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Abstract

Background/Objectives: Induction of anti-SARS-CoV-2 antibodies by COVID-19 vaccination
reduces morbidity and mortality, but immune responses may be compromised in people living with
HIV (PLWH). The aims of the current study were to determine whether viral suppression (VS) or
immune reconstitution (IR) in PLWH directly affected their ability to produce effective levels of anti-
SARS-CoV-2 antibodies in mucosal secretions or blood induced by vaccination. Methods: Anti-
SARS-CoV-2 spike IgG, IgA and secretory IgA (SIgA) antibodies and their avidities were measured
by ELISA in HIV-negative healthy controls (HC; n=49) and PLWH (n=94) using stimulated oral fluid
(SOF) and serum. Frequencies of CD4/CD8 T cells and their expression of exhaustion/senescence
were determined by flow cytometry. Cytokine levels were measured by cytokine bead arrays.
Results: We showed that higher HIV burden negatively impacted the levels of systemic and mucosal
anti-SARS-CoV-2 spike IgG antibodies produced. This differential IgG antibody production was
unaffected by the IR status, antiretroviral therapy duration or by T cell exhaustion/senescence. PLWH
elicited higher anti-SARS-CoV-2 spike IgA antibodies both in peripheral blood and oral mucosa, and
secretory IgA (SIgA) antibodies in the oral mucosa. PLWH with higher HIV burdens elicited lower
IgG avidity but the IgA avidity indices remained unaffected. PLWH expressed higher levels of innate
immunity cytokines irrespective of the HIV burden in the oral mucosa. Conclusions: Significantly
fewer breakthrough infections in PLWH compared with HC, along with high IgA/SIgA antibodies
and increased innate immunity cytokines in the SOF suggests a potential role for mucosal immunity
in the immunopathogenesis of COVID-19.

Keywords: mucosal immunity; PLWH; COVID-19 vaccination; secretory IgA antibodies; stimulated
oral fluid; blood

1. Introduction

Induction of anti-SARS-CoV-2 antibodies by COVID-19 vaccination reduces morbidity and
mortality [1-4]. Antibodies induced by vaccination are primarily of the IgG isotype. T cell dependent
B cell activation is very important for early class switching from the initial IgM to IgG isotype [5].
CD4 T cells are the main drivers of this process. People living with HIV (PLWH), especially if
untreated are known to have a low CD4 T cell count since these cells are the primary targets of HIV.
However, in recent years, PLWH on long term antiretroviral therapy (ART) usually have >500 CD4
T cells/ul [6,7]. Once the HIV burden is reduced to below 20-30 copies/ml or to undetectable levels by
ART, a state of viral suppression (VS) is attained. This state of VS facilitates the immune reconstitution
(IR) of the T cells, which results in normal or near normal levels of CD4 T cells. Even when CD4 T cell
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counts are near normal, these CD4 T cells exhibit exhaustion or senescence, due to the chronic
immune activation state in PLWH [8,9]. T cell exhaustion is a reversible phenomenon where the T
cells cannot proliferate but they can produce cytokines. T cell senescence is an irreversible
phenomenon where the T cells can neither proliferate nor produce cytokines [10].

In PLWH, the mucosal layers maintain a chronic immune activation state in order to keep the
viral burden low or to minimize opportunistic infections [9,11,12]. In the case of COVID-19, SARS-
CoV-2 is also known to infect the epithelial cells and minor salivary glands of the oral mucosa [12,13].
During the first and second COVID-19 waves, the majority of the PLWH on ART developed moderate
COVID-19 [3,14] compared with their age-matched HIV-negative controls (HC), who developed mild
COVID-19 [4,15]. Several studies have shown that PLWH with CD4 T cell counts less than 200-300
cells/pl are at higher risk of greater morbidity [16,17]. PLWH are at higher risk of developing more
severe outcomes / hospitalization with COVID-19 [18,19].

