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ABSTRACT (194/200)

People with HIV (PWH) appear at higher risk for suboptimal pathogen responses and
worse COVID-19 outcomes, but the effects of host factors and COVID-19 on the
humoral repertoire remain unclear. We assessed the antibody isotype/subclass and Fc-
receptor binding Luminex arrays of non-SARS-CoV-2 and SARS-CoV-2 humoral
responses among ART-treated PWH. Among the entire cohort, COVID-19 infection was
associated with higher CMV responses (vs COVID-negative), potentially signifying
increased susceptibility or a consequence of persistent inflammation. Among the
COVID-positive, 1) higher BMI was associated with a striking amplification of SARS-
CoV-2 responses, suggesting exaggerated inflammatory responses, and 2) lower nadir
CD4 was associated with higher SARS-CoV-2 IgM and FcyRIIB binding capacity,
indicating poorly functional extrafollicular and inhibitory responses. Among the COVID-
negative, female sex, older age, and lower nadir CD4 were associated with unique
repertoire shifts. In this first comprehensive assessment of the humoral repertoire in a
global cohort of PWH, we identify distinct SARS-CoV-2-specific humoral immune
profiles among PWH with obesity or lower nadir CD4+ T-cell count, underlining plausible
mechanisms associated with worse COVID-19-related outcomes in this setting. Host
factors associated with the humoral repertoire in the COVID-negative cohort enhance

our understanding of these important shifts among PWH.



GRAPHICAL ABSTRACT
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INTRODUCTION

As human immunodeficiency virus (HIV) preferentially infects and depletes CD4+ T cells
— leading to innate and adaptive immune dysfunction — it also impacts the humoral
immune repertoire. HIV is associated with increased immune activation and lymphoid
hyperplasia, leading to polyclonal hypergammaglobulinemia, B-cell exhaustion, and
impaired T follicular helper cell function (1, 2). HIV is also associated with lymphoid
fibrosis and germinal center architectural distortion, which may cause long-lasting
damage despite antiretroviral therapy (ART) (3-6). While ART significantly restores
immune function, improves survival, and protects against opportunistic infections and
other AIDS- and non-AlDS-related conditions in people with HIV (PWH), immunologic
defects persist and predict morbidity and mortality (7). Functionally, PWH tend to have
suboptimal vaccine responses and less robust or durable responses to some
pathogens, including severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
(3, 4, 8-13). This is particularly true in those with lower CD4+ T-cell counts with
incomplete immune recovery (11-15). Age, sex, and regional differences have also
been associated with these humoral responses, as they intersect with
immunosenescence, sex hormones, host genetics, and lymphoid fibrosis (3, 8, 16-18).
Nonetheless, a more comprehensive understanding of the broader humoral repertoire in

HIV is needed (19, 20).

With persistent immune defects despite ART, PWH appear to be at higher risk for more
severe outcomes associated with coronavirus disease 19 (COVID-19) (21-25).

Preliminary findings also suggest that lower CD4 and HIV viremia are associated with



worse outcomes after COVID-19 in PWH (22, 23, 25, 26). However, the underlying
mechanisms and effects of HIV-related factors on the SARS-CoV-2 humoral immune
repertoire is unknown (12, 27, 28). Moreover, while age, male sex, and obesity have
been associated with severe illness in the general population and are posited to have
similar effects in PWH, the impact of these host factors on the SARS-CoV-2 humoral
repertoire is similarly unknown in HIV (23, 26, 29-31). Finally, several studies have
linked cytomegalovirus (CMV)- and Epstein-Barr Virus (EBV)-specific responses or
serostatus to an increased risk of COVID-19 infection, severity, and long COVID
symptoms or post-acute sequelae of COVID-19 (PASC) in the general population (32-
34). Given not only the higher rates of CMV seropositivity but also the possibility of
increased rates of long COVID or PASC in PWH compared to the general population,
the association between COVID-19 and the non-SARS-CoV-2 humoral immune

repertoire in treated HIV merits further investigation (35-37).

To address these gaps, we leveraged the ongoing Randomized Trial to Prevent
Vascular Events in HIV (REPRIEVE, NCT02344290) to assess the associations among
host factors, COVID-19, and the SARS-CoV-2- and non-SARS-CoV-2-related humoral
repertoires (38). From this large global cohort of ART-treated PWH, we sampled
available blood to provide a comprehensive humoral immune profile and better evaluate
the effector capacity of each antigen specificity, assessing antibody isotypes,
subclasses, and antibody-specific Fc gamma receptor (FcyR) binding ability to SARS-
CoV-2, HIV, common respiratory pathogens, and herpesviruses whose effects may be

amplified in PWH. We determined COVID-19 status by antibody testing and analyzed



critical host factors and HIV-related indices in relationship to shifts in the SARS-CoV-2
and non-SARS-CoV-2 repertoires. This work advances our knowledge of the potential
mechanisms underlying clinical outcomes related to COVID-19 among PWH. Moreover,
this analysis adds to our understanding of how such clinical factors relate to the broader

humoral repertoire in treated HIV.
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RESULTS

Recruitment from REPRIEVE

REPRIEVE (NCT02344290) is a global cardiovascular prevention trial that recruited
over 7,500 participants from 12 countries. Full inclusion and exclusion criteria and
baseline participant characteristics have been previously reported (38, 39). Briefly, PWH
40-75 years of age on stable ART with a current CD4+ T-cell count >100 cells/mm?3 and
low-to-moderate traditional cardiovascular disease risk were randomized to pitavastatin
versus placebo with longitudinal follow-up for cardiovascular events. Starting April 2020,
targeted data related to COVID-19 diagnoses, symptoms, and adverse events were
collected in participants every four months. Available samples collected May 5, 2020
through February 22, 2021 were included. Participants who received vaccination

against SARS-CoV-2 were excluded.

Participant characteristics

Two-thousand five hundred and two plasma samples were available from annual study
visits during the sampling period. Multiple samples were available for 23 participants, of
which the latest sample was used. Fifteen samples were excluded from participants
who had received any SARS-CoV-2 vaccination prior to sampling. The final cohort
included 2,464 REPRIEVE participants, representing 33% of the underlying REPRIEVE
enrollment and 83% of participants who had a study visit during the sampling period
(Table 1, Figure 1A). Median age was 53 years and 35% were women. Half were from
a high-income Global Burden of Disease (GBD) region (US or Canada), and half were

from Latin America/Caribbean (20%), Asia (15%), and sub-Saharan Africa (14%), with a
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mix of racial groups, including 68% non-White participants. While the median current
CD4+ T-cell count was 649 (Q1-Q3 483-849), 50% had a nadir CD4 <200 cells/mm3. All
were receiving ART, 53%had been on ART for more than 10 years, and 46% were on
an integrase strand transfer inhibitor (INSTI)-based regimen. Almost all (97%)
participants were virally suppressed, defined as below the assay’s limit of quantification
or <400 copies/ml (given global assay variability). Participant characteristics were

similar to those in the overall REPRIEVE cohort (39).

COVID-19 classification

Given the initial lack of clarity and evolving and variable nature of COVID-19 case
ascertainment globally, we defined COVID-19 cases based on antibody positivity.
Antibody positivity was prespecified based on a SARS-CoV-2 receptor-binding domain
(RBD) IgG and/or IgA more than 5 standard deviations (SD) above plate-specific
negative controls on enzyme-linked immunosorbent assay (ELISA) (see Methods) (40).
The full cohort (N=2,464) was then subdivided into COVID-positive (283, 11.5%) and
COVID-negative (N=2,181, 88.5%) cohorts. Of the COVID-positive participants, 271 had
a positive RBD 1gG, 21 had a positive RBD IgA, and 9 were positive for both (Figure

1B).

Targeted COVID-19 symptom and severity assessments from a standardized COVID-
19 questionnaire were performed every 4 months with each study visit. Participants
were asked to report adverse events, including clinical diagnosis of COVID-19 and/or a

positive SARS-CoV-2 rapid antigen detection test or polymerase chain reaction (PCR)
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test. Adverse events were graded for severity on the ordinal scale of mild, moderate,
severe, potentially life-threatening, or resulting in death, per the Division of AIDS
(DAIDS) Adverse Events Grading Tables

(https://rsc.niaid.nih.gov/sites/default/files/daidsgradingcorrectedv21.pdf). The

overwhelming majority (92%) of the COVID-positive cohort were asymptomatic or did
not report symptoms. Mild, moderate, and severe disease were reported in 3.2%, 4.6%,
and 0.4% of the COVID-positive cohort, respectively. Those who were RBD IgG and/or
IgA positive but did not report a COVID-19 diagnosis were included in the category
‘asymptomatic or not reported.” A small portion (N=35/2,464, 1.4%) of SARS-CoV-2
RBD lIgG-/IgA-negative participants reported mild, moderate, or severe adverse events
associated with prior COVID-19, though we could not confirm these diagnoses. In those
who reported a clinical diagnosis of COVID-19, median time from diagnosis to sampling

was 13 weeks (Q1-Q3 10-23 weeks).

Statin use

Given the ongoing nature of the REPRIEVE trial, our analysis remains blinded to
participant randomization to pitavastatin or placebo. Nonetheless, our independent
unblinded statistician confirmed the proportion of COVID-positive or COVID-negative
participants by randomized group was within a prespecified threshold of +5%, reducing

concern for significant confounding.

Univariate associations with the humoral immune repertoire
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We first analyzed host and HIV-specific factors in univariate analysis across antibody
isotypes (IgA, IgM, and IgG), subclasses (IgG1, 1gG3, IgG4, IgA1) and antibody-specific
FcyR (FcyRIIA, FeyRIIB, FcyRIIIA) binding capacity for the following non-SARS-CoV-2-
related antigens: Influenza hemagglutinin (HA), respiratory syncytial virus (RSV),
pneumococcus (pneumo), HIV gp120 Clade B/C consensus, HIV p24 Clade B HXBc2,
herpes simplex virus (HSV) 1 (HSV-1), HSV-2, EBV glycoprotein 350 (EBV gp 350),
CMV glycoprotein B (CMV gB), and CMV phosphoprotein 65 (CMV PP65). The same
antibody isotypes, subclasses, and FcyR binding abilities were assessed for the
following SARS-CoV-2-related antigens: spike, S1, S2, RBD, nucleocapsid, and spike

alpha, beta, delta, and gamma variants (see Methods).

