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ABSTRACT

Current severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) vaccines, based on the ancestral Wuhan strain,
were developed rapidly to meet the needs of a devastating global pandemic. People living with Human Immunodeficiency
Virus (PLWH) have been designated as a priority group for SARS-CoV-2 vaccination in most regions and varying primary
courses (two- or three-dose schedule) and additional boosters are recommended depending on current CD4þ T cell count
and/or detectable HIV viraemia. From the current published data, licensed vaccines are safe for PLWH, and stimulate robust
responses to vaccination in those well controlled on antiretroviral therapy and with high CD4þ T cell counts. Data on vac-
cine efficacy and immunogenicity remain, however, scarce in PLWH, especially in people with advanced disease. A greater
concern is a potentially diminished immune response to the primary course and subsequent boosters, as well as an attenu-
ated magnitude and durability of protective immune responses. A detailed understanding of the breadth and durability of
humoral and T cell responses to vaccination, and the boosting effects of natural immunity to SARS-CoV-2, in more diverse
populations of PLWH with a spectrum of HIV-related immunosuppression is therefore critical. This article summarizes fo-
cused studies of humoral and cellular responses to SARS-CoV-2 infection in PLWH and provides a comprehensive review of
the emerging literature on SARS-CoV-2 vaccine responses. Emphasis is placed on the potential effect of HIV-related factors
and presence of co-morbidities modulating responses to SARS-CoV-2 vaccination, and the remaining challenges informing
the optimal vaccination strategy to elicit enduring responses against existing and emerging variants in PLWH.

LAY SUMMARY

People living with Human Immunodeficiency Virus (PLWH), appear to be at a higher risk (�15%) of becoming more seriously
unwell if they are infected with severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), the virus that causes
COVID-19 disease, and at least twice as likely to die from COVID-19 as the rest of the population. SARS-CoV-2 vaccination
and boosters are recommended for all PLWH. However, there is limited information about the protective immune responses
to both vaccination (and actual infection), the protection against serious COVID-19 disease, and whether the safety profile
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of the vaccines, which are very safe in the general population, differs in PLWH. Here we summarize findings from studies
that looked specifically at vaccine-related immune responses in PLWH, and discuss factors—such as age, known to impact
negatively on immune responses in the general population, to see whether this effect is worse in PLWH. A better under-
standing of these issues will help guide tailored vaccination and prevention strategies for PLWH.
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INTRODUCTION

Coronavirus Disease (COVID-19), caused by severe acute respi-
ratory syndrome coronavirus-2 (SARS CoV-2), emerged in the
late 2019, and was declared a global pandemic by the World
Health Organization (WHO) in March 2020. As of December
2021, >277 million cases and >5 million deaths had been
reported, almost certainly a significant under-estimation of the
true numbers, and have led to significant pressures and disrup-
tion of local, national and international healthcare systems [1].
It has been estimated that People living with Human
Immunodeficiency Virus (PLWH) represent �1% of total hospi-
talized cases [2]. However, the actual prevalence of SARS-CoV-2
infection could be higher in low- and middle-income countries
where access to diagnosis is limited, and HIV burden is much
higher. With nearly 40 million PLWH and 12.6 million people
not under suppressive antiretroviral therapy (ART) [3], the dy-
namics of co-existing SARS-CoV-2 infection require a syndemic
understanding of health and disease.

Unlike HIV infection, which in the absence of ART is invari-
ably fatal, the course of COVID-19 disease is highly variable. The
majority of cases are either asymptomatic or mildly symptom-
atic with cough, upper respiratory symptoms, myalgia and
headache, but some progress to a potentially fatal condition of
acute respiratory distress syndrome, septic shock and multior-
gan failure [4–6]. There is an exponential increase in mortality
with increasing age [7] and there is a clear correlation between
risk of severe disease and comorbidities including hypertension,
diabetes, cardiovascular and respiratory disease [8, 9]. PLWH
have a higher burden of these disease risk factors than the gen-
eral population. Furthermore, PLWH are an ageing population,
with nearly half of the PLWH in the USA being >50 years of age,
which is set to increase [10, 11].

Immunosuppressed patients, including people with haema-
tological malignancies [12], solid organ transplant recipients
[13] and those on chronic oral glucocorticoids for rheumatic
conditions [14] have also been identified as being at high risk for
severe COVID-19 disease. Similarly, PLWH have been included
among those deemed vulnerable to worse outcomes from
SARS-CoV-2 infection [15]. Large cohort studies from the UK,
South Africa, the USA and data reported to the WHO from
across the world have identified a higher risk of death and hos-
pitalization from COVID-19 disease in PLWH [16–19]. There is
also evidence for a more severe course of COVID-19 disease in
people with cellular immune deficiency and a lower CD4þ T cell
count/low CD4þ T cell nadir [20–22]. As a result, SARS-CoV-2
vaccination is recommended by national and international HIV
societies for PLWH [15, 23, 24]. An informal poll of more than
100 countries from all regions, performed by the WHO, showed
that at least 40 countries have an immunization policy that pri-
oritizes vaccinations for PLWH [25]. In general, PLWH and espe-
cially those with a CD4þ T cell count <350 cells/ml or ongoing
viraemia, are advised to have three doses of vaccine as part of
their primary vaccination course [23, 24]. Given that sub-
optimal responses to several other vaccines have been reported

in PLWH [26], this raises concerns about the potential efficacy of
SARS-Cov-2 vaccines in this potentially more vulnerable popu-
lation. Additional vaccine doses are expected to increase
responses in this group, reflected in recommendations by most
Western countries, the USA and the UK, advising a first booster
(fourth dose) and second booster (fifth dose). These guidelines
are regularly updated in line with the evolving pandemic
response [27].

Here, we review the complex interplay between HIV and
SARS-CoV-2 infection in adults and summarize the knowns and
many unknowns of COVID-19 vaccine responses in the setting
of HIV infection.

IMMUNE CORRELATES OF PROTECTION
AGAINST SARS-COV-2 INFECTION

Increased understanding of protective immune responses
against SARS-CoV-2 infection and disease progression has pro-
vided valuable insights for the development and evaluation of
vaccines. The humoral immune response to natural infection
and vaccination against SARS-CoV-2 has received a lot of atten-
tion. Following infection with SARS-CoV-2, a specific humoral
response is initiated [28]. Importantly, IgG antibodies which
bind to spike protein, particularly the receptor-binding domain
(RBD), are more likely to be neutralizing and these have been
linked to viral clearance in patients who have recovered from
SARS-CoV-2 infection [29]. Non-human primate (NHP) models
illustrated protection from reinfection and total protection pro-
vided by passive transfer of neutralizing antibodies [30–32].
Indeed, studies in humans have shown that higher anti-spike
IgG and neutralizing antibody titres generated following natural
infection or vaccination are associated with a lower risk of rein-
fection [33], symptomatic disease [34] and a positive correlation
between clinical severity and SARS-CoV-2 specific antibodies
[35]. There is evidence that the timing of IgG anti-spike response
may be a critical determinant in survival; Lucas et al. showed
that deceased patients mounted a robust, specific response,
with neutralizing antibodies. However, it was a delay in sero-
conversion that resulted in poor viral control in these patients
[36]. Many studies have also evaluated the impact and timing of
serum IgM- and IgA-specific antibodies [37] which have been re-
lated to serological diagnosis and prognosis prediction rather
than protective effects [38–40]. Although these specific antibody
responses can be detected within 2 weeks of initial infection
[41, 42], it has been well-documented that humoral immune
responses to coronaviruses are variable and short-lived; levels
decay post-infection and vaccination after approximately the
first month, with a half-life of �2 months [43, 44]. The level of
neutralizing antibodies required for continuing protection fol-
lowing natural infection or vaccination has not yet been deter-
mined; this is further complicated by the emergence of variants
of concern (VOC) which have mutations/deletions to the spike
protein, particularly in the RBD, which can impact neutralizing
sensitivity [45]. This is an important consideration as all of the
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currently licensed SARS-CoV-2 vaccines are based on the origi-
nal Wuhan strain [46–48]. Khoury et al. developed a predictive
model that suggests there is a proportionate response of neu-
tralization titres whereby the lower the initial response to wild-
type virus, the greater the impact on vaccine response to other
strains [49]. Several studies have shown continued protection
against variants following vaccination persisting for �6 months
with implications for the timing of boosters [50–52]. Although
antibody responses wane, class-switched spike-specific and
RBD-specific memory B cells can provide a long-lived memory
pool that can react rapidly upon reinfection or vaccine boosting
[53]. Spike-specific memory B cells have been shown to persist
for 6 months to a year following infection [54, 55], with evidence
of higher levels of somatic hypermutation, higher binding affin-
ity and neutralizing capacity [56, 57]. Memory B cell responses
may even be of higher quality following mild compared to se-
vere SARS-CoV-2 infection, producing more robust responses
[58], even when neutralizing antibodies were undetectable.
However, recall responses of RBD-specific memory B cells have
been shown to decline with age [53, 59].

