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Summary
Background We investigated long-term durability of humoral and cellular immune responses to third dose of
BNT162b2 in people with HIV (PWH) and controls.

Methods In 378 PWH with undetectable viral replication and 224 matched controls vaccinated with three doses of
BNT162b2, we measured IgG-antibodies against the receptor binding domain of SARS-CoV-2 spike protein three
months before third dose of BNT162b2, and four and eleven months after. In 178 PWH and 135 controls, the
cellular response was assessed by interferon-γ (IFN-γ) release in whole blood four months after third dose.
Differences in antibody or IFN-γ concentrations were assessed by uni- and multivariable linear regressions.

Findings Before the third dose the concentration of SARS-CoV-2 antibodies was lower in PWH than in controls
(unadjusted geometric mean ratio (GMR): 0.68 (95% CI: 0.54–0.86, p = 0.002). We observed no differences in
antibody concentrations between PWH and controls after four (0.90 (95% CI: 0.75–1.09), p = 0.285) or eleven
months (0.89 (95% CI: 0.69–1.14), p = 0.346) after the third dose. We found no difference in IFN-γ
concentrations four months after the third dose between PWH and controls (1.06 (95% CI: 0.71–1.60), p = 0.767).

Interpretation We found no differences in antibody concentrations or cellular response between PWH and controls
up to eleven months after third dose of BNT162b2. Our findings indicate that PWH with undetectable viral repli-
cation and controls have comparable immune responses to three doses of the BNT162b2 vaccine.
*Corresponding author. Department of Infectious Diseases, Section 8632, Copenhagen University Hospital, Rigshospitalet, Blegdamsvej 9, 2100
Copenhagen Oe, Denmark.

E-mail address: sdn@dadlnet.dk (S.D. Nielsen).
nThese authors contributed equally.

www.thelancet.com Vol 93 July, 2023 1

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:sdn@dadlnet.dk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2023.104661&domain=pdf
https://doi.org/10.1016/j.ebiom.2023.104661
https://doi.org/10.1016/j.ebiom.2023.104661
https://doi.org/10.1016/j.ebiom.2023.104661
www.thelancet.com/digital-health


Articles

2

Funding This work was funded by the Novo Nordisk Foundation (NFF205A0063505, NNF20SA0064201), the
Carlsberg Foundation (CF20-476 0045), the Svend Andersen Research Foundation (SARF2021), and Bio- and
Genome Bank Denmark.

Copyright © 2023 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: BNT162b2; HIV; SARS-CoV-2; Immune response; Booster dose
Research in context

Evidence before this study
People with HIV (PWH) were prioritised for vaccination
against SARS-CoV-2 in many countries. After the initial two-
dose regimen of the mRNA-based COVID-19 vaccine,
BNT162b2, we, and others, found robust antibody responses
in PWH. However, antibody responses were impaired in PWH
compared to controls. Waning immunity from the initial two-
dose regimen was seen in PWH as well as in the general
population, leading to the recommendation of a third dose.
However, evidence of immunological responses after booster
immunisation was sparse. Before undertaking this study, we
searched PubMed, Scopus, Embase, and Web of Science using
the search terms: (((“Acquired Immunodeficiency Syndrome”
[Mesh]) OR “HIV” [Mesh]) OR (“AIDS” OR “hiv” OR “people
living with hiv” OR “people with hiv” OR “PLWH” OR “PWH”))
AND ((((((“mrna covid-19 vaccine*”) OR (comirnaty)) OR
(mRNA-1273)) OR (BNT162b2)) OR (“mrna vaccine*”))). We
found no studies exceeding one month of follow-up after the
third dose of an mRNA-based COVID-19 vaccine. Additionally,
most available studies were of very low sample size.

Added value of this study
This study shows humoral immunity eleven months after
vaccination with a third dose of an mRNA-based COVID-19
vaccine and cell-mediated immunity four months after the
third dose in PWH. Our findings suggest that PWH with
undetectable viral replication do not have impaired immune
responses after the third dose of the mRNA-based vaccine,
BNT162b2.

