccination regimen in the COVIH study. If we were be able to 
include 80 PWH, we would have >95% power to detect a 20% 
increase in the proportion of PWH with an adequate serologi
cal response after the additional vaccination (1-sided α .05).

The baseline characteristics were described as number (per
centage) or median (interquartile range [IQR]). The primary 
outcome was assessed as the difference between the 
S1-specific antibodies at T1 minus T0 with a 95% confidence 
interval (CI) by a paired t test. We evaluated the proportion 
with adequate serological responses by a McNemar test. To in
vestigate factors associated with the absolute increase in anti
body response at 28 days after the additional vaccination in 

PWH, we used unpaired t tests and a proportional odds gener
alized linear multivariable model with the covariates sex, age 
(subgroups 18–65 vs >65 years), most recent CD4+ T-cell count 
(subgroups <500 vs >500/mm3), nadir CD4+ T-cell count 
(subgroups <500 vs >500/mm3), and primary vaccination reg
imen (mRNA vs vector). For each coefficient in the regression 
model, 95% CIs and P values were reported. Coefficients with P 
values <.05 were considered significant. Undetectable serolog
ical responses (<4.81 BAU/mL) were reported as 4.81 in the 
statistical analyses, undetectable neutralizing antibodies (<10) 
as 10, and undetectable S-specific T-cell and B-cell responses 
(<0.01) as 0.01.

Data were analyzed using GraphPad Prism 9.4.1. Flow cy
tometry data were analyzed using FlowJo software version 
10.8.1. FlowJo software was used to gate CD19+ B cells and 
OMIQ data analysis software was used for further analysis 
(www.omiq.ai). Cytonorm was used for batch corrections fol
lowed by uniform manifold approximation and projection 
(UMAP) dimensionality reduction to visualize the phenotypes 
of S-specific B cells. The study overview image was created with 
BioRender.com.

Ethics Committee Approval

The trial was performed in accordance with the principles of 
the Declaration of Helsinki, Good Clinical Practice guide
lines, and in accordance with the Dutch Medical Research 
Involving Human Subjects Act (WMO). The trial was re
viewed and approved by the Medical Research Ethics 
Committees United Nieuwegein (MEC-U, reference 
20.125) and is registered in the International Clinical Trials 
Platform (EUCTR2021-001054-57-N). Participants signed 
an extra informed consent form for participation in the 
substudy.

RESULTS

Baseline Characteristics

Between 22 November 2021 and 28 December 2021, 75 of the 
165 invited PWH were enrolled into this substudy. Before the 
additional vaccination, 5 (7%) participants had an increase in 
their S1-specific antibodies to >300 BAU/mL and were exclud
ed. In 4 of these 5 participants nucleocapsid-specific antibodies 
were positive. The participant with negative nucleocapsid- 
specific antibodies received a single dose of Ad26.COV.S and 
the S1-specific antibodies may have increased after the mea
surement 4–6 weeks postvaccination. Two (3%) participants 
were excluded due to a PCR-confirmed SARS-CoV-2 infection 
within 28 days after the additional vaccination and 2 (3%) par
ticipants were lost to follow-up after having received the addi
tional vaccination. Overall, 66 PWH were included in the 
analysis. Of the 66 participants, 40 (61%) had received 2 doses 
of ChAdOx1-S, 22 (33%) had received 2 doses of BNT162b2, 
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and 4 (6%) had received a single dose of Ad26.COV2.S as pri
mary vaccination regimen (Supplementary Figure 1).

Baseline characteristics of all participants are described in 
Table 1, including the characteristics of PWH with hypores
ponse from the initial study who were not enrolled in this sub
study. Participants had a median age of 63 years (IQR, 60–66 
years), 86% were male, most recent median CD4+ T-cell count 
was 650 cells/μL (IQR, 423–941 cells/μL), and nadir CD4+ 

T-cell count was 230 cells/μL (IQR, 145–345 cells/μL). The ma
jority (97%) were on cART and had a suppressed plasma 
HIV-RNA (96% < 50 copies/mL). No participants used immu
nosuppressant medication. Among the 66 participants ana
lyzed, the median time between completing the primary 
vaccination regimen and the additional vaccination was 172 
days (IQR, 154–195 days).