Univariate analysis, performed with unadjusted linear regression and Wilcoxon rank-
sum test, revealed multiple significant predictors across all antigens (Figure 2A,
Supplement Figure $1-3). While we saw multiple univariate associations with sex and
nadir CD4 in the COVID-negative cohort, we observed an interesting pattern of higher
SARS-CoV-2-specific antibodies that engage FcyRIIB among those with lower nadir
CD4 in the COVID-positive group (Figure 2B-C). We also noted an association
between higher BMI and higher SARS-CoV-2 antibody and FcyR binding capacity in the
COVID-positive cohort (Figure 2D-E). Highlighted statistically significant responses
associated with host factors in the COVID-positive and COVID-negative cohorts in
univariate analysis are shown in Supplement Figures S4-9. Based on univariate

analysis and a priori assumptions, multivariate modeling was implemented to assess
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the relationship between 1) COVID-19 and 2) key host factors and the humoral immune

repertoire, adjusting for age, natal sex, GBD region, nadir CD4, HIV viral load (VL).

Effect of COVID-19 on the humoral immune repertoire

To assess the impact of COVID-19 and other host factors on the humoral repertoire, we
performed multivariate linear regression modeling, with the dependent variable as the
antibody isotype, subclass, or FcyR binding ability adjusted for potential confounders as
above. Adjusted coefficients of the predictors were depicted graphically in a volcano
plot, with false discovery rate (FDR)-corrected p-values by the Benjamini-Hochberg

method (41).

We first asked, to what extent does COVID-19 affect SARS-CoV-2- and non-SARS-
CoV-2-related humoral responses? As expected, among the full cohort, COVID-19
infection was associated with higher levels of virtually all SARS-CoV-2-related

antibodies and FcyR binding capacity (Figure 3B, 3D).

Among the entire cohort, we observed that COVID-19 did not affect most of the tested
non-SARS-CoV-2-related humoral immune repertoire (Figure 3A, 3C). COVID-19 was
associated with significantly higher CMV PP65-specific IgG3 and FcyRIIA binding ability.
The ability of EBV gp350-specific antibodies to bind FcyRIIA appeared higher in those
with COVID-19 infection, though this bordered on FDR-corrected statistical significance

(P=0.051).
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COVID severity

We next assessed how COVID-19 severity was associated with the SARS-CoV-2- and
non-SARS-CoV-2-related humoral profile. In multivariate modeling, a z-score was
created for the independent predictor of COVID-19 severity (see Methods). Despite the
overabundance of asymptomatic (or not reported) COVID-19, worse disease severity
was associated with higher SARS-CoV-2-specific antibodies and antibody-specific FcyR
binding capacity in the COVID-positive cohort (Figure 4B, 4D). In contrast, among the
COVID-positive cohort, we did not identify any association between COVID-19 severity

and the non-SARS-CoV-2-related humoral immune repertoire (Figure 4A, 4C).

Assessment of host- and HIV-specific factors on the SARS-CoV-2 and non-SARS-CoV-
2 humoral repertoire

After assessing the effect of COVID-19 in the overall cohort, we individually assessed
host-specific and HIV-specific factors and their impact on SARS-CoV-2 and non-SARS-

CoV-2 responses in the COVID-positive and COVID-negative cohorts, respectively.

Natal sex

Among the COVID-positive cohort, no shifts in the SARS-CoV-2-related humoral
repertoire were observed by natal sex (Figure 5B, 5D). We did note prominent sex-
related humoral differences among the COVID-negative participants (Figure 5A, 5C).
After adjustment, IgG1 (and most IgA1) levels were higher in women for all non-SARS-

CoV-2 antigens assessed. Women tended to have greater repertoire shifts toward the
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herpesviruses, including EBV, CMV, and HSV-2, as well as HA, RSV, and HIV-specific

responses.

Age

Among the COVID-positive cohort, we observed no association between age and
SARS-CoV-2 humoral responses (Figure 6B, 6D). Among the COVID-negative cohort,
IgA responses to most antigens assessed were higher with older age (Figure 6A, 6C).
Older age was associated with higher antibody responses and FcyR binding ability to
EBV and CMV, but not HSV. We also observed an association between older age and
heightened antibody and antibody-specific FcyRs binding capacity to influenza HA and
RSV, likely related to higher numbers of exposures throughout one’s lifetime. There
were no significant differences in pneumococcus responses, perhaps as all participants
are indicated for pneumococcal immunizations based on HIV infection, irrespective of

age.

BMI

Among COVID-positive participants, higher BMI was associated with a striking
amplification of the SARS-CoV-2 humoral repertoire, with significantly higher 1gG, IgA,
IgM levels, and almost all antibody-specific FcyRIIA binding abilities (Figure 7B, 7D).
Interestingly, there were no differences in levels of IgG4 and most antibodies’ capacities
to bind FcyRIIB based on BMI (trend toward higher IgG4 levels with lower BMI). No
significant BMI effects were observed among COVID-negative participants for non-

SARS-CoV-2-related antigens (Figure 7A, 7C).
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GBD region

To capture regional differences in this global cohort, high-income GBD region (United
States, Canada, and Spain) was compared to all other regions: Latin America and
Caribbean (Brazil, Haiti, Peru, Puerto Rico), Southeast/East Asia (Thailand), South Asia
(India), and sub-Saharan Africa (Botswana, South Africa, Uganda, Zimbabwe). Among
COVID-positive participants, no humoral immune differences were noted between the
high-income and other GBD regions (though there was a trend toward higher antibody-
specific FcyRIIA binding capacity in those from a high-income GBD region) (Figure 8B,
8D). Among COVID-negative participants, high-income GBD region was associated with
a shift toward higher HIV-specific antibodies and FcyR binding capacity to (Figure 8A,
8C). High-income GBD region participants also tended to have higher EBV, CMV, RSV,

influenza HA, and pneumococcal responses.

Cigarette smoking and substance use

There were no differences in the SARS-CoV-2 humoral immune repertoire related to
current or former cigarette smoking or substance use history among COVID-positive
participants (Supplement Figures S10-11). Among COVID-negative participants, no
consistent trends were observed. IgA1 responses tended to be higher in those with
current or former cigarette smoking and substance use. Some CMV, EBV, and HIV-

specific responses were higher with current or former substance use.

HIV viremia

18



In this predominantly (97%) ART-suppressed cohort, no differences in SARS-CoV-2
humoral responses were observed among viremic versus virally suppressed COVID-
positive participants (Figure 9B, 9D). Among COVID-negative participants, as
expected, HIV gp120-specific IgG1 and antibody-specific FcyR binding capacity were
higher among the viremic participants (Figure 9A, 9C). None of the non-HIV-related

antigen responses varied in those who were viremic versus suppressed.

Current and nadir CD4+ T-cell counts

As current and nadir CD4+ T-cell counts may act as different surrogates for persistent
immune dysfunction, we assessed effects on the humoral repertoire through
multivariate models with both parameters separately and with current CD4 adjusted by
nadir CD4. In the COVID-positive cohort, despite adequate CD4 recovery in the majority
of participants with a median CD4 count of 609 (Q1-Q3 466-817), lower nadir CD4 was
associated with a significant humoral immune repertoire shift toward more IgM
responses and a greater capacity for antibody-specific FcyRIIB binding (Figure 10B,
10D). Current CD4, however, was not associated with any SARS-CoV-2 repertoire shift

(Figure 11B, 11D).

Among COVID-negative participants, we observed clear associations between nadir
CD4 and non-SARS-CoV-2 responses (Figure 10A, 10C). The largest magnitude of
associations appeared to be with higher EBV, CMV, and HSV-2 responses in those with

lower nadir CD4. Those with lower nadir CD4+ T-cell counts tended to have higher
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humoral responses to influenza HA and RSV but lower antibody responses to

pneumococcus.

Modeling current CD4 without nadir CD4 adjustment revealed similar associations as
that observed when modeling nadir CD4 alone but were generally less robust (Figure
11A, 11C). Unlike nadir CD4, lower current CD4 was associated with heightened HIV-
specific responses. In modeling adjusted for nadir CD4, lower current CD4 was
associated with higher HIV p24 and gp120 responses and several CMV- and EBV-
specific responses (Supplement Figure S12). Together, these data reveal similar
associations of current and nadir CD4 with the non-SARS-CoV-2 repertoire among
COVID-negative participants but a novel association of nadir CD4 with the SARS-CoV-2

repertoire among COVID-positive participants not seen with current CD4.

Supporting analyses

Our primary analysis limited COVID-19 cases to those with positive antibody testing,
and all other participants were included in the COVID-negative cohort. Supporting
analyses were performed in two ways to address those participants who were antibody-
negative but reported COVID-related adverse events. First, we included these 35
participants in the COVID-positive cohort. Second, we excluded those cases from the
COVID-negative group. Inclusion and exclusion of these participants did not alter the

study’s inferences (Supplement Figures S$S13-36).
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DISCUSSION

It is well-established that PWH have impaired responses to some pathogens and
immunizations. Over the course of the COVID-19 pandemic, it has also become
increasingly recognized that PWH may face a higher risk of severe COVID-19
outcomes. Nevertheless, few studies have investigated the overall humoral immune
repertoire in treated HIV and the host factors associated with specific responses. And
while some studies have hinted at factors that may underlie the increased risk of
COVID-19 severity in PWH, the underlying mechanisms remain unknown (22, 23, 25,
26, 42). Leveraging a large global cohort of ART-treated PWH to assess a
comprehensive humoral immune profile in relation to COVID-19 and key host and HIV-
specific factors, we addressed these gaps and present several important observations.
First, among the COVID-negative participants, different host factors were associated
with overlapping but unique humoral repertoire changes, particularly sex, but also age
and nadir CD4. These findings support prior immunization studies and provide a
comprehensive humoral repertoire in treated PWH. Second, among the entire cohort,
we observed that COVID-19 infection was modestly associated with CMV responses
and potentially EBV responses; though we could not adjust for lifestyle differences, this
finding may be clinically relevant, with higher humoral responses reflecting increased
susceptibility to COVID-19 or being a consequence of persistent inflammation or viral
reactivation thereafter. Most importantly, we identified unique SARS-CoV-2 humoral
repertoire shifts independently associated with BMI and nadir CD4, but not other host
factors. These findings suggest mechanisms underlying specific risk factors associated

with worse COVID-19 outcomes among PWH.
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Factors associated with the humoral repertoire among COVID-negative participants
We provide a comprehensive humoral profile and the associated host and HIV-specific
factors in treated PWH. Among COVID-negative participants, we identified distinct but
overlapping repertoire shifts independently associated with natal sex, age, region,
cigarette smoking and substance use history, current and nadir CD4, and HIV viremia.
Overall, factors associated with higher systemic immune activation such as older age,
female sex, and lower nadir and current CD4 were associated with broadly higher
antibody responses. This is consistent with the observation that systemic inflammation
from proinflammatory cytokines such as IL-6 may stimulate higher antibody levels or
types of antibody responses but also greater decays in those responses after antigen
exposure (43, 44). While antibody levels are classically considered as surrogates for the
intensity and frequency of antigen exposure, the magnitude of these antibody
responses can be differentially reflective of the quality and coordination of the humoral

or cellular responses based on the host or antigen (45, 46).

