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Background. Immunization of vulnerable populations with distinct immunity often results in suboptimal immunogenicity,
durability, and efficacy.

Methods. Safety and immunogenicity profiles of BNT162b2 messenger RNA coronavirus disease 2019 (COVID-19) vaccine,
among people living with human immunodeficiency virus (HIV), were evaluated in 28 perinatally HIV-infected patients under
antiretroviral therapy (ART) and 65 healthy controls (HCs) with no previous history of COVID-19. Thus, we measured severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-specific humoral and CD4+ T cell responses. Samples were collected
before vaccination (baseline, day [D] 0), at the second dose (D21), and at 4 weeks (D28) and 6 months (D180) after DO.
Proteomic profiles at DO and D28 were assessed with a multiplexed proximity extension assay (Olink) on plasma samples.

Results.  All HIV-infected patients mounted similar anti-SARS-CoV-2 humoral responses to those of HCs, albeit with lower
titers of anti-trimeric S at D28 (P =.01). Only peripheral blood mononuclear cells of HIV-infected patients demonstrated at
D28 an impaired ability to expand their specific (CD40L+) CD4+ T-cell populations. Similar humoral titers were maintained
between the 2 groups at 6-months follow-up. We additionally correlated baseline protein levels to either humoral or cellular
responses, identifying clusters of molecules involved in immune response regulation with inverse profiles between the 2 study
groups.

Conclusions. Responses of ART-treated HIV-infected patients, compared to those of HCs, were characterized by distinct
features especially within the proteomic compartment, supporting their eligibility to an additional dose, similarly to the HC
schedule.

Keywords. BNT162b2 mRNA COVID-19 vaccine; SARS-CoV-2 antibody; COVID-19; perinatally HIV-infected patients;
antigen-specific T cells.

The most recent G7 summit in June 2021 highlighted a strategy
to end the coronavirus disease 2019 (COVID-19) pandemic by
immunizing 70% of the world’s population by mid-2022. So far,
even if the 58% of the worldwide community has received at
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least 1 dose (data updated to mid-December), to limit the
next COVID-19 infection wave, the Italian Ministry of
Health started by mid-September the administration of booster
doses for at-risk members of the population. Despite some ini-
tial evidence to the contrary, recent studies suggest that human
immunodeficiency virus (HIV) type 1 infection increases the
risk of severe COVID-19 [1-3], thus highlighting the need
for an efficient vaccination schedule for people living with
HIV (PLWH) [4]. This strategy is also meant to prevent lack
of access to antiretroviral therapy (ART) for this vulnerable
population, as already seen at the beginning of the
COVID-19 pandemic increasing the possible worsening of
their health condition [5].

Studies of healthy adults demonstrate how BNT162b2
messenger RNA (mRNA) vaccine generally induces robust
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and protective humoral and cellular responses to the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
spike (S) protein [6] and provides protection from severe in-
fection with SARS-CoV-2 [7]. In contrast, individuals with
impaired immunity may experience reduced BNT162b2
mRNA vaccine-induced protection, as recently investigated
by our group [8, 9]. In general, PLWH often show suboptimal
immune responses to a range of vaccines, that even though
improve with ART, often remain lower or decline more easily
than in HIV-negative or healthy control (HC) subjects [10-13].
Although the safety and efficacy of the Pfizer-BNT162b2
mRNA vaccine has already been tested in a multinational tri-
al of >40 000 participants [7], to our knowledge data in this
study regarding the 196 HIV-positive (HIV ™) individuals in-
cluded in the cohort have yet to be published. More recently,
a few short-term follow-up studies have reported good toler-
ability and BNT162b2 humoral immunogenicity (antibody
[Ab] responses) in ART-adherent HIV* subjects [4, 13-
15], with the exception of 1 patient with uncontrolled HIV
infection and a low CD4" T-cell count [16]. Although
few data are thus far available on vaccine-induced cellular
responses as well as on maintenance over time of SARS-
CoV-2-specific humoral responses in HIV™' patients, con-
versely to HCs [17], an early boosting has been suggested
in many countries.

With this purpose, we assessed safety and immunogenicity in
relation to the plasma proteome profiles over 6 months of
BNT162b2 vaccine in ART-treated perinatally HIV-infected
adolescents and young adults enrolled at Bambino Gesu
Children Hospital in Rome.

