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Summary

Background With limited access to mRNA COVID-19 vaccines in lower income countries, and people living with HIV
(PLWH) largely excluded from clinical trials, Part A of the multicentre CoVPN 3008 (Ubuntu) study aimed to assess
the safety of mRNA-1273, the relative effectiveness of hybrid versus vaccine immunity, and SARS-CoV-2 viral
persistence among PLWH in East and Southern Africa during the omicron outbreak.

Methods Previously unvaccinated adults with HIV and/or other comorbidities associated with severe COVID-19
received either one (hybrid immunity) or two (vaccine immunity) 100-mcg doses of ancestral strain mRNA-1273
in the first month, depending on baseline evidence of prior SARS-CoV-2 infection. In a prospective cohort study
design, we used covariate-adjusted Cox regression and counterfactual cumulative incidence methods to determine
the hazard ratio and relative risk of COVID-19 and severe COVID-19 with hybrid versus vaccine immunity within
six months. The ongoing Ubuntu study is registered on ClinicalTrials.gov (NCT05168813) and this work was
conducted from December 2021 to March 2023.

Findings Between December 2021 and September 2022, 14,237 participants enrolled, and 14,002 (83% PLWH, 69%
SARS-CoV-2 seropositive) were included in the analyses. Vaccinations were safe and well tolerated. Common adverse
events were pain or tenderness at the injection site (26.7%), headache (20.4%), and malaise (20.3%). Severe adverse
events were rare (0.8% of participants after the first and 1.1% after the second vaccination), and none were life-
threatening or fatal. Among PLWH, the median CD4 count was 635 cells/pl and 18.5% had HIV viraemia. The
six-month cumulative incidences in the hybrid immunity and vaccine immunity groups were 2.02% (95%
confidence interval [CI] 1.61-2.44) and 3.40% (95% CI 2.30-4.49) for COVID-19, and 0.048% (95% CI 0.00-0.10)
and 0.32% (95% CI 0.59-0.63) for severe COVID-19. Among all PLWH the hybrid immunity group had a 42%
lower hazard rate of COVID-19 (hazard ratio [HR] 0.58; 95% CI 0.44-0.77; p < 0.001) and a 73% lower hazard
rate of severe COVID-19 (HR 0.27; 95% CI 0.07-1.04; p = 0.056) than the vaccine immunity group, but this effect
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was not seen among PLWH with CD4 counts <350 cells/pl or HIV viraemia. Twenty PLWH had persistent

SARS-CoV-2 virus at least 50 days.

Interpretation Hybrid immunity was associated with superior protection from COVID-19 compared to vaccine
immunity with the ancestral mRNA-1273 vaccine. Persistent infections among immunocompromised PLWH may

provide reservoirs for emerging variants.

Funding National Institute of Allergy and Infectious Diseases.

Copyright © 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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Research in context

Evidence before this study

We searched PubMed and ClinicalTrials.gov using terms
related to "HIV”, “SARS-CoV-2", "COVID-19", "vaccine”, and
“hybrid immunity” with no language or date restrictions.
Several observational studies and case reports have previously
indicated that individuals with well-managed HIV likely
achieve COVID-19 mRNA vaccine immune responses
comparable to people living without HIV, while people living
with HIV (PLWH) with lower CD4 counts may have an
impaired response. Although clinical trials of COVID-19 mRNA
vaccines demonstrated high vaccine efficacy and excellent
safety in the general population, PLWH were largely excluded
from these trials, in particular immunocompromised PLWH,
or those not on antiretroviral therapy with HIV viraemia.
Moreover, the impact of past infection on immunity in PLWH
was uncertain. Evidence from observational studies indicated
that a previous infection could prime the immune system and
boost the effectiveness of vaccines, leading to ‘hybrid
immunity” which is more robust than ‘vaccine immunity’
derived solely from vaccination. However, there had been few
evaluations of the hybrid immunity effect in large cohort
studies, especially among PLWH.

Added value of this study

The CoVPN 3008 (Ubuntu) study is one of the largest
prospective studies of a COVID-19 vaccine conducted
exclusively in Africa, and the only such trial to enrol a large
and diverse population of PLWH, including pregnant persons
and individuals with poorly controlled HIV. Furthermore, it is
one of the largest studies investigating COVID-19 mRNA

Introduction
As the coronavirus disease of 2019 (COVID-19) pandemic
transitions to endemicity, vaccines remain essential to the
public health response. mRNA vaccines have been effective
in preventing severe COVID-19,"” but global access has
been inequitable,’ and knowledge gaps in vaccine efficacy
remain, particularly for immunocompromised populations.
Although people living with HIV (PLWH) are at
increased risk of severe COVID-19,* only a few, with
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vaccines during the omicron outbreak, and one of the only to
evaluate hybrid immunity. We found that overall hybrid
immunity was associated with a significant reduction in the
risk of COVID-19 and severe COVID-19 compared to vaccine
immunity, but this effect did not seem to hold among PLWH
with low CD4 counts or HIV viraemia. The vaccines also
appeared safe and well tolerated in PLWH. Severe COVID-19
was rare in Ubuntu, and most infections were mild or
asymptomatic. Importantly, the study identified a
subpopulation of participants with persistent SARS-CoV-2
shedding, more often observed among PLWH with a
detectable HIV viral load or low CD4 count.

Implications of all the available evidence

Our findings support the superior efficacy of hybrid immunity
over vaccination alone against COVID-19, including among
individuals with well-controlled HIV. While ethical constraints
excluded an unvaccinated comparator, the enhanced
protection observed with hybrid immunity in the Per Protocol
cohort suggests vaccination significantly contributed to its
advantage. The lack of benefit from hybrid immunity among
participants with poorly controlled HIV underscores the
importance of strengthening HIV care. Additionally, the study
confirms the safety and tolerability of COVID-19 mRNA
vaccines, including in PLWH, and highlights the risk of
persistent SARS-CoV-2 shedding in immunocompromised
PLWH, who may serve as reservoirs for emerging variants.
These findings emphasise the importance of improved HIV
care, the development of next-generation COVID-19 vaccines,
and further research into prolonged SARS-CoV-2 infections.

well-controlled HIV infection, were included in clinical
trials of the BNT162b2 and mRNA-1273 vaccines,
resulting in insufficient endpoints to draw meaningful
conclusions.® Observational studies have suggested that
individuals with well-controlled HIV mount similar
vaccine responses to people living without HIV
(PLWoH),* but that those with HIV viraemia and
immunosuppression are especially vulnerable to poor
COVID-19 outcomes.”*
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The role of previous infection in shaping immunity
among PLWH remains unclear. Evidence suggests that
prior infection primes the immune system and en-
hances vaccine benefits (‘hybrid immunity’) compared
to immunity from vaccination alone (‘vaccine immu-
nity’),” yet there have been limited evaluations of the
hybrid immunity effect in large cohort studies, partic-
ularly among PLWH. This issue is especially relevant in
Africa, where SARS-CoV-2 seropositivity is high'*'"" and
most of the world’s 39 million PLWH live, many not yet
on antiretroviral therapy (ART)."