With the initiation of COVID-19 vaccination programmes, several investigators have addressed
the issue of the elicitation of anti-SARS-CoV-2 antibodies in PLWH post vaccination. Lombardi et al.
showed that equivalent levels of anti-SARS-CoV-2 antibodies were elicited by PLWH compared with
the HC cohorts [20]. These anti-SARS-CoV-2 antibodies appear to be functional since PLWH have
been shown to be protected from COVID-19 severity upon vaccination [21]. Taken together these
findings suggest that vaccination in PLWH should protect against or reduce severity of opportunistic
infections. However, this suggestion may be dependent on the VS and/or IR status in PLWH.

The aims of the current study were to determine whether VS or IR in PLWH directly affected
their ability to produce effective and functional levels of anti-SARS-CoV-2 spike IgG, IgA and
secretory IgA (SIgA) antibodies in the peripheral circulation and the oral mucosa after COVID-19
vaccination.

2. Methods

2.1. Patients and Samples

This study was approved by the Voluntary Health Services-IEC (VHS-IEC; proposal#: VHS-
IEC/87-2021). All participants provided voluntary written informed consent. Demographics and
detailed medical history were collected from all the participants (N=143). HIV-negative healthy
controls (HC; N=49) and people living with HIV (PLWH; N=94) were recruited from the Voluntary
Health Services (VHS), Multi-Speciality Hospital & Research Institute at 6-12 months after 2-3
COVID-19 vaccinations. The PLWH cohort was divided into five groups based on their VS (HIV
burden <20 copies/ml) and IR (CD4 T cell count >200 cells/pl) status — 1) VS-IR: PLWH with both VS
and IR (N=54); 2) VS-NoIR: PLWH with VS and without apparent IR (CD4 T cell count <200 cells/pl;
N=2); 3) NoVS-IR: PLWH without VS (HIV burden >1000 copies/ml) but with IR (N=16); 4) NoVS-
NolIR: PLWH without VS and without IR (N=9); 5) LoVL-IR: PLWH with a low viral load (20-1000
copies/ml) and with IR (N=13).

Peripheral blood and stimulated oral fluid (SOF) samples were collected and processed as
described previously [22]. Sera were stored at -80°C until further use. Peripheral blood mononuclear
cells (PBMC) were isolated using Ficol gradient (HiMedia, India) and were used for flow cytometry
and any remaining cells were stored in 10% Dimethyl Sulphoxide (DMSO; HiMedia, India) in liquid
nitrogen for further analysis. The total volumes of the SOF samples and the time taken for collection
were noted so that the salivary flow rates (secretion rate — SR) could be calculated (SOF volume
divided by the time taken) and expressed as ml/min. The SOF supernatant was stored at -80°C and
used later for antibody and cytokine assays.

2.2. Assay of SARS-CoV-2 Spike Specific IgG, IgA and SIgA Antibodies by ELISA

Serum (dilutions 1:2000 to 1:32000) and SOF (dilutions 1:2 to 1:400) samples were tested for anti-
SARS-CoV-2 spike IgG antibodies (referred henceforth as IgG antibodies) using a commercially
available kit (Invitrogen, USA) as per the manufacturer’s instructions. Serum (dilutions 1:2000 to
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1:16000) and SOF (dilutions 1:20 to 1:160) samples were tested for anti-SARS-CoV-2 spike IgA
antibodies (referred henceforth as IgA antibodies) and SOF (dilutions 1:2 to 1:16) samples were tested
for anti-SARS-CoV-2 spike secretory IgA antibodies (referred henceforth as SIgA antibodies) by an
in-house ELISA as described by us previously [2].

2.3. Avidity Assay for 1gG and IgA Antibodies

For avidity assays, samples with an OD value greater or equal to 0.2 were selected using the
above-mentioned IgG or IgA antibody assays. An additional step of incubating samples with 4M
Urea (Merck, USA) was carried out at RT for 20 minutes after the normal sample incubation step. The
remaining protocol was followed as detailed previously [2]. Samples with OD values greater than 2.0
were diluted appropriately in order to obtain an OD value between 0.2 and 2.0 when tested without
Urea. The avidity index (Al) was calculated as a percentage by dividing the OD value obtained with
4M Urea by the OD value without Urea.