We observed a prominent shift toward higher non-SARS-CoV-2 antibody responses in
women compared to men in the COVID-negative cohort, consistent with previously
described responses after immunization (16, 47). Highly functional IgG1 antibodies
were higher for women across all non-SARS-CoV-2 antigens assessed. Women also
tended to have higher EBV, CMV, HSV, and influenza HA humoral responses. This is
likely a combination of genetic and sex hormone-related effects. For example, TLR7

and CD40L—encoded on the X chromosome—can escape X chromosome inactivation
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and likely contribute to improved antigen recognition, induction of interferon, and
durable antibody responses (48). The antibody-promoting versus suppressing effects of
estrogen versus testosterone, respectively, has also been demonstrated (49). While
women with HIV tend to have higher levels of select immune activation markers
compared to men, which have been postulated to contribute to the excess rates of
comorbidities seen in women, it is unclear if the observed differences in humoral
responses by natal sex are related (50, 51). Importantly, these observations contrast
with the lack of association between sex and the SARS-CoV-2 repertoire among

COVID-positive participants discussed below.

Among COVID-negative participants, older age was associated with a humoral
repertoire shift toward the herpesviruses as well as RSV and influenza. Higher antibody
levels or greater antibody abilities to engage FcyR in this setting, however, may not
reflect better control or protection. As people age with CMV, for example, upwards of
10% of the entire memory T-cell repertoire is devoted to controlling CMV replication and
disease and may be associated with increased morbidity and mortality in the general
population and others (52-56). Immune activation and repeated CMV exposures can
also drive T cells toward a more senescent, exhausted, and inflammatory phenotype
(57, 58). As people age, there is a simultaneous increase in memory B cells, and
decrease in immature B cells and antibody-antigen affinity, ultimately resulting in a
decline in future response to antigen (59, 60). This may explain the observation that

older participants had higher inhibitory/regulatory 1IgG4 antibodies to pneumococcus, as
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reduced opsonization and changes to antibody subclass have been reported in older

adults (61, 62).

The differences in humoral responses based on GBD region in the COVID-negative
cohort were also remarkable. High-income GBD region participants tended to have
broadly higher antibody responses and greater FcyR binding capacity to most non-
SARS-CoV-2 antigens assessed. It is well-established that immunization responses
vary geographically, with lower responses found in developing countries (63, 64). These
findings may suggest diminished humoral responses to antigens in non-high-income
GBD regions due to a combination of endemic infections, local environmental
conditions, and increased immune activation, which together may drive lymphoid
fibrosis, reduced T follicular helper cells, and blunted neutralizing antibody responses

(3, 65).

We identified notable non-SARS-CoV-2 repertoire shifts for current and nadir CD4.
Those with lower current and nadir CD4 had generally higher humoral responses to
EBV and CMV, while those with lower nadir CD4 had higher influenza but diminished
pneumococcus responses. Lower current and nadir CD4 are associated with diminished
responsiveness to immunization or pathogen exposure, and this holds true for nadir
CD4 even in those with current CD4 >350 (9, 14, 43, 66). While multiple studies have
shown reduced response to influenza vaccination in those with lower nadir CD4, in our
cohort, humoral responses to influenza HA tended to be higher in those with lower nadir

CD4, which may be consistent with a prior study that assessed influenza vaccine-
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specific IgG titer at baseline prior to immunization (17, 43, 67). The COVID-negative
participants with lower nadir CD4 tend to have antibody profiles that reflect a mix of
activating and inhibitory responses to control chronic viral infections like EBV or CMV or
from prior resolved infections (68). Current CD4, without controlling for nadir CD4,
tended to have less robust associations compared to nadir CD4. After controlling for
nadir CD4, we noted few associations other than with HIV-specific responses among
COVID-negative participants. Despite a reliance on one’s current CD4 to risk-stratify
infection-associated risks in the clinical setting, our data suggest that nadir CD4,
obtained years earlier and irrespective of current viral suppression or duration of ART,
may be more immunologically relevant. Nadir CD4 plausibly reflects a critical setpoint
with persistently higher degrees of systemic immune activation, inflammation,
irreversible lymphoid fibrosis, and B and T cell defects which can predict outcomes (4,

5,7, 69).

Effects of COVID-19 on humoral responses in the overall cohort

We identified an association between COVID-19 and CMV pp65-specific IgG3 and
FcyRIIA binding capacity among the overall cohort. In the general population, CMV
seropositivity was related to an increased risk of COVID-19 acquisition and severity (32,
33). Importantly, we cannot rule out lifestyle differences as a confounder, as these could
account for both higher CMV humoral responses and higher risk of COVID-19 in certain
participants (32). Moreover, our study’s cross-sectional nature precludes understanding
if a CMV-specific humoral repertoire pattern influenced incident COVID-19, or if CMV

reactivation occurred in the context of COVID-19, leading to transient or more prolonged
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repertoire shifts. Indeed, asymptomatic CMV replication can be induced and caused by
systemic inflammation (70, 71). In CMV-seropositive PWH, treatment with valganciclovir
reduces T-cell activation and multiple markers of immune activation (72). It is plausible
that CMV engenders a higher baseline inflammatory milieu coupled with broad naive T
cell depletion and expansion of late-differentiated and CD28-CD57+ CD8+ T-cells.
These effects may contribute to immune remodeling that makes individuals—especially
the immunocompromised or those with excess systemic inflammation—more susceptible

to COVID-19 and severe disease.

In addition to CMV, there is some evidence of EBV-specific humoral responses
associated with COVID-19 in the overall cohort. We observed a higher EBV gp350-
specific antibody capacity to bind FcyRIIA in those with COVID-19, but this bordered
statistical significance after FDR correction. EBV reactivation after COVID-19 is
common in the general population and associated with increased mortality (73).
Additionally, EBV reactivation may be associated with long COVID or PASC (34, 74).
Interestingly, one study associated CMV seropositivity with a lower likelihood of
neurocognitive long COVID symptoms, perhaps related to its own immunoregulatory
pathways (34). While CMV and EBV are both herpesviruses, they have different
anatomic locations, with EBV in the B-cell follicle and CMV diversely localized (75). As
HIV appears to be associated with a higher risk of severe COVID-19 as well as long
COVID or PASC, and CMV seropositivity has a relatively larger association with multiple

comorbidities in PWH versus the general population, this might suggest that
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herpesviruses have a disproportionate impact on immune responses to and outcomes

of acute and post-acute COVID-19 in PWH (34-36, 76).

Humoral immune responses among COVID-positive participants

Despite a majority asymptomatic population, we observed worse COVID-19 severity
was associated with an amplification of SARS-CoV-2 humoral responses among
COVID-positive participants. This aligns with data from the general population that
revealed higher or more durable antibody responses (though possibly less coordinated
with T-cell responses) in those who with more severe COVID-19 (33, 77). We did not
observe a marked association between most of the non-SARS-CoV-2 repertoire and
COVID-19 severity. This is the first study to our knowledge in the context of HIV, while
others in the general population have shown mixed associations of influenza, RSV, or
other coronavirus responses as they relate to SARS-CoV-2 responses or their evolution

after thereafter (33, 78).

The most striking associations among host factors and the SARS-CoV-2 repertoire
among the COVID-positive cohort related to BMI and nadir CD4. While BMI had no
effect on the non-SARS-CoV-2 repertoire, higher BMI was associated with a broad
upregulation of SARS-CoV-2 responses and FcyR binding capacity. Obesity has been a
consistent risk factor for severe COVID-19 in the general population, though the data
from PWH has been more limited (23, 25). In obesity, adipocytes undergo hypertrophy
and hyperplasia, leading to greater immune cell recruitment and secretion of

proinflammatory cytokines like IL-6 and TNF (reviewed in (79)). This results in a chronic
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systemic inflammatory state that promotes pro-inflammatory macrophage infiltration and
CD8+ cytotoxic T cells with simultaneous declines in CD4+ helper T cells and regulatory
T cell populations and functions, contributing to an autoimmune-like phenotype and
positive inflammatory feedback loop (80). While those with higher BMI had generally
higher antibody responses (and studies have observed an association between broadly
higher antibody responses and more severe COVID-19 or mortality), we observed
nucleocapsid responses to be the highest in those with higher BMI, which has been
associated with more severe COVID-19 and postulated to be due to a higher antigen
burden or compromised spike-targeting humoral evolution (81, 82). As there are roughly
1000 copies of nucleocapsid compared to 100 copies of spike in each virus,
nucleocapsid responses may also be the most sensitive (83). The pivotal question
surrounding these amplified responses is whether the quantitative antibody changes
simply track with antigen burden or reflect qualitative differences that may drive
pathology. Obesity is associated with upregulation of the ACE2 receptor in adipose
tissue and the lungs, leading to higher viral loads, decreased viral clearance, and a
more durable antigenic reservoir; increased ACE2 shedding in this setting could also
contribute (84-88). Moreover, while most SARS-CoV-2 humoral responses were higher
in those with higher BMIs, there were no differences in the inhibitory IgG4 and antibody
capacity to bind FcyRIIB; in fact, IgG4 responses tended to be higher in those with lower
BMIs. That SARS-CoV-2-specific IgG4 and FcyRIIB binding capacity were not broadly
higher in those with higher BMIs and tend to reflect inhibitory or regulatory responses
suggests this BMI-associated humoral profile may plausibly contribute to a pathologic

response (68).
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A unique SARS-CoV-2 humoral response was also associated with lower nadir CD4
among the COVID-positive cohort. Most studies of COVID-19 in PWH have associated
lower current CD4 with worse outcomes; nadir CD4 has seldom been assessed (22, 23,
26). We observed lower nadir CD4 was associated with higher SARS-CoV-2-specific
IgM responses and antibody-specific FcyRIIB binding capacity. IgM responses were
most strongly affected by nadir CD4, which may suggest less effective antibody class
switching. While CD4+ T cells are involved in class switching, lower nadir CD4 is
associated with both the degree of CD4 recovery on ART and the functional response
thereafter (2, 89). Our data point to permanent functional alterations, which may
irreparably affect the ability of CD4+ T cells to assist with de novo responses to a novel
pathogen. The humoral profile we identified could also be more extrafollicular and less
effective. In the general population, acute COVID-19 is associated with germinal center
loss in lymph nodes and the spleen, leading to an accumulation of non-germinal-center-
derived activated B cells associated with higher levels of inflammation (90). PWH have
significant lymphoid fibrosis and inflammation associated with current and nadir CD4
(5). Therefore, the combination of germinal center pathology from both chronic HIV and
acute COVID-19 could lead to a unique extrafollicular response that lacks high-affinity B
cell formation, adequate viral clearance, and the development of long-lived memory B

cells.