In CoVPN 3008 (Ubuntu), we sought to determine the
relative risk of COVID-19 and severe COVID-19 associ-
ated with hybrid versus vaccine immunity among PLWH
within six months of completing vaccinations with
mRNA-1273, and to assess the safety and tolerability of
the vaccine among PLWH. Secondary objectives included
similar analyses in PLWoH, and characterising SARS-
CoV-2 viral persistence within the cohort.

Methods

Study design

This multicentre, multi-stage study of COVID-19
mRNA vaccines enrolled participants at 47 clinical
research sites in seven East and Southern African
countries: Botswana, Eswatini, Kenya, Malawi,
South Africa, Uganda, and Zambia. Study participants
received the first vaccination between December 2, 2021,
and September 9, 2022.

The initial six months of the study (Part A) was a
prospective cohort study comparing hybrid versus
vaccine immunity involving the administration of one or
two doses of mRNA-1273, a monovalent mRNA vaccine
encoding the spike protein of SARS-CoV-2 strain WA1,
based on baseline serostatus. Part B of the study, which
compares the relative efficacy of a randomly assigned
month 6 vaccination with mRNA-1273 or mRNA-
1273.222 (a bivalent mRNA vaccine encoding the spike
proteins of both WA1 and BA.4/5 strains), will not be
discussed here (Fig. S1A).

Ethics

The study was conducted in accordance with the prin-
ciples of the Declaration of Helsinki, the International
Council for Harmonisation of Technical Requirements
for Pharmaceuticals for Human Use Good Clinical
Practice (ICH-GCP) guidelines, and all applicable local
regulations. The study protocol was reviewed and
approved by the relevant regulatory authorities and
institutional research ethics committees in each
participating country. Written informed consent was
obtained from all participants prior to enrolment. Study
oversight included an independent data and safety
monitoring board to ensure participant welfare and the
integrity of study outcomes. The study is registered on
ClinicalTrials.gov (NCT05168813).

Participants

The study enrolled adults aged >18 years living with
HIV and/or with other comorbidities associated with
severe COVID-19 (e.g., chronic lung disease, diabetes,
obesity) based on U.S. Centers for Disease Control and
Prevention (CDC) criteria.” Individuals who previously
received COVID-19 vaccines were excluded, but there
were no exclusions for pregnancy, HIV viral load, CD4
count, or ART use (see Table S1 for eligibility criteria).

Procedures

Participants underwent baseline HIV antibody testing,
and among PLWH, a CD4 count and HIV viral load
were collected. All participants had a point-of-care
SARS-CoV-2 anti-spike serology test (POC anti-S)
(Assure Ecotest, Assure Tech, Hangzhou, China), a
central laboratory anti-nucleoprotein SARS-CoV-2
serology test (anti-NP) (Abbott SARS-CoV-2 IgG, Abbott,
Chicago, IL, USA), and a nasal swab SARS-CoV-2
nucleic acid amplification test (NAAT) taken at base-
line. Baseline HIV status and the POC anti-S result were
used to assign participants into four study groups
(Fig. 1).

All participants received a 100-mcg mRNA-1273
vaccination into the deltoid muscle at enrolment. Base-
line POC anti-S-positive participants received this single
dose, whereas baseline POC anti-S-negative participants
also received a second dose at month 1 (Fig. S1A).
Participants were observed for at least 15 min post-
vaccination. Vaccine storage, preparation, and adminis-
tration followed manufacturer’s specifications.

Participants provided nasal swabs for SARS-CoV-2
NAAT before each vaccination and at month 6. Partici-
pants were trained to self-monitor for prespecified
COVID-19 symptoms at home, and sites also contacted
participants every two weeks to assess for symptoms.
COVID-19 symptoms prompted a clinic visit for further
assessment and nasal swab testing. Participants testing
positive for SARS-CoV-2 self-monitored symptoms
daily, received monitoring calls every other day, and had
additional nasal swabs taken fortnightly until testing
negative (Fig. S1B). Positive swabs were sent for central
laboratory testing, including SARS-CoV-2 whole
genome sequencing using the MiSeq or NextSeq plat-
forms (Illumina, Inc., San Diego, USA).

Outcomes

Safety assessments

Solicited local and systemic adverse events (AEs) and
unsolicited AEs were collected in a Safety Subset for
7 and 28 days after vaccination, respectively. The Safety
Subset constituted participants from nearly all study
sites, with contributions proportionate to site enrolment
targets, and distributed across study groups. Serious
AEs (SAEs) were captured for all participants
throughout follow-up. All AEs were graded according to
the Division of AIDS Table for Grading the Severity of
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Enrolled
(N=14237)

235 excluded due to
exclusion of 1 site

!

. ' !

Study Group 1 Study Group 2 Study Group 3 Study Group 4
HIV+, assigned 2 doses HIV+, assigned 1 dose HIV-, assigned 2 doses HIV-, assigned 1 dose
of MRNA1273 of MRNA1273 of mMRNA1273 of MRNA1273
FAS (n=3740) FAS (n=7941) FAS (n=648) FAS (n=1673)
Safety Subset (n=558) Safety Subset (n=692) Safety Subset (n=99) Safety Subset (n=142)

1 excluded due to
data entry error*

—

Analysis Group 1
HIV+, SARS2-, 2 doses
(Vaccine Immunity)

1

Analysis Group 2-2
HIV+, SARS2+, 2 doses

—

Analysis Group 3
HIV-, SARS2-, 2 doses
(Vaccine Immunity)

A

3

Analysis Group 4-2
HIV-, SARS2+, 2 doses

Analysis Group 2-1
HIV+, SARS2+, 1 dose
(Hybrid Immunity)

Analysis Group 4-1
HIV-, SARS2+, 1 dose
(Hybrid Immunity)

FAS (n=2476) FAS (n=1264) FAS (n=7941) FAS (n=391) FAS (n=257) FAS (n=1672)

27 received 1 dose
15 major deviation**
7 received 1 dose
and major deviation*

2 received 2 doses
55 major deviation**

6 received 1 dose

4 major deviation**

3 received 1 dose
and major deviation**

6 received 1 dose

11 major deviation**
1 received 1 dose
and major deviation**

4 received 2 doses
93 major deviation**
3 major deviation**
and outside vax

47 received 1 dose
23 major deviation**
13 received 1 dose
and major deviation™

— T

v A v A 4

HIV-, SARS2+, 1 dose
(Hybrid Immunity)

