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SUMMARY

SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) causing COVID-19 (coronavirus disease
2019) poses a greater health risk to immunocompromized individuals including people living with HIV
(PLWH). However, most studies on PLWH have been conducted in higher-income countries. We investi-
gated the post-vaccination antibody responses of PLWH in Rwanda by collecting peripheral blood from
participants after receiving a second or third COVID-19 vaccine. Virus-binding antibodies as well as anti-
body neutralization ability against all major SARS-CoV-2 variants of concernwere analyzed.We found that
people with high HIV viral loads and two COVID-19 vaccine doses had lower levels of binding antibodies
that were less virus neutralizing and less cross-reactive compared to control groups. A third vaccination
increased neutralizing antibody titers. Our data suggest that people with high HIV viral loads require a
third dose of vaccine to neutralize SARS-CoV-2 virus and new variants as they emerge.

INTRODUCTION

The COVID-19 (coronavirus disease 2019) pandemic caused by SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) is the largest

public health crisis in modern history. Risk factors for severe COVID-19 include age as well as immunodeficiencies such as HIV.1 To initiate

infection, coronaviruses use a spike (S) protein to gain entry into host cells,2 and following infection, the host elicits antibodies to the S protein

for virus neutralization and subsequent protection. The S protein is therefore a common target for vaccine development. Amongpeople living

with HIV (PLWH), routine vaccination is associatedwith suboptimal neutralizing antibody responses.3 Following the rapid deployment of novel

COVID-19 vaccines, there has been limited immunogenicity data specific to PLWH. While some studies have suggested reduced antibody

levels and durability with more PLWH experiencing a hyporesponse to COVID-19 vaccination,4–6 other studies report normal responses.7

Third doses of COVID-19 vaccines have shown to be beneficial to immunocompromized groups such as transplantation recipients and

also to PLWH hyporesponders.8–11

The COVID-19 pandemic experiences and responses per country have not been uniform worldwide. Each jurisdiction had region-specific

case fatality rates, differing public health restrictions, as well as non-universal access to COVID-19-related health care, diagnostics, and vac-

cines.12 Within African nations, as elsewhere if not more so, it is suspected that asymptomatic/mild cases of COVID-19 have been significantly

under-reported.12 Rwanda had a more proactive response, as a total lockdown was imposed on 22 March 2020.13 However, the COVID-19

testing rate in Rwandawas still belowwestern countries, such as theUS, with 1 per 100,000 versus 15.4 per 100,000 people tested daily, respec-

tively, during peak pandemic periods.12 Despite the COVAX (COVID-19 Vaccine Global Access) program, COVID-19 vaccines were also de-

ployed later and slower in continental Africa.14,15 It was estimated in October 2022 that over 9 million people in Rwanda had at least one dose

of a COVID-19 vaccine. At this timewe know very little about theCOVID-19 vaccine responses in PLWH in continental Africa sincemost studies
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have been conducted in higher-income countries.4,8,10,16,17 Additional health challenges, such as malnutrition and parasitic infections,

affecting people in LMICs (low- and middle-income countries) are known to significantly influence vaccine responses.12,18,19 Therefore,

COVID-19 vaccine studies conducted in North America and Europe may not represent the global needs of PLWH.

To address this research priority, we established a cohort of people in Rwanda living with high and low HIV viral loads (VLs) to evaluate

plasma antibody levels and neutralization to variants of concern (VOCs) including original SARS-CoV-2 lineage B (ancestral), B.1.1.7 (Alpha),

B.1.351 (Beta), B.1.617 (Delta), and BA.1.18 (or BA.1) (Omicron) following a second or third dose of mRNA or adenoviral vectored COVID-19

vaccine. Due to the organization with the health care system and vaccine rollout program, Rwanda was an ideal choice for conducting a vac-

cine study.

Research in context

Evidence before this study

Understanding the COVID-19 situation in African countries has been less straightforward due to the lack of COVID-19 tests, organized case

reporting, and variant characterization. The effectiveness of third COVID-19 vaccine doses has been demonstrated in healthy adults, older

individuals, and some immunocompromized populations; however, in PLWH, especially those in LMICs, responses to a third vaccine dose

remain poorly understood. Our PubMed search of COVID-19 vaccination and HIV-positive people identified studies performed in higher-in-

come countries such as Canada, Germany, Italy, and the Netherlands, with only one such study fromAfrica. The published studies, in general,

undertook minimal investigation of the virus neutralization capacity of COVID-19 vaccine-induced antibodies among PLWH and none used

live SARS-CoV-2 virus or VOCs in their assessments.

Added value of this study

Most PLWH globally reside in sub-Saharan Africa where there are unique health challenges such as access to medical care, malnourishment,

and co-infections with parasites that do not pose risks in other areas. Here we analyzed the antibody responses elicited after mRNA and/or

viral vectored COVID-19 vaccination in 2021–2022 among Rwandans with high and low HIV VL) during 2021–2022. We found that PLWH with

high VL had significantly lower neutralizing antibody titers after a primary series of COVID-19 vaccinations compared to those with low VL that

received two doses.We also found that these antibodies were not as broadly neutralizing against VOCs suggesting these peoplemay be less

protected against new variants. Our data are more representative of the immunity status of PLWH in Rwanda than studies performed in

higher-income nations.