Differences in host factors associated with humoral repertoires by COVID-19
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While multiple host factors were associated with unique non-SARS-CoV-2 humoral
responses among COVID-negative participants, only nadir CD4 and BMI were
associated with SARS-CoV-2 profile shifts in the COVID-positive cohort. We did not
observe any SARS-CoV-2 humoral profile differences by current CD4, perhaps due to
our cohort’s inclusion of PWH on stable ART, leading to a narrower range of current
CD4, and REPRIEVE’s exclusion of those with current CD4 <100. Other studies have
associated HIV viremia with worse COVID-19 outcomes; the lack of association
between viremia and SARS-CoV-2 responses is likely due to REPRIEVE’s enrollment of
predominantly virally suppressed participants (23, 91, 92). The lack of association of
natal sex and humoral responses among the COVID-positive PWH is notable and
stands in contrast to what we observed in the COVID-negative cohort. Several studies
have shown sex differences in COVID-19 outcomes in the general population, with
higher levels of inflammatory markers in men as a prominent feature impacting severe
disease (29, 30). The association of sex with severe disease, however, declined over

the age spectrum, which may suggest sex hormone changes as a relevant factor.

Strengths and limitations

The study’s strengths include its large size, global nature, and inclusion of a large
proportion of non-White and female participants. We incorporated clinical data with
novel assays to provide comprehensive humoral immune phenotyping within a modern
population of well-controlled PWH. Nevertheless, this study does have several
limitations. First, the study’s cross-sectional nature limits our ability to assess dynamic

humoral repertoire changes over time in relation to COVID-19. Second, we were unable
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to control for statin use given the ongoing nature of the trial. Nonetheless, the
differences in randomization to statin therapy between the COVID-positive and COVID-
negative groups were less than 5%, arguing against significant confounding.
Additionally, while we had a global and diverse study population, there was a relatively
narrow age range (close to 90% ages 40-60), which may limit our ability to detect key
age-related differences. As most participants were virally suppressed, our ability to
detect effects of HIV viremia on humoral responses is also limited. In terms of COVID-
19 ascertainment, we defined COVID-19 based on antibody status, though sensitivity
analysis with inclusion or exclusion of potential clinical cases maintained similar
inferences. As most participants had asymptomatic or subclinical infection, we were
unable to more thoroughly evaluate host factors associated with severe COVID-19 and
associated SARS-CoV-2 and non-SARS-CoV-2 responses. Finally, we used the
standardized DAIDS adverse event grading scale to assess COVID-19 severity; further
insights may be provided with more granular severity scales (e.g., World Health

Organization).

Conclusion

In summary, we provide a comprehensive overview of the humoral immune repertoire in
treated PWH as well as host and HIV-specific factors that are associated with
differential humoral shifts, both within and between the COVID-positive and COVID-
negative participants. We demonstrated a possible association between COVID-19
infection and higher EBV- and CMV-specific humoral responses in the overall cohort,

which may reflect an increased susceptibility to COVID-19 or be indicative of a
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consequence of persistent inflammation or reactivation after infection — both critical in
the pathogenesis of acute COVID-19 and long COVID or PASC. Finally, in those with
COVID-19, we identified a striking inflammatory-like amplification of SARS-CoV-2
responses with higher BMI and a unique extrafollicular and poorly functional SARS-

CoV-2 repertoire shift toward higher IgM and FcyRIIB binding capacity in those with

lower nadir CD4, but we did not see major influences of other host factors on the SARS-

CoV-2 repertoire. These distinctive profiles may suggest humorally mediated

mechanisms underlying worse COVID-19 outcomes in this setting.
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METHODS

RBD ELISA Assay

The Alter Lab developed a SARS-CoV-2 specific ELISA, allowing for the detection of
RBD-specific IgG and IgA in an automated manner and has been previously evaluated
against EUA-approved ELISAs with >99.5% specificity (93, 94). The 384-well ELISA
robot-automated platform utilized plates coated with 0.5 ug/ml of RBD for 1 hour at 37C
in a bicarbonate buffer. After plate washing, plasma samples were added at 1:100
dilution, in duplicate, for 1 hour at 37C. Plates were washed and detected with a
secondary anti-lgG HRP-coupled detection antibody (Bethyl Laboratories) for 1 hour.
Plates were washed again with addition of colorimetric detector (TMB; Thermo Fisher)
for 5 minutes. The reaction was stopped, and the absorbance was acquired at
450/570nm. Conversion from OD values to ug/ml concentrations were performed on
ELISA plates via 12 two-fold dilution curves, starting at 625 ng/ml, of a SARS-CoV-2
RBD-specific monoclonal IgG1 (clone: CR3022). The sample concentration was then
interpolated from the standard curve (93). A sample was considered positive if it
equaled the mean of the negative-control wells on each respective plate plus five times
the SD of the concentration from negative plasma samples. Background-corrected
concentrations were divided by the cutoff to generate signal-to-cutoff (S/CO) ratios. Lab

members were blinded until all data were collected and analyzed.

Antigens

The Luminex assay assessed the following SARS-CoV-2 antigens: spike wild-type (WT)

(LakePharma), spike alpha variant (LakePharma), spike beta variant (LakePharma),
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spike gamma variant (LakePharma), spike delta variant (Saphire Lab), RBD (WT)
(Aaron Schmidt Lab), S1 (WT) (Sino Biological), S2 (WT) (Sino Biological), and
nucleocapsid (N) (WT) (Aalto Bio Reagents Ltd). The Luminex assay assessed the
following non-SARS-CoV-2 antigens: HIV p24 clade B (Immune Technology Corp.), HIV
gp120 clade B/C (Immune Technology Corp.), CMV glycoprotein B (gB) (Sino
Biological), CMV phosphoprotein 65 (pp65) (Sino Biological), EBV glycoprotein 350
(gp350) (Immune Technology Corp.), HSV-1 (Immune Technology Corp.), HSV-2
(Immune Technology Corp), influenza haemagglutinin (HA) (Immune Technology Corp),
pneumococcus (Massachusetts General Hospital Pharmacy), and RSV (Sino

Biological).

Luminex Array for IgG Subclass, Isotype, and FcyR Binding
SARS-CoV-2 and non-SARS-CoV-2 antigen-specific antibody subclass, isotype, and
FcyR binding capacity was assessed on a custom Luminex array run in singlicate in a

batched manner (95).

Fluorescently coded microspheres captured all antigen specificities concurrently and
profiled 1) the isotype and subclass distributions in an antigen-specific manner, and 2)
the effector capacity of each antigen specificity by assessing the ability of antigen-
specific antibodies to interact with Fc receptors. The specific target antigen, a positive
control antigen (influenza HA), and a negative control antigen (Ebola virus group,
Mayflower Bioscience) were covalently coupled to magnetic Luminex beads (Luminex

Corp, TX, USA) via NHS-ester linkages with Sulfo-NHS and EDC (Thermo Fisher) for 2

34



hours at room temperature (RT). Pneumococcal polysaccharide vaccine was modified
by COOH-4-(4,6-dimethoxy[1,3,5]triazin-2-yl)-4-methyl-morpholinium (DMTMM) before
coupling to Luminex beads (96). Dilution curves on pooled cohort samples were created
to determine dilutions in the linear range for individual detection reagents. Beads were
incubated with appropriate diluted (in PBS) serum at 4C overnight (1:100 for IgG1,
IgG3, 1gG4, IgA1, and IgM; 1:1000 for FcyRIIA, FcyRIIB, FcyR3A). Unbound antibodies
were washed, and bound antigen-specific antibodies were probed with polyclonal PE-
conjugated antibody or tetramerized recombinant Fc receptors (Southern Biotech, AL,
USA; Duke Protein Production Facility) for 1 hour at RT. FcyRs were biotinylated with a
BirA500 kit (Avidity LLC, Aurora, CO) beforehand. The biotinylated FcyRs were
fluorescently tagged using streptavidin-PE (Agilent, Santa Clara, CA) and incubated
with antigen-specific antibodies. After the incubation, excess secondary reagent was
washed. Relative concentrations per antigen were measured on an IQue analyzer
(IntelliCyt, NM, USA). Data were reported as the median fluorescence intensity (MFI) of

phycoerythrin (PE) for a specific bead channel.

Statistical Analysis

Univariate analysis was performed to assess the relationships between antibody
responses and the following covariates: COVID-19 RBD IgG/IgA status, COVID-19
severity, age, sex, GBD region, BMI, history of current/former smoking, history of
current/former substance use, current CD4, nadir CD4, and HIV VL. Violin plots were
evaluated via two-sided Wilcoxon rank-sum test. Univariate heat maps reflected the

results from unadjusted linear regression modeling, with the antibody or FcyR as the
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dependent outcome and the covariates as predictors. All ordinal and continuous
variables, including the antibody and FcyR values, were z-scored by subtracting the
cohort mean from the observed value and dividing by the respective cohort standard
deviation for interpretability and to satisfy model assumptions. This allowed for an
interpretation of a standard deviation increase in the predictor of interest associating

with a coefficient increase in the z-scored antibody response.

Based on univariate findings and a priori assumptions, multivariate linear regression
models were constructed for each antibody response as the dependent variable, and
each predictor of interest as the main independent variable. Models were adjusted for
age, sex, GBD region, nadir CD4, and HIV VL. Current CD4 as a main predictor was
assessed with and without adjustment for nadir CD4. As a main predictor, GBD region
was considered as binary (high-income vs others); as a covariate in other models, it
was included as a categorical variable. HIV VL was considered as a binary (<400 or
2400 copies/ml). Volcano plots and heat maps were used to visualize the coefficient

and p-values.