A

HIV+, SARS2-, 2 doses
(Vaccine Immunity)

A A,

HIV-, SARS2-, 2 doses
(Vaccine Immunity)

v

HIV+, SARS2+, 1 dose
(Hybrid Immunity)

HIV+, SARS2+, 2 doses HIV-, SARS2+, 2 doses

PP Cohort n=1215) PP Cohort (n=244)

PP cohort (n=2393) PP Cohort (n=7841) PP Cohort (n=373) PP Cohort (n=1615)

FAS = Full analysis set SARS2 = SARS-CoV-2 PP = Per protocol

Fig. 1: CONSORT diagram. Analysis populations. Enrolled participants were assigned to study groups based on HIV status and anti-spike
SARS-CoV-2 point-of-care serology (POC anti-S) status. Participants were assigned to receive two doses of mRNA-1273 if their baseline
POC anti-S was negative (vaccine immunity) and assigned to receive one dose of mRNA-1273 if their baseline POC anti-S was positive (hybrid
immunity). The Full Analysis Set (FAS) consisted of participants who were enrolled and received at least one dose of mMRNA-1273. The Safety
Subset consisted of a simple random sample of the FAS within each of the four study groups. Six analysis groups (AGs), including the hybrid
and vaccine immunity groups, were defined based on study group assignment and the overall SARS-CoV-2 status at baseline. The overall
SARS-CoV-2 status was considered positive unless baseline nasal swab NAAT, POC anti-S, and central lab anti-nucleoprotein serology (anti-NP)
were all negative. AGs are annotated in terms of HIV status, overall SARS-CoV-2 status, and the number of vaccine doses assigned. Specifically,
AGL represents people living with HIV (PLWH), overall SARS-CoV-2 status negative, and assigned 2 doses (PLWH, vaccine immunity). AG2-1
represents PLWH, overall SARS-CoV-2 status positive (POC anti-S positive), and assigned 1 dose (PLWH, hybrid immunity). AG2-2 repre-
sents PLWH, overall SARS-CoV-2 status positive (POC anti-S negative but anti-NP or NAAT positive) and assigned 2 doses. AG3 represents
HIV-negative, SARS-CoV-2 status negative, and assigned 2 doses (HIV-negative, vaccine immunity). AG4-1 represents people living without HIV
(PLWoH), overall SARS-CoV-2 status positive (POC anti-S positive), and assigned 1 dose (PLWoH, hybrid immunity). AG4-2 represents PLWoH,
overall SARS-CoV-2 status positive (POC anti-S negative but anti-NP or NAAT positive) and assigned 2 doses. The Per-Protocol (PP) cohort
consisted of participants in the FAS who received the intended number of pre-month 6 vaccination doses: two doses (for POC anti-S negative
participants) or one dose (for POC anti-S positive participants), with no major protocol deviations. The data cut-off for the described safety and
efficacy analyses occurred on March 31, 2023, 14 days after the last month 6 vaccination visit in Part A of the study. All COVID-19 and severe
COVID-19 endpoints were based on data by this date, except one COVID-19 endpoint with symptom data collected through April 10, 2023.
SARS2, SARS-CoV-2. *Participant anti-Spike SARS-CoV-2 value was negative in the site source data but was entered in the Case Report Form as
positive. **Out of visit-window vaccination was not considered a major deviation.

Adult and Pediatric Adverse Events.”* PLWH received
counselling, clinical and laboratory monitoring and, if
required, were referred for ART and HIV care.
Confirmed COVID-19 cases were closely monitored and
managed as per standard-of-care. Pregnancy outcomes
were followed up even after the participant’s study exit.

Efficacy endpoint definitions

The primary endpoints were the first occurrence of
COVID-19 or severe COVID-19 with onset at least 1 day
after the enrolment vaccination until the month 6 visit
among PLWH (Table S2). Using CDC criteria, COVID-19
was defined as one NAAT-positive nasal swab within
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14 days of the onset of at least one systemic symptom
(fever >38 °C, chills, myalgia, headache, sore throat, new
loss of taste or smell), or at least one respiratory sign/
symptom (cough, shortness of breath or difficulty
breathing), or clinical or radiographical evidence of
pneumonia. For completeness, we also assessed COVID-
19 using the COVE trial definition.! Severe COVID-19
cases required a laboratory diagnosis; at least one sign,
symptom, or other evidence of severe disease (e.g., res-
piratory failure, shock, intensive care unit [I[CU] admis-
sion); and were adjudicated by an independent
commiittee. Considering baseline POC anti-S-negative
participants had an additional nasal swab NAAT due to
their month 1 vaccination visit compared to baseline POC
anti-S-positive participants, different endpoints were
derived to include or exclude NAAT testing results at
month 1 to ensure comparable assessments of COVID-
19 risk between groups.

Persistent infection and reinfection definitions

Participants were considered to have persistent SARS-
CoV-2 NAAT positivity if they had positive swabs
lasting >50 days during a single infection. A single
infection was assumed unless the participant had a
positive NAAT following either a single negative NAAT
by >90 days or two consecutive negative NAATS over
any time interval, in which case it was considered a
reinfection.

Statistical analysis

Sample size calculations

The sample size was determined to evaluate the safety
objective and compare the risk of COVID-19 between
the hybrid and vaccine immunity groups among PLWH.
Regarding safety, with the planned enrolment cap of
15,600 participants, if no related safety event occurred,
the upper limit of the 95% confidence interval (CI) for
the true event rate would be 0.02%. For the 1500 par-
ticipants in the Safety Subset, if no related AE occurred,
the upper limit of the 95% CI for the true event rate
would be 0.2%. Regarding the comparison of COVID-19
outcomes, there was >90% power to detect a relative risk
of 2.0 between Study Group 1 (PLWH, POC anti-S
negative) and Study Group 2 (PLWH, POC anti-S posi-
tive) against the null hypothesis Hy: RR = 1.0 with >125
endpoints between enrolment and month 6 (See details
in Study Protocol).

Baseline SARS-CoV-2 status

In addition to the baseline POC anti-S results used
pragmatically in assigning study groups at enrolment,
which in turn determined vaccination assignments, a
baseline overall SARS-CoV-2 status was used in analyses
and was based on results from POC anti-S as well as
anti-NP and nasal swab NAAT. If any of these baseline
tests were positive, overall SARS-CoV-2 status was pos-
itive. All participants had POC anti-S results and

imputations were performed for missing data in NAAT
and anti-NP results (See Supplementary Materials).