Implications of all the available evidence

Our findings demonstrate that after twoCOVID-19 vaccine doses, PLWHwith high VL have decreased virus neutralizing antibody titers against

both the ancestral SARS-CoV-2 virus as well as VOCs. These data suggest reduced protection against COVID-19 and emerging variants

among PLWH with high versus low or no detectable HIV VL. Neutralizing antibody titers were significantly increased with a third dose, rein-

forcing that PLWH with high VL require at least three COVID-19 vaccine doses and should be prioritized during booster dose campaigns.

Better reflecting the community of PLWH in low-income nations and within sub-Saharan Africa, our findings have significant global

implications for health equity, public health policy, and vaccine prioritization.

RESULTS

Participant profiles

In total, 91 participants were vaccinated either 2 times (2x) or 3 times (3x) (Table 1; Figure 1). Volunteers were categorized as HIV negative, high

HIV VL (>1,000 copies/mL), or low HIV VL (%1,000 copies/mL). First and second vaccine doses were either mRNA (Pfizer-BioNTech Comirnaty

orModerna Spikevax) or viral vector (AstraZeneca Vaxzevria), or mixed. All third doses weremRNA vaccines.More than half of the participants

were female, and the average age per group was between 35 and 47. Participants reported low percentages of comorbidities. Differences

were detected between themedian interval between doses and themedian time from the last dose to blood collection among some groups.

People living with high HIV VL and two doses of COVID-19 vaccines had lower SARS-CoV-2 binding antibodies

Immunoglobulin G (IgG) antibody levels were assessed and the geometric mean titer (GMT) was determined in the plasma of participants

against the S1 subunit, the receptor binding domain (RBD), and the N protein of the SARS-CoV-2 virus using ELISA (Figures 2A–2C). The co-

ronavirus spike (S) protein is composed of two subunits, the S1 and S2, and is responsible for virus entry into the cell.20 Within the S1 domain,

the RBD is where binding directly occurs between the virus and the host cell receptor angiotensin-converting enzyme 2 (ACE2). Antibodies

that specifically bind RBD are often correlatedwith virus neutralization while antibodies that bind other domains within the S1 such as theNTD

(N Terminal Domain) are less likely to block virus entry.20 Therefore, we assessed both the cumulative antibodies elicited toward the entire S1

molecule and then those specific to the RBD in an effort to determine if any group had a skewed response where antibodies were directed

away from the RBD. The control group (HIV� 2x) had a GMT of 17,021 for S1 binding antibodies, while the HIVHigh 2x group had lower S1

binding antibodies (GMT of 7,672) although not statistically significant. The HIVLow 2x group had statistically higher S1 titers at 23,502 than

the HIVHigh 2x at 7,672 (Figure 2A). Both of the HIVHigh 3x andHIV lowHIVLow 3x had significantly higher S1 antibody titers than their respective

groups that had only 2 doses. Similar trends were observed for RBD antibody titers (Figure 2B). Antibodies binding the N protein were
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Table 1. Characteristics of study participants

All participants

(N = 90)

HIV-negative

(N = 17)

HIV-positive, overall

(N = 73)

HIVHigh Viral Load

(N = 34)

HIVLow Viral Load

(N = 39)

Two-dose

(N = 17)

Two-dose

(N = 42)

Three-dose

(N = 31)

Two-dose

(N = 20)

Three-dose

(N = 14)

Two-dose

(N = 22)

Three-dose

(N = 17)

Female Sex, n (%) 62 (69) 12 (71) 32 (76) 18 (58) 18 (90) 7 (50) 14 (64) 11 (65)

Age (years)

19-35, n (%) 38 (42) 12 (71) 22 (52) 4 (13) 12 (60) 2 (14) 10 (45) 2 (12)

36-49, n (%) 32 (36) 4 (24) 16 (38) 12 (39) 5 (25) 7 (50) 11 (50) 5 (29)

50-64, n (%) 20 (22) 1 (6) 4 (10) 15 (48) 3 (15) 5 (36) 1 (5) 10 (59)

Median (IQR) 39 (30–47) 29 (23–37) 35 (30–42) 49 (41–53) 34 (29–39) 44 (40–52) 39 (30–42) 50 (42–53)

Range 24–64 20–53 23–59 24–64 23–59 34–61 24–54 24–64

Education status

No formal education,

n (%)

11 (12) 2 (71) 5 (12) 4 (13) 2 (10) 2 (14) 3 (14) 2 (12)

Primary school, n (%) 47 (52) 8 (47) 26 (62) 13 (42) 12 (60) 7 (50) 14 (63) 6 (35)

Secondary school, n (%) 23 (26) 6 (35) 9 (21) 8 (26) 6 (30) 2 (14) 3 (14) 6 (35)

Post-secondary, n (%) 9 (10) 1 (6) 2 (5) 6 (19) 0 (0) 3 (21) 2 (9) 3 (18)

Doses one and two, COVID-19 vaccination

mRNA, n (%) 64 (71) 16 (94) 38 (90) 10 (32) 17 (85) 5 (36) 21 (95) 5 (29)