Increasing evidence supports a protective role versus patho-
genic role of T cell immunity against SARS-CoV-2 infection [60].
Although the characterization of virus-specific T cell responses
is more technically challenging, an early development of a cyto-
toxic CD8þ T cell response is associated with significantly
milder disease [61–64] and accelerated viral clearance [65–68].
Further indirect evidence of the importance of T cell responses
comes from studies of infection in patients with inherited im-
mune defects of antibody responses and from patients receiving
B cell depleting therapies in whom robust CD8þ T cell responses
contributed to increased survival [69–72]. SARS-CoV-2-specific T
cell responses are detected to a range of structural (NP, M,
ORF3a, spike) and non-structural (ORF7/8, NSP7, NSP13) proteins
following SARS-CoV-2 infection [65, 67, 73–76]. Despite these
positive correlations, the exact role of T cell responses, and
which epitopes will be the most protective, remain unclear.
Following natural infection, the memory phase is dominated by
more CD4þ/helper T cells with follicular helper T cells (Tfh) cor-
relating with humoral immunity [77, 78]. Experience from SARS-
CoV-1 and MERS also suggests that T cell immunity against
SARS-CoV-2 may be more enduring [67] and reassuringly largely
retained against the highly transmissible Omicron viral variant
[79, 80]. Burgeoning evidence also supports a potential role of
pre-existing T cell responses in preventing initial infection [81].
Several studies have shown mainly CD4þ T cell responses in up
to 50% of samples from blood donors prior to when SARS-CoV-2
appeared in the human population [67, 73, 82–85]. The majority
of these T cell responses are to non-spike peptides, including
polymerase-specific T cells that were found to expand in abor-
tive SARS-CoV-2 infection [81], but some responses to spike
were also reported [73]. It has been proposed that this cross-
reactivity is due to previous infection with common cold coro-
naviruses, which were circulating in the human population
prior to 2019 [86], such as human coronavirus HCoV-229E,
HCoV-NL63, HCoV-HKU1 and OC43 [87–90]. Kundu et al. exam-
ined the role of pre-existing cross-reactive T cell responses in
protecting SARS-CoV-2 naı̈ve household contacts of patients
infected with SARS-CoV-2. In this study, 52 confirmed exposed
contacts were investigated, and T cell responses were assessed
in both polymerase chain reaction (PCR)-positive (n¼ 26) and
PCR-negative (n¼ 26) contacts. The authors found that the ini-
tial frequency of human coronaviruses primed cross-reactive T
cells, which secrete interleukin-2 (IL-2), are key to protection in
contacts who remained PCR-negative [91]. These findings have

implications for future vaccine targets, strongly suggesting that
the inclusion of non-spike proteins may be essential to increase
the breadth of responses, including novel variants in the future.

A limitation of many studies is that analysis of cellular
responses has focused on peripheral blood. It is likely that key T
cell responses are being underestimated in the lungs and several
studies have shown an increase in T cells in bronchoalveolar la-
vage (BAL) samples from patients with moderate COVID-19 dis-
ease compared to patients with severe disease [64, 92, 93]. It is of
note that mucosal immune responses are induced during natural
infection [94, 95] but there is little evidence to suggest that current
vaccines induce mucosal responses [96, 97] without prior SARS-
CoV-2 infection [98]. This is an important area that needs further
investigation.

IMMUNOLOGICAL INTERPLAY BETWEEN HIV
AND SARS-COV-2
The immunological landscape of HIV infection and
implications for vaccine efficacy

HIV infection induces profound disruption of both the innate
and adaptive immune systems (Figure 1). Primary infection
induces systemic immune activation and inflammation accom-
panied by depletion of the T cell compartment, especially in the
gut [99, 100]. If left untreated, ongoing viral replication and
chronic inflammation leads to the destruction of CD4þ T cells
and a persistent expansion of circulating CD8þ T cell numbers.
This resulting inversed CD4/CD8 ratio has been associated with
frailty and premature ageing of the immune system leading to
higher non-AIDS-related morbidity and mortality rates [10,
101–104]. There is an associated reduction in T cell proliferative
capacity and cytotoxic potential, which eventually leads to ex-
haustion [105]. Altered innate immune cell function, such as
dysregulation of dendritic cells (DCs), and aberrant responses
may also contribute to chronic immune activation and exhaus-
tion [106]. B-cells also develop features of exhaustion relatively
early during HIV infection [107]. Abnormal polyclonal activation
and poor effector function result in a lack of specific antibody
responses, which has been well described [108, 109]. The intro-
duction of ART leads to viral suppression, improved CD4þ T cell
counts, and partially restored proportions of B-cell subpopula-
tions [107, 110]. The earlier ART is started, the lower the levels
of immune activation and inflammation [111], but despite treat-
ment, chronic activation persists and antigen-specific B and T
cell responses, including Tfh cell function, are still impaired
[112]. PLWH, despite effective virological suppression, continue
to have higher levels of inflammatory mediators, such as IL-6,
TNF-a, sCD163, sCD14 and CRP in peripheral blood linked to ad-
verse clinical outcomes [113, 114]. As a result, PLWH are 25
times more likely to suffer from pneumonia and other respira-
tory diseases, some cancers and infections, such as influenza
and tuberculosis, than HIV-negative individuals [115–119]. This
raised concerns early in the pandemic that PLWH had a higher
risk of infection or a more severe disease course if infected with
SARS-CoV-2, despite many PLWH receiving ART, as with other
respiratory diseases [120]. Indeed, a more severe disease out-
come and increased risk of death have been seen in PLWH, es-
pecially when viraemia is not well-controlled or CD4þ T cell
count has not been reconstituted sufficiently [20].

These immunological changes and persistent immune dys-
function in PLWH also have implications for vaccination suc-
cess (Figure 1). PLWH have lower responses to several vaccines
including influenza [121, 122], tetanus, diphtheria [123], yellow
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fever [124] and poliomyelitis [125]. Vaccine responses are better
where the CD4þ T cell count has been reconstituted following
the commencement of ART [121]. In addition, the total duration
of seroprotection is shorter than in otherwise healthy persons
for most licensed vaccines [26]. As treatment options have im-
proved, the life expectancy for PLWH have increased. Additional
health concerns such as obesity, hypertension and cardiovascu-
lar disease, which contribute further to chronic inflammation
and reduce vaccine efficacy, have increased [126]. This mirrors
the general trajectory of these conditions in the population.
Furthermore, ageing is independently associated with senes-
cence of both the innate and adaptive immune systems [127],
leading to innate immune cell dysfunction and a reduction in
the humoral and cellular responses to several viral and bacterial
vaccinations [126]. This age-related loss of immune function,
which may be accelerated in PLWH, in addition to changes to
the T cell compartment and reduction in the naı̈ve T cell pool,
could decrease immune responses to vaccination [112, 121, 122,
128, 129]. Along these lines, the immunogenicity to mRNA [130,
131] and Adenovirus vector [132] SARS-CoV-2 vaccines have
been shown to be diminished in healthy subjects over the age of
55 years compared to those under 55 [133, 134]. Elderly individu-
als also show evidence of reduction in somatic hypermutation
of class-switched cells and lower cellular responses following
BNT162b2 vaccination [135]. Interestingly, responses were

improved following the administration of booster doses
[130–132], highlighting that an ageing immune system is a key
consideration for the efficacy of currently licensed SARS-CoV-2
vaccines, warranting specific measures to boost responses,
especially considering circulating VOCs.