Analysis groups

Six analysis groups (AGs) were defined based on the
overall baseline SARS-CoV-2 status and the number of
vaccine doses received (Fig. 1). AG1 and AG2-1 included
PLWH who were either overall baseline SARS-CoV-2
negative and received 2 doses (vaccine immunity) or
overall baseline SARS-CoV-2 positive and received
1 dose (hybrid immunity), respectively. AG3 and AG4-1
were similar to AG1 and AG2-1, except were PLWoH
with other comorbidities. The primary efficacy analysis
compared the risk of COVID-19 and severe COVID-19
among PLWH with hybrid versus vaccine immunity
(AG1 versus AG2-1). The secondary efficacy analysis
pooled PLWH and PLWoH, and exploratory analyses
included assessment of PLWoH alone (AG3 and
AG4-1).

The Full Analysis Set (FAS) included participants
who received at least one vaccination. The per-protocol
(PP) cohort included FAS participants who received all
planned vaccinations with no major protocol deviations.
Efficacy analyses of COVID-19 were performed with
both FAS (counting events starting 1 day after enrol-
ment) and PP cohort (counting events starting 14 days
after the last vaccination), using the CDC and COVE
case definitions, up to March 31, 2023, 14 days after the
last month 6 visit.

Seven additional exploratory comparisons were
conducted by SARS-CoV-2 status and/or HIV status
(See Supplementary Methods).

Analysis methods
Two statistical methods were used to assess the associ-
ation between baseline status and outcome: calendar-
time-scale  Cox  proportional-hazards  regression
methods, and analysis of counterfactual cumulative
incidence over time.” As the comparison groups were
not randomised, covariate-adjusted analyses were per-
formed. For both the Cox regression analysis and the
cumulative incidence analysis of COVID-19 (using
either the CDC or COVE case definition), two covariate
adjustment strategies were considered. In the first
strategy for primary analyses, adjustments were per-
formed for variables expected to affect both risk of
future COVID-19 and evidence of prior SARS-CoV-2
exposure,’* " including region of enrolment (South Af-
rica versus other African countries), period of enrolment
(1-3 months, 4-6 months, or >6 months after study
launch), age (> vs <40 years), sex assigned at birth
(female versus male), body mass index (> vs <25 kg/m?),
prior or active tuberculosis (yes versus no), CD4 counts
(€ vs >500 cells/pl), and detectable HIV viral load
(yes versus no).

We estimated the counterfactual cumulative inci-
dence using an extension of augmented inverse
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probability weighting that is equipped for right-censored
survival data.” This approach requires estimation of the
conditional probabilities of survival and censoring,
given prior SARS-CoV-2 status and the covariates, as
well as the conditional probability of prior SARS-CoV-2,
given the covariates. The conditional probability of sur-
vival and the conditional probability of censoring was
estimated using Cox proportional-hazards regression,
and the probability of prior SARS-CoV-2 infection was
estimated using logistic regression. In the second
strategy, a sensitivity analysis, continuous variables used
in the previous approach were no longer dichotomised,
and more flexible covariate adjustment methods, which
made fewer assumptions about the data-generating
mechanism, were used. In the Cox regression analysis
approach, adjustments for continuous variables were
made using cubic splines. The Cox proportional
assumption was evaluated based on the scaled Schoenfeld
residuals.” In the cumulative incidence approach, each of
the nuisance parameters was estimated using the Super-
Learner, a type of ensemble learning algorithm.” No
covariate adjustment was performed for analyses involving
the severe COVID-19 outcome or the post-baseline NAAT
positive outcome due to a low number of endpoints.

Role of the funding source

The views expressed in this article are those of the au-
thors and do not necessarily represent the official posi-
tion of the U.S. National Institute of Allergy and
Infectious Diseases.

Results

Study population

Of 14,237 participants, 14,002 (83% PLWH) were
included in the FAS (Table S3). The median follow-up
was 169 days, and was similar across analysis groups,
with 96.8% completing the 6-month follow-up (Fig. S2).
Among 11,681 PLWH, the median age was 39 years
(interquartile range [IQR] 33-46), 77.0% were female
sex at birth, and 68.0% were POC anti-S positive. The
median CD4 count was 635 cells/pl (IQR 423-866),
6.6% had a CD4 count <200 cells/pl, 18.5% had HIV
viraemia (=50 copies/ml), and 15.6% were not on ART
(Table 1). The Safety Subset had similar baseline char-
acteristics to the FAS (Table S4). Among PLWoH, the
most common comorbidities determining enrolment
were obesity (27.6%), hypertension (23.1%), diabetes
mellitus (7.1%), and more than half (65.4%) had a
smoking history (Table S5).

Safety

The most common solicited AEs after first or second
vaccination among the 1491 Safety Subset participants
were pain or tenderness at the injection site (26.7%),
headache (20.4%), and malaise (20.3%) (Fig. S3). Severe
solicited AEs were rare (0.8% of participants after the
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first and 1.1% after the second vaccination), and none
were life-threatening or fatal (Tables S6 and S7). Un-
solicited AEs were observed among 6.1% of Safety
Subset participants, with 0.3% deemed vaccination-
related (Tables S8 and S9). Among FAS participants,
there was 1 related SAE of grade 3 angioedema. The
most common unrelated SAEs were pneumonia (0.1%)
and pulmonary tuberculosis (0.1%); (Table S10). There
were 119 reported pregnancy outcomes with no
congenital abnormalities, and there were no statistically
significant differences in spontaneous abortions, still-
births, or premature births between study groups
(Table S11).

Association of hybrid versus vaccine immunity
with COVID-19 and severe COVID-19

Overall, 358 COVID-19 cases (309 among PLWH),
including 15 severe cases (11 among PLWH), accrued
through month 6 among FAS participants (Table S12).
There was a single COVID-19-related ICU admission
and no deaths.

Among PLWH, the hybrid immunity group had a
lower cumulative incidence of both endpoints compared
to the vaccine immunity group, 2.02% (95% CI
1.61-2.44) vs 3.40% (95% CI 2.30-4.49) for COVID-19
(Fig. 2A), and 0.048% (95% CI 0.00-0.10) vs 0.32%
(95% CI 0.59-0.63) for severe COVID-19 (Fig. S4).
Endpoint accumulation trends corresponded with the
scheduled NAAT at month 6 (Fig. S5). The hybrid im-
munity group had a 42% lower adjusted hazard rate of
COVID-19 (hazard ratio [HR] 0.58; 95% CI 0.44-0.77;
p < 0.001), and a 73% lower hazard rate of severe
COVID-19 (HR 0.27; 95% CI 0.07-1.04; p = 0.056)
(Fig. 2G and H).