AstraZeneca, n (%) 22 (25) 0 (0) 2 (5) 20 (65) 2 (10) 9 (64) 0 (0) 11 (65)

Mixed mRNA/

AstraZeneca, n (%)

4 (4) 1 (6) 2 (5) 1 (3) 1 (5) 0 (0) 1 (5) 1 (6)

Interval doses one and

two, Median (IQR) (days)

28 (22–75) 23 (21–68) 25 (22–36) 75 (28–77) 31 (23–67) 74 (23–76) 22 (21–27) 76 (29–78)

Interval doses one and

two, Range (days)

16–280 18–87 16–243 21–280 22–243 21–93 16–71 21–280

Interval doses two and three, COVID-19 vaccination (all third doses mRNA)

Median (IQR) (days) 189 (169–203) NA NA 189 (169–204) NA 197 (146–204) NA 185 (183–203)

Range (days) 12–244 NA NA 12–244 NA 79–236 NA 12–244

Time from last vaccine dose to blood draw

Median (IQR) (days) 53 (37–105) 101 (54–105) 102 (53–110) 26 (16–38) 75 (50–105) 16 (14–26) 106 (79–111) 38 (25–38)

Range (days) 11–222 21–112 17–222 11–67 17–222 13–34 37–125 11–67

Duration of HIV infection (years)

<10, n (%) NA NA 25 (60) 11 (35) 12 (60) 7 (50) 13 (59) 4 (24)

10-19, n (%) NA NA 15 (36) 17 (55) 6 (30) 7 (50) 9 (41) 10 (59)

20+, n (%) NA NA 2 (5) 3 (10) 2 (10) 0 (0) 0 (0) 3 (18)

Antiviral (ART) regimen

First-line, n (%) NA NA 39 (93) 24 (77) 17 (85) 10 (71) 22 (100) 14 (82)

Second-line, n (%) NA NA 3 (7) 6 (19) 3 (15) 4 (29) 0 (0) 2 (12)

Third-line, n (%) NA NA 0 (0) 1 (3) 0 (0) 0 (0) 0 (0) 1 (6)

Duration of ART regimen (years)

<10, n (%) NA NA 27 (64) 13 (42) 13 (65) 8 (57) 14 (64) 5 (29)

10-19, n (%) NA NA 14 (33) 17 (55) 6 (30) 6 (43) 8 (36) 11 (65)

20+, n (%) NA NA 1 (2) 1 (3) 1 (5) 0 (0) 0 (0) 1 (6)

Most recent CD4 T cell count among HIV-positive participants with available counts

<200 copies/uL, n/N (%) NA NA 7/40 (17) 2/28 (7) 6/18 (33) 2/11 (18) 1/22 (5) 0/17 (0)

R200 copies/uL, n/N (%) NA NA 33/40 (83) 26/28 (93) 12/18 (67) 9/11 (82) 21/22 (95) 17/17 (100)
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assessed to determine previous exposure to SARS-CoV-2, and minimal variation was seen among the groups with only statistical differences

between HIVHigh 2x and HIVLow 2x groups (Figure 2C).

Antibody virus neutralization and cross-neutralization were improved in PLWH with a third vaccine dose

The ability of antibodies to neutralize the SARS-CoV-2 virus has been directly linked to protection from COVID-19; however, only a few

studies of HIV-positive vaccinated individuals have directly evaluated the ability of COVID-19 vaccine-elicited antibodies in PLWH to

neutralize SARS-CoV-2.21 We performed neutralization assays against ancestral SARS-CoV-2 as well as the VOCs Alpha, Beta, Delta,

and Omicron. Titers per group were graphed, and the GMT of each group was noted. Moreover, each group was graphed per variant

across groups or each group across the variants in Figure 3, (see also Figure S1) and Figure 4, respectively. When comparing the neutral-

ization titers across the groups for the ancestral virus (Figure 3A), the triple vaccinated groups had the highest virus neutralization titers.

The GMTs were 320 for the HIV� 2x group and 807 and 1,002 for HIVhigh 3x and HIVlow 3x, respectively (Figure 3A). The titers of the groups

that received 3 vaccine doses were also statistically increased compared to the groups that only received 2 doses. Moreover, the titers for

HIVHigh 2x and HIVLow 2x groups were close or below those of the control group. Similar trends were found when analyzing across

the groups for the other variants, where PLWH receiving 3 doses of COVID-19 vaccines had titers statistically above the groups of

PLWH that only received 2 doses. The HIVLow 2x vaccinated group had levels of neutralizing titers similar to the control group for variants

Alpha, Beta, Delta, and Omicron with titers of 113, 193, 141, and 84, respectively. In comparison, the HIVHigh 2x group had very low GMTs

of 78, 50, 85, and 8 for the Alpha, Beta, Delta, and Omicron, respectively. We also found more low responders (participants with titers at

1:80 or below) in the HIVHigh 2x group compared to other groups (Table 2). These results suggest that the control of HIV VL is important for

antibody responses to COVID-19 vaccination and that a third vaccine dose can improve neutralizing antibody titers regardless of HIV VL

levels.