The primary analysis was performed with COVID-19 defined as a positive RBD IgG
and/or IgA (N=283). Supporting analyses were performed with those reporting an
adverse event from COVID-19 as either excluded from the COVID-negative cohort or

included in the COVID-positive cohort (N=318).
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There were limited missing data: nadir CD4 values were missing in 2.6% (N=63/2,464)
and HIV VL was missing in 0.9% (N=22/2,464) of participants. Those with missing data

for the relevant variables were excluded from analysis.

All statistical tests were two-tailed. An alpha level of 0.05 was used to guide statistical
inference, either uncorrected as in the univariate models or FDR-corrected as above in
the multivariate linear regression models (41). Analyses were performed with R (version

4.1.0).

Study Approval

Each clinical research site obtained institutional review board/ethics committee approval
and any other applicable regulatory entity approvals. Participants were provided with
study information, including discussion of risks and benefits and signed the approved

declaration of informed consent.

37



Author Contributions

SKG and GA conceived the study. KVF, MVZ, SM, ESF, MRD, FG, RC, ANS, CJF, CM,
JAA, JC, PSD, HJR, and SKG managed the parent trial. JSL, SS, BJD performed the
laboratory measurements under the guidance of GA. SRS, WJ, GA, and SKG designed
the analysis. WJ performed the statistical analysis. HIR and DAL advised on the
statistical analysis. SRS drafted the manuscript. All authors provided revisions and edits

in the drafting of the manuscript.

Acknowledgements

The study investigators would like to thank the study participants, site staff, and study-
associated personnel for their ongoing contributions to the trial. Additionally, we would
like to thank the ACTG for clinical site support; the ACTG Clinical Trials Specialists
(Laura Moran and Jhoanna Roa) for regulatory support; the data management center,
Frontier Science Foundation, for data support; and the Center for Biostatistics in AIDS

Research for statistical support.

NHLBI/NIH Grants Policy Statement

The views expressed in this manuscript are those of the authors and do not necessarily
represent the views of the National Heart, Lung, and Blood Institute (NHLBI) or the
National Institute of Allergy and Infectious Diseases (NIAID); the National Institutes of

Health; or the US Department of Health and Human Services.

Funding Statement

38



NIH grants U0O1 HL123336 to the REPRIEVE Clinical Coordinating Center and U01
HL123339 to the REPRIEVE Data Coordinating Center, as well as funding from Kowa
Pharmaceuticals, Gilead Sciences, and ViiV Healthcare. The NIAID supported this
study through grants UM1 Al068634, which supports the AIDS Clinical Trials Group
(ACTG) Leadership and Operations Center; and UM1 Al106701, which supports the
ACTG Laboratory Center. Effort of SRS was supported by T32 Al007387; MVZ in part

by K24 Al157882; and SKG in part by P30 DK40561.

39



REFERENCES

1. Moir S, Ho J, Malaspina A, Wang W, DiPoto AC, O'Shea MA, et al. Evidence for HIV-
associated B cell exhaustion in a dysfunctional memory B cell compartment in HIV-
infected viremic individuals. J Exp Med. 2008;205(8):1797-805.

2. Cubas RA, Mudd JC, Savoye AL, Perreau M, van Grevenynghe J, Metcalf T, et al.
Inadequate T follicular cell help impairs B cell immunity during HIV infection. Nat Med.
2013;19(4):494-9.

3. Kityo C, Makamdop KN, Rothenberger M, Chipman JG, Hoskuldsson T, Beilman GJ, et al.
Lymphoid tissue fibrosis is associated with impaired vaccine responses. J Clin Invest.
2018;128(7):2763-73.

4, Moysi E, Pallikkuth S, De Armas LR, Gonzalez LE, Ambrozak D, George V, et al. Altered
immune cell follicular dynamics in HIV infection following influenza vaccination. J Clin
Invest. 2018;128(7):3171-85.

5. Schacker TW, Reilly C, Beilman GJ, Taylor J, Skarda D, Krason D, et al. Amount of
lymphatic tissue fibrosis in HIV infection predicts magnitude of HAART-associated
change in peripheral CD4 cell count. AIDS. 2005;19(18):2169-71.

6. Zeng M, Southern PJ, Reilly CS, Beilman GJ, Chipman JG, Schacker TW, et al. Lymphoid
tissue damage in HIV-1 infection depletes naive T cells and limits T cell reconstitution
after antiretroviral therapy. PLoS Pathog. 2012;8(1):e1002437.

7. Hunt PW, Lee SA, and Siedner MJ. Immunologic Biomarkers, Morbidity, and Mortality in

Treated HIV Infection. J Infect Dis. 2016;214 Suppl 2:544-50.

40



10.

11.

12.

13.

Gelinck LB, Jol-van der Zijde CM, Jansen-Hoogendijk AM, Brinkman DM, van Dissel JT,
van Tol MJ, et al. Restoration of the antibody response upon rabies vaccination in HIV-
infected patients treated with HAART. A/IDS. 2009;23(18):2451-8.

Avelino-Silva VI, Miyaji KT, Hunt PW, Huang Y, Simoes M, Lima SB, et al. CD4/CD8 Ratio
and KT Ratio Predict Yellow Fever Vaccine Immunogenicity in HIV-Infected Patients.
PLoS Negl Trop Dis. 2016;10(12):e0005219.

Pallikkuth S, Parmigiani A, Silva SY, George VK, Fischl M, Pahwa R, et al. Impaired
peripheral blood T-follicular helper cell function in HIV-infected nonresponders to the
2009 HIN1/09 vaccine. Blood. 2012;120(5):985-93.

Noe S, Ochana N, Wiese C, Schabaz F, Von Krosigk A, Heldwein S, et al. Humoral
response to SARS-CoV-2 vaccines in people living with HIV. Infection. 2022;50(3):617-23.
Spinelli MA, Lynch KL, Yun C, Glidden DV, Peluso MJ, Henrich TJ, et al. SARS-CoV-2
seroprevalence, and IgG concentration and pseudovirus neutralising antibody titres
after infection, compared by HIV status: a matched case-control observational study.
The Lancet HIV. 2021;8(6):e334-e41.

Spinelli MA, Peluso MJ, Lynch KL, Yun C, Glidden DV, Henrich TJ, et al. Differences in
Post-mRNA Vaccination Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)
Immunoglobulin G (IgG) Concentrations and Surrogate Virus Neutralization Test
Response by Human Immunodeficiency Virus (HIV) Status and Type of Vaccine: A

Matched Case-Control Observational Study. Clin Infect Dis. 2022;75(1):e916-€9.

41



14.

15.

16.

17.

18.

19.

20.

21.

22.

Lange CG, Lederman MM, Medvik K, Asaad R, Wild M, Kalayjian R, et al. Nadir CD4+ T-
cell count and numbers of CD28+ CD4+ T-cells predict functional responses to
immunizations in chronic HIV-1 infection. AIDS. 2003;17(14):2015-23.

Hassold N, Brichler S, Ouedraogo E, Leclerc D, Carroue S, Gater Y, et al. Impaired
antibody response to COVID-19 vaccination in advanced HIV infection. AIDS.
2022;36(4):F1-F5.

Fischinger S, Boudreau CM, Butler AL, Streeck H, and Alter G. Sex differences in vaccine-
induced humoral immunity. Semin Immunopathol. 2019;41(2):239-49.

Pallikkuth S, De Armas LR, Pahwa R, Rinaldi S, George VK, Sanchez CM, et al. Impact of
aging and HIV infection on serologic response to seasonal influenza vaccination. AIDS.
2018;32(9):1085-94.

Scully EP. Sex Differences in HIV Infection. Curr HIV/AIDS Rep. 2018;15(2):136-46.

Lu LL, Suscovich TJ, Fortune SM, and Alter G. Beyond binding: antibody effector
functions in infectious diseases. Nat Rev Immunol. 2018;18(1):46-61.

Loos C, Lauffenburger DA, and Alter G. Dissecting the antibody-OME: past, present, and
future. Curr Opin Immunol. 2020;65:89-96.

Tesoriero JM, Swain CE, Pierce JL, Zamboni L, Wu M, Holtgrave DR, et al. COVID-19
Outcomes Among Persons Living With or Without Diagnosed HIV Infection in New York
State. JAMA Netw Open. 2021;4(2):e2037069.

Yang X, Sun J, Patel RC, Zhang J, Guo S, Zheng Q, et al. Associations between HIV
infection and clinical spectrum of COVID-19: a population level analysis based on US

National COVID Cohort Collaborative (N3C) data. Lancet HIV. 2021;8(11):e690-e700.

42



23.

24.

25.

26.

27.

28.

Western Cape Department of Health in collaboration with the National Institute for
Communicable Diseases SA. Risk Factors for Coronavirus Disease 2019 (COVID-19) Death
in a Population Cohort Study from the Western Cape Province, South Africa. Clin Infect
Dis. 2021;73(7):e2005-e15.

Bhaskaran K, Rentsch CT, MacKenna B, Schultze A, Mehrkar A, Bates CJ, et al. HIV
infection and COVID-19 death: a population-based cohort analysis of UK primary care
data and linked national death registrations within the OpenSAFELY platform. The
Lancet HIV. 2021;8(1):e24-e32.

Bertagnolio S, Thwin SS, Silva R, Nagarajan S, Jassat W, Fowler R, et al. Clinical features
of, and risk factors for, severe or fatal COVID-19 among people living with HIV admitted
to hospital: analysis of data from the WHO Global Clinical Platform of COVID-19. Lancet
HIV. 2022;9(7):e486-e95.

Shapiro AE, Bender Ignacio RA, Whitney BM, Delaney JA, Nance RM, Bamford L, et al.
Factors Associated With Severity of COVID-19 Disease in a Multicenter Cohort of People
With HIV in the United States, March-December 2020. J Acquir Inmune Defic Syndr.
2022;90(4):369-76.

Alrubayyi A, Gea-Mallorqui E, Touizer E, Hameiri-Bowen D, Kopycinski J, Charlton B, et
al. Characterization of humoral and SARS-CoV-2 specific T cell responses in people living
with HIV. Nat Commun. 2021;12(1):5839.

Karim F, Gazy |, Cele S, Zungu Y, Krause R, Bernstein M, et al. HIV status alters disease
severity and immune cell responses in Beta variant SARS-CoV-2 infection wave. Elife.

2021;10.

43



29.

30.

31.

32.

33.

34.