Implications of all the available evidence
This study adds to the evidence that PWH with undetectable
viral replication produce robust immune responses to
BNT162b2, and responses to the third dose in PWH are
comparable to those seen in matched controls. However,
attention to waning immunity over time and the emerging
immune evasion from new SARS-CoV-2 variants as well as the
risk of immune imprinting is necessary for the optimal timing
of future booster vaccinations in PWH, as it is in the general
population.
Introduction
People with HIV (PWH) were initially considered to be
at an increased risk of severe coronavirus disease 2019
(COVID-19) despite receiving antiretroviral treatment
(ART) and having suppressed viral replication.1–4

Although ART improves immune functions, chronic
inflammation and residual immune dysfunction may
result in increased morbidity and mortality associated
with non-AIDS comorbidities.5–7 Because of this, many
countries prioritised PWH for early COVID-19
vaccination.

After the initial two-dose regimen of the mRNA-
based COVID-19 vaccine, BNT162b2, we, and others,
found robust antibody responses in PWH. However,
antibody responses were impaired in PWH compared to
controls.8–10 Real-world data has shown waning immu-
nity from the initial two-dose regimen in both PWH and
the general population, but with inferior maintenance of
antibody responses in PWH.11 A few recent studies have
investigated immune responses up to six months after
the administration of the third dose of BNT162b2 in
PWH. These studies found comparable humoral and
cellular responses between PWH and controls.11–14

However, no studies have reported on the durability of
the immune response to the third dose of mRNA-based
COVID-19 vaccination in PWH exceeding six months.

In the present study, we examined the long-term
durability of the humoral immune response to the
mRNA-based COVID-19 vaccine, BNT162b2, in PWH
and controls four and eleven months after the admin-
istration of the third dose, and the cellular immune
response at four months after the third dose. In
exploratory analyses, we investigated associations of
HIV-related variables with these responses.
Methods
Study design and participants
All PWH followed at the HIV outpatient clinic at
Copenhagen University Hospital, Rigshospitalet, aged
18 years or older, were invited to participate in this
prospective observational study initiated between
December 2020 and April 2021.15,16 Healthcare pro-
fessionals from Copenhagen University Hospital,
www.thelancet.com Vol 93 July, 2023
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Rigshospitalet and Herlev-Gentofte Hospital, aged 18
years or older, were enrolled in a parallel study over the
same time course and were included in the present
study as controls.15,17 The HIV status in the control
group is unknown. However, the prevalence of HIV
infection in Denmark is approximately 0.1%.18 COVID-
19 vaccines were offered as part of the Danish vaccina-
tion program. Participation in the study was voluntary
and did not interfere with the vaccination strategy. All
participants received at least three doses of the mRNA-
based SARS-CoV-2 vaccine BNT162b2 during the
study period and were excluded if they received other
SARS-CoV-2 vaccine types. Only participants with a
blood sample collected after their third dose were
included.

All PWH and controls provided consent after
receiving oral and written information. The study was
approved by the Regional Scientific Ethics Committee of
the Capital Region of Denmark (H-20079890) and was
conducted in accordance with the Declaration of
Helsinki.

Participants were invited for six blood sample col-
lections between December 27, 2020 and October 25,
2022, starting at the time of their first vaccination and
up to twenty months after the first vaccine dose,
regardless of the administration of additional vaccine
doses. Sampling time points were planned according to
the time of the first vaccination and occurred at baseline,
three weeks, two, six, twelve, and eighteen months after
the first dose. Samples for assessment of cellular re-
sponses were collected to coincide with the twelve-
month sample. For analyses of the response to the
third dose, sample time points were recalibrated ac-
cording to the time of administration of the third vac-
cine dose, with the date of the third dose being
considered the baseline for the present analyses. A six-
month sample was thus collected approximately three
months before baseline, and twelve-, and eighteen-
month samples were collected approximately four and
eleven months after baseline, respectively. Similarly, the
sample for assessment of cellular response was collected
approximately four months after baseline.

For the PWH, data on the latest and nadir CD4+ T-
cell counts, HIV viral load, and ART at the time of the
first vaccination dose was collected from medical re-
cords at study entry. Data on body mass index (BMI) was
collected on all participants through a questionnaire
completed at study entry. Data on vaccination status,
including the type of vaccine and date of administration,
was collected for all participants via the Danish Vacci-
nation Register, a national registry with mandatory
registration of all administered vaccines in Denmark
since 2015.19