The mean S1-specific antibody level directly prevaccination 
was 35 BAU/mL (95% CI, 24–46 BAU/mL), including the 45 
participants with serological responses below test positivity 
(<33.8 BAU/mL). Following ChAdOx1-S primary vaccination 
the antibody level directly prevaccination was mean 31 BAU/mL 
(95% CI, 20–42 BAU/mL), 46 BAU/mL (95% CI, 20–73 BAU/mL) 
after BNT162b2, and 19 BAU/mL (95% CI, −1 to 39 BAU/mL) 
after Ad26.COV2.S.

S1-Specific Antibodies

Twenty-eight days (IQR, 28–28 days) after the additional vac
cination, all of the 45 antibody-negative participants serocon
verted and S1-specific antibodies >300 BAU/mL were 
measured in 64/66 (97%) of the participants (P < .0001). All 
participants showed an increase in S1-specific antibodies after 
vaccination, with a mean of 4282 BAU/mL (95% CI, 3241– 
5323 BAU/mL, P < .0001; Figure 1).

Only 2 participants with a well suppressed HIV load on 
cART did not reach >300 BAU/mL after the additional vacci
nation, with S1-specific antibodies increasing from 9 to 
95 BAU/mL and from <4.81 to 107 BAU/mL. Both partici
pants received BNT162b2 as primary vaccination and were 
men with low CD4+ T-cell nadirs <50 cells/µL and most recent 
CD4+ T-cell counts of 230 cells/µL and 313 cells/µL.

The mean increase in S1-specific antibodies was comparable 
between primary vaccination with ChAdOx1-S, BNT162b2, or 
Ad26.COV2.S. A mean increase of 3890 BAU/mL (95% CI, 
2945–4835 BAU/mL) was measured after primary vaccination 
with ChAdOx1-S, 4549 BAU/mL (95% CI, 1986–7112 BAU/mL) 
after primary vaccination with BNT162b2, and 6744 BAU/mL 
(95% CI, −1978–15.465 BAU/mL) after primary vaccination 
with Ad26.COV2.S (P = .57). The mean increase in 
S1-specific antibodies was comparable between the most recent 
CD4+ T-cell count of <500 versus >500/mm3 (5400 vs 3895 
BAU/mL, P = .85), age 18–65 versus >65 years (4336 vs 
4183 BAU/mL, P = .52) and men versus women (4372 vs 
3714 BAU/mL, P = .42).

A proportional odds generalized linear regression model was 
performed to investigate factors associated with the absolute in
crease in antibody response 28 days after the additional vacci
nation. This adjusted analysis did not identify significant 
associations between any of the participant characteristics of 
interest and S1-specific antibody responses (Supplementary 
Table 1).

Neutralizing Antibodies

After additional vaccination, neutralizing antibodies against 
the ancestral SARS-CoV-2 were present in all subgroup partic
ipants (40/40) and against the Omicron (BA.1) variant in 65% 
of participants (26/40) (Figure 2A). Neutralizing antibodies 
against the ancestral virus were higher when participants had 
primary vaccination with ChadOx1-S compared to primary 
vaccination with BNT162b2; mean PRNT50 was 3526 versus 
1611 (P = .003). Neutralizing antibodies against the circulating 
Omicron variant were also numerically higher after 
ChadOx1-S; mean PRNT50 was 889 versus 442, but this not 
statistically significant (P = .46).

A positive correlation between S1-specific antibodies and the 
neutralizing antibodies against the ancestral variant (R = 0.66, 
P < .0001) was observed (Figure 2B). The correlation was less 
clear for neutralizing antibodies against the Omicron variant 
(R = 0.45, P < .0001; Figure 2C).

Frequency of SARS-CoV-2 S-Specific T Cells

Before the additional vaccination, high frequencies of ancestral 
S-specific T cells (median, 0.08%; IQR, 0.01%–0.21%) and 
Omicron S-specific T cells (median, 0.06%; IQR, 0.01%– 
0.24%) were detected. Additional vaccination led to a nonsig
nificant increase in ancestral S-specific CD4+ T cells (median, 
0.08%; P = .51; Figure 3). However, the proportion of PWH 
with detectable ancestral S-specific CD4+ T cells significantly 
increased from 27/40 (68%) before additional vaccination to 
34/39 (87%) after additional vaccination (P = .04). Omicron 
S-specific CD4+ T cells were comparable before and after addi
tional vaccination (P = .95), and also the proportion of PWH 
with detectable Omicron S-specific CD4+ T cells did not differ 
between these time points (P = .95). S-specific CD8+ T cells 
were infrequently observed in study participants and no effect 
on S-specific CD8+ T cells was observed after additional vacci
nation for both the ancestral SARS-CoV-2 (P = .88) and the 
Omicron variant (P = .48).