Takahashi T, Ellingson MK, Wong P, Israelow B, Lucas C, Klein J, et al. Sex differences in
immune responses that underlie COVID-19 disease outcomes. Nature.
2020;588(7837):315-20.

Scully EP, Schumock G, Fu M, Massaccesi G, Muschelli J, Betz J, et al. Sex and Gender
Differences in Testing, Hospital Admission, Clinical Presentation, and Drivers of Severe
Outcomes From COVID-19. Open Forum Infect Dis. 2021;8(9):0fab448.

Geretti AM, Stockdale AJ, Kelly SH, Cevik M, Collins S, Waters L, et al. Outcomes of
Coronavirus Disease 2019 (COVID-19) Related Hospitalization Among People With
Human Immunodeficiency Virus (HIV) in the ISARIC World Health Organization (WHO)
Clinical Characterization Protocol (UK): A Prospective Observational Study. Clin Infect
Dis. 2021;73(7):e2095-e106.

Alanio C, Verma A, Mathew D, Gouma S, Liang G, Dunn T, et al. Cytomegalovirus Latent
Infection is Associated with an Increased Risk of COVID-19-Related Hospitalization. J
Infect Dis. 2022;226(3):463-73.

Shrock E, Fujimura E, Kula T, Timms RT, Lee IH, Leng Y, et al. Viral epitope profiling of
COVID-19 patients reveals cross-reactivity and correlates of severity. Science.
2020;370(6520).

Peluso MJ, Deveau TM, Munter SE, Ryder D, Buck A, Beck-Engeser G, et al. Impact of
Pre-Existing Chronic Viral Infection and Reactivation on the Development of Long COVID.

medRxiv. 2022.

44



35.

36.

37.

38.

39.

40.

41.

Kingery JR, Safford MM, Martin P, Lau JD, Rajan M, Wehmeyer GT, et al. Health Status,
Persistent Symptoms, and Effort Intolerance One Year After Acute COVID-19 Infection. J
Gen Intern Med. 2022;37(5):1218-25.

Peluso MJ, Spinelli MA, Deveau TM, Forman CA, Munter SE, Mathur S, et al. Post-acute
sequelae and adaptive immune responses in people living with HIV recovering from
SARS-COV-2 infection. AIDS. 2022.

Freeman ML, Lederman MM, and Gianella S. Partners in Crime: The Role of CMV in
Immune Dysregulation and Clinical Outcome During HIV Infection. Curr HIV/AIDS Rep.
2016;13(1):10-9.

Grinspoon SK, Fitch KV, Overton ET, Fichtenbaum CJ, Zanni MV, Aberg JA, et al.
Rationale and design of the Randomized Trial to Prevent Vascular Events in HIV
(REPRIEVE). Am Heart J. 2019;212:23-35.

Grinspoon SK, Douglas PS, Hoffmann U, and Ribaudo HJ. Leveraging a Landmark Trial of
Primary Cardiovascular Disease Prevention in Human Immunodeficiency Virus:
Introduction From the REPRIEVE Coprincipal Investigators. J Infect Dis. 2020;222(Suppl
1):S1-S7.

Overton ET, Weir IR, Zanni MV, Fischinger S, MacArthur RD, Aberg JA, et al.
Asymptomatic SARS-CoV-2 Infection Is Common Among ART-Treated People With HIV. J
Acquir Immune Defic Syndr. 2022;90(4):377-81.

Benjamini Y, and Yekutieli D. The control of the false discovery rate in multiple testing

under dependency. Annals of statistics. 2001;29(4):1165-88.

45



42.

43.

44.

45.

46.

47.

48.

49.

50.

Spinelli MA, Brown LB, Glidden DV, Hunter K, Martin-Tuite P, Zheng J, et al. SARS-CoV-2
incidence, testing rates, and severe COVID-19 outcomes among people with and
without HIV. AIDS. 2021;35(15):2545-7.

Schnittman SR, Boeck J, Beck-Engeser G, Ahn H, Jones N, Deitchman AN, et al. In: in the
Program and Abstracts from the 28th Conference on Retroviruses and Opportunistic
Infections, 2021, poster presentation #254.

Dugast AS, Arnold K, Lofano G, Moore S, Hoffner M, Simek M, et al. Virus-driven
Inflammation Is Associated With the Development of bNAbs in Spontaneous Controllers
of HIV. Clin Infect Dis. 2017;64(8):1098-104.

Tomaras GD, and Haynes BF. HIV-1-specific antibody responses during acute and chronic
HIV-1 infection. Curr Opin HIV AIDS. 2009;4(5):373-9.

Gianella S, Smith DM, Vargas MV, Little SJ, Richman DD, Daar ES, et al. Shedding of HIV
and human herpesviruses in the semen of effectively treated HIV-1-infected men who
have sex with men. Clin Infect Dis. 2013;57(3):441-7.

Klein SL, and Flanagan KL. Sex differences in immune responses. Nat Rev Immunol.
2016;16(10):626-38.

Souyris M, Cenac C, Azar P, Daviaud D, Canivet A, Grunenwald S, et al. TLR7 escapes X
chromosome inactivation in immune cells. Sci Immunol. 2018;3(19).

Taneja V. Sex Hormones Determine Immune Response. Front Immunol. 2018;9:1931.
Triant VA, Lee H, Hadigan C, and Grinspoon SK. Increased acute myocardial infarction
rates and cardiovascular risk factors among patients with human immunodeficiency

virus disease. J Clin Endocrinol Metab. 2007;92(7):2506-12.

46



51.

52.

53.

54.

55.

56.

57.

Chow FC, Regan S, Zanni MV, Looby SE, Bushnell CD, Meigs JB, et al. Elevated ischemic
stroke risk among women living with HIV infection. AIDS. 2018;32(1):59-67.

Sylwester AW, Mitchell BL, Edgar JB, Taormina C, Pelte C, Ruchti F, et al. Broadly
targeted human cytomegalovirus-specific CD4+ and CD8+ T cells dominate the memory
compartments of exposed subjects. J Exp Med. 2005;202(5):673-85.

Waldrop SL, Pitcher CJ, Peterson DM, Maino VC, and Picker LJ. Determination of
antigen-specific memory/effector CD4+ T cell frequencies by flow cytometry: evidence
for a novel, antigen-specific homeostatic mechanism in HIV-associated
immunodeficiency. J Clin Invest. 1997;99(7):1739-50.

Chen S, Pawelec G, Trompet S, Goldeck D, Mortensen LH, Slagboom PE, et al.
Associations of Cytomegalovirus Infection With All-Cause and Cardiovascular Mortality
in Multiple Observational Cohort Studies of Older Adults. J Infect Dis. 2021;223(2):238-
46.

Koskinen PK, Kallio EA, Tikkanen JM, Sihvola RK, Hayry PJ, and Lemstrom KB.
Cytomegalovirus infection and cardiac allograft vasculopathy. Transpl Infect Dis.
1999;1(2):115-26.

Hodowanec AC, Lurain NS, Krishnan S, Bosch RJ, and Landay AL. Increased CMV IgG
Antibody Titer is Associated with Non-AIDS Events among Virologically Suppressed HIV-
Positive Persons. Pathog Immun. 2019;4(1):66-78.

Di Benedetto S, Derhovanessian E, Steinhagen-Thiessen E, Goldeck D, Muller L, and
Pawelec G. Impact of age, sex and CMV-infection on peripheral T cell phenotypes:

results from the Berlin BASE-II Study. Biogerontology. 2015;16(5):631-43.

47



58.

59.

60.

61.

62.

63.

64.

Fletcher JM, Vukmanovic-Stejic M, Dunne PJ, Birch KE, Cook JE, Jackson SE, et al.
Cytomegalovirus-specific CD4+ T cells in healthy carriers are continuously driven to
replicative exhaustion. J Immunol. 2005;175(12):8218-25.

Ratliff M, Alter S, Frasca D, Blomberg BB, and Riley RL. In senescence, age-associated B
cells secrete TNFalpha and inhibit survival of B-cell precursors. Aging Cell.
2013;12(2):303-11.

Rubtsova K, Rubtsov AV, Cancro MP, and Marrack P. Age-Associated B Cells: A T-bet-
Dependent Effector with Roles in Protective and Pathogenic Immunity. J Immunol.
2015;195(5):1933-7.

Wu YC, Kipling D, and Dunn-Walters DK. Age-Related Changes in Human Peripheral
Blood IGH Repertoire Following Vaccination. Front Immunol. 2012;3:193.

Kolibab K, Smithson SL, Shriner AK, Khuder S, Romero-Steiner S, Carlone GM, et al.
Immune response to pneumococcal polysaccharides 4 and 14 in elderly and young
adults. I. Antibody concentrations, avidity and functional activity. Immun Ageing.
2005;2:10.

Fine PE. Variation in protection by BCG: implications of and for heterologous immunity.
Lancet. 1995;346(8986):1339-45.

Hallander HO, Paniagua M, Espinoza F, Askelof P, Corrales E, Ringman M, et al.
Calibrated serological techniques demonstrate significant different serum response
rates to an oral killed cholera vaccine between Swedish and Nicaraguan children.

Vaccine. 2002;21(1-2):138-45.

48



65.

66.

67.

68.

69.

70.

71.

72.

Muyanja E, Ssemaganda A, Ngauv P, Cubas R, Perrin H, Srinivasan D, et al. Immune
activation alters cellular and humoral responses to yellow fever 17D vaccine. J Clin
Invest. 2014;124(7):3147-58.

Schnittman SR, Zepf R, Cocohoba J, and Sears D. Brief Report: Heplisav-B Seroprotection
in People With HIV: A Single-Center Experience. J Acquir Immune Defic Syndr.
2021;86(4):445-9.

George VK, Pallikkuth S, Parmigiani A, Alcaide M, Fischl M, Arheart KL, et al. HIV
infection Worsens Age-Associated Defects in Antibody Responses to Influenza Vaccine. J
Infect Dis. 2015;211(12):1959-68.

Gunn BM, and Alter G. Modulating Antibody Functionality in Infectious Disease and
Vaccination. Trends Mol Med. 2016;22(11):969-82.

Alexandre YO, Devi S, Park SL, Mackay LK, Heath WR, and Mueller SN. Systemic
Inflammation Suppresses Lymphoid Tissue Remodeling and B Cell Immunity during
Concomitant Local Infection. Cell Rep. 2020;33(13):108567.