Next, the neutralization titers of each group were graphed to compare across variants to visualize how cross-reactive antibodies were

per group (Figure 4). Trend lines marked the same sample across the variant neutralization evaluations (Figure 4A [HIV� 2x], B [HIVHigh

2x], C [HIVLow 2x], D [HIVHigh 3x], and E [HIVLow 3x]). All groups showed statistical decreases of the neutralizing ability when comparing

neutralization of the ancestral virus to the VOCs with antibody titers against Omicron being the lowest. Statistical differences between

titers for the ancestral and Omicron virus were noted for each group. Some differences were also detected for variants such as neutral-

ization of the Beta variant which was statistically lower than that of the ancestral virus for the HIV� 2x and HIVHigh 2x groups. Taken

together, this analysis suggests that 3 doses of COVID-19 vaccines increase neutralizing antibody titers for VOCs in people with

high HIV VL.

COVID-19 vaccination type and antibody responses in PLWH

It has been noted that virus neutralization ability of antibodies after COVID-19 vaccination may be dependent on the vaccine platform

used for immunization;22 however, the comparative responses of PLWH have not been thoroughly investigated. We compared the virus

neutralization antibody titers against the ancestral virus per participant group per vaccine platform (Figure 5). All participants in the

HIV� 2x, HIVHigh 2x, and HIVLow 2x groups had two doses of COVID-19 vaccines with the mRNA platform with the exception of one

Figure 1. Study participant profile

91 participants were recruited for sample collection including 17 HIV� and 73 PLWH. PLWH were further defined as having high or low HIV viral loads at >1,000

copies/mL or %1000 copies/mL, respectively. HIV� individuals received 2 doses of a COVID-19 while PLWH received either 2 or 3 doses.
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individual in each group who received an mRNA and a viral vector dose (mixed) and two people who had two viral vector doses in the

HIVHigh 2x group. All third doses were with an mRNA vaccine. GMTs for 2 doses of mRNA vaccines were 293, 194, and 408, for the HIV�,
HIVHigh 2x, and HIVLow 2x groups, respectively. The participant with mixed vaccine regimes in the HIV� group had a robust titer of 1,280,

while the participants in the HIV+ 2x vaccinated groups had much lower neutralization titers of 80 (HIVHigh 2x) and 20 (HIVLow 2x). In the

HIVHigh 3x group, the subgroup that received an mRNA primary series had markedly lower neutralizations titers than the participants

that received a viral vector primary series. Conversely, all participants in the HIVlow 3x group had similar GMTs regardless of initial vacci-

nation series. While the differences observed between vaccine regimes in the 3x groups were not significant, this analysis indicated that

participants with high HIV VL who received a viral vector COVID-19 primary vaccine series followed by an mRNA boost had higher levels

of neutralizing antibodies.

Figure 2. Participants with highHIV viral loads and twodoses of COVID-19 vaccine have lower antibodies to the receptor binding domain (RBD) of the S

protein

Plasma IgG antibody levels were determined against the SARS-CoV-2 S1 domain of the S protein (A), the RBD of the S protein (B), and the N protein (C) by ELISA.

Blood samples were collected from 4 groups that had received COVID-19 vaccines: HIV� 2x (control), HIVHigh 2x, HIVHigh 3x, HIVLow 2x, and HIVLow 3x. Plasma was

isolated and used for direct ELISA against proteins or domains of SARS-CoV-2. High HIV viral load is equivalent to >1,000 copies/mL and Low viral load is

equivalent to %1,000 copies/mL. LOD = Limit of Detection. The calculated geometric mean titer (GMT) for each group is indicated above and by the thick

line in each column. Statistical differences between groups were determined by Mann-Whitney U test. ns represents p > 0.05; * represents p % 0.05;

** represents p % 0.01; *** represents p % 0.001; **** represents p % 0.0001.
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Figure 3. Participants with high HIV viral loads and 3 doses of COVID-19 vaccines have similar neutralizing antibody levels to those with controlled HIV

and 3 doses

(A–E) Neutralizing antibodies to SARS-CoV-2 and variants of concern (original B-lineage, Alpha, Beta, Delta, and Omicron) were determined by

microneutralization assay. The data from each group were analyzed against the other groups per variant original B-lineage (A), Alpha (B), Beta (C), Delta (D),

and Omicron (E) to determine statistical differences between the study groups. The violin graphs show the median and quartiles. High HIV viral load is

equivalent to >1,000 copies/mL and Low viral load is equivalent to %1,000 copies/mL. Statistical differences between groups were determined by Mann-

Whitney U test. ns represents p > 0.05; * represents p% 0.05; ** represents p% 0.01; *** represents p% 0.001; **** represents p% 0.0001 (See also Figure S1).
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DISCUSSION

Here we investigated the humoral responses to COVID-19 vaccination in response in people living with high and low HIV VL living in Rwanda.

We found significant difference in binding antibodies as well as virus neutralizing antibodies after COVID-19 vaccination among our groups.