Frequency and Phenotype of SARS-CoV-2 S-Specific B Cells

Low frequencies (median, 0.02%; IQR, 0.001%–0.03%) of 
S-specific B cells were detected at T0. S-specific B cells signifi
cantly increased (median, 0.26%; IQR, 0.13%–0.49%; P = 
.0003) 28 days after participants received the additional vacci
nation (Figure 4A). The proportion of PWH with detectable 
S-specific B cells also significantly increased from 13/18 
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(72%) at T0 to all participants (100%) at T1 (P = .02). To further 
investigate the phenotype of S-specific B cells, we compared the 
frequencies of unswitched (IgD, IgM, and IgMD) and switched 
(IgG and IgA) S-specific B cells (Supplementary Figure 4). 
Although not many S-specific B cells were present before the 
additional vaccination, the majority was already class-switched 
to IgG (mean 61%). However, a significant increase in switched 
IgG (mean, 82%; P = .01) was observed after the additional vac
cination (Figure 4B). Longitudinal analysis of class-switching 
of S-specific B cells suggests a decrease in switched IgG+ 

S-specific B cells after a primary vaccination regimen in the 
PWH with initial hyporesponse (Supplementary Figure 5). 
Because the majority of S-specific B cells class-switched to 
IgG, we further focused on this memory IgG compartment. 
As expected, percentages of IgG+ S-specific B cells correlated 
with the S1-specific antibodies (Figure 4C). However, percent
ages of IgG+ S-specific memory B cells did not correlate with 
the most recent CD4+ T-cell count (Supplementary Figure 6). 
To investigate the phenotypical properties of IgG+ S-specific 
B cells (eg, migratory capacity [CXCR3], proliferating [Ki67], 
activation status [CD95], and recent germinal center gradua
tion [CD21−] [23], and memory subsets, like CD45RB+ B cells 
and CD11c+CD19high cells [24]), we used a panel of 24 antibod
ies. In total, 6004 S-specific B cells were measured from all 

samples. To visualize how the phenotype of S-specific B cells 
changed after additional vaccination, we performed UMAP di
mensionality reduction and depicted the S-specific B cells per 
time point (in black in Figure 4D; T0, 913 cells and T1, 5091 
cells). Activated (CD95+), migrating (CXCR3+) and memory 
(CD11c+CD19high) S-specific IgG+ B cells were significantly 
more prevalent at T1, as were B cells recently graduating 
from the germinal centers (CD21− B cells). Proliferating 
(Ki67) S-specific IgG+ B cells were not significantly different 
between T0 and T1 (Figure 4E).

Reactogenicity

The additional dose was well tolerated and no serious adverse 
events were reported. Overall, 66% of the participants reported 
local or systemic adverse events, with pain at the injection site 
the most frequently reported local reaction and generalized 
myalgia and headache the most frequently reported systemic 
reactions (Supplementary Table 4).

DISCUSSION

To our knowledge, this study is the first to report the immuno
genicity of an additional SARS-CoV-2 vaccination in PWH 
who had a low antibody response after a primary vaccination 

Figure 1. SARS-CoV-2 S1-specific binding antibody levels in PWH after additional mRNA-1273 vaccination. Levels of S1-specific binding antibodies measured 28 days after 
the additional mRNA-1273 vaccination in all 66 PWH (squares), in 22 PWH after primary vaccination with BNT162b2 (circles), in 40 PWH after primary vaccination with 
ChadOx1-S (triangles), and in 4 PWH after primary vaccination with Ad26.COV2.S (diamonds). The thick horizontal bar shows the mean S1-specific binding antibody level, 
also indicated above the graph, with error bars showing the standard error of the mean. The horizontal lines show the lower limit of detection of the performed test (4
.81 BAU/mL), the positivity cutoff (33.8 BAU/mL), and the hyporesponse cutoff (300 BAU/mL). Comparisons of time points were performed by paired t test. Abbreviation
s: BAU, binding antibody unit; LLoD, lower limit of detection; PWH, people with human immunodeficiency virus; S, spike; SARS-CoV-2, severe acute respiratory 
syndrome coronavirus 2; T0, before additional vaccination; T1, 28 days after additional vaccination.
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regimen. A substantial increase in S1-specific antibodies and 
memory B cells was shown, supporting the usefulness of a 
third vaccination dose in PWH and in particular for those 
with a documented hyporesponse after a primary vaccination 
regimen.