Antibody measurements
All analyses are based on the SARS-CoV-2 ancestral
strain. IgG antibodies specific for the receptor-binding
www.thelancet.com Vol 93 July, 2023
domain (RBD) of the spike (S) protein were deter-
mined using an in-house ELISA.16 Briefly, purified re-
combinant RBD was coated onto Nunc Maxisorp 384-
well plates (Thermo Fisher Scientific, Massachusetts,
USA) overnight in phosphate-buffered saline (PBS)
(Rigshospitalet, Copenhagen, Denmark). Before adding
the buffer-diluted patient serum, the wells were blocked
for 1 h in PBS and Tween 20 (PBS-T, Merck, Darmstadt,
Germany). RBD-bound IgG was detected using horse-
radish peroxidase conjugated polyclonal rabbit-anti-
human IgG (Agilent Technologies, Santa Clara, CA,
USA). Tetramethylbenzidine (TMB) One substrate
(Kem-En-Tec, Taastrup, Denmark) was added, and the
reaction was stopped using H2SO4. Optical density
was measured by a Synergy HT absorbance reader
(BioTek Instruments, Winooski, VT, USA). Plates were
washed in PBS-T four times between each step. IgG
concentrations were calculated in Arbitrary Units (AU)/
mL. The threshold of a positive IgG response was 225
AU/mL. Samples with a value below 1 AU/mL were set
to 1 AU/mL.8,17,20

To assess for previous infection with SARS-CoV-2,
antibodies targeting the nucleocapsid (N) protein were
determined in all samples by an electro-
chemiluminescence assay according to the manufac-
turer’s instructions (Elecsys® Anti-SARS-CoV-2
Elecsys® assay, Roche Diagnostics, GmbH, Germany).
The N protein is not a part of the original BNT162b2
vaccine and is thus used as a marker of natural
infection.

Measurement of virus-neutralising capacity
We used a validated in-house ELISA-based assay to es-
timate the degree of inhibition by the ACE-2 host re-
ceptor and RBD interaction as a proxy for neutralising
capacity, as described elsewhere.15,21 This pseudo-
neutralising assay correlates well with the gold stan-
dard plaque reduction neutralisation test (r = 0.9231).21

In brief, recombinant ACE-2 ectodomain was coated
onto Nunc Maxisorp 96-well plates in PBS overnight.
For 1 h, a solution of patient serum, Pierce High
Sensitivity Streptavidin-HRP (Thermo Fisher Scientific),
and biotinylated recombinant RBD was incubated in
non-binding 96-well plates. The mixtures of biotinylated
RBD/Streptavidin-HRP and patient serum were trans-
ferred to the ACE-2 ectodomain-coated wells for 35 min.
Between each step, the wells were washed three times
with PBS-T. Plates were developed for 20 min. The
threshold for assay positivity was set to 25% inhibition
in 10% diluted serum based on a receiver operating
characteristic (ROC) curve analysis to estimate the
optimal cut-off between naturally infected convalescent
sera and sera from individuals obtained before 2020.8,16

Interferon-γ release quantification
The cellular response to vaccination was assessed by
measuring interferon-γ (IFN-γ) release after stimulation
3

www.thelancet.com/digital-health


Articles

4

with SARS-CoV-2 S1 peptides in fresh whole blood. A
commercial kit was used according to the manufac-
turer’s instructions, as previously described.15,20 In brief,
4 mL of venous blood was collected in Lithium-Heparin
coated tubes and aliquoted in 3 different tubes: one
blank tube to measure unstimulated IFN-γ concentra-
tion, one tube containing SARS-CoV-2 S1 protein-
specific peptides, and one tube containing a mitogen
serving, as a positive control (product ET 2606-3003,
EUROIMMUN, Lübeck, Germany). After incubation for
21 h at 37 ◦C, the samples were centrifuged at 12,000g
for 10 min. IFN-γ concentrations were measured using
an IFN-γ ELISA kit (product EQ 6841-9601, EURO-
IMMUN). Results from the unstimulated tubes were
subtracted from the SARS-CoV-2 S1 peptide and
mitogen tubes to estimate IFN-γ concentrations caused
by SARS-CoV-2 S1 stimulation of whole blood and
served as a proxy for a cellular response.