Importantly, PLWH with high VL that received a third COVID-19 vaccine dose had significantly higher virus neutralizing antibody levels

compared to those that only received two doses. Moreover, those with high HIV VL and only two doses of COVID-19 vaccines had extremely

low cross-neutralizing antibodies toward theOmicron variant suggesting these participants are unprotected from antigenically distinct SARS-

CoV-2 variants. Our study is the first study of which we are aware to investigate the virus neutralizing capacity of COVID-19 vaccine-elicited

antibodies in PLWH from sub-Saharan Africa using live virus and all the major VOCs. Considering the essential role T cells play in both coor-

dinating the humoral response to vaccination as well as in cell-mediated immunity for viral clearance,23 we found a trend where people with

higher VL had higher CD4 counts, but follow-up studies should investigate further the T cell responses in PLWH in sub-Saharan Africa among

more participants.

Few studies of COVID-19 vaccine responses in PLWH have been conducted with most studies focused on people living in European and

North American countries.4,6–8,10,16,17,24–27 We found only one report, a clinical trial conducted in South Africa, from continental Africa.17

Moreover, the majority of published studies were designed to compare antibody responses following COVID-19 vaccination in people

who had not previously had a COVID-19 experience thus allowing a straightforward and uncomplicated analysis. In our study, we found

that participants had evidence of a previous COVID-19 experience due to the positive anti-N ELISA results for each person. These findings

could possibly be due to participants being unaware they had a SARS-CoV-2 infection as COVID-19 testingwas infrequent. Additionally, since

the samples were collected in 2022, there was ample time for the individuals to be infected prior to study enrollment throughout 2020 and

2021. Similarly, a 2020 ChAdOx1 nCoV-19 (AZD1222) vaccine clinical trial conducted early in the pandemic (2020) in South Africa found 31% of

participants were previously infected with SARS-CoV-2.17 Although controlling the participant groups for previous exposure to SARS-CoV-2

would improve the stratification of immune responses, our findings are representative of the actual immunity in the community in Rwanda

which is an important comparison to data acquired from North American and European studies.

COVID-19 primary series vaccine studies conducted in COVID-19-naive PLWH have identified more non-responders and more hypores-

ponsive individuals compared to control groups with respect to antibody titers.16 Further investigation of initial hyporesponders has shown

increases in antibody titers after a third vaccine dose was given.8 We foundmore hyporesponders in our group of people living with high HIV

VL after 2 vaccine doses, although the sample size is small to draw definitive conclusions. However, since we have evidence that our partic-

ipants were previously exposed to the virus due to detectable N antibody titers, it was surprising that the virus neutralization antibody levels

were not higher since hybrid immunity has been shown to inducemore robust antibody responses in healthy adults.28 Hybrid immunity is also

associated with antibodies that have increased cross-neutralizing capacity,29 but we found most participants in the HIVHigh 2x group to have

undetectable neutralization titers against Omicron. Titers were restored in those that had received a third dose. These results were similar to

finding of adults living with and without HIV in European and North American countries.4,8,11,16 Interestingly, a study from Italy investigating

the effect of a bivalent (BA.4/5 and ancestral) booster dose in PLWHwho had previously been infectedwith SARS-CoV-2 found increased virus

cross-neutralizing antibody titers suggesting that the decreased antibody breadth which we found even in those with hybrid immunity can be

overcome with a bivalent vaccine dose.27 Time since COVID-19 experience is most likely important for understanding the effects of hybrid

immunity of antibody titers. In our study we do not know how long prior infection may have occurred, and the sera were drawn from among

our two-dose participants (HIV-negative or HIV-positive) much longer after their last dose (�100 days) than amongour three-dose participants

(�30 days). Therefore, the time since the COVID-19 experience may have influenced our results, which is a limitation of our study.

Vulnerable populations have been prioritized for COVID-19 vaccination, both in primary series and for follow-up booster vaccinations, as

they have historically had suboptimal responses following vaccination for diseases such as influenza.3,30–32 These groups include those of

older age, people living with immunosuppressive conditions including HIV, and those on immunosuppressant therapies for conditions

such as rheumatoid arthritis (RA), solid organ transplantation recipients, and cancer patients. Although, these groups are at greater risk

for severe disease following viral infection and therefore vaccination is critically important, the responses to COVID-19 vaccination have

been understudied across all groups and not just in those living with HIV. Recently published studies have found similar trends as those

emerging for vaccine responses in PLWH. Specifically, booster or third doses of COVID-19 vaccines in people living with multiple sclerosis

(MS) and people with RA increased antibody levels to levels more similar to healthy controls, similar to what we have reported in our study

as well as in other studies in PLWH.33,34 In MS patients, the elicitation of antibodies was dependent on specific MS immunosuppressive treat-

ment where individuals who received ocrelizumab did not have a similar increase in antibodies.33 Interestingly, in theMS and RA studies, T cell

responses were investigated and indicated that these vulnerable groups had reduced T cell activation profiles after S protein stimulation char-

acterized by impaired interleukin-2 (IL-2) responses. Another study investigating vaccine responses in liver transplantation recipients found

that recipients were capable of eliciting both humoral and cell-mediated immunity after a two-dose vaccine regime but that responses

Figure 4. Participants with high HIV viral loads and only two doses of COVID-19 vaccine have low cross-neutralizing antibodies

(A–E) Neutralizing antibodies to SARS-CoV-2 original B-lineage virus and variants of concern Alpha, Beta, Delta, and Omicron were determined by

microneutralization assay. Data were then analyzed by each experimental study group across the viruses: HIV� 2x (control) (A), HIVHigh 2x (B), HIVLow 2x (C),