METHODS

Study Participants and Study Design

Twenty-eight ART-treated perinatally HIV-infected young
adults were enrolled from 10 to 25 March 2021 at Bambino
Gesu Children’s Hospital in Rome, Italy. Characteristics of
the HIV cohort are shown in Table 1. Per national regulations,
only residents in the Latium region were eligible for vaccination
in our center. This observational study included HIV™" patients
aged 18-35 years, of whom 50% were female, who received
BNT162b2 mRNA COVID-19 vaccine, with a schedule of 2
doses of 30 pg 21 days apart [18]. Longitudinal samples were
collected the day of the first dose (DO0) at the second
dose(D21), 4 weeks (D28), and 6 months (D180) after the first
dose (Figure 1A). Serology and molecular (nasopharyngeal
swabs) tests for SARS-CoV-2 were performed prior to vaccina-
tion. All patients were negative for SARS-CoV-2 Abs, both
anti-spike (S) and anti-nucleocapsid (N) proteins, at DO.
Sixty-five HCs aged <60 years (70.8% of females), with no co-
morbidities who received BNT162b2 mRNA COVID-19 vac-
cine were used as a control group. All participants received a

Table 1. Study Cohort Characteristics

Characteristic HIV-Positive Participants (N = 28)

Female sex, No. (%) 14 (50)
Age, y, mean + SD 247 + 54
Race/ethnicity, No.
White 11
Black/African 12
Hispanic/Latino 3
Other/unknown 2
ART initiation, No. (%)
Early treated: <6 mo 11 (39.3)
Late treated: >6 mo 17 (60.7)
ART therapy (drug class), No. of patients
INI+ NRTI 7
INI+ PI 7
INI'+2 NRTIs 7
2 NRTIs +PI 2
NRTI+ PI 1
INI'+ NNRTI 1
Pl+ NNRTI 1
Pl+NNRTI + INI 1
2 NRTIs+ PI+INI 1
ART duration, y, mean (IQR) 17.4 (9-28)
Viral load <40 copies/mL, No. (%) 25 (89.3)
WBCs/mL, mean + SD 5885 + 1652
Lymphocytes, cells/mL, mean + SD 2050 + 877.8
CD3% 75.9 + 9.0
CD4% 318+ 7.7
CD8% 375 + 8.9
CD19% 121 + 4.2
CD167CD56" % 108 + 7.1
CD4*/CD8™ ratio 0.90 + 0.35

Abbreviations: ART, antiretroviral therapy; HIV, human immunodeficiency virus; INI,
integrase inhibitor; 1QR, interquartile range; NNRTI, nonnucleoside reverse transcriptase
inhibitor; NRTI, nucleoside reverse transcriptase inhibitor; Pl, protease inhibitor; SD,
standard deviation; WBC, white blood cells.

survey where they reported any adverse events and side effects
following each dose of vaccine. In accordance with national
regulations, the study protocol was communicated to the
Ethical Committee of the National Infectious Disease Center
at Spallanzani Institute (acceptance number 462) and accepted
by  the local  ethical  committee (CONVERS
STUDY: ‘"Evaluation of COvid-19 mRNA BNT162b2
(Comirnaty) immunogenicity in
populationS"; protocol number 409_OPBG_2021). Written in-
formed consent was obtained from all participants or legal

VaccinE vulneRable

guardians.

Sample Collection and Storage

Venous blood was collected in ethylenediaminetetraacetic acid
tubes and processed within 2 hours. Plasma isolated from blood
was stored at —80°C. Peripheral blood mononuclear cells
(PBMC:s) were isolated from blood with Ficoll density gradient
and cryopreserved in fetal bovine serum with 10% dimethyl
sulfoxide until analysis, in liquid nitrogen.

S52 « CID 2022:75 (Suppl 1) « Morrocchi et al



A C

3 g
& <
e‘&y Qé\f@
! ] | ]
I T T T
Do D21 D28 D180

SARs-CoV-2 Ab
(anti N and anti S)

SARS-CoV-2 Abs
(anti N and anti S)
Ag-specific T cells
(CD4:CD40LY)
B- and T-cell
immune phenotype
proteomic profile

SARS-CoV-2 Abs

(anti N and anti S)

Ag-specific T cells
(CD4CD40L")

SARS-CoV-2 Abs
(anti N and anti S)

phenotype
proteomic profile

B I 1st dose
Pain injection site [J2nd dose

Myalgia

Asthenia

Fever

Headache

Vertigo

Swelling
Lymphoadenopathy
Viral rebound

None

0 20 40 60 80
% of HIV group

100

Figure 1.