2.4. CD4 T Cell Exhaustion / Senescence Using Flow Cytometry

Surface staining for PBMC was carried out with mouse anti-human antibodies (BD Biosciences
or BioLegend, USA) for flow cytometry as described previously [22]. The fluorochromes and clones
used for the cell markers were - CD3 (PerCP mouse anti-human CD3: Clone SK-7), CD4 (APC-Cy7
mouse anti-human CD4: Clone SK-3), PD-1 (BV605 mouse anti-human PD-1: Clone EH12.1), TIM-3
(BB515 mouse anti-human TIM-3: Clone 7D3), CD57 (APC mouse anti-human CD57: Clone NK-1)
and KLRG-1 (PE mouse anti-human KLRG-1: Clone 14C2A07). The cells were finally acquired in BD
FACS Lyric (BD Biosciences, USA) and analysed using the BD FACS Suite software.

2.5. Cytokine Assays

SOF and serum samples were assayed for cytokine levels of TGF-f3, IL-6, IL-8, IL-13, MIG, MCP-
1 and IP-10 by ELISA or cytokine bead arrays (BD Biosciences, USA) as described previously [2]. SOF
samples were tested at 1:2 dilutions and for serum neat samples were tested.

2.6. Statistical Analysis

The graphs were generated using GraphPad Prism 8.0. The medians, standard deviations and
statistical significances were calculated using GraphPad Prism 8.0 or the free online calculators from
Social Science Statistics. Comparisons of the medians in the box and whiskers plots were performed
using the Mann-Whitney rank sum U test. The Spearman Rank test was used for correlation analyses
and Fisher’s exact test was used for statistical significance. Levene’s test was used to assess the
equality of variances between the cohorts. Comparisons of the cytokine mean values between the
cohorts and sample types were done using Anova test.

3. Results

Demographic details of all the participants are given in Table 1. The mean age of the HC group
was 25.8 years and that of the PLWH was 47.6 years. In both the groups, the majority were males and
were aged less than 60 years. The Spearman rank correlation between the age and anti-SARS-CoV-2
antibodies showed a statistically significant positive correlation (r=0.1879; p=0.04). All the
participants had been vaccinated against SARS-CoV-2 and IgG antibodies were detected in all
participants. Covishield (identical to ChAdOx1 and manufactured in India) was the most common
vaccine administered to both the groups (123/143-86%). The second common vaccine administered
was Covaxin (indigenous inactivated whole virus vaccine; 19/143-13%).
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Table 1. Demographic details of HC and PLWH stratified based on viral suppression (VS) and immune
reconstitution (IR) status. Percentage of number in group in brackets. BTI=break through infections with SARS-

CoV2.
NoVS-
Overall HC PLWH NoVS-IR NoIR VS-IR VS-NoIR LowVL-IR
N= 49 94 16 9 54 2 13
Serum IgG 9 2 13
pos 49 (100) 94 (100) 16 (100) (100) 54 (100) (100) (100)
Gender Males 33(67) 72(77) 13(81) 6 (67) 39 (72) 2(100) 12 (92)
Females 14 (29) 22 (23) 3(19) 3(33) 15 (28) 0 1(8)
Age (yrs) <60 48 (98) 81 (86) 14 (88) 8 (89) 48 (89) 1 (50) 10 (77)
>=60 1(2) 13 (14) 2(12) 1(11) 6 (11) 1 (50) 3(23)
Vaccine . 9 2
type Covishield 37 (76) 86 (91) 16 (100) (100) 47 (87) (100) 12 (92)
Covaxin 12 (24) 7 (7) 0 0 6 (11) 0 1(8)
Sputnik 0 1(1) 0 0 1(2) 0 0
COVID-19 Total 8 (16) 1(1) 0 1(11) 0 0 0
BTI
Gender Males 6 (75) 1 (100) 1 (100)
Females 2 (25) 0 0
Age (yrs) <60 8 (100) 1 (100) 1 (100)
>=60 0 0 0
Vacene - ohield  7(19)  1(1) 1(11)
type
Covaxin 1(8) 0 0

PLWH participant had taken the Sputnik vaccine, which is also a recombinant adenoviral vector-
based SARS-CoV-2 S gene vaccine.

