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Objective: Limited data exist regarding the immune benefits of fourth COVID-19
vaccine doses in people with HIV (PWH) receiving antiretroviral therapy (ART),
particularly now that most have experienced a SARS-CoV-2 infection. We quantified
wild-type, Omicron-BA.5 and Omicron-BQ.1-specific neutralization up to 1 month
post-fourth COVID-19 vaccine dose in 63 (19 SARS-CoV-2-naive and 44 SARS-CoV-2-
experienced) PWH.

Design: A longitudinal observational cohort.

Methods: Quantification of wild-type-, Omicron-BA.5, and Omicron-BQ.1-specific
neutralization using live virus assays.

Results: Participants received monovalent (44%) and bivalent (56%) mRNA fourth
doses. In COVID-19-naive PWH, fourth doses enhanced wild-type and Omicron-BA.5-
specific neutralization modestly above three-dose levels (P¼0.1). In COVID-19-expe-
rienced PWH, fourth doses enhanced wild-type specific neutralization modestly
(P¼0.1) and BA.5-specific neutralization substantially (P¼0.002). Consistent with
humoral benefits of ’hybrid’ immunity, COVID-19-experienced PWH exhibited the
highest neutralization post-fourth dose, wherein those with Omicron-era infections
displayed higher wild-type specific (P¼0.04) but similar BA.5 and BQ.1-specific
neutralization than those with pre-Omicron-era infections. Nevertheless, BA.5-specific
neutralization was significantly below wild-type in everyone regardless of COVID-19
experience, with BQ.1-specific neutralization lower still (both P<0.0001). In multi-
variable analyses, fourth dose valency did not affect neutralization magnitude. Rather,
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an mRNA-1273 fourth dose (versus a BNT162b2 one) was the strongest correlate of
wild-type specific neutralization, while prior COVID-19, regardless of pandemic era,
was the strongest correlate of BA.5 and BQ.1-specific neutralization post-fourth dose.

Conclusion: Fourth COVID-19 vaccine doses, irrespective of valency, benefit PWH
regardless of prior SARS-CoV-2 infection. Results support recommendations that all
adults receive a fourth COVID-19 vaccine dose within 6months of their third dose (or
their most recent SARS-CoV-2 infection).

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
AIDS 2023, 37:F11–F18
Keywords: COVID-19, fourth dose, HIV, hybrid immunity, Omicron BA.5,
Omicron BQ.1, vaccine, viral neutralization
Introduction

A third COVID-19 vaccine dose substantially boosts
humoral responses in people with HIV (PWH) [1–4], but
antibody concentrations and activities decline rapidly
thereafter, particularly in individuals who remain SARS-
CoV-2-naive [4]. This, combined with the observation
that vaccine (and infection-) induced antibodies neutral-
ize newer Omicron variants even more poorly than the
original Omicron-BA.1 variant [4–7], led to the
recommendation that all adults receive fourth COVID-
19 vaccine doses. Moreover, bivalent vaccine formula-
tions (initially featuring wild-type and Omicron-BA.1
variants [8], and more recently wild-type and Omicron-
BA.4/5 variants [9]), were approved in Fall 2022.
Questions remain however, including the following: In
PWH who remain COVID-19-naive, does a fourth dose
simply boost humoral responses to post-third dose levels,
or does it enhance them? Do triple-vaccinated PWH
who have had COVID-19 further benefit from a fourth
dose, and does it matter whether the infection was
Omicron? and How well do fourth doses induce
responses to newer Omicron variants, and does valency
matter? To address these questions, we quantified wild-
type, Omicron-BA.5, and Omicron-BQ.1-specific virus
neutralization 1 month post-fourth COVID-19 vaccine
dose in 63 PWH, including 19 COVID-19-naive and 44
COVID-19-experienced (12 pre-Omicron-era and 32
Omicron-era) participants.
Materials and methods

Ethics approval
This study was approved by the University of British
Columbia/Providence Healthcare and Simon Fraser
University Research Ethics Boards. All participants
provided written informed consent.