HIVHigh 3x (D), and HIVLow 3x (E). The violin graphs show the median and quartiles. Scatterplots joining samples across assays are shown. The GMT for each

assay for each group is indicated numerically and on the graph. High HIV viral load is equivalent to >1,000 copies/mL and Low viral load is equivalent to %

1,000 copies/mL. Statistical differences between virus assays for each group were determined by Mann-Whitney U test. ns represents p > 0.05; * represents p

% 0.05; ** represents p % 0.01; *** represents p % 0.001; **** represents p % 0.0001.
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were also dictated by immunosuppressive therapy as well as time since transplantation.35 Specifically, those on mycophenolate mofetil had

reduced responses which have been suggested in other vaccine studies to be due to lower IL-4+CD4+ T cell numbers and reduced B cell

activation.36 In our study, we did not assess the T cell arm of the adaptive immune response; therefore we cannot make direct comparisons

to these investigations. As impaired IL-2 responses were common for people with RA and MS, future work with PLWH from Rwanda should

determine if IL-2 responses are different following COVID-19 vaccination in PLWH who have high and low VLs. Overall, understanding how

each vulnerable group and any associated treatments impact COVID-19 vaccine responses will be valuable in implementing public health

vaccine policy as well as determining vaccine mechanisms associated with protection.

Limitations of our study include the absence of PLWH who have not been infected with SARS-CoV-2 but have been vaccinated. Although

this limits the interpretation of our study, we feel the data are more representative of the immunity within the HIV community in Rwanda. Also,

in this study we focused on the humoral responses and did not investigate the cellular phenotypes or the CD4+ or CD8+ T cell compartments

as done in some other studies.6 We used convenience sampling which led to variation in the timing of blood collection and time since a

COVID-19 experience which may influence our immunogenicity observations; however, knowing stability of antibody levels after boost to

4 months post-vaccination supports our study design. It is important to note the importance of T cell responses that are mounted after vacci-

nation which aid in protection.23 Robust T cell responses have been associated with mild COVID-19 disease as CD4+ T cells are essential for

effective antibody responses and CD8+ T cell response helps clear infected cells.23 Following SARS-CoV-2 infection, some studies have indi-

cated that T cell responses are more stable in healthy individuals than humoral immunity and antibody levels. Although the importance of

T cell immunity is understood during viral infection, it is understudied in vaccine research and little is known about how T cell immunity is

regulated in vulnerable populations after vaccination.23 As we were focused on the antibody responses which were also acquired through

easier sampling methods in Rwanda due to resource limitations, our study did not address cell-mediated immunity. Although we analyzed

CD4 counts in our participants, we did not investigate T cell activation, T cell subsets, and SARs-CoV-2-specific responses. Follow-up studies

should address this knowledge gap for PLWH in LMICs such as Rwanda as insights may aid in the development of more effective vaccines or

Figure 5. Neutralizing antibody titers to SARS-CoV-2 original B-lineage for each participant study group were analyzed by vaccine platform

Microneutralization assays were performed as previously described against the original B-lineage virus. Data were plotted per study group and further stratified

by vaccine regime: 2 doses of mRNA, 2 doses of AstraZeneca, or mixed vaccine doses. All participants that were vaccinated 3 times received anmRNA vaccine as

the third dose. GMT for each vaccine regime within each group is indicated. The number of participants per vaccine regime per group is also indicated.

Table 2. Study participants classified as low vaccine responders

Study group

Wuhan Alpha Beta Delta Omicron

Participant number, n (row %) with neutralizing GMT %1:80

HIV� 2x (N = 17) 1 (6) 4 (24) 5 (29) 3 (18) 11 (65)

HIVHigh 2x (N = 20) 6 (30) 11 (55) 13 (65) 8 (40) 20 (100)

HIVLow 2x (N = 22) 2 (9) 11 (50) 7 (32) 10 (45) 10 (45)

HIVHigh 3x (N = 14) 2 (14) 3 (21) 3 (21) 2 (14) 6 (43)

HIVLow 3x (N = 17) 0 (0) 2 (12) 0 (0) 1 (6) 5 (29)
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vaccination strategies. The vaccinations received by participants in this study were comprised of a primary series of mRNA, viral vector, or

mixed doses of the two. Our study was limited in its ability to perform a robust statistical analysis of the different vaccine regimes by the

low number of participants within each regime received. Participants receiving only 2x vaccines predominantly received two doses of

mRNA vaccines which did not allow for any statistical analysis to be performed. Within the cohort of participants that received 3x vaccines,

a non-parametric Wilcoxon Mann-Whitney test determined that there was no significant difference between participants that received the

mRNA or viral vector primary series of vaccines in either the HIVhigh or HIVlow groups. Although the low number of participants in this study

limited the statistical analysis, the outcome of different vaccine types on the immune status of PLWH is an important question that should be

addressed in future studies. Finally, our study employed a cross-sectional design and the participants who had two doses were not followed

for their third dose, thereby limiting our understanding of the direct effects of a third dose. Further evaluationwith larger sample size to stratify

the data further would be an important future objective; however, considering the progression of the COVID-19 pandemic, circulating var-

iants, and additional vaccine doses, it may not be possible to recruit more participants.