Breakthrough infections (BTI) with SARS-CoV-2 were confirmed by RT-PCR in 8/49 (16%) of HC
but only in 1/94 (1%) of PLWH (p=0.0008; Fisher exact test). The one PLWH participant who
developed BTI belonged to the NoVS-NoIR group.

3.1. PLWH Elicited Higher Anti-SARS-CoV-2 Spike SIgA Antibodies

In our ELISAs, serum IgG antibody values (against the standard) appeared to be 6-8-fold greater
than IgA antibodies, whilst in SOF samples IgA antibodies to spike protein were 4-6 times higher
than IgG antibodies (Figure 1). No significant differences in the median concentration of serum IgG
or serum IgA antibodies were found between HC and PLWH (Figure 1A&B, Table 2).
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Figure 1. Anti-SARS-CoV-2 spike IgG, IgA and SIgA antibodies in serum and stimulated oral fluid (SOF) after
COVID-19 vaccination. PLWH - people living with HIV; HC — HIV-negative healthy controls. The Y-axis denotes
the anti-SARS-CoV-2 spike antibodies in logarithmic units/ml. A: IgG antibodies in serum (U/ml). B: IgA
antibodies in serum (U/ml). C: IgG antibodies in SOF (U/ml). D: IgA antibodies in SOF (U/ml). E: SIgA antibodies
in SOF (U/ml). F: secretion rate of IgG antibodies in SOF (U/ml/min). G: secretion rate of IgA antibodies in SOF
(U/ml/min). H: secretion rate of SIgA antibodies in SOF (U/ml/min). The p values were calculated using Mann-

Whitney rank sum U test. U — units; ml — millilitre; min — minute.
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Table 2. Median antibody levels to SARS-CoV2 spike protein after vaccination and median antibody ratios
among the healthy controls (HC) and people living with HIV (PLWH)) stratified based on HIV burden.

. PLWH
Sample/ Antibody type HC Overall Vs LoVL _ NoVS
Antibody levels - median
Serum IgG (U/ml) 7.8x100 6.6x10° 1.3x107 3.8x109 2.5x1090
SOF IgG (U/ml/min) 1935 2757 4325 1729 1349
Serum IgA (U/ml) 9x10° 1x10¢ 1.3x10¢ 1.1x10¢ 8.9x10°
SOF IgA (U/ml/min) 7373 9576 11505 12364 1.630
SOF SIgA (U/ml/min) 88 168 204 83 159
Antibody median ratios
Serum IgG/IgA 8* 6 1047 3# 2%n
SOF IgG/IgA 0.3 0.4 0.6 0.1 0.1
SOF IgG/SIgA 22* 20 27 16 11*A
SOF IgA/SIgA 79 64 41 117 118

Statistical significances of the antibody median ratios by Mann-Whitney rank sum U test; *HC vs NoVS: p=0.0002
(Serum IgG/IgA); p=0.04 (SOF IgG/SIgA); #VS vs LoVL: p=0.02 (Serum IgG/IgA); VS vs NoVS: p<0.00001 (Serum
IgG/IgA); p=0.005 (SOF IgG/SIgA); SOF-stimulated oral fluid; U — units; ml — millilitre; min - minute.

However, PLWH showed a much greater variation in serum antibody responses to vaccination
(p<0.01; Levene’s test). Similarly in SOF, no significant differences in median IgG or IgA antibodies,
either in absolute values (units/ml) or secretion rate (SR) of IgG and IgA antibody (units/ml/min)
were apparent (Figure 1C-D, 1F-G) but IgA antibodies showed a greater variation in PLWH than HC
(Figure 1D&G; p<0.02; Levene’s test). The median level of SIgA antibodies was significantly greater
in PLWH than HC expressed either as units/ml (Figure 1E; p<0.05) or units/ml/min (Figure 1H;
p<0.007) The higher SIgA antibodies in the SOF of PLWH suggest significant local antibody
production in the oral cavity post COVID-19 vaccination.