When debating additional factors influencing immune
responses to vaccination in PLWH, it is essential to account for
the effect of chronic co-infections (e.g. viral Hepatitis B and C).
These commonly occur in PLWH and have overtaken other op-
portunistic infections as the leading cause of death in PLWH
[129] and have been linked to a reduction in vaccine efficacy [10,
126, 136, 137]. Co-infection with cytomegalovirus (CMV) is par-
ticularly prevalent in PLWH [138]. This contributes to a persis-
tent immune activation state, described herein, through
modification of the gut microbiota and microbial translocation,
directing responses against itself, and by induction of immune
senescence. These factors lead to a decrease in vaccine
responses. SARS-CoV-2 vaccination success is also improved
when patient CD4þ T cell counts are >350 cells/ml, prior to im-
munization (Table 1). Similarly, in the case of Hepatitis B vacci-
nation, the CD4/CD8 ratio has proved an accurate predictor of
vaccine success [154]. This is not surprising given that a low
CD4/CD8 ratio is a marker of immune senescence [155] and
therefore may be an important stratification tool to consider as
part of vaccination policies for PLWH.

Figure 1: Immune responses to SARS-CoV-2 infection/vaccination in PLWH.
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Table 1: Summary of SARS-CoV-2 vaccine trial data for PLWH

Vaccine, dose,
country and
author

Trial design Participant
characteristics

CD4þ T cell count/HIV control
(PLWH)

Prior SARS-CoV-2 infection Immunological
readout

Impact for PLWH

ChAdOx1
Two doses
UK
Frater et al. [139]

Phase 2/3 54 PLWH (all male),
Median age 42.5 years
(IQR 37.5–49.8)

50 HIV negative
(24 female, 25 male),
Median age 38.5 years
(IQR 29.2–45.0)

All PLWH on ART for at least
3 months

Median CD4þ T-cell count 694,
(IQR 574–860)

Not part of study criteria IgG spike binding
antibody
(ELISA)

Live virus
Neutralization

ELISpot
T-cell

proliferation

Replication deficient adenoviral
vector vaccine induces
response in PLWH

Comparable cellular and hu-
moral responses (magnitude
or persistence of response) to
HIV-negative participants

No correlation between the
magnitude of the anti-spike
IgG response at Day 56 and
CD4þ T cell count (P¼ 0.93) or
age (P¼ 0.48)

ChAdOx1
Two doses
South Africa
Madhi et al. [140]

Randomized,
double-blind,
placebo-con-
trolled, phase
1B/2A trial

103 PLWH
51 Placebo (11 male,

40 female), Median age
41 years (IQR 33–46)

52 Vaccinated (16 male,
36 female), Median age
37 years (IQR 36–46)

58 HIV negative
31 Placebo (19 male,

10 female), Median age
31 years (IQR 26–42)

29 vaccinated (17 male,
12 female), Median age
34 years (range 23–41)

All PLWH on ART for at least
3 months

Plasma viral load >100 copies/
ml

Median CD4þ T cell count 695,
(IQR 512–929)

6 HIV-negative participants
tested seropositive for SARS-
CoV-2 at baseline

8 PLWH tested seropositive for
SARS-CoV-2 at baseline

Binding antibody
(ELISA)

Neutralization

Replication deficient adenoviral
vector vaccine induces re-
sponse in PWLH

Participants testing seroposi-
tive at baseline had higher
levels of spike antibodies and
neutralizing titres regardless
of HIV status

Antibody and neutralization
titres increased in all partici-
pants following second dose
of vaccine

Ad26.CoV2. S
Single dose
South Africa
Khan et al. [141]

Participants from
the SISONKE
South African
clinical

26 PLWH
(i) Infected unvacci-

nated n¼ 34 (7 male
and 27 female),
Median age 41 years

(ii) infected vaccinated
n¼ 18

All female, Median age
47 years

(iii) vaccinated only
n¼ 8, (1 male and
7 female)

73 HIV negative between
3 groups

All PLWH receiving ART
10 viraemic SARS-CoV-2

infected and unvaccinated
(HIV viral load 1224–30 160
copies/ml),

Median CD4þ T cell count 581
1 viraemic SARS-CoV-2 vacci-

nated (HIV viral load 3219
copies/ml), Median CD4þ T
cell count 852

Non-viraemic vaccinated, par-
ticipants, Median CD4þ T-cell
count 735

Actively enrolled unvaccinated
and vaccinated participants
with prior SARS-COV-2
infection

Neutralization
vs. Delta vari-
ant only

Participants with well con-
trolled HIV had comparable
neutralization of delta vari-
ant, regardless of prior SARS-
CoV-2 infection

Weakest responses seen in
unvaccinated PLWH with
prior SAR-CoV-2 infection,
particularly in those with HIV
viraemia

BNT162b2
(mRNA)

Pilot study All PLWH receiving ART No evidence of prior SARS-
CoV-2 infection (determined

CD4 and CD8
ELISpot

mRNA vaccine induces anti-
body responses in PLWH

(continued)
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Table 1: (continued)

Vaccine, dose,
country and
author

Trial design Participant
characteristics

CD4þ T cell count/HIV control
(PLWH)

Prior SARS-CoV-2 infection Immunological
readout

Impact for PLWH

Two doses
USA
Woldemeskel

et al. [142, 143]

12 PLWH (5 male and
7 female), Median age
52 years (IQR 25–59)

17 HIV negative
(7 female and 10
male), Median age
41 years (IQR 24–59)

3 participants had HIV viral
load >20 copies/ml

Median CD4þ T cell count 913

by lack of detectable nucleo-
capsid antibodies)

Anti-spike IgG—
ELISA

Magnitude and breadth of anti-
body and T cell responses not
significantly different from
HIV negative participants,
which could be CD4þ T cell
count dependent

BNT162b2
(mRNA)

Two doses
Israel
Levy et al. [144]

Prospective open
study

143 PLWH (131 male and
12 female), Mean age
49.8 years

261 HIV negative
(66 male and
195 female), Mean age
55.8 years

All PLWH on ART
95% undetectable HIV viral load
Mean CD4þ T cell count at

baseline 700 Mean nadir
CD4þ T- cell count 345

Not part of study criteria Binding IgG
(RBD)(ELISA)

pMN (pseudotype
micro-
neutralization)

mRNA vaccine induces anti-
body responses in PLWH

Total IgG responses to RBD
lower in immunocompro-
mised controls but neutraliz-
ing antibodies at similar level
to controls

Decrease in CD4þ T cell counts
observed after each vaccine
dose—may impact PLWH
with low/unstable CD4þ T
cell counts

BNT162b2
(mRNA)

Two doses
Sweden
Bergman et al.

[145]

Open-label, non-
randomized
prospective
clinical trial

90 PLWH (54 male and
36 female), 79% under
65 years

90 controls (29 male and
36 female), 70% under
65

Additional participants
with primary immu-
nodeficiency disorders
or secondary immuno-
deficiency disorders
(n¼ 90 per group)

Latest CD4þ T cell count � 300,
n¼ 30

Latest CD4þ T cell count >300,
n¼ 60

Individuals with prior SARS-
CoV-2 infection were
excluded

Anti-spike IgG
(ELISA)

The primary endpoint was se-
roconversion rate 2 weeks
post second dose

100% of PLWH with CD4þ T cell
counts >300 seroconverted
following vaccination

96% of PLWH with CD4þ T cell
counts <300

PLWH were the only secondary
immunodeficiency group that
did not have a higher likeli-
hood to seroconvert

BNT162b2
(mRNA)Prime
and boost data
(two doses
total)

Germany
Jedicke et al. [146]

Cohort observa-
tional study

PLWH
After prime n¼ 88

(75 male and
13 female), Mean age
53.8 years
(range 26–86 years)

After boost n¼ 52,
(39 male and
13 female), Mean age
60.2 years
(range 32–85)