B- and T-cell immune D

CD3*CD4 i
o4 '
al . cD3-CD4" gl
o w e ' u ’ w @ " o
>
cp4 CXCRS
,1 o
o
»*
CD19°CD10°
H ¢ .
@
wl 7 Y
cD19

Study design and safety profile of BNT162b2 messenger RNA (mRNA) coronavirus disease 2019 (COVID-19) vaccine. A, Study design. B, Adverse events after the

first and second doses of BTN162b2 mRNA COVID-19 vaccine in the human immunodeficiency virus—infected study group. C and D, Representative gating strategies for
CD3"CD4™ T-cell (C) and B-cell (D) subsets. Abbreviations: Ab, antibody; Ag, antigen; AM, activated memory B cells; DN, double negative B cells ; HIV, human immuno-
deficiency virus; IgD, immunoglobulin D; TLM, tissue-like memory B cells; pTth, peripheral T follicular helper cells; RM, resting memory B cells; SARS-CoV-2, severe acute
respiratory syndrome coronavirus 2; SSC-A, side scatter area; SW, switched memory B cells; TCM, central memory T cells; TEM, effector memory T cells; TEMRA, terminally

differentiated effector memory T cells; UNS, unswitched memory B cells.

Humoral Response

Anti-SARS-CoV-2 immunoglobulin G (IgG) Ab titers were
measured as previously described [8, 19] at DO, D21, D28,
and D180. For this purpose, to expand the range of antibodies
detected, 2 different assays were employed: the LIAISON
SARS-CoV-2 TrimericS-IgG and the Elecsys Anti-SARS-
CoV-2 § assays, performed on automated analyzers following
the manufacturer’s instructions. Additional information are
listed in the Supplementary Materials.

Antigen-Specific CD4* T Cells by Flow Cytometry

SARS-CoV-2-specific CD4*CD40L™ T cells were identified as
previously described [9]. In brief, thawed PBMCs were plated
(1.5 x 106/aliqu0t/200 puL) in 96-well plates containing
CD154-PE (CD40L, BD PharMingen, Franklin Lakes, New
Jersey), anti-CD28 (1 mg/mL) and 0.4 mg/mL PepTivator
SARS-CoV-2 Prot_S (Miltenyi Biotec, Bergisch Gladbach,
Germany), or medium only. Following a 16-hour incubation
at 37°C/5% carbon dioxide, PBMCs were centrifuged and
stained with LIVE/DEAD fixable NEAR-IR dead cell stain kit
(ThermoFisher, Waltham, Massachusetts) 1 pL/ 10° cells/mL
for 15 minutes at room temperature, protected by light.
performed as listed in the
Supplementary Materials. T- and B-cell populations
(Figure 1C and 1D) and SARS-CoV-2-specific (CD40L™)
CD4" T cells were gated as previously reported [8, 9].

Surface staining was

Delta-delta (AA) values used for correlation analyses were

calculated, for each population, by subtracting the frequency
differences between stimulated and unstimulated samples col-
lected at D28 (AD28) and DO (ADO).

Olink Assay

Plasma samples were randomized and analyzed for
immune-related protein biomarkers through a multiplexed
proximity extension assay as previously described [20] before
(DO0) and 4 weeks (D28) after the first dose of BTN162b2 vac-
cination. Proteomic analyses employed the Inflammation and
Immune Response Olink kits [21]. Data are reported in arbi-
trary units as normalized protein expression (NPX) that en-
ables individual protein analysis across a sample set analyzed
in log, scale, wherein a higher NPX correlates with higher pro-
tein expression. The data were preprocessed using the NPX
Manager Software and OlinkAnalyze R package (version
1.3.0). NPX values below the limit of detection (LOD) were re-