Participants
The cohort has been described previously [1]. This
analysis included all 63 PWH who completed their
1 month post-fourth dose visit as of December 2022.
SARS-CoV-2 infections were identified through self-
reported PCR or rapid-antigen test results and/or the
presence of anti-Nucleocapsid antibodies using the
Elecsys Anti-SARS-CoV-2 assay (Roche Diagnostics
(Laval, Quebec, Canada)).

Live virus neutralization
Virus neutralizing activity in plasma was assessed using
live wild-type (USA-WA1/2020; BEI Resources,
Manassas, Virginia, USA), Omicron-BA.5 (GISAID
Accession# EPI_ISL_15226696), and Omicron-BQ.1
(GISAID Accession # EPI_ISL_15967292) viruses on
VeroE6-TMPRSS2 (JCRB-1819) target cells [10]. Virus
stocks were diluted to 50TCID50/200ml in the presence
of serial two-fold plasma dilutions (1/20 to 1/2560) and
added to target cells in triplicate. Viral cytopathic effects
were recorded 3 days post-infection. Neutralization was
reported as the highest reciprocal dilution able to prevent
cytopathic effects in all three wells. Partial or no
neutralization at 1/20 dilution was considered below
the limit of quantification.

Statistical analyses
As untransformed neutralization reciprocal dilution
values are not normally distributed, all comparisons
shown in the figures use nonparametric statistics.
Specifically, the Mann–Whitney U-test was used to
compare neutralization distributions between indepen-
dent groups (e.g., between COVID-19 naive and
experienced participants at a given time point), while
the Wilcoxon matched-pairs signed rank test was used to
compare neutralization distributions on paired measure-
ments (e.g., within a given group across time points).
Multiple linear regression was used to investigate the
relationship between sociodemographic, health and
vaccine-related variables, and SARS-CoV-2 variant-
specific neutralization 1 month following the fourth dose.
Here, neutralization values were log2 transformed prior to
analysis. The variables explored were recent and nadir
CD4þ T-cell counts (per cells/ml), age (per year), sex at
birth (female as reference), ethnicity (non-white as
reference), number of chronic conditions (per additional),
dual ChAdOx1 as the initial regimen (with mRNA or
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mixed ChAdOx1/mRNA regimen as the combined
reference group) [1,11], interval between the first and
second doses (per day), third COVID-19 mRNAvaccine
brand (BNT162b2 as reference), interval between second
and third doses (per day), fourth COVID-19 mRNA
vaccine brand (BNT162b2 as reference), fourth dose
valency (monovalent as reference), and interval between
third and fourth doses (per day). Prior COVID-19 was
also explored, two ways: any prior infection (naive as
reference) and any Omicron-era infection (naive and pre-
Omicron-era infections as the combined reference
group). All variables with univariable P value less than
0.1 were included in the multivariable model, except for
prior COVID-19, where only one of the definitions of
this variable (the one with the smallest P value) was
included in the model to avoid collinearity. We tested for
variable multicollinearity using Variance Inflation Factors
(VIFs), which are reported in the table footnotes. Briefly,
a VIF of 1 indicates that there is no correlation between a
given independent variable and any others, VIFs between
1 and 5 suggest moderate correlation, while VIFs greater
than 5 represent strong correlation. No variables
exhibited VIFs greater than 5. All tests were two-tailed,
with P value less than 0.05 considered statistically
significant. P values were not corrected for multiple
Table 1. Participant characteristics.