Stein J, Volk HD, Liebenthal C, Kruger DH, and Prosch S. Tumour necrosis factor alpha
stimulates the activity of the human cytomegalovirus major immediate early
enhancer/promoter in immature monocytic cells. J Gen Virol. 1993;74 ( Pt 11):2333-8.
Docke WD, Prosch S, Fietze E, Kimel V, Zuckermann H, Klug C, et al. Cytomegalovirus
reactivation and tumour necrosis factor. Lancet. 1994;343(8892):268-9.

Hunt PW, Martin JN, Sinclair E, Epling L, Teague J, Jacobson MA, et al. Valganciclovir
reduces T cell activation in HIV-infected individuals with incomplete CD4+ T cell recovery

on antiretroviral therapy. J Infect Dis. 2011;203(10):1474-83.

49



73.

74.

75.

76.

77.

78.

79.

80.

Meng M, Zhang S, Dong X, Sun W, Deng Y, Li W, et al. COVID-19 associated EBV
reactivation and effects of ganciclovir treatment. Immun Inflamm Dis. 2022;10(4):e597.
Klein J, Wood J, Jaycox J, Lu P, Dhodapkar RM, Gehlhausen JR, et al. Distinguishing
features of Long COVID identified through immune profiling. medRxiv. 2022.

Shnayder M, Nachshon A, Krishna B, Poole E, Boshkov A, Binyamin A, et al. Defining the
Transcriptional Landscape during Cytomegalovirus Latency with Single-Cell RNA
Sequencing. mBio. 2018;9(2).

Schnittman SR, and Hunt PW. Clinical consequences of asymptomatic cytomegalovirus
in treated human immunodeficency virus infection. Curr Opin HIV AIDS. 2021;16(3):168-
76.

Yu KK, Fischinger S, Smith MT, Atyeo C, Cizmeci D, Wolf CR, et al. Comorbid illnesses are
associated with altered adaptive immune responses to SARS-CoV-2. JCI Insight.
2021;6(6).

Loos C, Atyeo C, Fischinger S, Burke J, Slein MD, Streeck H, et al. Evolution of Early SARS-
CoV-2 and Cross-Coronavirus Immunity. mSphere. 2020;5(5).

Vazquez-Vela ME, Torres N, and Tovar AR. White adipose tissue as endocrine organ and
its role in obesity. Arch Med Res. 2008;39(8):715-28.

Nishimura S, Manabe |, Nagasaki M, Eto K, Yamashita H, Ohsugi M, et al. CD8+ effector T
cells contribute to macrophage recruitment and adipose tissue inflammation in obesity.

Nat Med. 2009;15(8):914-20.

50



81.

82.

83.

84.

85.

86.

87.

88.

Eyran T, Vaisman-Mentesh A, Taussig D, Dror Y, Aizik L, Kigel A, et al. Longitudinal
kinetics of RBD+ antibodies in COVID-19 recovered patients over 14 months. PLoS
Pathog. 2022;18(6):e1010569.

Atyeo C, Fischinger S, Zohar T, Slein MD, Burke J, Loos C, et al. Distinct Early Serological
Signatures Track with SARS-CoV-2 Survival. Immunity. 2020;53(3):524-32 e4.

Bar-On YM, Flamholz A, Phillips R, and Milo R. SARS-CoV-2 (COVID-19) by the numbers.
Elife. 2020;9.

Al Heialy S, Hachim MY, Senok A, Gaudet M, Abou Tayoun A, Hamoudi R, et al.
Regulation of Angiotensin- Converting Enzyme 2 in Obesity: Implications for COVID-19.
Front Physiol. 2020;11:555039.

LiuY, Yang Y, Zhang C, Huang F, Wang F, Yuan J, et al. Clinical and biochemical indexes
from 2019-nCoV infected patients linked to viral loads and lung injury. Sci China Life Sci.
2020;63(3):364-74.

Patel VB, Mori J, McLean BA, Basu R, Das SK, Ramprasath T, et al. ACE2 Deficiency
Worsens Epicardial Adipose Tissue Inflammation and Cardiac Dysfunction in Response to
Diet-Induced Obesity. Diabetes. 2016;65(1):85-95.

Zou L, Ruan F, Huang M, Liang L, Huang H, Hong Z, et al. SARS-CoV-2 Viral Load in Upper
Respiratory Specimens of Infected Patients. N Engl J Med. 2020;382(12):1177-9.
Moriconi D, Masi S, Rebelos E, Virdis A, Manca ML, De Marco S, et al. Obesity prolongs
the hospital stay in patients affected by COVID-19, and may impact on SARS-COV-2

shedding. Obes Res Clin Pract. 2020;14(3):205-9.

51



89.

90.

91.

92.

93.

94.

95.

96.

Abudulai LN, Fernandez S, Corscadden K, Hunter M, Kirkham LA, Post JJ, et al. Chronic
HIV-1 Infection Induces B-Cell Dysfunction That Is Incompletely Resolved by Long-Term
Antiretroviral Therapy. J Acquir Inmune Defic Syndr. 2016;71(4):381-9.

Kaneko N, Kuo HH, Boucau J, Farmer JR, Allard-Chamard H, Mahajan VS, et al. Loss of
Bcl-6-Expressing T Follicular Helper Cells and Germinal Centers in COVID-19. Cell.
2020;183(1):143-57 e13.

Hwa SH, Snyman J, Bernstein M, Ganga Y, Cele S, Muema D, et al. HIV viremia is
associated with compromised SARS-CoV-2 Beta variant neutralization. J Infect Dis. 2022.
Nkosi T, Chasara C, Papadopoulos AO, Nguni TL, Karim F, Moosa MS, et al. Unsuppressed
HIV infection impairs T cell responses to SARS-CoV-2 infection and abrogates T cell
cross-recognition. Elife. 2022;11.

Roy V, Fischinger S, Atyeo C, Slein M, Loos C, Balazs A, et al. SARS-CoV-2-specific ELISA
development. J Immunol Methods. 2020;484-485:112832.

Nilles EJ, Karlson EW, Norman M, Gilboa T, Fischinger S, Atyeo C, et al. Evaluation of
Three Commercial and Two Non-Commercial Immunoassays for the Detection of Prior
Infection to SARS-CoV-2. J Appl Lab Med. 2021;6(6):1561-70.

Brown EP, Weiner JA, Lin S, Natarajan H, Normandin E, Barouch DH, et al. Optimization
and qualification of an Fc Array assay for assessments of antibodies against HIV-1/SIV. J
Immunol Methods. 2018;455:24-33.

Schlottmann SA, Jain N, Chirmule N, and Esser MT. A novel chemistry for conjugating
pneumococcal polysaccharides to Luminex microspheres. J Immunol Methods.

2006;309(1-2):75-85.

52



Tables/Figures

Table 1. Participant Demographics and Characteristics
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Total Covid-Negative Covid-Positive
(N=2,464) (N=2,181) (N=283)

Age, years, median (Q1-Q3) 53 (48-57) 53 (48-57) 53 (49-57)
Natal Sex

Female 865 (35.1%) 761 (34.9%) 104 (36.7%)

Male 1599 (64.9%) 1420 (65.1%) 179 (63.3%)
Race

Asian 374 (15.2%) 339 (15.5%) 35 (12.4%)

Black or African American

1155 (46.9%)

1001 (45.9%)

154 (54.4%)

Other 145 (5.9%) 128 (5.9%) 17 (6.0%)
White 790 (32.1%) 713 (32.7%) 77 (27.2%)
Ethnicity?®

Non-Hispanic/Latino

1022 (82.3%)

923 (82.3%)

99 (81.8%)

Hispanic/Latino

220 (17.7%)

198 (17.7%)

22 (18.2%)

GBD Region

High-Income®

1225 (49.7%)

1106 (50.7%)

119 (42.0%)

Latin America and Caribbean

533 (21.6%)

445 (20.4%)

88 (31.1%)

Southeast/East Asia

336 (13.6%)

305 (14.0%)

31 (11.0%)
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South Asia 25 (1.0%) 22 (1.0%) 3 (1.1%)

Sub-Saharan Africa 345 (14.0%) 303 (13.9%) 42 (14.8%)
BMI, kg/m?, median (Q1-Q3) 26.0 (22.9-29.9) 26.0 (22.9-29.8) 26.3 (22.9-30.4)
Smoking

Never 1349 (54.7%) 1181 (54.1%) 168 (59.4%)

Current or Former 1114 (45.2%) 999 (45.8%) 115 (40.6%)

Substance use®

Never 1734 (70.4%) 1515 (69.5%) 219 (77.4%)
Current or Former 729 (29.6%) 665 (30.5%) 64 (22.6%)
ASCVD risk score, %, median (Q1-Q3) 4.2 (2.0-6.8) 4.1 (2.0-6.7) 4.4 (2.0-7.0)

Nadir CD4, cells/mm?

<50 455 (18.5%) 406 (18.6%) 49 (17.3%)

50-199 785 (31.9%) 705 (32.3%) 80 (28.3%)

200-349 654 (26.5%) 578 (26.5%) 76 (26.9%)

350+ 507 (20.6%) 438 (20.1%) 69 (24.4%)

Unknown 63 (2.6%) 54 (2.5%) 9 (3.2%)
Current CD4, cells/mm?, median (Q1-Q3) 649 (483-849) 651 (484-855) 609 (466-817)
HIV-1 RNA
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<LLQ or LLQ - <400

2389 (97.0%)

2114 (96.9%)

275 (97.2%)

2400

53 (2.2%)

51 (2.3%)

2 (0.7%)

Unknown

22 (0.9%)

16 (0.7%)

6 (2.1%)

ART duration, years

76 (26.9%)

<5 514 (20.9%) 438 (20.1%)

5-10 654 (26.5%) 571 (26.2%) 83 (29.3%)
10+ 1296 (52.6%) 1172 (53.7%) 124 (43.8%)

ART class

NRTI + INSTI 1125 (45.7%) 1001 (45.9%) 124 (43.8%)
NRTI + NNRTI 806 (32.7%) 705 (32.3%) 101 (35.7%)
NRTI + PI 322 (13.1%) 284 (13.0%) 38 (13.4%)
NRTI-sparing 66 (2.7%) 58 (2.7%) 8 (2.8%)
Other NRTI-containing 145 (5.9%) 133 (6.1%) 12 (4.2%)

COVID-19 severity

Not reported or Asymptomatic

2406 (97.6%)

2146 (98.4%)

260 (91.9%)

Mild 27 (1.1%) 18 (0.8%)° 9 (3.2%)
Moderate 28 (1.1%) 15 (0.7%)° 13 (4.6%)
Severe 3 (0.1%) 2 (0.1%)° 1(0.4%)
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RBD IgG