Statistics and modelling
The sample size for the present analysis was chosen
pragmatically, with the inclusion of all PWH from the
original cohort who met the inclusion criteria and were
willing to continue their participation. PWH were
matched to controls using a propensity score based on
age, sex, number of volunteered samples, and the total
number of vaccine doses. Propensity scores were esti-
mated by logistic regression using the glm function of
the stats package for R software (version 4.1.0 for
Windows, R Foundation for Statistical Computing,
Vienna, Austria) with the predict function from the
same package being used to compute the propensity
scores.22 As a standard 1:1 matching would likely have
resulted in a reduction of the sample size, we chose to
use cardinality matching based on the propensity
score,23 using the cardinality method in the MatchIt
package and a balance tolerance set to 0.1.24 This
approach provided us with a balanced control set
without a large reduction in the available sample. Po-
tential confounders from the available collected dataset
were identified based on knowledge of factors that could
potentially confound an association between HIV status
and vaccine responses. Continuous data were reported
as medians with interquartile range (IQR) or means
with standard deviation (SD). Categorical data were re-
ported as frequency counts and percentages. Differ-
ences between the study groups were assessed using the
Mann–Whitney U test, unpaired t-test, or Chi-squared
(χ2) test, as appropriate. The normality of data was
assessed by quantile-quantile plots and scatter plots of
residuals and fitted values. Observed and predicted
antibody and IFN-γ concentrations were reported as
geometric mean concentrations (GMC) with 95% con-
fidence intervals (CI), with geometric mean ratios
(GMR) and 95% CI used to compare groups. Antibody
and IFN-γ concentrations were log10 transformed and
back transformed before being reported as appropriate.
To compare antibody concentrations, pseudo-
neutralising capacity, or IFN-γ concentrations between
PWH and controls, we fitted univariable and multivar-
iable linear regressions at each time point. Median time
from baseline to sample time was calculated for PWH
and controls combined at each time point, and used for
the prediction of mean antibody concentrations, pseudo-
neutralising capacity, or IFN-γ concentrations as deter-
mined by the time-adjusted linear models. For sensi-
tivity analyses, the presence of N-antibodies was
included in the regression model at all time points, to
compare antibody concentrations between PWH and
controls with and without evidence of a previous infec-
tion. Similarly, a sensitivity analysis was performed at
the eleven-month follow-up time in which all in-
dividuals who received more than three vaccine doses
were excluded. Additionally, we re-fitted all regression
models using the complete, unmatched, dataset with
adjusted analyses including the propensity score as an
additional independent variable. Univariable and
multivariable linear regressions were fitted with either
log10-transformed anti-RBD IgG concentrations,
pseudo-neutralising capacity or log10-transformed IFN-γ
concentrations as the dependent variable and HIV-
status as the independent variable in the univariable
models. We fitted a series of multivariable models in
which we additionally included the nadir CD4 count,
latest CD4 count or latest HIV viral load at the first dose
as a second independent variable. Time since baseline
was additionally included in the time adjusted multi-
variable models. Nadir CD4 count, latest CD4 count,
and latest HIV viral load were included in the models as
categorical variables as these did not meet the assump-
tion of linearity. Nadir and the latest CD4 T-cell counts
were categorised into four groups of <200, 200–349,
350–500, or >500 cells/μL, respectively. HIV viral load
was categorised as <50 or ≥50 copies/mL, respectively.
To visualise mean antibody concentrations and observed
antibody concentrations, GMC of anti-RBD IgG was
predicted by the linear model for each time point, at
median time from baseline. Wilcoxon matched-pairs
signed-rank test was applied to compare changes in
antibody concentrations between time points. p-values <
0.05 were considered significant. All statistical analyses
were performed in R using packages dplyr,25 tidyr,26

MatchIt,24 stringr,27 and ggsci.28

Role of the funding source
This work was funded by the Novo Nordisk Foundation
(NFF205A0063505 and NNF20SA0064201), the Carls-
berg Foundation (CF20-476 0045), the Svend Andersen
Research Foundation (SARF2021), and Bio- and
Genome Bank Denmark. The funding source of the
study had no role in the study design, data collection,
data analysis, data interpretation, writing of the manu-
script, or the decision to submit the paper for
publication.
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Results
We included 378 PWH and 224 propensity score
matched controls for our primary analyses; 89% of
PWH and 94% of controls were male (p = 0.066). The
median age at the time of the first vaccination was 56
years in PWH [IQR: 48, 63] and 55 years in controls
[IQR: 44, 63] (p = 0.112). The median time between
administration of the third dose (baseline) and the last
time-point of sample collection (eleven months
follow-up) was 328 days [IQR: 313, 339] in PWH and
320 days [IQR: 313, 325] in controls (p < 0.001).
Assessed by the presence of N-antibodies, 7.1% of
PWH and 9.4% of controls had shown evidence of a
previous infection with SARS-CoV-2 three months
prior to baseline, while 59% of PWH and 60% of
controls had shown evidence of a previous infection
by the time of the eleven-month follow-up visit. All
PWH had HIV viral loads <200 copies/mL at the
initiation of the vaccination program, and in 98% of
PWH the HIV viral load was <50 copies/mL. The
median CD4 count was 640 cells/μL [IQR: 490, 800].
Table 1 shows that PWH and controls were reasonably
matched and potential confounders were well
balanced for age, sex, number of samples available,
and total number of vaccine doses. Additionally, the
proportion of individuals who obtained N-antibodies
during the study period was balanced between the
groups. All characteristics of the study populations
are presented in Table 1.