Characteristica

HIV-related variables
Receiving antiretroviral therapy, n (%)
Recent plasma viral load, copies HIV RNA/ml, median [IQR]
Recent CD4þ T-cell count in cells/ml, median [IQR]
Nadir CD4þ T-cell count in cells/ml, median [IQR]

Sociodemographic and health variables
Age in years, median [IQR]
Female sex at birth, n (%)
White ethnicity, n (%)
Number of chronic conditions, median [IQR]b

Vaccine details
Initial regimen

Two mRNA doses, n (%)
Two ChAdOx1 doses, n (%)
Heterologous (ChAdOx1 þ mRNA), n (%)
Days between first and second doses, median [IQR]

Third dose
BNT162b2, n (%)
mRNA-1273, n (%)
Days between second and third doses, median [IQR]

Fourth dose
BNT162b2 monovalent, n (%)
BNT162b2 bivalent, n (%)
mRNA-1273 monovalent, n (%)
mRNA-1273 bivalent, n (%)
Days between third and fourth doses, median [IQR]

SARS-CoV-2 infection historyc

SARS-CoV-2 naive, n (%)
SARS-CoV-2 infection pre-Omicron era, n (%)
SARS-CoV-2 infection Omicron era, n (%)

aSociodemographic, health, and vaccine data were collected by self-repor
bChronic conditions were defined as hypertension, diabetes, asthma, obesit
immunosuppression due to chronic conditions or medication.
cTwo COVID-19-experienced participants had SARS-CoV-2 infection twice
their first infection (one was in the ‘pre-Omicron era’ group, and the othe
comparisons. All statistical analyses were performed in
Prism for Mac OS v9.3.1 (GraphPad Software).
Results

Participant characteristics
Characteristics of the 63 PWH are summarized in Table
1. All had suppressed plasma HIVon ART, median CD4þ

T-cell counts of 720 [interquartile range (IQR) 540–920]
cells/ml, and median nadir CD4þ T-cell counts of 280
(IQR 90–530) cells/ml, at enrolment. PWH were a
median of 57 (IQR 44–65) years old, 86% men, 73% of
white ethnicity, and had a median 1 (IQR 0–1) chronic
conditions. A total of 10% received two doses of the
recombinant viral vector ChAdOx1 vaccine as their
primary series, where second doses were administered a
median 59 days following the first, due to initially limited
vaccine supply in Canada [12,13]. All third doses were
monovalent mRNA vaccines, where 33% received
BNT162b2 and 67% received mRNA-1273, adminis-
tered approximately 6months after the second dose. For
third doses, PWHwho met one or more of the following
criteria were eligible for a 100mg mRNA-1273 third
n¼63

63 (100%)
<50 [<50 to <50]
720 [540–920]
280 [90–530]

57 [44–65]
9 (14.2%)
46 (73%)
1 [0–1]

51 (81%)
6 (9.5%)
6 (9.5%)

59 [53–67]

21 (33%)
42 (67%)

182 [134–192]

9 (14%)
9 (14%)
19 (30%)
26 (41%)

258 [217–282]

19 (30%)
12 (19%)
32 (51%)

t and confirmed through medical records where available.
y, chronic diseases of lung, liver, kidney, heart or blood, cancer, and

. These participants were classified according to the pandemic era of
r was in the ‘post-Omicron era’ group).
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dose (instead of the standard 50mg): age at least 65 years,
prior AIDS-defining illness, prior CD4þ cell count less
than 200 cells/ml, prior CD4þ fraction 15% or less, any
plasma HIV load more than 50 copies/ml in 2021, or
perinatally acquired HIV [14]. Fourth doses, received an
average of 8.5months post-third, were BNT162b2
monovalent (14%), BNT162b2 bivalent (14%), mRNA-
1273 monovalent (30%), and mRNA-1273 bivalent
(41%). Overall, 30% of participants remained SARS-
CoV-2-naive, whereas 19 and 51% experienced COVID-
19 during the pre-Omicron and Omicron eras, respec-
tively, as estimated using local molecular epidemiology
trends [15].