HCW (controls)
N¼ 41 after prime and

boost (13 male and

Viral load <50 copies/ml, n¼ 84
participants after prime and
n¼ 51 participants after boost

Viral load of 51–200 copies/ml,
n¼ 4 participants after prime
and n¼ 1 participant after
boost

Mean CD4þ T cell count 716 af-
ter prime and 577 after boost

Mean nadir CD4þ T- cell count
257 after prime and 199 after
boost

Not included in study design Binding IgG and
IgA (ELISA)

Inhibition by vi-
rus surrogate
neutralization
test (c-pass kit)

All PLWH receiving ART
mounted a humoral response
regardless of nadir CD4þ T
cell count, current CD4þ T
cell count, CD4:CD8 ratio after
full vaccination. Overall lev-
els of anti-RBD antibodies
were variable

HIV-negative controls pro-
duced significantly higher
mean anti-RBD antibody con-
centrations with less
variability
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Table 1: (continued)

Vaccine, dose,
country and
author

Trial design Participant
characteristics

CD4þ T cell count/HIV control
(PLWH)

Prior SARS-CoV-2 infection Immunological
readout

Impact for PLWH

28 female), Mean age
44 years (range 23–61)

One dose of
mRNA vaccines:
Moderna
(PLWH) or Pfizer
(Control group)

Canada
Nault et al. [147]

Cohort observa-
tional study 3–
4 weeks post-
vaccination

106 PLWH (90% male),
Mean age 43 years
(range 21–65)

20 HIV-negative HCW
(healthcare workers),
Mean age 47 years
(range 21–59)

CD4þ T cell count <250, n¼6
CD4þ T cell count 251–500,

n¼ 18
CD4þ T cell count >500, n¼82
4 participants had detectable

HIV viral load

11 participants had serocon-
verted before vaccination
and were excluded from
study

Anti-RBD IgG
(ELISA)

PLWH with CD4þ T cell counts
>250 had comparable anti-
body responses to control
group

Lower CD4þ T cell counts
resulted in weak responses

Study suggests significant asso-
ciation of age single dose vac-
cine response

mRNA-1273
Two doses
Italy
Lombardi et al.

[148]

Prospective sin-
gle centre
cohort

71 PLHW (60 male and
11 female), Mean age
47 years

10 HIV-negative healthy
controls (7 male and
3 female), Mean age
58 years

Median CD4þ T cell count 747
Median HIV viral load <50 cop-

ies/ml

9 PLWH and 2 healthy controls
had prior infection with
SARS-CoV-2 (Confirmed by
antibodies to nucleocapsid)

Binding IgG
(Roche anti-
body kit)

Neutralizing
pMN

Vaccination resulted in sero-
conversion and neutralizing
antibody responses in PLWH
on ART who were virally sup-
pressed with good CD4þ T
cell counts. Neutralizing anti-
body and anti-S antibody
titres were like those dis-
played by healthy controls,
even when stratified accord-
ing to the CD4þ T cell count

PLWH with prior SARS-CoV-2
infection displayed higher
anti-S antibody titres
(P¼ 0.0007) and neutralizing
antibody activity in sera
(P¼ 0.0007) than COVID-19-
naı̈ve PLWH

Two doses of
mRNA vaccines:
Moderna (n¼ 9)
and Pfizer (n¼ 5)

USA
Ruddy et al. [149]

Prospective ob-
servational
cohort

14 PLWH only
(13 male and
1 female), Median age
62 years (IQR 56–70)

All participants on ART for at
least 6 months

13 participants had undetect-
able viral loads. 1 had detect-
able viral load (not stated)

CD4þ T cell counts: <200, n¼ 2,
CD4þ T cell count 200–349,

n¼ 1,
CD4þ T cell count 350–499,

n¼ 3
CD4þ T cell count >500, n¼8

Not included in study Binding IgG anti-
bodies (RBD)
(ELISA)

2 doses of mRNA vaccine
resulted in high binding anti-
body titres in PLWH with
well-controlled HIV on ART,
regardless of CD4þ T cell
counts

Heterogenous vs.
homologous

665 PLWH Whole study: Obtained from
patient files:

Antibody levels achieved by
PLWH following vaccination

(continued)
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Table 1: (continued)

Vaccine, dose,
country and
author

Trial design Participant
characteristics

CD4þ T cell count/HIV control
(PLWH)

Prior SARS-CoV-2 infection Immunological
readout

Impact for PLWH

vaccine
schedule

Germany
Noe et al. [21]

Non-interven-
tional, retro-
spective study

mRNA vaccinated
n¼ 590 (492 male,
8 female), Median age
52 years (IQR 43–59)

Heterologous schedule
n¼ 29 (25 male,
4 female), Median
age—56 years
(IQR 48–59)

AstraZeneca vaccinated
n¼ 31 (all male),
Median age 31 years
(IQR 49.5–63)

Janssen vaccinated
n¼ 15 (12 male),
Median age 46 years
(IQR 39.5–59)

HIV viral load: 93.5% of partici-
pants <50 copies/ml

Median CD4þ T cell count 708
Median nadir CD4þ T cell 264

Participants with Prior SARS-
COV-2 infection were ex-
cluded from the study

Anti-SARS-COV-
2 antibody lev-
els (ELISA)

were comparable to general
population

mRNA containing vaccination
schemes (homo or heteroge-
neous) had the highest anti-
body responses

Vector-only vaccination
scheme had lower median
antibody responses

Trend towards better responses
in female participants

Current CD4þ T cell count sig-
nificantly associated with an-
tibody responses

Heterologous
regimens

Canada
Brumme et al.

[150]

Non-interven-
tional trial

100 PLWH (88 male,
12 female), Median age
54 years (IQR 40–61)

152 HIV-negative
controls (76 male,
76 female), Median age
47 years (IQR 35–70)

Median CD4þ T cell count 710 8 PLWH participants included
in study

15 HIV-negative controls in-
cluded in study

Anti-nucleocap-
sid and anti-
RBD binding
antibodies
(Roche)

ACE displace-
ment assay

Neutralization
(Live virus)

SARS-CoV-2 vaccination indu-
ces binding and neutralizing
antibody responses in PLWH
on ART with CD4 counts in
healthy range

Older participants and those
with other underlying condi-
tions had weaker responses

Vaccination with 1 or 2 doses of
mRNA vaccination as part of
a 2-dose scheme produces
higher peak antibody
responses than viral vectored
vaccination but waned
quicker than 2 doses of
ChAdOx1

Increased interval between
vaccine doses resulted in
high levels of binding anti-
bodies but not neutralizing
antibodies

Inactivated whole
viral vaccine

Prospective 46 PLWH (40 male and
6 female), Mean age
38 years

Median CD4 count 523
CD4þ T cell count <200, n¼2
CD4þ T cell count 200–349,

n¼ 8

Not included in study protocol Neutralization
Binding antibody

(IgM and IgG)
(ELISA)

Inactivated virus is safe to ad-
minister to PLWH

PLWH mounted a weaker and
delayed humoral response to

(continued)
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Table 1: (continued)

Vaccine, dose,
country and
author

Trial design Participant
characteristics

CD4þ T cell count/HIV control
(PLWH)

Prior SARS-CoV-2 infection Immunological
readout

Impact for PLWH

Prime and boost
data (two doses
total)

China
Zou et al. [151]

40 HIV-negative
controls, Mean age
34 years

CD4þ T cell count 350–499,
n¼ 11

CD4þ T cell count >500, n¼25

the inactivated vaccine com-
pared to HIV-negative
controls

Inactivated whole
viral vaccine

Two doses
China
Lv et al. [152]

Interventional
Study

24 PLWH (12 male and
12 female), Median age
44 years,

24 HIV negative controls
(15 male and 9 fe-
male), Median age 37
years.

CD4þ and CD8þ T-cell count
levels were enumerated by
flow cytometry after vaccina-
tion but numbers prior to
vaccination not available

Excluded participants with
prior history of exposure or
infection with SAR-CoV-2

Neutralization
(Competitive
ELISA)

Lymphocyte phe-
notyping (flow
cytometry)

Inactivated whole virus vaccine
is safe and capable of induc-
ing neutralizing antibody
responses in PLWH