Three months prior to baseline, the concentration of
anti-RBD antibodies was significantly lower in PWH
than in controls (unadjusted GMR: 0.68 (95% CI: 0.54,
0.86), p = 0.002, Table 1, Fig. 1a). We observed no strong
evidence to suggest that antibody concentrations
differed between PWH and controls at either four- or
eleven-months follow-up (unadjusted GMR (95% CI) at
four months: 0.90 (0.75, 1.09, p = 0.285) at eleven
months: 0.89 (0.69–1.14), p = 0.346, Table 1, Fig. 1a).
When adjusting for time since the third dose, the GMR
was: 0.94 (95% CI: 0.76, 1.17, p = 0.607), and 0.86 (95%
CI: 0.67, 1.11, p = 0.257) at four and eleven months,
respectively. In sensitivity analyses, participants with
more than three vaccine doses at eleven-month follow-
up were excluded (8 PWH and 3 controls) with similar
results in both the unadjusted model and adjusted
models (data not shown).

The time unadjusted anti-RBD IgG GMC increased
from three months before to four months after the third
dose in both PWH and controls (both p < 0.001, Table 1,
Fig. 1a). From four to eleven months after the third
dose, there was a decline in the GMC of anti-RBD IgG
within both groups (p = 0.008 and p = 0.056 for PWH
and controls, respectively, Table 1 and Fig. 1a). At eleven
months after the third dose the GMC of anti-RBD IgG
remained higher third dose than it was three months
prior to the third dose in both PWH and controls
(p < 0.001 and p < 0.001, Table 1 and Fig. 1a).
www.thelancet.com Vol 93 July, 2023
Evidence of a previous infection, assessed by the pres-
ence of N-antibodies, was significantly associated with
higher GMC of anti-RBD IgG at all time points in both
unadjusted and time-adjusted models (p < 0.001 for all,
Fig. 1b). By the eleven-month follow-up 178/267 (66.7%)
of PWH and 103/142 (72.5%) of controls had presented
antibodies targeting the N-protein. Regardless of being a
PWH or control the presence of N-antibodies was associ-
ated with a four-fold higher anti-RBD IgG concentration
(GMR: 4.04 (95% CI: 3.25, 5.01), p < 0.001).

The mean capacity of the circulating antibodies to
neutralise SARS-CoV-2 prior to baseline was 3.68 (95%
CI: 0.41, 6.96) percent points lower in PWH than in
controls (p = 0.028). We did not observe any significant
differences in mean pseudo-neutralising capacity be-
tween PWH and controls at either four (unadjusted mean
difference, controls minus PWH: 0.36 (95% CI: −0.65,
1.35), p = 0.485) or eleven 0.24 (95% CI: −0.65, 1.15),
p = 0.588) months after the third dose. When adjusting
for time since the administration of the third dose, the
mean pseudo-neutralising capacity was 0.27 percent
points (95% CI: −0.90, 1.43) lower in PWH than controls
at four months (p = 0.652), and 0.26 percent points (95%
CI: −0.66, 1.19) lower at 11 months (p = 0.577).

We investigated associations between HIV-related
risk factors and antibody concentrations eleven
months after the third dose. We found no associations
of either nadir CD4, latest CD4 count at initiation of the
vaccination program or HIV viral load at initiation of the
vaccination program with lower antibody concentrations
in both adjusted and unadjusted models (Table 2).