Longitudinal viral neutralization following
COVID-19 vaccination
In SARS-CoV-2-naive PWH, a fourth COVID-19
vaccine dose boosted both wild-type and BA.5-specific
neutralization to levels that were modestly higher than
those observed 1 month after three-dose vaccination
(Fig. 1a). Specifically, one month post-third dose, wild-
type specific neutralization was achieved at a median
reciprocal dilution of 640 (IQR 320–1280), whereas one
month post-fourth dose, the median remained at 640, but
the IQR rose to 640–1280. Moreover, no low or
nonresponders to the wild-type virus remained following
four doses. Applying a Wilcoxon matched pairs signed
rank test to the 19 paired measurements across the post-
third and post-fourth dose time points yielded P¼ 0.1.
Similarly, one month post-third dose, BA.5-specific
neutralization was achieved at a median reciprocal
dilution of 40 (IQR 40–80), whereas one month post-
fourth dose, this rose to a median 80 (IQR 40–80), again
yielding P¼ 0.1 (Wilcoxon matched pairs signed rank
test; 19 pairs). For context, these increases were less
pronounced than those observed between two-dose and
three-dose vaccination: wild-type specific neutralization
for example rose from a median 80 after two doses to a
median 640 after three doses (Wilcoxon matched pairs
signed rank test; 45 pairs; P< 0.0001; Fig. 1a).

A fourth dose also boosted neutralization in COVID-19-
experienced PWH (Fig. 1a). For example, one month
post-third dose, wild-type specific neutralization was
achieved at a median reciprocal dilution of 1280 (IQR
320–2560) in COVID-19 experienced PWH, whereas
one month post-fourth dose, the median remained at
1280 but the IQR rose to 640–2560 (Wilcoxon matched
pairs signed rank test; 33 pairs; P¼ 0.1). Similarly, one
month post-third dose, BA.5-specific neutralization was
achieved at a median reciprocal dilution of 160 (IQR 80–
320), whereas post-fourth dose, this rose to a median 320
(IQR 160–640) (Wilcoxon matched pairs signed rank
test; 32 pairs; P¼ 0.002). As a result, COVID-19-
experienced PWH displayed significantly higher wild-
type and BA.5-specific neutralization post-fourth dose
compared with COVID-19-naive individuals (Mann–
Whitney U-test; P¼ 0.048 for WT; P< 0.0001 for
BA.5). In fact, wild-type specific neutralization in naive
PWH post-fourth dose was comparable to COVID-19-
experienced individuals post-third dose (Mann–Whitney
U-test; P¼ 0.5), whereas BA.5-specific neutralization
was significantly higher in COVID-19-experienced
PWH compared with COVID-19-naive individuals at
these time points (Mann–Whitney U-test; P¼ 0.006).

Our results also demonstrated that Omicron-specific
neutralization remained significantly weaker than wild-
type even after four vaccine doses. The median BA.5-
specific neutralization post-fourth dose across the entire
cohort was 160, a value that was eight-fold lower than the
median wild-type specific neutralization value of 1280
(Mann–WhitneyU-test, P< 0.0001, Fig. 1b; note that all
WT/BA.5 comparisons in Fig. 1a are also P< 0.0001;
not shown). Moreover, the cohort median BQ.1-specific
neutralization post-fourth dose was 80, which was two-
fold lower than the cohort median 160 for BA.5 (Mann–
Whitney U-test; P< 0.0001, Fig. 1b). Nevertheless,
COVID-19-experienced PWH exhibited significantly
higher ability to neutralize all tested SARS-CoV-2
variants post-fourth dose compared with COVID-19-
naive individuals (Mann–Whitney U-test; all P< 0.05;
Figure S1, http://links.lww.com/QAD/C816). In
COVID-19-experienced PWH for example, BQ.1-
specific neutralization was a median of 80, a value that
was four-fold higher than the median of 20 observed in
COVID-19-naive PWH (Mann–Whitney U-test;
P< 0.0001; Figure S1, http://links.lww.com/QAD/
C816). Stratification of infections by pandemic era
further revealed that, while COVID-19-experienced
PWH with Omicron-era infections exhibited signifi-
cantly higher wild-type specific neutralization post-
fourth dose compared with those with pre-Omicron era
infections (median >2560 versus 640, respectively,
Mann–Whitney U-test; P¼ 0.04), BA.5, and BQ.1-
specific neutralization were comparable regardless of
infection era (P� 0.5; Figure S2, http://links.lww.com/
QAD/C817).