Taken together, our data give geographically specific information on the COVID-19 vaccine responses of people living with high and low

HIV VL during an on-going pandemic in Rwanda. We have specifically shown that two doses of COVID-19 vaccines would be insufficient to

induce high levels of virus neutralizing and cross-neutralizing antibodies, with these improved in all groups who received a third dose. Addi-

tionally, immunocompromized individuals, including those with HIV, have an increased tendency to harbor SARS-CoV-2 new variants during a

SARS-CoV-2 infection.37–39 It has been postulated that new variants such as Omicron may have emerged from those who are immuno-

compromized due to the continued viral replication leading to mutations within the virus which can occur when the immune response is

not robust.39 Therefore, our data suggest that a third or additional vaccine dose/s may be important for controlling SARS-CoV-2 infection,

viral mutations, and the emergence of new SARS-CoV-2 variants. Taken together, the results from our study are important for maintaining

public health as well as implementing public health guidance and policies.

Limitations of the study

Limitations of our study include the absence of PLWH who have not been infected with SARS-CoV-2 but have been vaccinated. Therefore, in

our population the robustness of the vaccine responses in naive PLWH is unclear which would have been useful to compare to thosewho have

also had COVID-19. Also, our study did not address cell-mediated immunity as we were focused on the antibody responses. In addition, we

were unable to perform a robust statistical analysis of the different vaccine regimes due to the low number of participants within each regime

received. This would be important to follow up as understanding what vaccine platform is the most effective in PLWH would be an essential

step forward in designing optimal vaccines for this population. Finally, our study employed a cross-sectional design and the participants who

had two doses were not followed for their third dose, thereby limiting our understanding of the direct effects of a third dose.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Alyson Kelvin

(Alyson.kelvin@usask.ca). Sharing of reagents may require MTA agreements.

Materials availability

This study did not generate any unique reagents.

Data and code availability

� All study data are available from the lead contact (Alyson.kelvin@usask.ca) upon reasonable request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study participant Recruitment

In total, 91 participants living in Rwanda between the ages of 18 and 65 were recruited between December 31, 2021 and April 4, 2022. Par-

ticipants that were either HIV negative or positive and had had either two or three Covid19 vaccinations were recruited. All study categories

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-human IgG-HRP Jackson ImmunoResearch Laboratories Inc. 109-035-088; RRID: AB_2337584

Bacterial and virus strains

SARS-CoV-2 isolate/Canada/ON/

VIDO-01/2020 (ancestral)

VIDO20, Saskatoon, SK GISAID–EPI_ISL_425177

SARS-CoV-2 Alpha variant Alberta Health GenBank no. OQ781006

SARS-CoV-2 Beta variant Roy Romanow Provincial Laboratory Bioproject No. SAMN24618764

SARS-CoV-2 Delta variant National Microbiology Laboratory NCBI Bioproject No. SAMN24618763

SARS-CoV-2 Omicron variant (lineage BA.1.19) BC CDC GISAID Accession: EPI_ISL_7370259

Biological samples

Plasma isolated from peripheral blood National Reference Laboratory,

Kigali, Rwanda

N/A

Chemicals, peptides, and recombinant proteins

SARS-CoV-2 S1 subunit peptide Sino Biological 40591-V08H

SARS-CoV-2 RBD peptide Sino Biological 40592-V08H

SARS-CoV-2 N peptide Abeomics 21–1003

Deposited data

Raw and analyzed data This paper N/A

Experimental models: Cell lines

African green monkey: Vero cell line ATCC CCL-81; RRID:CVCL_0059

Software and algorithms

GraphPad Prism8 Dotmatics, San Diego, USA RRID:SCR_002798; https://www.graphpad.com/features

BioRender 2023 BioRender www.biorender.com

Other

96 well microtiter plates, Immulon 2HB ThermoFisher Scientific Part# 3655
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contained both female and male participants from diverse educational backgrounds with the majority of the participants being female (62%)

and having completed primary school education (52%). One participant was excluded from the study due to insufficient information on vacci-

nation and HIV status being provided by the participant. Detailed characteristics of the study participants can be found in Table 1, in the

Participant Categories section in method details and under the Participant Profiles heading in the Results section.

Ethics Statement

Ethics approval was obtained from the RwandaNational Ethics Committee (RNEC) (Reference number. No.832/RNEC/2021), authorized from

the Ministry of Health, and registered as a study in the Rwanda national health research registry. All participants provided informed consent,

were assigned a research code, and data was confidential. Secondary use of samples was conducted in accordance with Biomedical Research

Ethics Board (Bio-REB) at the University of Saskatchewan under the protocol ID#2387.

METHOD DETAILS

Participant Categories

Volunteers were categorized as HIV negative, high HIV VL (>1000 copies/mL), or low HIV VL (%1000 copies/mL). The following study

groups were defined by HIV and COVID-19 vaccine status, respectively: (a) high VL, twice-vaccinated (HIVHigh 2x); (b) high VL, thrice-vacci-

nated (HIVHigh 3x); (c) low VL, twice-vaccinated (HIVLow 2x); (d) low VL, thrice-vaccinated (HIVLow 3x) and (e) HIV-negative, twice-vaccinated

(HIV- 2x) (Figure 1; Table 1). Participants completed a questionnaire to provide anonymized information and samples were collected 2 weeks

to 4 months following the participant’s last vaccination event. Efforts were made to recruit participants without a history of COVID-19; how-

ever, many participants were suspected to have a history of COVID-19 due to positive SARS-CoV-2 S or N ELISAs.