placed with LOD values.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 8
(GraphPad, San Diego, California) and R (version 4.1.1) soft-
ware. Proteins with an interquartile range (IQR) value <20th
percentile of the IQR value distribution were excluded from
further analysis. D’Agostino-Pearson or Shapiro tests were
used to assess data distribution, and statistical comparisons
with f test were performed with normally distributed data or
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Figure 2. Both human immunodeficiency virus (HIV}-infected individuals and healthy controls (HCs) demonstrate robust BTN162b2 messenger RNA (mRNA) coronavirus
disease 2019 (COVID-19)-vaccine-induced anti—severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) humoral response exceeding that of solid organ transplant
recipients (Tx). Humoral response was evaluated before (D0) and 21 days (D21), 4 weeks (D28), and 6 months (D180) after the first dose of BTN162b2 mRNA COVID-19 vaccine
as anti-S1 receptor binding domain (RBD) (A and B) and anti-trimeric S (C and [) antibody (Ab) titers. Anti-RBD and anti-trimeric S Abs were assessed by Elecsys
Anti-SARS-CoV-2 S assay (Roche, lower cutoff 0.8 U/mL, higher cutoff 800 U/mL) and LIAISON 166 SARS-CoV-2 TrimericS—immunoglobulin G assay (Diasorin, cutoff 13
AU/mL) in the HIV (red dots: n =27, anti-RBD; n = 25, anti-trimeric S) and HC (black dots: n = 65) study groups, respectively. Scatterplot graphs depict mean + standard
deviation. £, Plot depicts Ab titer mean values in HCs (black lines: n = 65), HIV (red lines: n = 27, anti-RBD; n = 25, anti-trimeric S), and Tx (blue lines: n = 29). Differences in
Ab load at D21, D28, and D180 between Tx and HIV or HC groups were all significant, except for anti-trimeric S levels in Tx vs HCs at D180 (P=.10). Wilcoxon signed-rank
test and Mann-Whitney test were used to assess differences in the Ab load between the time points and between HC, HIV, and Tx groups, respectively. Significance was set
at P<.05. F, Heatmap plot showing Spearman correlations between age and anti-RBD or anti-trimeric S Ab titers at D21, D28, and D180. Red indicates positive correlations
and blue negative ones. The colored scale ranging from 1 and —1 indicates the p values. Dots highlight significant correlations with adjusted P < .05 (left panel). Spearman
correlation between age and anti-trimeric S titer at D180 in both the HIV (red dots) and HC (green dots) groups, with p and Pdefining the statistical significance (right panel).

with the nonparametric paired (Wilcoxon) and unpaired
(Mann-Whitney) tests. Spearman correlation was used to ex-
amine the association between variables/features. All tests
were 2-tailed and statistical significance was set at P <.05.
For multiple comparison tests, the P values were adjusted ac-
cording to the false discovery rate method. In correlation heat-
maps, only the proteins with an opposite trend (p mean value
>0.2 or <-0.2) in the HIV* and HC groups were shown.
The R package enrichR v3.0 [22] was used to perform pathway
enrichment analysis in GO Biological Process 2021 databases.

RESULTS

Study Participants

The study cohort included 28 HIV™" young adults between 18
and 35 years of age (mean age, 24.7 + 5.4 standard deviation
[SD]), followed at Bambino Gesu Children Hospital in Rome,
and 65 vaccinated HCs aged 24-59 years (mean age, 45.1 +

9.5 SD) served as the control group. All HIV patients were
treated with ART (mean treatment duration, 17.4 years) and vi-
rally suppressed at the time of immunization, except for 3 par-
ticipants (10.7%). They demonstrated a viremia of 174 copies/
mL, 769 copies/mL, and 2831 copies/mL at the time of vaccina-
tion (DO) and for the first 2 participants became undetectable at
D28, whereas 416 copies/mL was detected for the last partici-
pant. Clinical and laboratory data for this cohort are provided
in Table 1.

Safety Profile of BNT162B2 mRNA COVID-19 Vaccine

Questionnaires administered after the first and second doses re-
ported that BNT162b2 vaccine was well tolerated, with adverse
events (AEs) largely mirroring those reported in other study
populations and with no hospitalization needed (Figure 1B).
We also noticed that among our HIV* cohort, 2 of 28 study par-
ticipants demonstrated a viral load (VL) >40 copies/mL at D28
despite being undetectable at DO, but follow-up visits
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Figure 3. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-specific CD4* T-cell response before (D0) and 4 weeks after the first dose (D28) of SARS-CoV-2
messenger RNA BTN162b2 vaccination. A, Representative gating strategy for SARS-CoV-2—specific CD3*CD4™ T cells after 16 hours' in vitro stimulation with SARS-CoV-2
peptides. Frequencies of antigen-specific (CD40L*) CD3*CD4™ T cells at DO and D28 are shown for both the HIV (red dots: n = 9) and healthy control (HC) (black dots: n = 14)
study groups in the absence (B) or presence (C) of 16 hours" in vitro stimulation with SARS-CoV-2 peptides. Wilcoxon signed-rank test and Mann-Whitney test were used to
assess differences in cell frequencies between the time points and between the HC and HIV groups, respectively. Abbreviations: FSC-A forward scatter area; HC, healthy
control; HIV, human immunodeficiency virus; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SSC-A, side scatter area; STIM, stimulated; UNSTIM,

unstimulated.