The magnitude of neutralizing
antibodies was lower com-
pared to HIV-negative
participants

Lower CD4þ T cell and B cell
levels observed following vac-
cination may explain these
difference

Inactivated whole
viral vaccine

Two doses
China
Feng et al.
[153]

Open-label two-
arm non-ran-
domized study

42 HIV (29 male and
13 female), Mean age
42.54 years

28 Healthy controls
(16 males, 12 females),
Mean age 37.79 years

All HIV-positive participants
required to have a CD4þ T
cell count of >200 at baseline
(mean CD4þ T cell count 659)
and 4 weeks after vaccina-
tion (mean CD4þ T cell count
476.9)

Participants with prior infec-
tion with SAR-CoV-2 were
excluded

Neutralization
(surrogate neu-
tralization as-
say—Perkin
Elmer)

RDB binding anti-
body (ELISA)

Lymphocyte phe-
notyping (Flow
cytometry)

Inactivated whole virus vaccine
is safe and capable of induc-
ing neutralizing antibody
responses in PLWH receiving
ART and with a CD4þ T cell
count of >200 CD3þ, CD4þ,
CD8þ T Cell counts of PLWH
decreased following vaccina-
tion but did not lead to clini-
cal adverse events
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IMMUNE RESPONSES TO NATURAL
SARS-COV-2 INFECTION IN PLWH

Insights from studies examining the quantity and quality of im-
mune responses in people who have recovered from natural in-
fection with SARS-CoV-2 can help inform the optimization of
vaccines. Arguably any underlying differences in cellular com-
positions (both innate and adaptive immune phenotypes), in
addition to uncontrolled viraemia and persistent inflammation
in PLWH, could lead to poorly co-ordinated immune responses,
affecting the trajectory of COVID-19 disease (Figure 1).
Dysregulated immune cell co-ordination has been shown to at-
tenuate protective immune responses in elderly individuals
[61], which could be highly pertinent in PLWH with additional
co-morbidities. To date, there are limited data on natural immu-
nity following SARS-CoV-2 infection in PLWH from studies
which are conducted in high-income countries, and in popula-
tions largely controlled on ART.

Given that antibody responses are thought to be an impor-
tant immune correlate of protection, SARS-CoV-2 IgG levels and
neutralizing antibody activity have been compared in PLWH
and HIV-negative individuals following natural infection. In a
matched case-control observational study involving 955 PLWH
and 1062 people without HIV, the SARS-CoV-2 IgG seropreva-
lence was 3.7% and 7.4%, respectively. Notably, lower anti-RBD
IgG and pseudovirus neutralizing antibody titres, with similar
avidity, were observed in the HIV-positive group compared with
HIV-negative individuals with evidence of past infection [156].
This is in contrast to smaller studies that did not show any dif-
ference in IgG concentrations or neutralization potency against
SARS-CoV-2 infection in PLWH. Of note, the latter studies in-
cluded patients who had well-controlled HIV on ART, which
may have been a confounding factor [157–159]. Indeed, a corre-
lation between higher CD4þ T cell count and higher neutraliza-
tion titres in COVID-19 infection has been described in PLWH
[141, 160–162]. At present, an in-depth assessment of B-cell-spe-
cific memory responses is lacking in the setting of HIV
infection.

The role of T cells in SARS-CoV-2/HIV co-infection is still be-
ing deciphered. Unpicking the increased risk due to HIV infec-
tion rather than the high risk of co-morbidities is challenging. It
remains unclear whether HIV-associated immune dysfunction
and inflammation are linked to severe COVID-19 disease out-
comes [163, 164] or whether paradoxically a low CD4þ T cell
count ameliorate disease severity [134]. A recent study by
Sharov et al. compared the T cell profile and cytokine dynamics
of patients with COVID-19 disease with and without HIV infec-
tion [161]. Of the 367 patients with HIV, 171 were not on ART
due to medication shortages during the pandemic. While a sim-
ilar T cell response was seen in HIV seronegative and HIV-
positive patients receiving ART, patients with uncontrolled HIV
infection had an attenuated T cell response. A decline in CD4/
CD8 ratio was associated with a poorer disease outcome. As
expected, T cells displayed a higher rate of T cell exhaustion in
HIV infection, characterized by an increased expression of PD-1
and TIM-3. This was more pronounced in the presence of HIV
viraemia, suggesting a synergistic effect of HIV/SARS-CoV-2 co-
infection on T cell dysfunction. PLWH in the absence of ART
had decreased serum concentrations of IL-2, TNF-a and IFN-c
and higher levels of the immunosuppressive cytokines IL-10
and TGF-b [161]. Findings by Alrubayyi and colleagues showed
that PLWH, with well-controlled HIV, in the convalescent phase
of predominately mild COVID-19 disease, showed equivalent
magnitude of SARS-CoV-2 specific T cell responses compared to

HIV-negative individuals, targeting both structural and non-
structural proteins [133]. SARS-Cov-2-specific T cell responses
were dominated by CD4þ T cells. Remarkably, a positive associ-
ation was noted between naı̈ve CD4þ T cells, the CD4:CD8 ratio
and the magnitude of T cell responses against SARS-CoV-2 in
PLWH. These findings suggest that in addition to viraemic HIV
infection, inadequate reconstitution of the T cell compartment
and fewer pre-existing naı̈ve T cells could hinder the develop-
ment of memory responses to SARS-CoV-2 infection [157].
Whether dysregulated priming, impairment of Tfh cells and
other biological factors not captured in the published studies
contribute to poorly co-ordinated humoral and cellular
responses remains to be determined.

Remarkably, an increasing number of cases of prolonged
COVID-19 infection and/or asymptomatic shedding are being
reported in people with advanced immunosuppression [160,
165, 166]. Whilst this underscores the importance of a func-
tional immune response in viral clearance [65] it also has impli-
cations for SARS-CoV-2 viral evolution. Prolonged infections
provide an opportunity for SARS-CoV-2 to evolve a multitude of
mutations, as SARS-CoV-2 mutates at a relatively slow rate
compared to other RNA viruses, due the presence of a proof-
reading mechanism [167]. This was recently demonstrated in
an HIV-positive woman with unsuppressed HIV and persistent
shedding of SARS-CoV-2 for 210 days, during which time SARS-
CoV-2 accumulated 30 mutations, some associated with vaccine
escape [166, 168].

Additionally, evidence is emerging that PLWH may be more
likely to develop post-acute sequalae or ‘long-covid’ [169, 170]
However, an accurate picture of the burden of long-covid in this
population remains to be determined, including whether im-
mune cell perturbations described in HIV infection may predis-
pose to long-standing symptoms.

Despite the significant gaps in our knowledge and lack of
granular data on immune responses in PLWH with different lev-
els of HIV-related immunosuppression, these findings highlight
the need for early access to effective ART and support vaccine
prioritization in PLWH. Larger studies are needed, particularly
for sub-populations of PWLH (e.g. those with low CD4þ T cell
counts) or those with identified high-risk co-morbidities, espe-
cially in high HIV burden areas to help inform vaccine recom-
mendations and therapeutics.