SARS-CoV-2 viruses and variants

SARS-CoV-2 isolate /Canada/ON/VIDO-01/2020 was used as a representative for the original Wuhan virus B-lineage40 (GISAID–

EPI_ISL_425177) (ancestral). SARS-CoV-2 variants Alpha (Genbank no. OQ781006) and Beta (Bioproject No. SAMN24618764) were obtained

from the Alberta Health and Roy Romanow Provincial Laboratory, respectively. Delta was obtained from the National Microbiology Labora-

tory (NCBI Bioproject No. SAMN24618763). VOC Omicron (lineage BA.1.19, Pango v4.2, PANGO-v.1.18) was acquired from the BC CDC

(GISAID Accession: EPI_ISL_7370259). All SARS-CoV-2 variants were cultured in vDMEM (DMEM (Dulbecco’s Modified Eagle

Medium) (Wisent Bioproducts (Cat # 319-005-CL)), 2% fetal calf serum (Wisent Bioproducts (Cat # 090–150)), 5 mL 100x penicillin

(10,000 U/mL)/streptomycin (10,000 mg/mL), and 2 mg/mL TPCK-trypsin in Vero cells. Virus work was performed in the Vaccine and Infectious

Disease Organization’s (VIDO) Containment Level 3 (CL3) facility (InterVac) in Saskatoon, Canada.

Blood sampling

Peripheral blood was collected from participants in K2EDTA spray coated tubes (BD cat# 367844), transported to the National Reference Lab-

oratory in Kigali, Rwanda, and centrifuged for 10 m at 200 x g. Plasma was isolated and stored in conical vials (Fisher 1495949B) at �80�C.
Samples were shipped on dry ice to VIDO (Saskatoon, Canada) for analysis.

Enzyme-linked Immunosorbent assay (ELISA)

IgG antibody levels were assessed in the plasma of participants against the S1 subunit of the spike protein, the RBD (receptor binding domain

of the spike protein), and to the N (nucleocapsid protein) of ancestral SARS-CoV-2 virus using ELISA assays, according to standard protocol.

Briefly, microtiter plates (96-well, Immulon� 2HB) were coated with 0.5 mg/mL SARS-CoV-2 S1 subunit (Sino Biological 40591-V08H), RBD

(Sino Biological 40592-V08H), and SARS-CoV-2 N protein (Abeomics 21-1003). Plates were washed with 1x TBS with 0.05% Tween-20 (Sigma

P1379) (TBS-T) then blocked for 1 h. 100 ml of human plasma samples were serially diluted in 1% skimmilk TBS-T then incubated at room tem-

perature followed by washing and secondary antibody (anti-human IgG-HRP 1:20,000 (Cedarlane 109-035-088)) incubations. After washing,

OPD substrate (Thermo Fisher 34062) and stop solution were added and the plates were read at 490 nm on a BioTek 800TS reader. Samples

were considered positive if average optical density (OD) was greater than 0.1 and greater than themean OD in SARS-CoV-2 unexposed sam-

ples plus 3 standard deviations at the same dilution. Negative samples are denoted as ‘‘1’’ for display on a logarithmic scale.

Virus neutralization assay

Virus neutralization assays were conducted as previous described.41 Briefly, Vero cells were seeded in 96-well tissue plates (20,000 cells/well)

and cultured overnight in DMEM (Dulbecco’s Modified Eagle Medium) (Wisent Bioproducts (Cat # 319-005-CL)), containing 2% fetal calf

serum (Wisent Bioproducts (Cat # 090–150)), and 5 mL 100x penicillin (10,000 U/mL)/streptomycin (10,000 mg/mL). Plasma samples were

heat-inactivated at 56�C and serially diluted 1:2 in vDMEM then added to virus (50 TCID50) at a 1:1 ratio and incubated at 37�C for 1 h in a

5% CO2 chamber. The plasma-virus mixture was added to cultured cells in 96-well plates for absorption for 1 hour, media was replaced,

and cells were incubated for 5 days. Endpoint neutralization titer was based on inhibition of CPE (cytopathic effect) observed on day 5. Anti-

body titer was calculated as the inverse of the most diluted sample without CPE was detected. Negative samples are denoted as ‘‘1’’.
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QUANTIFICATION AND STATISTICAL ANALYSIS

For each analysis, the number of participants in each group is indicated as ‘‘n’’ in each figure.

Results were analysed using GraphPad Prism8. Non-parametric Wilcoxon Mann-Whitney tests were conducted using GraphPad Prism8

(San Diego, USA) to determine statistical differences between viral titres. A p value of % 0.05 was considered statistically significant.

The use of lines indicating medians, geometric mean titres, quartiles, assay limits of detection and symbols indicating levels of significant

differences are described in the figure legends for each figure. For calculation of geometric mean titres, samples that had non-detectable

results were given a value of ‘‘1’’.
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