Finally, we explored sociodemographic, clinical, and
vaccine-related correlates of SARS-CoV-2 variant-
specific neutralization post-fourth dose. In univariable
analyses, having received mRNA-1273 as a fourth dose, a
longer interval between third and fourth doses, and
having experienced an Omicron-era SARS-CoV-2
infection were significantly associated with higher
wild-type specific neutralization (all P< 0.05; Supple-
mentary Table 1, http://links.lww.com/QAD/C818).
Fourth dose valency, however, was not associated with
wild-type specific neutralization magnitude, nor was
CD4þ T-cell count (neither recent nor nadir), nor prior
COVID-19 regardless of pandemic era (all P> 0.2). The
multivariable model included these three significant
variables along with dual ChAdOx1 as the primary
vaccine series (which yielded a univariable P¼ 0.09).
After adjustment, only two variables were associated with
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Fig. 1. SARS-CoV-2 neutralization following COVID-19 vaccination. (a) Longitudinal live virus neutralization specific to wild-
type (left side) and Omicron BA.5 (right side) one month following two, three and four COVID-19 vaccine (vax) doses in people
with HIV (PWH) receiving suppressive antiretroviral therapy. Data points reflect the highest reciprocal plasma dilution at which
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wild-type specific neutralization: an mRNA-1273 fourth
dose (P¼ 0.02) and a longer interval between third and
fourth doses (P¼ 0.04; Supplementary Table 1, http://
links.lww.com/QAD/C818).

The same factors were associated with BA.5-specific
neutralization in univariable analyses, though for this
outcome, any prior COVID-19 was more strongly
associated with BA.5-specific neutralization than Omi-
cron-era infections specifically (Supplementary Table 2,
http://links.lww.com/QAD/C819). In multivariable
analyses, the strongest correlate of BA.5-specific neutral-
ization post-fourth dose was prior COVID-19
(P¼ 0.0003), with a longer interval between third and
fourth doses representing an additional correlate
(P¼ 0.047; Supplementary Table 2, http://links.lww.
com/QAD/C819). Factors significantly associated with
higher BQ.1-specific neutralization in univariable anal-
yses were a higher nadir CD4þT-cell count, younger age,
a longer interval between second and third doses, having
received a bivalent fourth dose (regardless of vaccine
brand), a longer interval between third and fourth doses,
and prior COVID-19 (all P< 0.05; Supplementary Table
3, http://links.lww.com/QAD/C820). In multivariable
analyses, the strongest correlate of BQ.1-specific neu-
tralization was prior COVID-19 (P¼ 0.0003), with
longer intervals between second/third (P¼ 0.02) and
third/fourth doses (P¼ 0.01) representing additional
correlates (Supplementary Table 3, http://links.lww.
com/QAD/C820).
Discussion

Our results indicate that PWH, regardless of SARS-CoV-
2 infection history, are likely to benefit from a fourth
COVID-19 vaccine dose, as the additional dose improved
neutralization activity towards ancestral as well as newer
virus variants. Neutralization is a strong correlate of
vaccine efficacy [16,17]. In COVID-19-naive PWH, a
fourth dose induced modest (but not statistically
significant) increases in both wild-type and Omicron-
BA.5-specific neutralization above three-dose levels and
neutralization was observed in all wells of a triplicate assay, w
quantification; LLOQ) to 1/2560 (upper limit of quantification; UL
fewer than three wells at a 1/20 dilution are displayed as a reciproca
COVID-19-experienced PWH (labeled ‘hybrid immunity’) are in bl
Omicron-era infections in closed blue circles. Thick red bars indicat
the median and one of the quartiles are superimposed. Comparisons
and experienced participants at a given time point) were perfor
comparisons (e.g., within a specific group across time points) were
where P values are only computed on the subset of data that consti
nearest single digit except P¼ 0.048 (as our predefined significance
comparisons. Omicron BA.5-specific neutralization following two
Wild-type, BA.5, and BQ.1-specific neutralization 1 month after
computed using the Wilcoxon matched pairs signed rank test.
also reduced the frequency of low responders. Somewhat
in contrast, in COVID-19-experienced PWH, a fourth
dose induced a statistically significant increase in BA.5-
specific neutralization (P¼ 0.002) above three-dose
levels, but only a modest increase in wild-type specific
neutralization. To our knowledge, only one study to date
has investigated post-fourth dose responses in PWH, in
eight participants [18]. Overall, our findings are consis-
tent with the slightly higher wild-type specific neutrali-
zation observed post-fourth dose (compared with post-
third dose) in the original open-label, nonrandomized
clinical study in the general adult population [19], as well
as studies of monovalent and bivalent boosters in context
of more recent Omicron variants [7,8].