SARS-COV2 VACCINE TRIAL DATA IN PLWH

The Spike glycoprotein has been an excellent target for SARS-
CoV-2 vaccines, which have been developed at an impressive
speed, as a result of a collective effort by regulatory agencies,
pharmaceutical companies and the scientific community [171].
Currently licensed vaccines include mRNA vaccines (mRNA-
1273 and BNT162b2) [46, 48], non-replicating adenoviral vectors
(ChAdOx1 nCoV-19 and Ad26.COV2.S), viral proteins with an ad-
juvant (NVX-CoV2373) [172] and inactivated SARS-CoV-2 virus
(BIBP-CorV) [153]. Several large Phase 2/3 trials of SARS-CoV-2
vaccines have shown them to be safe and highly effective in the
general population. However, after two doses effectiveness
reaches 65–90% against infection or mild disease, and 90–100%
against severe disease prior to the emergence of VOCs [46–48,
173]. Although individuals with stable treated HIV infection
were not excluded in some from the larger Phase 2/3 trials, they
made up a small proportion of participants (�196 for the
BNT162b2 mRNA vaccine [48], 176 for the mRNA-1273 mRNA
vaccine [46] and 107 PLWH for the ChAdOx1 viral vectored
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vaccine [47]). Not all the data on PLWH has been presented to
date and the small numbers make interpretation on vaccine ef-
ficacy difficult. The Ad26.COV2.S trial has included by far the
largest number of PLWH (467 people well-controlled with a
CD4þ T cell count >300 received a single dose and 498 received
a placebo). Two people from the vaccine group and four people
from the placebo group developed moderate to severe COVID-19
disease 28 days post-vaccination [174]. It may be that certain vac-
cine platforms will not be as effective in PLWH or other immuno-
compromised individuals. Some concerns about the efficacy of
NVX-CoV2373 sub-unit vaccine in PLWH have been raised. In one
of the pivotal Phase 2a–b trials conducted in South Africa, overall
vaccine efficacy dropped from 60.1% to 49.4% when PLWH were
included. It is of note that this study was not powered to specifi-
cally describe efficacy in the participants with HIV but
highlighted the need to specifically assess vaccine efficacy in
PLWH [172]. Importantly in this study, 92.7% of sequence cases of
SARS-CoV-2 infection accounted for the B.1.351 variant [172].
When assessing vaccine efficacy in PLWH, in addition to num-
bers included, it is important to consider definitions of efficacy
and the epidemiological setting. To date, there are no head-to-
head comparisons between vaccines and, as such, whether a cer-
tain vaccine platform is more effective in PLWH remains un-
known. Future planned studies are planned to address remaining
concerns/uncertainties for COVID-19 vaccines in PLWH
(NCT04533399; NCT04754698). The main findings of COVID-19
vaccine studies in PLWH are summarized in Table 1.

VACCINE SAFETY FOR PLWH

Whilst safety concerns surrounding the licensed SAR-CoV-2 vac-
cines have been publicly voiced and in turn addressed by the sci-
entific community, there have been no additional concerns
regarding safety of SARS-CoV-2 vaccinations in PLWH. The most
commonly reported side effects include mild local and systemic
reactions, and these have been shown to occur equally in PLWH
and the general population [175]. There have been some reports
of HIV viral blips following mRNA vaccinations. Levy et al.
highlighted three cases who have low-level viraemia (<100 cop-
ies/ml) and a separate case report described a patient who had a
viral load of 1760 copies/ml [144, 176] following vaccination. All of
these cases had nadir CD4þ T cell counts of <200 cells/ml and/or
very high viral loads at diagnosis. However, Levy and colleagues
concluded that SARS-CoV-2 vaccination is safe and efficacious in
PLWH, with stable CD4þ T cell counts and well-controlled virae-
mia. Viral blips have been noted with other vaccines, including
influenza and hepatitis B, typically 7–14 days following vaccina-
tion [177] but these are transient and may be attributed to a reac-
tivation of the latent reservoir. The interplay of SARS-CoV-2
vaccines, the immune system, and latent HIV infection is yet to
be thoroughly understood. However, these observations suggest
that viral load monitoring post-vaccination may be useful in fu-
ture studies, particularly for those with low CD4þ T cell counts. It
should be highlighted that the benefit of receiving vaccination
outweighs the risk.; this key finding is highlighted by the vaccine
trials summarized in Table 1.

SARS-COV-2 VACCINE IMMUNOGENICITY IN
PLWH
mRNA vaccines

Immune responses in PLWH following vaccination with mRNA-
based vaccines have been studied more extensively. Two

prospective cohort trials [146, 147] and one non-interventional
study [150] which compared humoral responses in PLWH and
people without HIV found that while the responses to the prim-
ing dose of mRNA vaccine were lower in PLWH, following the
second dose humoral responses these were comparable to that
observed in HIV negative participants. Several small studies
have demonstrated excellent seroconversion rates (as mea-
sured by detection of spike-RBD specific IgG) with positive
responses in 97–98% of PLWH following two vaccines. Notably,
these findings were observed in the context of well-controlled
HIV [144, 145, 149] with comparable neutralizing antibody titres
to HIV-negative people [148]. The requirement for at least two
doses of mRNA vaccines was further highlighted by
Woldemeskel et al. demonstrating equivalent SARS-CoV-2 spike
binding antibody titres and cellular responses (assessed by T
cell IFN-c production) irrespective of HIV status. Additionally,
there was no significant difference in BNT162b2-elicited SARS-
CoV-2 binding antibody levels to the Beta, Alpha and Gamma
variants. Despite this, the numbers in this study are small and
its findings need to be interpreted with caution [142, 143].

mRNA vaccine immunogenicity is less well-described in
PLWH with ongoing immunosuppression and viraemia, who are
a particularly vulnerable group that is poorly represented in
vaccine trials. In a single case report, lack of seroconversion and
no detectable cellular responses were observed following two
doses of BNT162b2 in a patient who was vaccinated prior to ART
initiation (CD4þ T cell count of 20 cells/ml) [178]. This is consis-
tent with lower seroconversion rates in people with underlying
malignancies and transplant recipients [179]. Emerging evi-
dence presented at recent international meetings, indicates
that lower CD4þ T cell counts <250 cells/ml, viraemia and/or
previous AIDS associate with significantly weaker spike anti-
body responses, weaker cellular responses and a higher risk of
waning neutralizing activity after a median of 5 months in
PLWH. This identifies them as more vulnerable to reduced vac-
cine efficacy [178, 180–183]. PLWH with a CD4þ T cell count
<250 cells/ml were found to have a reduced neutralizing ability
against the Beta and the Delta variant. No data against Omicron
are currently available [183]. As expected, prior SARS-CoV-2 in-
fection predicted higher spike antibodies, as observed for the
general population [182]. In an Italian study, a third dose mRNA
booster of either BNT162B2 or mRNA-1273> 28 days following a
complete mRNA vaccination course was found to strongly boost
humoral responses in PLWH with advanced disease (CD4þ T
cell count <200 cells/ml and/or previous AIDS). This was irre-
spective of the patients’ CD4þ T cell count at the time of boost-
ing and supports the use of an additional vaccine dose in this
patient group [184].

ADENOVIRUS VECTORED VACCINES

The Adenovirus vector-based vaccine ChAdOx1 nCoV-19 has
also been shown to induce equivalent humoral responses in
PLWH and HIV-negative volunteers. Three published studies
compared spike-specific IgG responses and neutralizing
antibody profiles of HIV-negative individuals to PLWH with
well-controlled HIV and CD4þ T cell counts >350 cells/ml. No
significant differences were found based on HIV status [139,
140, 185]. Encouragingly, Madhi et al. demonstrated that 50% of
PLWH had cross-reactive binding antibodies to the Beta variant
and wild-type [140]. High responders retained this neutraliza-
tion capacity against the Beta variant [139, 140, 185].
Additionally, T cell responses, determined by ELISpot were com-
parable to the HIV-negative group [140]. Data on the durability
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of these responses have been recently published showing no
significant differences in ChadOx1 nCov19 vaccine-mediated
responses, according to HIV status, in 54 PLWH CD4þ T cells
>350 cells/ml and 50 HIV-negative age and sex-matched con-
trols. Waning but detectable humoral and T cell immune
responses against the wild type and VOCs (Alpha, Beta, Gamma
and Delta) were observed 6 months after vaccination [139, 186].
Interestingly in this study, prior exposure to circulating b coro-
naviruses (HKU1 and OC43) was associated with detectable pro-
liferative SARS-CoV-2 T cell responses at baseline, which were
further augmented post-vaccination. This suggests that pre-
existing cross-reactive responses could modulate post-vaccine
responses in PLWH [186].

Khan et al. reported similar neutralization responses in
PLWH and HIV-negative individuals who had been vaccinated
with a different adenovirus-based vaccine (Ad26.COV2.S) and
subsequently became infected with the Delta variant [141].
Whereas PLWH had previously been infected with SARS-CoV-2
and then vaccinated, a 9-fold higher Delta variant neutraliza-
tion was seen compared to the vaccinated-only group, indicat-
ing that vaccination boosted the neutralization response
reflecting the same phenomena in the general population [140,
141, 148].