determined that these bouts of viremia were short-lived blips as
after 6 months all values returned to <40 copies/mL.

Anti-SARS-CoV-2 Ab Responses in HIV* and HC Cohorts

Results summarized in Figure 2A and 2C show the overall abil-
ity for both HC and HIV groups to significantly (P <.0001) in-
crease anti-SARS-CoV-2 Ab titers between D21 and D28. At
D21 both anti-receptor-binding domain (RBD) (Figure 2B)
and anti-trimeric S (Figure 2D) Ab levels were similar in the
2 study groups, whereas the HIV group demonstrated a lower
median increase in anti-trimeric S Abs at D28 compared to
HCs (P=.01; Figure 2D). It is also important to report that
while 1 HC subject lacked anti-RBD Ab titer at the end of the
vaccination schedule, all the HIV patients had detectable
SARS-CoV-2 IgG Abs at D28. A significant reduction (P <
.0001) of 2.2- and 3.5- fold in anti-RBD Ab levels were found
in the HC and HIV groups, respectively, at D180 compared
to D28 (Figure 2A), but no significant difference was present
in D180 AD levels between the 2 study groups (Figure 2B). A
diverse fate was followed by Abs recognizing different epitopes
of SARS-CoV-2 spike (S) protein in its trimeric form or native
conformation (anti-trimeric S). A significant reduction (P <
.0001) was observed at D180 in both study groups
(Figure 2C), but still 1.6-fold higher anti-trimeric S levels
were measured in HIV' when compared to HCs (P=.02,
Figure 2D). Overall, these results on the humoral response of
HIV* compared to HCs, render them divergent from another

model of secondary immunocompromise represented by solid
organ transplant recipients (Tx) (Figure 2E). Differences in Ab
load at D21, D28, and D180 between Tx and the HIV or HC
groups were all significant, except for anti-trimeric S levels in
Tx vs HCs at D180 (P=.10).

When we evaluated the possible role of age within Ab data,
we found that it was negatively correlated with anti-trimeric
S titers at D180 (Figure 2F). Thus, to evaluate whether HIV*
subjects, well known for exhibiting precocious immunosenes-
cence, demonstrate similar characteristics to elderly HCs, we
conducted the same analysis by dividing HCs into younger
(age <55 years) and older (age >55 years) subgroups. At the
same time, to verify the effect of ART initiation time, previously
shown to positively impact on the development and mainte-
nance of immunity toward routine vaccines, we further strati-
fied the HIV group into early treated (ET) and late treated (LT).
Compared to younger HCs (Supplementary Figure 1B), HIV*
(P <.01) and, more specifically, both ET (P=.02) and LT (P=
.01) patients exhibited at D28 significantly lower anti-trimeric S
levels, which increased to comparable levels in the long-term.
On the other hand, when compared to older HCs
(Supplementary Figure 1D), HIV*' showed comparable anti-
trimeric S levels at D28 (P =.59), reaching even higher levels
at T180 (P=.02). These results were confirmed when anti-
trimeric S levels at D28 and D180 in ET were compared to older
HCs (P=.62 and P=.03; Supplementary Figure 1D).
Conversely, older HCs and LT patients exhibited, at both
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time points, comparable anti-trimeric S levels (P=.65 and
P=.05, Supplementary Figure 1D).