Even more pronounced differences between the
hybrid and vaccine immunity groups were observed in
the PP analysis (Fig. 2B, D, and G) that included a total
of 533 post-enrolment SARS-CoV-2 infections among
PLWH. The cumulative incidence in the hybrid im-
munity group was 3.90% (95% CI 3.30—4.49) vs 7.77%
(95% CI 6.20-9.23) in the vaccine immunity group
(Fig. S6). Similar results were observed using the more
restrictive COVE case definition (Table S13, Figs. S7 and
S8), using both the Cox model and the cumulative
incidence approaches (Figs. S9-S12), and in sensitivity
analyses using alternative covariate adjustment strate-
gies (Figs. S13 and 14).

In secondary analyses of FAS participants pooling
PLWH and PLWoH, results mirrored those observed
with PLWH alone. The cumulative incidence of COVID-19
was 1.97% (95% CI 1.60-2.34) in the hybrid immunity
group versus 3.21% (95% CI 2.25-4.20) in the vaccine
immunity group (Fig. 2E, Fig. S15). For severe COVID-19,
the cumulative incidence was 0.06% (95% CI 0.01-0.12) vs
0.35% (95% CI 0.06-0.63), respectively (Fig. S16), with
slightly more pronounced differences in the PP cohort
(Fig. 2F). For the hybrid immunity group, the covariate-
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Characteristic

Study group 1

Study group 2

Study group 3

Study group 4

Analysis
Group 1
N = 2476

Analysis
Group 2-2
N = 1264

Analysis
Group 2-1
N =7941

Analysis
Group 3
N =391

Analysis
Group 4-2
N = 257

Analysis
Group 4-1
N = 1672

HIV+, SARS2-, 2d

HIV+, SARS2+, 2d

HIV+, SARS2+, 1d

HIV-, SARS2-, 2d

HIV-, SARS2+, 2d

HIV-, SARS2+, 1d

PLWH
Vaccine immunity

PLWH
Hybrid immunity

HIV-negative
Vaccine immunity

HIV-negative
Hybrid immunity

Total
N = 14,001

Point-of-care anti-spike serology
test result

Number of vaccine doses assigned
Received vaccine doses as assigned
SARS-CoV-2 NAAT result - N (%)
Negative
Positive
Missing
Central lab anti-nucleoprotein
test result - N (%)
Negative
Positive
Missing
Overall SARS-CoV-2 status
Sex assigned at birth - N (%)
Male
Female
Median age (range) - years
Age category - N (%)
<40 years
>40 years
Active tuberculosis
Yes
No
Missing
History of tuberculosis
Yes
No
Missing
CD4 count” (cells/pl) - N (%)
<200
200 to <350
350 to <500
=500
Missing
Median CD4 count” (IQR) - cells/pl

Negative

2
2416 (97.6%)

2461 (99.4%)
0 (0.0%)
15 (0.6%)

2471 (99.8%)
0 (0.0%)
5 (0.2%)
Negative

800 (32.3%)
1676 (67.7%)
39.0 (18.0, 76.0)

1388 (56.1%)
1088 (43.9%)

32 (1.3%)
2386 (96.4%)
58 (2.3%)

363 (14.7%)
2055 (83.0%)
58 (2.3%)

285 (11.5%)

340 (13.7%)

394 (15.9%)

1330 (53.7%)

127 (5.1%)

549.0 (336.0, 791.0)

Negative

2
1230 (97.3%)

973 (77.0%)
283 (22.4%)
8 (0.6%)

114 (9.0%)
1150 (91.0%)
0 (0.0%)
Positive

353 (27.9%)
911 (72.1%)
40.0 (18.0, 73.0)

681 (53.9%)
583 (46.1%)

12 (0.9%)
1229 (97.2%)
23 (1.8%)

205 (16.2%)
1036 (82.0%)
23 (1.8%)

87 (6.9%)
158 (12.5%)

232 (18.4%)

735 (58.1%)

52 (4.1%)

593.0 (393.8, 827.0)

Positive

1
7937 (99.9%)

7583 (95.5%)
340 (4.3%)
18 (0.2%)

3304 (41.6%)
4622 (58.2%)
15 (0.2%)
Positive

1534 (19.3%)
6407 (80.7%)
39.0 (18.0, 79.0)

4484 (56.5%)
3457 (43.5%)

77 (1.0%)
7655 (96.4%)
209 (2.6%)

1073 (13.5%)
6659 (83.9%)
209 (2.6%)

397 (5.0%)

720 (9.1%)

1145 (14.4%)

5341 (67.3%)

338 (4.3%)

664.0 (458.5, 889.0)

Negative

2
385 (98.5%)

386 (98.7%)
0 (0.0%)
5 (1.3%)

389 (99.5%)
0 (0.0%)
2 (0.5%)
Negative

291 (74.4%)
100 (25.6%)
34.0 (19.0, 84.0)

260 (66.5%)
131 (33.5%)

3 (0.8%)
377 (96.4%)
11 (2.8%)

15 (3.8%)
365 (93.4%)
11 (2.8%)

Negative

2
248 (96.5%)

213 (82.9%)
44 (17.1%)
0 (0.0%)

17 (6.6%)
240 (93.4%)
0 (0.0%)
Positive

149 (58.0%)
108 (42.0%)
39.0 (18.0, 82.0)

136 (52.9%)
121 (47.1%)

2 (0.8%)
251 (97.7%)
4 (1.6%)

12 (4.7%)
241 (93.8%)
4 (1.6%)

Positive

1
1671 (99.9%)

1592 (95.2%)
76 (4.5%)
4 (0.2%)

600 (35.9%)
1068 (63.9%)
4 (0.2%)
Positive

763 (45.6%)
909 (54.4%)
34.0 (18.0, 86.0)

1099 (65.7%)
573 (34.3%)

16 (1.0%)
1623 (97.1%)
33 (2.0%)

75 (4.5%)
1564 (93.5%)
33 (2.0%)

(Table 1 continues on next page)

13,887 (99.2%)

13,208 (94.3%)
743 (53%)
50 (0.4%)

6895 (49.2%)
7080 (50.6%)
26 (0.2%)

3890 (27.8%)
10,111 (72.2%)
39.0 (18.0, 86.0)

8048 (57.5%)
5953 (42.5%)

142 (1.0%)
13,521 (96.6%)
338 (2.4%)

1743 (12.4%)
11,920 (85.1%)
338 (2.4%)

769 (6.6%)

1218 (10.4%)

1771 (15.2%)

7406 (63.4%)

517 (4.4%)

635.0 (423.0, 866.0)
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Characteristic