How these data extrapolate to PLWH with lower CD4þ T cell
counts and/or ongoing viraemia is not known and additional re-
search is required to address the immunogenicity and durability
of adenovirus vectored vaccines in this sub-group of PLWH.

HETEROGENOUS VACCINATION SCHEDULES
AND BREAKTHROUGH INFECTION STUDIES

Optimizing the immunogenicity of vaccines is critical to either
stimulate waning immunity or to increase the breadth of immu-
nity. This is either as part of a primary course or against SARS-
CoV-2 protein lineage variants, where reduced efficacy has been
reported. Data in HIV infection are scarce regarding the optimal
vaccination schedule, including the time interval between
prime and boost. In the UK a third dose is given as part of the
primary immunization course in advanced HIV infection (at
least 8 weeks after the last dose) and subsequent booster doses
are recommended after the last vaccine dose for all PLWH. In
individuals who completed the ChAdOx1 nCoV-19 vaccine
schedule, an mRNA booster vaccination is preferentially ad-
vised. Thus far, heterogenous vaccination approaches have
shown superior immunogenicity outcomes, quantified by both
humoral and cellular responses to the wild-type virus and its
variants [187]. Both animal studies and emerging evidence in
humans, suggest that adenovirus-vectored prime followed by
an mRNA boost, at an interval of 6–12 weeks, provides en-
hanced humoral and cellular responses compared to homolo-
gous vaccination [187–192]. In a non-interventional
retrospective study, including 665 PLHW in Germany, Noe et al.
described the anti-SARS-CoV-2 antibody response following
standard vaccination (heterologous and homologous) schedules
[21]. They found that mRNA vaccination schedules, being fe-
male and having a higher CD4þ T cell count were associated
with a higher concentration of antibodies in PLWH. There was a
markedly lower response in PLWH with a CD4þ T cell count
<200 cells/ml, however, as with other studies, the numbers were
small. Further studies would be required to confirm if these re-
duced responses do result in a higher risk of infection and more
severe disease. Questions on the optimization of current vac-
cine schedules and flexibility in using different COVID-19

vaccines were addressed in the Com-CoV2 study in HIV-
negative adults aged 50 years and over. These adults were im-
munized with either: a single dose of ChAdOx1 nCoV-19 or
BNT162B2, or heterologous dosing with mRNA-1273 but not
NVX-CoV2373. This resulted in increased reactogenicity com-
pared with homologous schedules [193]. Further work is re-
quired to address the effects of this mix and match approach
prospectively in PLWH with differing levels of immunosuppres-
sion and/or natural exposure to SARS-CoV-2 and circulating
variants as the epidemic evolves. It is likely that these
approaches will add resilience to circulating variants by induc-
ing stimulation of complementary immune pathways, leading
to more effective and durable B cell and T cell responses.

To date, few studies have analysed the rates of breakthrough
infections in PLWH. Data from Israel has estimated that �40%
of breakthrough infections occur in immunocompromised indi-
viduals [179]. Two large longitudinal cohorts in the USA have es-
timated a similar number of breakthrough SARS-CoV-2
infections in vaccinated PLWH compared to people without HIV
which included 8536 [194] and 31 840 PWH [195]. Both studies
found a 33–41% higher risk of breakthrough infection in PLWH,
which persisted after regression analysis for covariates such as
age, race/ethnicity and sex at birth. Conversely, booster recipi-
ents had a reduced risk of infection compared to those who
were not boosted, as well as a reduced risk of severe COVID-19
disease outcomes. This indicates that boosters are important
tools of protection for PLWH. Interestingly, in contrast to vacci-
nation studies described herein, Coburn and colleagues did not
find any correlation between CD4þ T cell count and/or HIV vir-
aemia to be associated with breakthrough risk [195]. However, it
should be noted that data on breakthrough infections is limited
by diagnostic testing practices and access to healthcare. As with
many of the studies included in this review, the duration of ART
and the level of suppression required are not consistent be-
tween studies and therefore, it is more difficult to untangle the
specific effects of these variables and how they may impact vac-
cine responses.

As for the general population, it is expected that additional
vaccine doses will offer some degree of protection against omi-
cron and severe disease requiring hospitalization. Early data
from Israel in people aged 60 or older showed that a fourth dose
mRNA vaccine against omicron reduces the risk of infection
and disease severity. At present HIV-specific data following a
fourth (and/or additional vaccine doses) are lacking [196].

LIMITATIONS OF SARS-COV-2 VACCINES
STUDIES IN PLWH

There is currently a lack of standardized assays for determining
vaccine efficacy and correlation of protection for humoral or
cellular immune responses. The gold standard for vaccine effi-
cacy is neutralizing antibody responses but there are a number
of different assays utilized in studies. These include live-virus
neutralization [197], pseudotype virus neutralization [197, 198]
and surrogate neutralization assays [199]. A consensus on the
ideal neutralization assay has not yet been reached as
pseudovirus-based assays are not routinely utilized in clinical
care. Live-virus neutralization assays are labour intensive and
can only be performed by specialist high-containment laborato-
ries with highly trained staff [200]. To address this, several
groups have attempted to produce standards, which could be
used for comparison of data between labs [35, 201]. This is criti-
cal to fully comprehend vaccine responses in PLWH as
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aggregation of data collected from diverse neutralization, RBD
and ELISA assays, and clinical trial designs are required to make
statistically significant conclusions. Moreover, the selection of
appropriate assays is complicated by the potential for false posi-
tives due to interference with anti-retrovirals (e.g. reverse tran-
scriptase and integrase inhibitors), especially in cell-based
assays and lentiviral-vector pseudotype virus assays [202].
Additionally, the inclusion of some patients with prior SARS-
CoV-2 infection makes interpretation of vaccine response more
complex, especially as studies in HIV-negative people have
shown that previous infection with SARS-CoV-2 enhances T cell
and antibody responses post-vaccination [131, 203, 204].

There are very few studies that focus on the cellular re-
sponse to SARS-CoV-2 vaccination in PLWH, which may be in
part due to technical difficulties in carrying out cellular-based
assays. The assumption that the degree of humoral response is
paralleled by the cellular immune response may not hold true
for PLHW given the distinct T cell dysregulation that occurs.
This might be particularly relevant for PLWH with depleted
CD4þ T cells, who appear to be at higher risk of severe COVID-
19, and reduced responsiveness to vaccine. As with neutraliza-
tion data, the numbers of PLHW included in published studies
are small. Hence, they are unable to adequately adjust for many
confounding variables that may affect vaccine responses. In ad-
dition, data for SARS-CoV-2 vaccine response for PLWH over the
age of 55 are scarce and the combined effect of ageing, chronic
illness and HIV infection on vaccines responses is yet to be fully
understood, and may in part, account for the findings of higher
risk breakthrough infections described in PLWH.

CONCLUDING REMARKS AND REMAINING
CHALLENGES

PLWH have been dealing with a great deal of uncertainty
throughout the pandemic, particularly as evidence regarding
risk of disease severity has been conflicting, and data on vac-
cine efficacy remain limited. Studies of seroconversion rates,
and neutralization titres post-SARS-CoV-2 vaccination in PLWH,
are reassuring for those who have stable HIV on ART and pre-
served immune function. These findings further highlight the
critical role of CD4þ T cells as facilitators of effective humoral
responses and offer insights into the complementary role of T
cell-specific responses in mediating protection, which may be
hindered in people with incomplete immune reconstitution
and/or a diminished repertoire of naı̈ve T cells. However, as
there is not a consensus on what constitutes protective immu-
nity, it is hard to define protective efficacy in immunocompro-
mised individuals. In particular further work is required to
disentangle the importance of T cell immunity in vaccine-
mediated protection against SARS-CoV-2 and circulating var-
iants. What is becoming apparent is that PLWH should follow
current recommended vaccination schedules and boosters as
they become available. This is given that SARS-CoV-2 vaccina-
tion is safe and efficacious; overall vaccine effectiveness was
65% (95% CI 56–72%, P< 0.001) among vaccinated compared to
unvaccinated PLWH [175]. However, these data need to be con-
tinuously evaluated in the context of the evolving pandemic,
prevalence of circulating variants, different vaccination sched-
ules and number of doses.