Positive 271 (11%) 0 (0%) 271 (96%)

Negative 2193 (89%) 2181 (100%) 12 (4.2%)
RBD IgA

Positive 21 (0.9%) 0 (0%) 21 (7.4%)

Negative 2443 (99.1%) 2181 (100%) 262 (92.6%)

atthnicity per National Institutes of Health definition for participants in US, Puerto Rico,

and Canada.

bUS and Canada; participant samples from Spain were unavailable.

cUse of cocaine, methamphetamine, and/or intravenous drugs

dParticipants reported COVID-19-related adverse events, though we could not confirm

these diagnoses, and antibody testing was negative.
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Participant Samples (n=2502)

Excluded (n=38):
Vaccinated (n=16)
Duplicates (n=22)

| Unique Participants (n=2464) |

I
COVID-Negative (n=2181) | | COVID-Positive (n=283)
B 1gG Positive
242
8
10
IgA Positive COVID-19 Symptoms

Figure 1. Study Design. (A) Consort diagram. (B) Venn diagram describing breakdown

of COVID RBD IgG/IgA-positive participants based on RBD IgG/IgA status and
COVID-19-like symptoms.
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Figure 2. Univariate associations among COVID-positive participants. (A)
Univariate heat map relating COVID-19 severity and host factors to SARS-CoV-2-
specific antibody isotype and subclass and Fc-receptor binding. Coefficients and R?
values derived from unadjusted linear regression modeling. Violin plots of (B) RBD-

specific FcyRIIB and (C) Spike-specific FcyRIIB across nadir CD4 groups are shown.

Violin plots of (D) N-specific FcyRIIA and (E) RBD-specific FcyRIIIA across BMI groups.
Significance testing was performed via Wilcoxon rank-sum test and is shown as P<0.05

(*), P<0.01 (**), or P<0.001 (***).
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Figure 3. Volcano plots and heat maps of effect of SARS-CoV-2 RBD IgG/IgA
positivity on the humoral immune repertoire among all participants. VVolcano plots
of effect of SARS-CoV-2 RBD IgG/IgA positivity on the (A) non-SARS-CoV-2 humoral
repertoire and (B) SARS-CoV-2 humoral repertoire among all participants. Volcano
plots constructed from linear regression models, adjusted for age, sex, GBD region,
nadir CD4, and HIV viral load, with horizontal dashed line of significance displayed for
FDR-corrected P=0.05. Responses higher in the antibody-positive fall toward the right of
the vertical dashed line, while responses higher in the antibody-negative fall toward the
left of the vertical dashed line. Respective heat maps of the volcano plot coefficients for
the (C) non-SARS-CoV-2 and (D) SARS-CoV-2 humoral responses. Coefficients >0 are
higher in the antibody-positive, while coefficients <0 are higher in the antibody-negative.
Significance in the heat maps is shown as FDR-corrected P<0.05 (*), P<0.01 (**), or
P<0.001 (***). Specific antibody isotype, subclass, and Fc-receptor responses are color-
coded between the volcano plots and heat maps.
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Figure 4. Volcano plots and heat maps of effect of COVID-19 severity on the
humoral immune repertoire among COVID-positive participants. Adjusted volcano
plots of effect of COVID-19 severity on the (A) non-SARS-CoV-2 humoral repertoire and
(B) SARS-CoV-2 humoral repertoire among COVID-positive participants. Coefficients
reflect the effect of a 1 SD increase in severity, which was z-scored for each participant
from the ordinal scale of none reported/asymptomatic, mild, moderate, or severe.
Respective heat maps of the volcano plot coefficients for the (C) non-SARS-CoV-2 and
(D) SARS-CoV-2 humoral responses. Significance in the heat maps is shown as FDR-
corrected P<0.05 (*), P<0.01 (**), or P<0.001 (***).
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Figure 5. Volcano plots and heat maps of effect of natal sex on the humoral
immune repertoire. Adjusted volcano plots of effect of natal sex on the (A) non-SARS-
CoV-2 humoral repertoire among the COVID-negative cohort and (B) SARS-CoV-2
humoral repertoire among the COVID-positive cohort. Respective heat maps of the
volcano plot coefficients for the (C) non-SARS-CoV-2 and (D) SARS-CoV-2 humoral
responses. Significance in the heat maps is shown as FDR-corrected P<0.05 (*),

P<0.01 (**), or P<0.001 (***).
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Figure 6. Volcano plots and heat maps of effect of age on the humoral immune
repertoire. Adjusted volcano plots of effect of age on the (A) non-SARS-CoV-2 humoral
repertoire among the COVID-negative cohort and (B) SARS-CoV-2 humoral repertoire
among COVID-positive cohort. Coefficients reflect the effect of a 1 SD increase in age,
which was z-scored for each participant. Respective heat maps of the volcano plot
coefficients for the (C) non-SARS-CoV-2 and (D) SARS-CoV-2 humoral responses.
Significance in the heat maps is shown as FDR-corrected P<0.05 (*), P<0.01 (**), or
P<0.001 (***).
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Figure 7. Volcano plots and heat maps of effect of BMI on the humoral immune
repertoire. Adjusted volcano plots of effect of BMI on the (A) non-SARS-CoV-2
humoral repertoire among the COVID-negative cohort and (B) SARS-CoV-2 humoral
repertoire among COVID-positive cohort. Coefficients reflect the effect of a 1 SD
increase in BMI, which was z-scored for each participant. Respective heat maps of the
volcano plot coefficients for the (C) non-SARS-CoV-2 and (D) SARS-CoV-2 humoral
responses. Significance in the heat maps is shown as FDR-corrected P<0.05 (*),

P<0.01 (**), or P<0.001 (***).

64



A High Income B Non-high Income High Income
R —— — >
: ® L
o
Fcg3AV_HIV.gp120.CladeB.C@® 1.0
20 i
° °
=] 3
g/_ 19G1_HIV.gp120 cwa@c g/_
S S ©
B B
T 10 | 50,58, v HIV.p24.CladeB.HXBc2 T 0.5
‘ Fcg3AV_CMV.PP65- ééfcw .
IgGi1_HIV.p24.CladeB.HXBc2-Feg2t
. : = 1§/8W HIV.gp120.CladeB.C
’F«x;s'/\'v EBV.gp350
: I‘SAA:fg;ﬁmy l9G) 52 IgG1.RED _ L &
. 2 [ Y cg 2
IgA1_RSV— / 1963 52'%h SJ\‘Kegm“ so-1ga1_s1 '9CeRdbe
SO b SRR R fgGA-Pnedmo--------------sommoeooo oo 1gG1_Spike/Jetm Fgafiha
; QED)O IgG1_Spikg/gammaX$ ¢
0 1gG3_H : 0.0 IgG1_Spike.alpHgG1_Spike.delta
0.0 0.1 0.2 0.3 0.4 -0.1 0.0 0.1 0.2 0.3
Coefficient Coefficient
c Coefficient D Coefficient
i *o e e s s H|V.p24.CladeB.HXBc2 - 0.4 Spike 0.4
o e e e e s HIV.gp120.CladeB.C. 0.2 S1 0.2
k| Kk Kk [kdk| Kk [kkk | Kkk | kk CMVgB 0 s2 0
ok *kk wxx xx% 5% | Praimo -0.2 N -0.2
* | xx . ko | Rk | Kk -0.4 —
RSV Spike.alpha 0.4
*k
HSV1 Spike.beta
HSV2 Spike.gamma
*kk * *k * *hk | kkk
CMV.PP65 Spike.delta
*k * *k * *kk | kkk EBV-gp350 RBD
* *kk . kk| Kk
HA @@ aa iy
S o a T O @ > Q
oo} > & - e L
- - @
> <
<

Figure 8. Volcano plots and heat maps of effect of GBD region on the humoral
immune repertoire. Adjusted volcano plots of effect of high-income GBD region (vs
non-high-income) on the (A) non-SARS-CoV-2 humoral repertoire among the COVID-
negative cohort and (B) SARS-CoV-2 humoral repertoire among the COVID-positive
cohort. Respective heat maps of the volcano plot coefficients for the (C) non-SARS-
CoV-2 and (D) SARS-CoV-2 humoral responses. Significance in the heat maps is
shown as FDR-corrected P<0.05 (*), P<0.01 (**), or P<0.001 (***).
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Figure 9. Volcano plots and heat maps of effect of HIV viremia on the humoral
immune repertoire. Adjusted volcano plots of effect of HIV viremia (2400 vs <400
copies/ml) on the (A) non-SARS-CoV-2 humoral repertoire among the COVID-negative
cohort and (B) SARS-CoV-2 humoral repertoire among the COVID-positive cohort.
Respective heat maps of the volcano plot coefficients for the (C) non-SARS-CoV-2 and
(D) SARS-CoV-2 humoral responses. Significance in the heat maps is shown as FDR-
corrected P<0.05 (*), P<0.01 (**), or P<0.001 (***).
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Figure 10. Volcano plots and heat maps of effect of nadir CD4 on the humoral
immune repertoire. Adjusted volcano plots of effect of nadir CD4 on the (A) non-

SARS-CoV-2 humoral repertoire among the COVID-negative cohort and (B) SARS-
CoV-2 humoral repertoire among the COVID-positive cohort. Coefficients reflect the
effect of a 1 SD increase in nadir CD4, which was z-scored for each participant from the

ordinal scale of <50, 50-199, 200-349, or 2350 cell/mm3. Respective heat maps of the
volcano plot coefficients for the (C) non-SARS-CoV-2 and (D) SARS-CoV-2 humoral

responses. Significance in the heat maps is shown as FDR-corrected P<0.05 (*),

P<0.01 (**), or P<0.001 (***).
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Figure 11. Volcano plots and heat maps of effect of current CD4 on the humoral

immune repertoire. Adjusted volcano plots of effect of current CD4 (without nadir CD4
adjustment) on the (A) non-SARS-CoV-2 humoral repertoire among the COVID-
negative cohort and (B) SARS-CoV-2 humoral repertoire among COVID-positive cohort.
Coefficients reflect the effect of a 1 SD increase in current CD4 (cells/mm?), which was

z-scored for each participant. Respective heat maps of the volcano plot coefficients for

the (C) non-SARS-CoV-2 and (D) SARS-CoV-2 humoral responses. Significance in the
heat maps is shown as FDR-corrected P<0.05 (*), P<0.01 (**), or P<0.001 (***).
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