Remarkably, there was no significant association between the 
increase in S1-specific antibodies and the primary vaccination 
regimen, most recent CD4+ T-cell count, nadir CD4+ T-cell 
count, age, and sex. However, smaller differences between these 
variables cannot be ruled out because the study was powered on 
overall responsiveness and not for absolute differences in 
S1-specific antibodies between groups.

As expected, a positive correlation was observed between neu
tralization potency and S1-specific antibodies. This supports the 
observation that the correlation between the magnitude of the 
antibody levels and neutralization for the ancestral strain is 
also true in PWH for variants. Because neutralization was 

reported to be a correlate of protection against infection and dis
ease, our data support a strategy to obtain a level of antibodies for 
optimal protection against SARS-CoV-2 infection in PWH.

S-specific T cells were detected before the additional vaccina
tion in the majority of PWH, despite the low levels of 
S1-specific antibodies. This implies that although it is impor
tant to boost S1-specific antibodies in hyporesponders, there 
still is a second line of defense. After an additional vaccination, 
the proportion of participants with detected CD4+ T cells tar
geting the ancestral variant significantly increased. This in
crease was not observed for the Omicron variant; however, 
the responder rate was slightly higher at baseline compared 
to the ancestral response, leaving less room for a 
vaccination-induced increase. It was previously shown that 
S-specific T cells induced by vaccination can cross-react with 
the different Omicron sublineages [25, 26]. Similarly, no effect 
of additional vaccination on S-specific CD8+ T-cell responses 

A B

Figure 2. Neutralizing antibodies to SARS-CoV-2 in subgroup participants (n = 40) after additional mRNA-1273 vaccination. A, PRNT50 titer measured 28 days after the 
additional mRNA-1273 vaccination against the ancestral SARS-CoV-2 (D614G) and Omicron (BA.1) variant after primary vaccination with ChAdOx1-S (triangles) and BN
T162b2 (circles). The thick horizontal bar shows the mean neutralizing antibody titer, also indicated above the graph, with error bars showing the standard error of the 
mean. LLoD is 10. Comparisons between the 2 different primary vaccination groups were performed using unpaired t test. B, Correlation between the S1-specific binding 
antibody levels and neutralizing antibody levels targeting the ancestral SARS-CoV-2 by linear regression analysis on transformed data; R = 0.66, P < .0001. C, Correlation 
between the S1-specific binding antibody levels and neutralizing antibody levels targeting the Omicron BA.1 variant by linear regression analysis on transformed data; R = 
0.45, P < .0001. Adequate responder cutoff is 300 BAU/mL (dotted line). Abbreviations: BAU, binding antibody unit; LLoD, lower limit of detection; PRNT50, 50% plaque 
reduction neutralization test; S, spike; SARS-CoV-2, severe acute respiratory syndrome coronavirus.
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was observed. CD8+ T-cell responses were low in general; how
ever, this is in line with previous studies [25, 27], and could be 
attributed to an assay limitation using 15-mer peptides, where
as 8–10 mers are better suited for HLA class I presentation.

Furthermore, there was a significant induction of activated/ 
homing and memory S-specific B cells after additional vaccina
tion that correlated with the S1-specific antibodies. Combined 
with the longitudinal B-cell data from 4 participants, this im
plies that an additional vaccination is needed in these PWH 
with hyporesponse to induce activation and memory B cells 
for durable protection.

Other studies of additional SARS-CoV-2 vaccinations in dif
ferent immunocompromised groups with a hyporesponse after 
a primary vaccination regimen also show that additional 

vaccination led to an increase in antibody levels. Nonetheless, 
lower seroconversion rates above a predefined cutoff were ob
served [28, 29]. However, the cutoffs for response differed be
tween the studies and some studies only included participants 
with an antibody level <50 BAU/mL after a primary vaccina
tion regimen, making the results less comparable with this 
study. A comparable study in participants receiving chemo
therapy, immunotherapy, or both for solid tumors showed 
that 46 of the 48 hyporesponders reached S1-specific antibodies 
>300 BAU/mL 28 days after a third mRNA-1273 vaccination 
[30]. Therefore, compared to the literature on additional vacci
nations in immunocompromised groups, PWH that are on an 
effective cART regimen with hyporesponse after a primary vac
cination regimen appear to seroconvert more frequently and 