Study group 1

Study group 2

Study group 3

Analysis
Group 1
N = 2476

Analysis
Group 2-2
N = 1264

Analysis
Group 2-1
N =7941

Analysis
Group 3
N =391

Analysis
Group 4-2
N = 257

Study group 4 Total
A N = 14,001
Analysis
Group 4-1
N = 1672

HIV+, SARS2-, 2d

HIV+, SARS2+, 2d

HIV+, SARS2+, 1d

HIV-, SARS2-, 2d

HIV-, SARS2+, 2d

HIV-, SARS2+, 1d

PLWH
Vaccine immunity

PLWH
Hybrid immunity

HIV-negative
Vaccine immunity

HIV-negative
Hybrid immunity

(Continued from previous page)
HIV viral load” (copies/mL) - N (%)

<50
250
Missing

Median HIV-1 viral load®

(IQR) - copies/mL
ART status”
On ART
Not on ART
Missing

1676 (67.7%)
637 (25.7%)
163 (6.6%)
108 (40, 5192)

2110 (85.2%)
366 (14.8%)
0 (0.0%)

936 (74.1%)
251 (19.9%)
77 (6.1%)

60 (40, 1509)

1084 (85.8%)
180 (14.2%)
0 (0.0%)

6175 (77.8%)
1269 (16.0%)
497 (6.3%)

60 (40, 1064)

6670 (84.0%)
1271 (16.0%)
0 (0.0%)

- 8787 (75.2%)
- 2157 (18.5%)
- 737 (6.3%)

- 61 (40, 1741)

- 9864 (84.4%)
- 1817 (15.6%)
- 0 (0.0%)

The overall SARS-CoV-2 status was defined as positive unless baseline nasal swab SARS-CoV-2 NAAT, point-of-care anti-spike serology (POC anti-S), and central lab anti-nucleoprotein serology (anti-NP) were all negative. Prior to this assignment,
missing data were imputed based on the empirical conditional probabilities observed in the study population (Supplementary Materials). Analysis groups (AG) were based on baseline HIV status, overall SARS-CoV-2 status, and the number of
vaccinations assigned. Specifically, AG1 represents people living with HIV (PLWH), overall SARS-CoV-2 status negative and assigned 2 doses. AG2-1 represents PLWH, overall SARS-CoV-2 status positive (POC anti-S positive) and assigned 1 dose.
AG2-2 represents PLWH, overall SARS-CoV-2 status positive (POC anti-S negative but anti-NP or NAAT positive) and assigned 2 doses. AG3 represents people living without HIV (PLWoH), SARS-CoV-2 status negative, and assigned 2 doses. AG4-1
represents PLWoH, overall SARS-CoV-2 status positive (POC anti-S positive) and assigned 1 dose. AG4-2 represents PLWoH, overall SARS-CoV-2 status positive (POC anti-S negative but anti-NP or NAAT positive) and assigned 2 doses. NAAT,
nucleic acid amplification test. SARS2, SARS-CoV-2. 1d, one vaccine dose. 2d, two vaccine doses. ART, antiretroviral therapy. “Only measured among PLWH. The denominator for calculating percentages in the ‘Total’ column is the number of
participants in study groups 1 and 2 (N = 11,681).

Table 1: Demographic and clinical characteristics at baseline by the six analysis groups.
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adjusted hazard rate of COVID-19 was 44% lower (HR
0.56; 95% CI 0.43-0.73; p < 0.001), and the hazard rate of
severe COVID-19 was 73% lower (HR 0.27; 95% CI
0.09-0.82; p = 0.02) (Fig. 2G and H). Similar results were
observed in both the FAS and PP cohorts using the COVE
case definition (Figs. S17 and S18).

As with PLWH and the pooled populations, among
PLWoH a lower risk of COVID-19 in the hybrid im-
munity group was observed, although with lower sta-
tistical power (HR 0.49; 95% CI 0.23-1.05; p = 0.066)
(Fig. 2C and G). Moreover, in exploratory analyses of the
FAS and PP cohort, we found that the cumulative inci-
dence estimates of COVID-19 were comparable between
PLWH and PLWoH (Figs. S19-S33).

In a posthoc analysis, comparisons of COVID-19
incidence among PLWH between hybrid and vaccine im-
munity groups were made within strata defined by CD4
count (> or <350 cells/pl) and viraemia (HIV viral
load > or <50 copies/mL). The advantage of hybrid im-
munity over vaccine immunity was preserved among those
with a CD4 count >350 cells/ul (HR 0.54; 95% CI
0.39-0.74; p < 0.001), or viral suppression (HR 0.45; 95%
0.32-0.62; p < 0.001). However, when comparing the
hybrid and vaccine immunity groups, there was no dif-
ference in COVID-19 incidence among those with CD4
counts <350 cells/pl (HR 0.83; 95% CI 0.45-1.52;
p = 0.539) or those with HIV viraemia (HR 1.21; 95% CI
0.70-2.1; p = 0.498) (Fig. 3). Of note, in the hybrid im-
munity group, we found numerically higher, but not sta-
tistically significant higher rates of COVID-19 endpoints
among PLWH with CD4 counts <350 cells/ul compared to
>350 cells/pul (HR 1.43; 95% CI 0.93-2.19; p = 0.107), and
statistically significant higher rates among PLWH with
HIV viraemia compared to those with viral suppression
(HR 1.8; 95% CI 1.27-2.56; p = 0.001) (Fig. S34).

SARS-CoV-2 sequences and persistent infections

Almost all COVID-19 and first occurrences of positive
NAAT results in participants, regardless of symptoms,
were associated with the omicron lineage, with BA.1 and
BA.2 dominating initially, followed by BA.4 and BA.5

(Fig. 4A and B). The geographic distribution is shown in
Table S14. The subvariants associated with different
endpoints are shown by analysis group in Figs. S35-
S37, demonstrating patterns consistent with contem-
poraneous surveillance data.”!

Among FAS participants, 1367 (9.8%) had at least
one NAAT positive swab, 743 at baseline and 624 during
follow-up (Table S15), of which 1050 (76.8%) were
asymptomatic infections. NAAT positivity >50 days was
observed in 22 participants (including 20 PLWH).
Among PLWH, persistent NAAT positivity represented
2.5% of infections compared to 1.4% among PLWoH
(Table 2). These proportions were higher among PLWH
with a history of tuberculosis at baseline versus those
without (4.8% vs 2.2%), a detectable (>50 copies/ml)
versus undetectable HIV viral load (4.7% vs 1.7%), and a
baseline CD4 count <200 vs >200 cells/pl (3.5% vs
2.4%). NAAT positivity persisting >100 days was
observed in 19 participants, all PLWH. Fig. 5A and B
shows the NAAT results of persistent infections by
subgroups.