Our results also underscore the benefits of ’hybrid’
immunity gained through a combination of vaccination
and infection [7,20,21], and further suggest that hybrid
immunity may enhance Omicron variant neutralization
in particular. This is supported by our observation that
BA.5-specific neutralization post-third dose in COVID-
19-experienced PWH was significantly higher than that
observed post-fourth dose in COVID-19-naive individu-
als, while wild-type specific neutralization was compara-
ble between these groups. Moreover, and consistent with
reports in individuals without HIV [7,8], the highest
neutralization was observed in COVID-19-experienced
PWH after four vaccine doses. We further demonstrate
that, while pandemic era appeared to influence wild-type
specific neutralization post-fourth dose, with the highest
neutralization occurring in PWH with Omicron-era
infections, it did not influence BA.5 and BQ.1-specific
neutralization. Rather, an infection from any era
enhanced neutralization of these variants. Multivariable
analyses also confirmed the differential correlates of
variant-specific neutralization post-fourth dose: whereas
an mRNA-1273 fourth dose (regardless of valency) was
the strongest correlate of wild-type specific neutraliza-
tion, prior COVID-19, regardless of pandemic era, was
the strongest correlate of BA.5 and BQ.1-specific
neutralization. Nevertheless, and consistent with recent
reports [22–24], Omicron-BA.5-specific neutralization
remained significantly weaker than wild-type in all
participants regardless of COVID-19 experience, and
here serial two-fold dilutions between 1/20 (lower limit of
OQ) were tested. Plasma samples showing neutralization in
l dilution of ‘10’. COVID-19-naive PWH are in orange, while
ue, with pre-Omicron-era infections in open blue circles and
e the median and thinner bars indicate the IQR. Occasionally,
between independent groups (e.g., between COVID-19 naive
med using the Mann–Whitney U-test. Longitudinal paired
performed using the Wilcoxon matched pairs signed rank test,
tute linked pairs. To avoid clutter, P values are rounded to the
threshold was P<0.05). P values are not corrected for multiple
vaccine doses was assessed on a subset of samples only. (b)
four COVID-19 vaccine doses. Legend as in (a). P values
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BQ.1-specific neutralization was even lower than BA.5
[25,26].

Our study has some limitations. The number of
participants studied (N¼ 63) was relatively modest. There
was no control group of people without HIV, though our
group and others have previously shown that PWH with
preserved CD4þ T-cell counts receiving ART mounted
equivalent responses to people without HIVafter two and
three COVID-19 vaccine doses [1–4]. Our study was not
designed nor powered to investigate differences between
the various bivalent fourth dose formulations, though
recent large studies of the general population indicate that
bivalent mRNA booster doses provide additional protec-
tion against symptomatic Omicron-lineage infections [27]
and severe Omicron infections [28]. Cellular immunity
was not assessed. Finally, our observations may not be
generalizable to PWH with low CD4þ T-cell counts or
who are not receiving ART, who may mount weaker
responses to immunization [29–36], so additional studies
in these populations are warranted.

In conclusion, fourth COVID-19 vaccine doses provide
immune benefits to PWH regardless of SARS-CoV-2
infection history, supporting public health recommenda-
tions that all adults receive this additional immunization
within 6months of their third dose (or their most recent
SARS-CoV-2 infection) [37]. As neutralization post-
fourth dose will likely decline rapidly [38], durability
studies are required to inform the timing of additional
booster doses.
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