The cellular response was assessed four months after
the administration of the third dose in a subset of 178
PWH and 135 controls. We did not find any significant
difference in mean IFN-γ concentration between PWH
and controls either before (GMR of IFN-γ in PWH
compared to controls: 1.06 (95% CI: 0.71–1.60), p = 0.767)
or after (1.05 (95% CI: 0.65–1.70), p = 0.830) adjustment
for time since administration of the third dose. In sub-
analyses, we found that PWH with CD4 counts of
<200 cells/μL (GMR: 0.03, 95% CI: 0.00, 0.55) and 200–-
349 cells/μL (GMR: 0.34, 95% CI: 0.11, 1.00) at the initi-
ation of the vaccination program had lower IFN-γ
concentrations than PWH with CD4 counts >500 cells/μL
(Table 2), with no difference seen between those with CD4
counts of 350–500 and >500 cells/μL. Nadir CD4 count
and HIV viral load at initiation of the vaccination program
were not associated with lower IFN-γ concentrations in
either unadjusted or adjusted models (Table 2).
Discussion
In this observational cohort study, we found similar hu-
moral and cellular immune responses in PWH with un-
detectable viral replication and controls up to eleven
months after receiving the third dose of the BNT162b2
vaccine. In exploratory analyses CD4 count <200 cell/μL at
5
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PWH n = 378 Controls n = 224 p-value

Age; years, median [IQR] 56 [48–63] 55 [44–63] 0.112

Male sex, n (%) 336 (88.9) 210 (93.8) 0.066

BMI, mean (SD) 25.3 (4.3)a 25.5 (3.7)a 0.548

Nadir CD4+ T-cell count, cells/μL, n (%)

>500 45 (11.9) – –

350–500 57 (15.1) – –

200–349 95 (25.1) – –

<200 118 (31.2) – –

NA 63 (16.7) – –

Latest CD4+ T-cell count at first vaccine dose, cells/μL, n (%)

>500 271 (71.7) – –

350–500 70 (18.5) – –

200–349 33 (8.7) – –

<200 4 (1.1) – –

Latest viral load at first vaccine dose, copies/mL, n (%)

<50 367 (97.1) – –

≥50 11 (2.9) – –

cART use at first dose, n (%) 377 (99.7) – –

Days from 3rd dose, median [IQR]

Three months before baseline −82 [−101, −64] −129 [−139, −99] <0.001

4 months follow-up 119 [104, 136] 86 [78, 98] <0.001

11 months follow-up 328 [313, 339] 320 [313, 325] <0.001

No. of samples available at timepoint, n, (%)

Three months before baseline 314 (83.1) 176 (78.6) 0.207

4 months follow-up 346 (91.5) 209 (93.3) 0.532

11 months follow-up 267 (70.6) 142 (63.4) 0.080

No. of vaccine doses at last visit, n (%)

3, n, (%) 368 (97.4) 221 (98.7) –

4, n, (%) 10 (2.6) 3 (1.3) 0.438

N-antibody-verified COVID-19 infection, n (%)

Three months before baseline 27 (7.1) 21 (9.4) 0.411

By time of final sample 224 (59.3) 134 (59.8) 0.960

Anti-SARS-CoV-2-RBD IgG geometric mean concentration (GMC)–AU/mL (95% CI)

Three months before baseline 1774 (1540–2044) 2589 (2143–3127) 0.002

4 months follow-up 16,407 (14,634–18,396) 18,160 (15,674–21,040) 0.285

11 months follow-up 12,027 (10,387–13,926) 13,552 (11,084–16,570) 0.346

IFN-γ geometric mean concentration (GMC)—mIU/mL (95% CI)

4 months follow-up 1174 (898–1535) 1104 (812–1502) 0.767

PWH: people with HIV. aInformation on BMI was not available in 31 (8.2%) of PWH and 32 (14.3%) of controls.

Table 1: Characteristics of the study population.
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the initiation of the vaccination program was associated
with lower IFN-γ concentrations four months after the
third dose. We did not find any associations between HIV
viral load or nadir CD4 counts with impaired humoral or
cellular immune responses in this homogenous cohort.