Cellular Response

To characterize cellular SARS-CoV-2 mRNA vaccine immuno-
genicity, we assessed the frequency of SARS-CoV-2-specific
CD4"CD40LY T cells after in vitro stimulation of PBMCs
with SARS-CoV-2 peptides (representative gate in Figure 3A)
as previously described [21]. We evaluated the antigen (Ag)-
specific cellular response at DO and D28 in both the HIV
(n=9) and HC (n = 14) groups observing an overall statisti-
cally significant expansion of the CD4*CD40L™ T cells only
in HCs (Figure 3B and 3C). In addition, a considerable increase
in central memory T (TCM) CXCR5"CD40L" cells, also
known as peripheral T-follicular helper (pTth)/CD40L" cells,
was found only in HCs with or without SARS-CoV-2 peptide
in vitro stimulation (P <.01, Figure 4C). Of note, no major
changes within circulating CD4" T-cell subsets (representative
gate in Figure 1C), which could explain such lack in Ag-specific
cell expansion, were found in the HIV group between D0 and
D28 (data not shown). Similarly, no major differences were ob-
served in phenotypic maturation profile among B-cell subsets
(representative gate in Figure 1D) upon vaccination (data not
shown). Thus, to assess whether differences within the distribu-
tion of CD4™ T-cell subsets might contribute to the inability of
HIV individuals to expand Ag-specific CD4™ T cells at the end
of vaccination schedule, cell frequencies at DO and D28 were
evaluated in both study groups. We noted comparable propor-
tions of total CD3"CD4" (Figure 4A) and CD4" T-cell sub-
populations (Figure 4B).

Distinct Plasma Proteomic Profiles Between Vaccinated HIV' and HC
Subjects

To examine the study cohort’s plasma proteome, the Olink
platform was used to measure 180 different proteins in each
study participant, before (D0) and after (D28) vaccination.
To avoid the potential confounding factor of age, proteins neg-
atively or positively correlating with this variable were excluded
from the analysis (n=45) (Supplementary Figure 2A).
Principal component analysis on baseline samples depicted in
Figure 5A demonstrated 2 clear clusters that persist when age-
matched cohorts are considered (Supplementary Figure 2B).
These observations imply that the HIV infection leads to a
clearly identifiable distinct plasma proteome. For the pathway
enrichment analysis, we considered only the top 20 PC2 load-
ing molecules (Figure 5B) mostly contributing to the clustering,
while the top 20 PC1 molecules are listed in Supplementary
Figure 2C. Analysis revealed modulators of T cell receptor sig-
naling and T-cell activation (SH2D1A and SH2B3) and pro-
teins related to SARS-CoV-2 innate immune evasion and
cell-specific immune response (TANK and DDX58), as well
as novel intracellular components of the RIG-I-like receptor

(RLR) pathway (TANK and DDX58) (all adjusted P=.02).
Host helicase RLRs recognize viral pathogen RNA and initiate
signaling pathways triggering the innate antiviral response via
production of type I interferons and inflammatory cytokines.
Interestingly, when we performed a proteomic differential
analysis between DO and D28, we found only 6 differentially
produced proteins in HIV patients (all adjusted P < .05), either
up-regulated (MASP1) or down-regulated (ITM2A, LILRB4,
SH2B3, STC1l, and TANK) at D28
Figure 2D). Conversely, no significant differences between D0

(Supplementary

and D28 were found in the plasma proteome of the HC group,
suggesting that BNT162b2 mRNA vaccine does not induce sta-
ble modification at a proteomic level 7 days after the booster
dose (D28).

Correlations of Baseline Proteomic Profiles With
Anti-SARS-CoV-2-Specific Humoral and CD4* T-Cell Responses