Male adults living in Europe, the United States, and South
Africa are the most represented participants to date, which
poorly reflects the global prevalence of PLWH. Although the pri-
mary aim is to start PLWH on ART immediately, this is not

always possible in resource-limited settings. The pandemic has
further highlighted disparities in access to ART and global dis-
parities in vaccine coverage, which may leave PLWH potentially
vulnerable [161, 205]. There is evidence of worse COVID-19 dis-
ease outcomes in patients with coinfections, such as
Mycobacterium tuberculosis (TB) [16, 17]. The intersecting
SARS-CoV-2, HIV, and TB epidemics pose additional concerns,
particularly as T cell immunity and SARS-CoV-2–specific CD4þ
T cells are reduced and display lower polyfunctional capacity in
the setting of co-infection [162].

A potential confounding factor in the evaluation of vaccine
efficacy in PLWH is the use of ART as some, i.e. lopinavir–ritona-
vir, have anti-coronavirus activity in vitro [206]. Although the
role of ART in preventing complications of COVID-19 has been
postulated, it is unlikely that the plasma concentrations of ART
are enough to inhibit SARS-CoV-2 replication [207]. Lopinavir–ri-
tonavir has not been shown to reduce inpatient mortality or
hospitalization length in patients with COVID-19 and is not cur-
rently a recommended therapy [208].

Importantly, it is also becoming increasingly apparent that
PLWH represent a diverse population in terms of their immune
phenotype and levels of immunosuppression. Specific sub-
groups could therefore benefit from distinct immunization
strategies, such as an adapted vaccine schedule and additional
doses to increase protection against severe disease. For in-
stance, altered dose regimens, repeat vaccine series or use of
adjuvants may be needed as an additional strategy to improve
immunological responses in PLWH with evidence of immuno-
deficiency or additional co-morbidities, as shown for other vac-
cines [209, 210]. Assessment of total CD4þ T cell, CD4:CD8 ratios
and levels of viraemia should be considered in determining vac-
cine scheduling and efficacy, with the caveat that it will not
capture the full immune profile. Although correlates of protec-
tion are currently unknown, spike-antibody ELISA assays are
accessible assays and have been shown to correlate with neu-
tralizing antibody responses [29] with the caveat that these
responses are reduced against circulating VOCs [211, 212]. Post-
vaccination testing for spike antibody could be considered,
however, to identify subpopulations of immunocompromised
people who may not mount an immune response and therefore
require additional protection. Future research should aim to as-
sess the magnitude and the durability of SARS-CoV-2 vaccine-
induced antibody and T cell responses in PLWH with particular
focus on those with uncontrolled viral infection and/or who
have low CD4þ T cell counts to inform the best strategy for
boosting. Greater attention needs to be paid to the combined ef-
fect of ageing, co-morbidities, and HIV infection as part of the
research agenda. Finally, a consensus of assays used for assess-
ment of vaccine responses and a threshold of protection for hu-
moral and cellular responses would greatly benefit assessment
of required responses in PLWH.
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Immunogenicity and reactogenicity of BNT162b2 booster in
ChAdOx1-S-primed participants (CombiVacS): a multi-
centre, open-label, randomised, controlled, phase 2 trial.
Lancet 2021;398:121–30.

193. Stuart ASV, Shaw RH, Liu X et al. Immunogenicity, safety,
and reactogenicity of heterologous COVID-19 primary vacci-
nation incorporating mRNA, viral-vector, and protein-
adjuvant vaccines in the UK (Com-COV2): a single-blind,
randomised, phase 2, non-inferiority trial. Lancet 2022;399:
36–49.

194. Sun J, Zheng Q, Madhira V et al. Association between im-
mune dysfunction and COVID-19 breakthrough infection af-
ter SARS-CoV-2 vaccination in the US. JAMA Intern Med 2022;
182:153.

195. Coburn SB, Humes E, Lang R et al.. COVID-19 Infections Post-
Vaccination by HIV Status in the United States. medRxiv
[Preprint]. 2021;12:21267182. https://doi.org/10.1101/2021.12.
02.21267182.

196. Garcia-Beltran WF, St Denis KJ, Hoelzemer A et al. mRNA-
based COVID-19 vaccine boosters induce neutralizing im-
munity against SARS-CoV-2 Omicron variant. Cell 2022;185:
457–66.e4.

197. Hyseni I, Molesti E, Benincasa L et al. Characterisation of
SARS-CoV-2 lentiviral pseudotypes and correlation between
pseudotype-based neutralisation assays and live virus-
based micro neutralisation assays. Viruses 2020;12:1011.

198. Cantoni D, Mayora-Neto M, Temperton N. The role of pseu-
dotype neutralization assays in understanding SARS CoV-2.
Oxf Open Immunol 2021;2:iqab005.

199. Valcourt EJ, Manguiat K, Robinson A et al. Evaluation of a
commercially-available surrogate virus neutralization test
for severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2). Diagn Microbiol Infect Dis 2021;99:115294.

200. Lake DF, Roeder AJ, Kaleta E et al. Development of a rapid
point-of-care test that measures neutralizing antibodies to
SARS-CoV-2. J Clin Virol 2021;145:105024.

201. Guan L, Yu Y, Wu X et al. The first Chinese national stand-
ards for SARS-CoV-2 neutralizing antibody. Vaccine 2021;39:
3724–30.

202. Huang D, Tran JT, Peng L et al. A rapid assay for SARS-CoV-2
neutralizing antibodies that is insensitive to antiretroviral
drugs. J Immunol 2021;207:344–51.

203. Angyal A, Longet S, Moore SC et al. T-cell and antibody
responses to first BNT162b2 vaccine dose in previously infected
and SARS-CoV-2-naive UK health-care workers: a multicentre
prospective cohort study. Lancet Microbe 2022;3:e21–31.

204. Keeton R, Richardson SI, Moyo-Gwete T et al. Prior infection
with SARS-CoV-2 boosts and broadens Ad26.COV2.S immu-
nogenicity in a variant-dependent manner. Cell Host Microbe
2021;29:1611–19.e5.

205. Velavan TP, Meyer CG, Esen M et al. COVID-19 and syndemic
challenges in ‘Battling the Big Three’: HIV, TB and malaria.
Int J Infect Dis 2021;106:29–32.

206. Zumla A, Chan JFW, Azhar EI et al. Coronaviruses — drug
discovery and therapeutic options. Nat Rev Drug Discov 2016;
15:327–47.

207. Schoergenhofer C, Jilma B, Stimpfl T et al. Pharmacokinetics
of lopinavir and ritonavir in patients hospitalized with coro-
navirus disease 2019 (COVID-19). Ann Intern Med 2020;173:
670–2.

208. Consortium WST. Repurposed antiviral drugs for Covid-19
— interim WHO solidarity trial results. N Engl J Med 2021;384:
497–511.

209. Mohareb AM, Kim AY. Hepatitis B vaccination in people liv-
ing with HIV—if at first you don’t succeed, try again. JAMA
Netw Open 2021;4:e2121281.

210. Lacey CJ. HPV vaccination in HIV infection. Papillomavirus
Res 2019;8:100174.

211. Cantoni D, Mayora-Neto M, Nadesalingam A et al.
Neutralisation hierarchy of SARS-CoV-2 variants of concern
using standardised, quantitative neutralisation assays reveals
a correlation with disease severity; towards deciphering pro-
tective antibody thresholds. Front Immunol 2022;13:773982.
https://doi.org/10.3389/fimmu.2022.773982.

212. Cheng SMS, Mok CKP, Leung YWY et al. Neutralizing anti-
bodies against the SARS-CoV-2 Omicron variant BA.1 follow-
ing homologous and heterologous CoronaVac or BNT162b2
vaccination. Nat Med 2022;28:486–9.

Mullender et al. | 19

D
ow

nloaded from
 https://academ

ic.oup.com
/ooim

/article/3/1/iqac005/6670799 by U
niversity C

ollege London user on 11 January 2023