Following the first two doses of BNT162b2, some
studies found that impaired immune responses in
PWH were correlated to very low CD4 nadir counts and/
or detectable viral loads.10 However, the few published
studies on immune responses up to six month after the
administration of the third vaccine dose have not been
able to establish a correlation between impaired
immune responses in PWH with low current or nadir
CD4 counts.13,29 Correspondingly, we could not establish
an association between low nadir or current CD4 counts
with impaired antibody responses. We did, however,
find lower IFN-γ concentrations after spike peptide
stimulation in whole blood from PWH with a CD4
count <200 cells/μL at initiation of the vaccination pro-
gram. CD4+ and CD8+ T-cells are a major source of
IFN-γ secretion in whole blood, and SARS-CoV-2-
specific T-cell responses are essential for viral clear-
ance.30 However, we cannot infer that the T-cells present
in this population were less effective in clearing the
www.thelancet.com Vol 93 July, 2023
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Fig. 1: Observed anti-RBD IgG concentrations and geometric mean concentrations of anti-RBD IgG up to one year after the third
BNT162b2 vaccination in people with HIV (PWH) and controls. The figure shows the geometric mean concentration (GMC) of anti-RBD IgG
predicted by linear regression in AU/mL on a log10 scale plotted on top of observed individual concentrations of anti-RBD IgG from PWH in blue
triangles and controls in red circles. The dotted horizontal lines indicate the minimum threshold of an IgG response. Error bars indicate 95%
confidence intervals. a) Composite predicted anti-RBD IgG GMC irrespective of previous infection status in PWH (blue) and controls (red). b)
Predicted geometric mean concentrations of SARS-CoV-2 antibodies stratified by the presence of antibodies targeting the nucleocapsid protein
as indication of a previous infection in PWH (blue) and controls (red). Solid line and filled circles/triangles indicate presence of N-antibodies.
Dotted line and open circles/triangles indicate that N-antibodies were not detected.
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SARS-CoV-2 virus, as a lower number of T-cells would
also produce less IFN-γ in a given volume. Additionally,
only very few participants in this study had CD4 counts
<200 cells/μL at initiation of the vaccination program.

Waning antibody concentrations and decreased vac-
cine efficacy was seen after the initial two-dose regimen,
leading to recommendations for an additional booster
dose. Here, we similarly found decreasing antibody
Anti-SARS-CoV-2-RBD IgG—
unadjusted geometric mean
ratio (95% CI)

p-value Anti-SARS-
adjusted ge
ratioa (95%

Nadir CD4 count,
cells/μL
>500 Ref Ref Ref

350–500 0.86 (0.45–1.63) 0.644 0.87 (0.46–

200–349 0.66 (0.36–1.19) 0.163 0.65 (0.36–

<200 1.09 (0.62–1.92) 0.771 1.09 (0.62–

Latest CD4+ T-cell
count at first dose,
cells/μL
>500 Ref Ref Ref

350–500 1.38 (0.94–2.03) 0.099 1.37 (0.93–2

200–349 1.04 (0.59–1.81) 0.901 1.04 (0.59–

<200 0.60 (0.18–2.05) 0.413 0.51 (0.14–1

Latest viral load at
first dose, copies/mL

<50 Ref Ref Ref

≥50 1.48 (0.67–3.25) 0.326 1.41 (0.64–

aModel included propensity score and time since third dose as covariates in addition to

Table 2: Associations between HIV-related variables and anti-SARS-CoV-2-RBD
up.

www.thelancet.com Vol 93 July, 2023
concentrations in PWH eleven months after the third
dose of BNT162b2, although the decrease was not sta-
tistically significant in controls between the four- and
eleven-month sample, the results were highly suggestive
of decreasing antibody concentrations in the controls as
well. However, despite a decrease, antibody concentra-
tions were still considerably higher in both PWH and
controls eleven months after the third dose than in the
CoV-2-RBD IgG—
ometric mean
CI)

p-value IFN-γ—unadjusted
geometric mean ratio
(95% CI)

p-value IFN-γ—adjusted
geometric mean
ratioa (95% CI)

p-value

Ref Ref Ref Ref Ref

1.65) 0.661 1.03 (0.36–2.89) 0.962 1.03 (0.36–2.89) 0.960

1.19) 0.161 0.80 (0.31–2.04) 0.639 0.76 (0.30–1.94) 0.567

1.94) 0.762 1.16 (0.47–2.86) 0.742 1.67 (0.47–2.87) 0.735

Ref Ref Ref Ref Ref

.01) 0.108 1.02 (0.50–2.09) 0.947 0.99 (0.48–2.07) 0.993

1.84) 0.883 0.34 (0.12–1.01) 0.052 0.34 (0.11–1.00) 0.051

.78) 0.289 0.03 (0.00–0.53) 0.016 0.03 (0.00–0.55) 0.018

Ref Ref Ref Ref Ref

3.12) 0.394 1.63 (0.23–11.71) 0.625 1.72 (0.24–12.41) 0.589

each categorical HIV-related variable tested one at a time.