To verify whether the baseline expression of plasma proteins
related to immune response and inflammation predicts
mRNA vaccine immunogenicity, we performed correlation
analyses of proteomic data at DO with anti-RBD and anti-
trimeric S Ab levels at D21, D28, or D180 in both study groups.
Figure 5C depicts an unsupervised heatmap showing a
Spearman correlation matrix of 11 proteins, which were clearly
correlated in opposite ways with the humoral response of the 2
groups. Within this cluster, the enrichment analysis
(Figure 5D) revealed 4 proteins (AREG, IL-10, IL12RB1, and
IFNLR1) that are part of pathways involved in cytokine re-
sponses, positive regulation of cytokine production, regulation
of cell proliferation, and IL-12 signaling pathways. Of note,
HIV" maintained only negative correlations with these mole-
cules, highlighting the need to have lower basal levels of inflam-
matory molecules to be able to mount a specific humoral
response compared to HCs. Another interesting molecule is
CD83, pivotal in Ag presentation and lymphocyte activation,
which was still negatively correlated only in HIV"
(Figure 5C). The same strategy described above was also fol-
lowed to correlate proteomic data at DO and AA frequency val-
ues of CD37CD4"CD40L", TCM CD40L*, and TCM/pTth
CD40L" T-cell subpopulations. Again, HIV variables clearly
segregated from HC variables, and 2 clusters with opposite
trends were generated: a main cluster with 30 proteins and
matrix metalloprotease 10 segregating individually (Figure 5E).
All the proteins of the main cluster demonstrated negative cor-
relations (7 of 30 with P<<.05) in the HIV group with the
Ag-specific populations (CD40L") that, as described above,
also failed their expansion at D28 conversely to HCs. Gene on-
tology analysis, exhibited in Figure 5F, reveals that the aforemen-
tioned molecules are mostly involved in the positive regulation of
cytokine production, responses to cytokines, regulation of
cell proliferation, and immune cell activation/proliferation or
chemotaxis. In line with the humoral compartment, these results
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Figure 4. Human immunodeficiency virus (HIV)-infected patients demonstrate similar severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) messenger RNA
BTN162b2-induced humoral but impaired cellular immunogenicity 4 weeks after the first dose (D28) of vaccination. Longitudinal analysis of total CD3*CD4™ T cells gated
on live lymphocytes (A) and CD3TCD4™ T-cell subsets (B) in HIV-infected patients (red dots: n = 9) and healthy controls (HCs) (black dots: n = 14). Scatterplot graphs depict
median with interquartile range. C, Frequencies of antigen-specific (CD40L") peripheral T-follicular helper cells, identified as TCM CXCR5™, are shown for both the HIV (red
dots: n=9) and HC (black dots, n = 14) study groups at DO and D28 in the absence (left panel) or presence (right panel) of 16 hours" in vitro stimulation with SARS-CoV-2
peptides. Wilcoxon signed-rank test and Mann-Whitney test were used to assess differences in the levels of each subpopulation between the time points and between the
HC and HIV groups, respectively. Significance was set at P<<.05. Abbreviations: HC, healthy controls; HIV, HIV-infected patients; STIM, stimulated; TCM, central memory T
cells; TEM, effector memory T cells; TEMRA, terminally differentiated effector memory T cells; UNSTIM, unstimulated.

confirm the distinct profile that HIV" population displays at
baseline in comparison to HCs. The entire sets of proteins either
correlating with humoral or cellular variables are listed in
Supplementary Figure 2E and 2F.

DISCUSSION

In the present study, we report for the first time distinct plasma
proteomic, humoral, and cellular immune responses in a co-
hort of HIV* individuals immunized with Pfizer BNT162b2
mRNA vaccine. Our results build on a growing body of evi-
dence in horizontally HIV-infected adults, and demonstrate
how perinatally infected ART-treated patients with normal
CD4" T-cell counts can mount robust specific immune re-
sponses to COVID-19 vaccine regardless of time of ART initi-
ation [13,
responsiveness against different infectious agents, including
SARS-CoV-2, in individuals with distinct immunity due to
chronic conditions are fundamental in providing insights

14, 23]. Observational studies about vaccine

into further research to target vaccine intervention in
these populations. Previous studies on the safety and immuno-
genicity of other vaccines in HIV™" individuals represent the

major existing backbone of knowledge to
COVID-19 vaccine responses in this group. Indeed, influenza