Figure 3. Frequency of SARS-CoV-2 S-specific T cells in subgroup participants (n = 40) before and 28 days after additional mRNA-1273 vaccination. CD4+ (CD4+CD40
L+CD137+) and CD8+ (CD8+CD69+CD137+) T-cell responses to ancestral spike (Wuhan-Hu1) and Omicron spike (BA.1) measured by the AIM assay before additional vaccination 
(T0) compared to 28 days after additional vaccination (T1). Participants who received ChAdOx1-S as primary vaccination are shown as triangles, participants who received 
BNT162b2 as primary vaccination are shown as circles. The horizontal line shows the median, also indicated above the graph. The total numbers of participants with de
tectable S-specific T cells are indicated below the graphs. Comparisons of time points were performed by unpaired t test. Abbreviations: AIM, activation induced marker 
assay; S, spike; SARS-CoV-2, severe acute respiratory syndrome coronavirus; T0, before additional vaccination; T1, 28 days after additional vaccination.
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Figure 4. Frequency and phenotype of SARS-CoV-2 S-specific B cells in subgroup participants (n = 18) before and 28 days after an additional mRNA-1273 vaccination. 
A, Percentages of S-specific B cells are shown as frequencies from total B cells per individual. Each individual is colored according to the primary vaccination regimen (tri
angles, ChAdOx1-s, n = 8; circles, BNT162b2, n = 10). The horizontal line shows the median. B, Isotype usage of S-specific B cells are shown as stacked bars at T0 and T1. C, 
Correlation plot between S1-specific binding antibody levels and IgG+ S-specific B cells. Pearson correlation analysis on nontransformed data is depicted and linear regression 
results shown as a black line with red shaded 95% confidence intervals. D, UMAP for all 6004 S-specific B cells (grey) to cluster cells based on 24 different markers. S-specific 
B cells are overlaid based on time point (black) on top of all cells (grey). Normalized expression of 6 selected markers is shown below the overlaid UMAP. Expression plots for 
all markers are in Supplementary Figure 7. E, Manually gated B-cell subsets are shown within the IgG+ B-cell compartment at each time point. A, B, and E, Statistical analyses, 
Wilcoxon matched pairs tests were performed to compare T0 versus T1. *P < .05, **P < .01, ***P < .001. Individuals and median values (A and E) and means with standard 
error of means (B) are shown. Abbreviations: IgG, immunoglobulin G; S, spike; SARS-CoV-2, severe acute respiratory syndrome coronavirus; T0, before additional vaccination; 
T1, 28 days after additional vaccination; UMAP, uniform manifold approximation and projection.
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with higher increases in magnitude of S1-specific antibody re
sponse after an additional vaccine dose.

Our study had several limitations. First, our study popula
tion had an imbalance in sex distribution. Participants were 
generally virally suppressed on cART with CD4+ T-cell counts 
above 500 cells/μL, limiting the generalizability to the overall 
population of PWH. The study lacks a control group of immu
nocompetent participants, but as measuring S1-specific anti
bodies is not standard policy in the healthy population, these 
controls are difficult to find. Furthermore, our study only re
ports on additional vaccination with mRNA-1273, as this was 
standard policy in all the SARS-CoV-2 booster vaccination 
studies in immunocompromised groups in the Netherlands. 
We expect that this specific group of PWH with hyporesponse 
would also have seroconverted after either BNT162b2 or 
ChAdOx1 as additional vaccination, because the response 
with mRNA-1273 was so evidently positive. Although we did 
not meet our predefined sample size for a study power of 
>95%, the observed effect size was considerably higher than an
ticipated. As a consequence, the risk of an underpowered study 
is unlikely.

In conclusion, an additional mRNA-1273 vaccination sub
stantially improved humoral and cellular immune response 
in PWH with low SARS-CoV-2 antibodies after a primary vac
cination regimen. This shows that additional vaccinations are 
an effective approach in compensating for the reduced anti
body responses in PWH. In addition, the results of this study 
suggest that also primary-vaccine–responsive people with wan
ing vaccine-induced responses can expect to benefit from fu
ture boosters to reinforce protection against infection with 
viral variants.

Supplementary Data

Supplementary materials are available at The Journal of 
Infectious Diseases online. Consisting of data provided by the 
authors to benefit the reader, the posted materials are not copy
edited and are the sole responsibility of the authors, so ques
tions or comments should be addressed to the corresponding 
author.
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