Discussion

In the CoVPN 3008 (Ubuntu) study, we found that among
a diverse population of PLWH, a single vaccination in
persons with prior SARS-CoV-2 infection was associated
with an over 40% reduction in the risk of COVID-19 and
an over 70% reduction in the risk of severe COVID-19 in
the first six months after vaccination compared to in-
dividuals without prior infection who received two vacci-
nations. Similar findings were seen among enrolled
PLWoH. However, in post-hoc analyses, this effect was not
seen among PLWH with poorly controlled HIV. Further-
more, we identified a subgroup of PLWH with SARS-CoV-
2 persistence for over three months. Ubuntu also provides
additional evidence that COVID-19 mRNA vaccines are
safe and well tolerated, including among PLWH and
pregnant women. Pregnancy outcomes were similar to
available population data”* and corroborated prior obser-
vational data supporting the safety of mRNA vaccines
during pregnancy.”**

Fig. 2: Association of hybrid versus vaccine immunity against COVID-19 in PLWH, PLWoH, and all participants. Shown is the cumulative
incidence of COVID-19 events based on the CDC case definition among PLWH in the Full Analysis Set (FAS) (Panel A), among PLWH in the Per-
Protocol (PP) cohort (Panel B), among PLWoH in FAS (Panel C), among PLWoH in PP cohort (Panel D), among all PLWH and PLWoH in FAS
(Panel E), and among all PLWH and PLWoH in PP cohort (Panel F) for the vaccine immunity group (orange) and the hybrid immunity group
(blue), counting events starting 1 day after the first vaccination in FAS, and 14 days after the last vaccination in the PP cohort. The number of
COVID-19 events shown in this figure contains a subset of the total number of 358 events based on the CDC case definition because only the
hybrid immunity and vaccine immunity groups are included, and two more analysis groups AG2-2 and AG4-2 are excluded. Comparisons
including other subgroups are in the Supplementary Material. To ensure stability of estimated standard error, pointwise, and simultaneous
intervals are reported starting 14 days after the first vaccination in FAS, and 27 days after the last vaccination in the PP cohort. The vaccine
immunity group represents participants who were overall SARS-CoV-2 negative and received 2 doses of mRNA-1273 at enrolment and month 1,
and the hybrid immunity group represents participants who were overall SARS-CoV-2 positive and received 1 dose of mMRNA-1273 at enrolment.
Arrows along the x-axis in Panels A, C, and E indicate enrolment and month 1 vaccination visits, and the tick marks in the curves in Panels A-F
indicate censored data. Forest-plot shows hazard ratios of COVID-19 (Panel G) and of severe COVID-19 (Panel H) for the comparison of hybrid
immunity versus vaccine immunity in PLWH, PLWoH (only for COVID-19 events), and in all participants in FAS and PP cohort groups. SARS2,
SARS-CoV-2. 1d, one vaccine dose. 2d, two vaccine doses.
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Fig. 3: Association of hybrid versus vaccine immunity against COVID-19 in people living with HIV, within strata defined by HIV
immunocompetence and HIV viraemia. Shown is the cumulative incidence of COVID-19 events based on the CDC case definition among
people living with HIV (PLWH) in the Full Analysis Set (FAS) with CD4 count >350 cells/pl (Panel A), with CD4 count <350 cells/pl (Panel B),
with HIV viral load <50 copies/mL (Panel C), and with HIV viral load >50 copies/mL (Panel D) for the vaccine immunity group (orange) and the
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Fig. 4: Lineages and persistence of SARS-CoV-2 infections. Panel A shows the lineages of SARS-CoV-2 associated with the diagnosis of COVID-19
endpoints based on the CDC endpoint definition over calendar time in the two primary comparison groups: People living with HIV (PLWH) vaccine immunity
group (HIV+, SARS2-, 2d) and PLWH hybrid immunity group (HIV+, SARS2+, 1d). Panel B shows the lineages of SARS-CoV-2 associated with the first
occurrence of all COVID-19 infections (positive NAAT tests) regardless of symptoms obtained at either baseline or post-baseline visits based on all sequences
available at the time of the analysis. The viral lineage is illustrated by the colour and plot character. Lineage typing was performed with both PANGOLIN and
NextClade, and the call with the highest confidence was selected (see Methods). Due to insufficient viral material, many sequences were either (i) unable to
be obtained (indicated by “Lineage Unknown"); (ii) exhibited such a degree of missingness that they were incapable of being lineage typed (also indicated
by “Lineage Unknown"); or (iii) obtained a lineage from at least one platform, but failed QC on both platforms. These latter sequences are regarded as
having low-confidence lineage calls and are indicated in this figure by having their plot character inlaid with grey. Most sequences were lineage-typed
within omicron, so these sequences are grouped in the figure by the basal omicron lineage (B.1.1.529), the five major omicron sub-lineages (BA.1
through BA.5; e.g., BE.7 is classified as “BA.5.*") or recombinant status (e.g., XBB). Non-omicron lineages, almost exclusively occurring among the low-
confidence lineage calls, are classified as “Other”. Q, three-month quarter: Q1 (January-March), Q2 (April-June), Q3 (July-September), and Q4 (October-
December). NAAT, nucleic acid amplification test. SARS2, SARS-CoV-2. 1d, one vaccine dose. 2d, two vaccine doses.

hybrid immunity group (blue), counting events starting 1 day after the first vaccination. To ensure stability of estimated standard error,
pointwise and simultaneous intervals are reported starting 14 days after the first vaccination. The vaccine immunity group represents par-
ticipants who were overall SARS-CoV-2 negative and received 2 doses of mRNA-1273 at enrolment and month 1, and the hybrid immunity
group represents participants who were overall SARS-CoV-2 positive and received 1 dose of mRNA-1273 at enrolment. Arrows along the x-axis
in Panels A-D indicate enrolment and month 1 vaccination visits. Forest-plot shows hazard ratios of CDC case definition COVID-19 for the
comparison of hybrid versus vaccine immunity in PLWH in the FAS within each CD4 count and viral load stratum (Panel E). SARS2, SARS-CoV-2.
1d, one vaccine dose. 2d, two vaccine doses.
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All NAAT Persistent
positive NAAT
infections® positivity”
N (%) N (%)
All participants
People living without HIV 2/211 (0.9) 2/142 (1.4)

People living with HIV 20/1156 (1.7) 20/802 (2.5)
Among people living with HIV

History of TB status®

No 14/939 (1.5) 14/647 (2.2)

Yes 6/190 (3.2) 6/136 (4.4)
HIV viral load (copies/mL)

<50 10/861 (1.2) 10/588 (1.7)

=50 10/295 (3.4) 10/214 (4.7)
(D4 count (cells/pl)

<200 3/111 (2.7) 3/86 (3.5)

>200 17/1045 (1.6) 17/716 (2.4)

Immunity status
Vaccine immunity (AG 1) 0/137 (0)

5/601 (0.8)

0/34 (0)

Hybrid immunity with 5/379 (1.3)

1 dose (AG 2.1)

?Among all baseline and post-baseline infections (i.e., participants with at least
one NAAT positive test result regardless of symptomology). bAmong
participants with evaluable NAAT test results at >2 time points. A total of 27
of the 1376 participants were missing baseline tuberculosis status among all
infections, and 19 of the 94 participants among those with multiple NAAT
results. 4For the vaccine immunity (AG1) group, NAAT test results were
excluded if the first positive test was at the Month 1 visit because NAAT tests
were not scheduled at this visit for the hybrid immunity (AG2.1) group.