investigate

vaccination studies conducted by our group and several other
research groups in PLWH demonstrated that vaccine-induced
specific responses were mostly related to CD4" T-cell counts
plus a general ability of responder patients to better control
HIV-related inflammation and aging. Accordingly, a recent
study observed the inability of an HIV™" subject with uncon-
trolled viremia and low CD4" T-cell count to develop an im-
mune response after BNT162b2 vaccine [16], confirming the
important role of CD4" T-cell count in mounting specific im-
mune responses in mRNA vaccination strategies. In addition,
younger individuals are more capable to effectively induce
the production of SARS-CoV-2-specific Abs in comparison
to elderly individuals [24]. In fact, all HIV study participants in-
cluded in our cohort induced specific anti-SARS-CoV-2 re-
sponses upon vaccination as also observed by other
researchers [10, 11]. The initial impairment within the HIV
group in mounting comparable anti-trimeric S titers to HCs
at D28 was subsequently overcome at D180 with HIV reaching
younger HC Ab titers. pTth cells are key among mononuclear
cells in the production of Abs [25, 26]. Thus, our results
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Figure 5. Human immunodeficiency virus (HIV)}-infected patients demonstrate distinct correlation of baseline plasma proteomic profiles with BTN162b2 vaccine immu-
nogenicity. Levels of 180 key protein biomarkers were characterized in study participant plasma samples via the high-multiplex Olink immunoassay by excluding proteins
negatively or positively correlating with age (n = 45). 4, Principal component analysis (PCA) of proteins’ normalized protein expression values before vaccination (D0) in both
the HIV (red dots, n=28) and HC (green dots, n = 14) groups. B, The top 20 PC2 loading molecules are shown. Heatmap plots showing Spearman correlations (p) between
plasma protein levels at DO and anti-RBD and anti-trimeric S antibody titers at D21, D28, and D180 (C) or frequencies of antigen-specific (CD40L") CD4™ T-cell subsets (£),
expressed as delta-delta (AA) values, in the HIV (red) and HC (green) groups. To obtain the AA values, we calculated, for each CD40L™CD4™ T-cell population, the frequency
difference between the stimulated and unstimulated samples (A) collected at DO and D28, and then subtracted ADO from AD28. Only correlations with an opposite trend in
the HIV (red) and HC (green) groups are shown, with red indicating positive correlations and blue negative ones. The colored scale ranging from 1 and —1 indicates the p
values. Crosses highlight significant correlations with P < .05. D and F, Circos plots depict gene ontology analyses, with colors related at the log;q adjusted P values.
Significance was set at P<<.05. Abbreviations: Ab, antibody; HC, healthy controls; HIV, HIV-infected patients; PCA, principal component analysis; pTfh, peripheral T follicular

helper cells; RBD, receptor binding domain; TCM, central memory T cells.
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suggested that the lower anti-trimeric S Abs titers at D28 could
also be linked to CD40L™ T-cell populations’ inability to ex-
pand 7 days after booster dose. Indeed, future studies should
verify whether this impairment is restored at follow-up time
points also to a cellular level.

Overall, our observations suggest that for mRNA vaccines,
neither the role of the early ART initiation, meant to restore
the capabilities of the immune system, nor the immune senes-
cence still described in PLWH despite an effective ART [27, 28],
seem to have a significant impact on the immunogenicity of
BNT162b2 vaccine.

Our results, although characterized by distinct features between
the HC and HIV groups, suggested to us that the BNT162b2
mRNA vaccine can represent a good alternative to protect
HIV* individuals. In fact, 3 study participants with a detectable
VL at the time of enrollment did not present any increase in their
VL after vaccination. Meanwhile, the 2 participants who experi-
enced an increment in their VL at D28 resolved it within the 6
months of follow-up, suggesting, within the limits of our small
study size, that the BNT162b2 vaccine does not induce uncontrol-
lable HIV viremia as recently observed in wo studies conducted in
horizontally infected adults (new ref.29 PMID: 35084386 DOI:
10.1097/QAD.0000000000003135; new ref.30 PMID: 35222357
DOI: 10.3389/fimmu.2021.820126).

The duality discussed so far in our cohort was more evident
when we investigated the baseline host plasma proteome. In
fact, the Olink panels we selected clearly segregated the study
participants in 2 distinct cohorts with molecules noticeably in-
teracting in opposite ways with either humoral or cellular data.
These distinct profiles identified in the HC and HIV groups
may inform future investigations regarding mRNA vaccines,
to predict whether a vaccine may induce robust immunogenic-
ity in a particular individual based on their baseline proteomic
profiles. Indeed, the integration of systems vaccinology studies
[29] has recently suggested that baseline signatures may be pre-
dictive of vaccine immunogenicity in HCs [30].

In conclusion, our study may suggest that perinatally
HIV-infected patients, receiving ART and with normal CD4*
T-cell counts, do not require a shortening of schedule set up
for the additional dose of the COVID-19 vaccine. Additional
factors such as older age, comorbidities, type of initial vaccine
regimen, and durability of vaccine immunogenicity, affected by
emerging viral variants such as Omicron, will also impact opti-
mal guidance on the number of timing of potential booster dos-
es in HIV-infected individuals. Overall, precision vaccinology
will integrate clinical, immunologic, and systems biology data
to inform the tailoring of vaccines to vulnerable populations
for optimal safety and efficacy [31].
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