IgG antibody concentration at 11 months follow-up or IFN-γ concentration at four months follow-
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sample collected three months prior to the third dose,
six months after initiation of the vaccination program,
indicating a more robust antibody response after three
doses. By the time of the final blood sampling, a high
proportion of participants did, however, have evidence
of a previous infection, as they presented antibodies
against the N-protein of SARS-CoV-2, which is not part
of the vaccine. While the presentation of N-antibodies is
not a perfect measure of previous infection in vaccinated
individuals it does provides a strong indication of such.31

A previous infection was thus highly associated with
increased antibody concentrations as reported in other
studies.17,31

This study investigated long-term durability of the
immune response to the third dose of BNT162b2 in
PWH with up to eleven months follow-up. Our findings
suggest that mRNA vaccines effectively facilitate hu-
moral and cellular immune responses to SARS-CoV-2 in
PWH. While an absolute benchmark for the protective
level of antibodies has yet to be established, a couple of
studies by the groups behind some of the original effi-
cacy trials have found correlations between higher con-
centrations of neutralising antibodies and vaccine
efficacy, in individuals vaccinated with the mRNA-based
COVID-19 vaccine mRNA-1273 or the vector-based
vaccine ChAdOx1 nCoV-19.32,33 Additionally, several
studies have found significant effectiveness in protec-
tion against symptomatic illness, and hospitalisation or
death after vaccination with BNT162b2 in both PWH
and the general population.34 Thus, vaccination con-
tinues to be the key to prevention of COVID-19 in PWH
as well as people without HIV. However, attention to the
phenomenon of immune imprinting, where the pro-
duction of antibodies cross-reacting with previously
encountered variants overshadows the production of
antibodies targeting new variants when encountering
these, is pertinent in the development of future vaccine
programs, as recent studies have raised awareness of the
possibility for negative immune imprinting after booster
vaccination against SARS-CoV-2.35,36

Our study has some limitations. The study was
designed for the original two-dose regimen and thus
humoral and cellular responses were assessed in
response to the SARS-CoV-2 ancestral strain, although
Omicron was the dominant strain at the time the third
dose was administered. This limitation decreases the
generalisability of our results to the Omicron dominating
era, as neutralisation of new strains with serum from
individuals vaccinated with the ancestral vaccine has
shown less effective in neutralising the BA.4 and BA.5
strain,37 however new virus strains will evolve, and the
dominant strain will vary over time, to which variant
updated vaccines have been, and will be developed, thus
our results provide a good indication of the vaccine
response in the time the vaccine was designed for.
Additional limitations include that samples at the exact
time of the third vaccine dose were not available. IFN-γ
measurements were only available at one time-point and
only after the third dose, and our study was not powered
to assess protection against infection. Furthermore, the
homogenous composition of the study cohort limits
generalisability to populations of PWH with less
controlled viremia and lower CD4 counts. Despite
adjusting for age, sex, number of volunteered samples,
and the total number of vaccine doses (through the pro-
pensity score), as well as the time since administration of
the third dose, we cannot rule out the possibility that
other, unmeasured, confounders remain. In particular,
we were unable to adjust for the use of immunosup-
pressant therapies (although it is unlikely that these
would be used differently in the two study populations) or
the presence of comorbidities. Furthermore, we did not
have access to information on symptom presentation or
hospitalisation in infected individuals and were therefore
not able to correlate the immune responses to disease
severity. Our findings should be interpreted in the
context of a well-treated cohort of PWH with good viral
suppression and should not be inferred to PWH with
ongoing viremia or very low CD4+ counts. Strengths of
our study include a large study population with a long
follow-up period and assessment of both humoral and
cellular immune responses.

In contrast to results after the second dose of
BNT162b2, we here found that antibody concentrations
in PWH were comparable to those of controls eleven
months after vaccination with the third dose of
BNT162b2. Additionally, cellular responses four months
after the third dose of BNT162b2 were comparable be-
tween PWH and controls. Our findings suggest that
PWH with undetectable viral replication do not have
impaired immune responses to the mRNA-based vac-
cines after the third dose, and could follow vaccination
guidelines developed for the general population. How-
ever, attention to waning immunity and the emerging
immune evasion from new SARS-CoV-2 variants as well
as the risk of immune imprinting is necessary for the
optimal timing of future booster vaccinations in PWH,
as it is in the general population.
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