Table 2: The number and frequencies of persistent NAAT positivity
(=50 days) by baseline HIV status, CD4 count, HIV viral load, and
tuberculosis status.

Our findings of the superior efficacy of hybrid
immunity to vaccine immunity are consistent with pub-
lished population-based observational studies, including
during omicron, but these studies largely excluded
PLWH and mainly involved high-income countries.”*
One large test-negative case-control study in Quebec,
Canada, for example, found that compared to healthcare
workers with no prior vaccination or infection, those
without prior infection and two mRNA vaccinations had a
61% adjusted risk reduction of symptomatic COVID-19,
compared to 81% for those with prior pre-omicron
infection and one vaccination and 98% for those with
prior BA.1 infection and one vaccination.”® In another
test-negative, case-control study, this time in Qatar, which
included individuals with prior infection alone, vaccina-
tion alone, and hybrid immunity, hybrid immunity from
previous infection and a recent booster vaccination pro-
vided the strongest protection.”* Why we did not see a
hybrid immunity benefit among participants with poorly
controlled HIV may be partially related to impaired B-cell
function and cytotoxic T-cell responses due to HIV-
induced immunosuppression, which has been sug-
gested by prior studies.”

It is important that our findings be interpreted
within the appropriate clinical and public health context.

The study does not compare the efficacy of one versus
two mRNA vaccine doses. And while ethical consider-
ations precluded including an unvaccinated comparator
group, the hybrid immunity group showed a greater
advantage over the vaccine immunity group in hazard
ratio estimates within the PP cohort compared to the
FAS cohort, suggesting that vaccination (not prior
infection by itself) contributed to the protective advan-
tage of hybrid immunity, underscoring the importance
of vaccination. Moreover, the lack of benefit from hybrid
immunity among individuals with poorly controlled
HIV highlights the need to strengthen HIV care and
suggests more frequent vaccinations may be needed to
promote protection in immunosuppressed PLWH, as
proposed by international guidelines*® and indicated by
previous studies.’"*

While prior research including in southern Africa
has consistently found less severe disease with omicron
compared to prior waves,** the very low rate of severe
COVID-19 (0.1%) in Ubuntu is still notable considering
enrolment was exclusively among individuals at risk for
severe disease. Over 75% of infections in PLWH were
asymptomatic and detected via scheduled swabbing,
indicating the inadequacy of symptom-driven testing.
While the reduced disease from omicron has clear
public health benefit, the high proportion of subclinical
omicron infections presents a challenge for surveillance
and promotes inadvertent transmission.

We found that SARS-CoV-2 persistence was associ-
ated with 2.5% of omicron infections among PLWH,
and this rose to 3.5-4.7% among those with HIV
viraemia, low CD4 counts, or a history of tuberculosis.
Whether this persistent NAAT positivity is associated
with replication-competent, transmissible virus or
mutational changes remains unclear. However, prior
studies have suggested that long-term viral shedding
may be infectious** and linked to intra-host mutations
associated with new variants of concern.”** Genomic
sequencing of sequential isolates from our study is
ongoing.

Our study had several strengths. Ubuntu is one of
the largest prospective studies of a COVID-19 vaccine
conducted exclusively in Africa. It uniquely enrolled a
diverse population of predominantly PLWH, including
pregnant individuals and those with low CD4 counts
and HIV viraemia. Furthermore, it is among the largest
studies investigating COVID-19 mRNA vaccines during
the omicron outbreak and one of the few to compare
hybrid immunity with vaccine immunity. Our findings
on hybrid immunity are robust, supported by multiple
analytic approaches, and remained consistent even
when more restrictive criteria for COVID-19 endpoints
were applied.

The study had some limitations. First, as noted
earlier, the timing of the study precluded us from
including an unvaccinated comparator group for ethical
reasons. Therefore, it is challenging to infer how much
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HIV+, SARS2+, 1d 5 601 0.83 (0.36, 1.93)
HIV+, SARS2+, 2d 11 334 3.29 (1.85,5.80)
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Fig. 5: Persistent SARS-CoV-2 infections. Panel A shows the 22 participants who experienced persistent NAAT positivity for >50 days. Panel B
shows the number and frequencies of persistent NAAT positivity (>50 days) and total number of NAAT positive results by analysis group.
NAAT, nucleic acid amplification test. SARS2, SARS-CoV-2. 1d, one vaccine dose. 2d, two vaccine doses.

vaccination contributed to either hybrid or vaccine
immunity. Second, we enrolled a higher proportion of
females than males. This is partly explained by the
higher prevalence of HIV among women in our study
settings. Third, the timing and lineages of prior in-
fections, and the resulting quantitative SARS-CoV-2
antibody levels at enrolment, were unknown, so we
were unable to assess if these factors influenced im-
munity and the differences in efficacy. Fourth, our study
investigated the effect of hybrid immunity with mRNA-
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1273 vaccination; whether other COVID-19 vaccines,
e.g., vector-based vaccines, have the same effect is not
clear. Lastly, given that participants were designated to
study groups rather than randomly assigned, the usual
biases inherent in observational research—such as
partial confounding and survival bias—may unduly
complicate any causal interpretation.

In conclusion, we found that overall hybrid immu-
nity was associated with a significantly lower risk of
COVID-19 compared to vaccine immunity in a diverse
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population of PLWH vaccinated with mRNA-1273,
although this benefit was not maintained among those
with poorly controlled HIV. The vaccines were safe and
well tolerated. Most infections in Ubuntu were sub-
clinical, reflecting the lower disease burden with omi-
cron and reinforcing the need for proactive surveillance
strategies. Finally, we identified a subpopulation with
persistent SARS-CoV-2 shedding, especially among
participants with poorly controlled HIV. Given the sig-
nificant global population of individuals with uncon-
trolled HIV who may act as a reservoir for emerging
variants, it is imperative to reinforce HIV care, continue
developing next-generation COVID-19 vaccines, and
further study prolonged SARS-CoV-2 infections.
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