3.2. Viral Suppression (VS) in PLWH Has a Greater Impact on Antibody Production than Immune
Reconstitution (IR)

To determine the relative impacts of VS and IR on antibody production we analysed the post
vaccination antibody levels after categorizing the PLWH into five groups based on their VS and IR
status. There was no significant difference in median values of serum IgG antibodies between VS-IR
and HC groups (Figure 2A), but the median IgG antibody levels in NoVS-NolIR was significantly less
than the other groups (p<0.002; Figure 2A). There was no statistically significant difference in the
median serum IgA antibodies after vaccination but both VS-IR and NoVS-NoIR showed a wide
variation in responses (Figure 2B).
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Mann-Whitney rank sum U test (p values)
VSR LoVL-IR NoVs-R oVs- VSIR  LoVLAR  Novs-IR  Novs-
NolR NolR
Serum IgG SOF IgG/FR
HC 0.07 0.04  0.0008 0.0002 HC 0.003 0.3 0.2 0.4
VS-IR 0.002 <0.00001 <0.00001 VS-IR 0.003 0.006 0.02
LoVL-IR 0.3 0.02 LoVL-IR 0.8 0.5
NoVS-IR 0.2 NoVS-IR 0.9
Serum IgA SOF IgA/FR
HC 0.6 1.0 0.9 0.4 HC 0.5 0.5 0.8 0.6
VS-IR 0.7 0.5 0.4 VS-IR 0.9 0.8 1.0
LoVL-IR 0.9 0.5 LoVL-IR 0.9 0.8
NoVS-IR 0.6 NoVS-IR 1.0
SOF slgA/FR
HC 0.02 0.2 0.9 0.1
VS-IR 0.03 0.7 0.7
LoVL-IR 0.3 0.6
NoVS-IR 0.9

Figure 2. Anti-SARS-CoV-2 spike IgG, IgA and SIgA antibodies in serum and stimulated oral fluid (SOF) after
COVID-19 vaccination in relation to viral suppression (VS) and immune reconstitution (IR) in people living with
HIV (PLWH). HC — HIV-negative healthy control; NoIR - without immune reconstitution; NoVS — without viral
suppression; LoVL — low viral load. 1: HIV-negative healthy control; 2: PLWH with VS-IR; 3: PLWH with VS-
NolR; 4: PLWH with LoVL-IR; 5: PLWH with NoVS-IR; 6: PLWH with NoVS-NoIR. The Y-axis denotes the anti-
SARS-CoV-2 spike antibodies in logarithmic units/ml. A: IgG antibodies in serum (U/ml). B: IgA antibodies in
serum (U/ml). C: IgG antibodies in SOF (U/ml). D: IgA antibodies in SOF (U/ml). E: SIgA antibodies in SOF
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(U/ml). F: secretion rate of IgG antibodies in SOF (U/ml/min). G: secretion rate of IgA antibodies in SOF
(U/ml/min). H: secretion rate of SIgA antibodies in SOF (U/ml/min). I: Mann-Whitney rank sum U test p values

comparing the different cohorts. U — units; ml — millilitre; min — minute.

In SOF, the median IgG antibody level was raised in VS-IR compared with HC (p=0.003; Figure
2C&F) but no significant differences were apparent with median IgA antibodies (Figure 2D&G). The
lowest SIgA antibodies were found in the LoVL-IR group, which was significantly different from the
VS-IR group (p=0.03). The SR of SIgA antibodies was greater in the VS-IR (Figure 2H) than in HC
(p=0.02) and LoVL-IR (p=0.03) groups, but no clear differences were found in other groups (Figure
2E&H), These findings suggest that the elicitation of IgG antibodies is impacted by the VS/IR status
but that IgA antibodies remain unaffected. The statistical significances are given in the table inset in
Figure 2I. PLWH with VS-NoIR have a low or undetectable HIV burden, but

Their immune system has not been able to attain CD4 T cell counts above 200 cells/ul. This is a
rare case scenario with only two participants. Therefore, statistical analysis for this group was not
performed.

Since serum IgG antibodies to spike protein after vaccination appeared to be related to viral
suppression of HIV (Figure 2), PLWH cohorts were stratified according to their viral loads
irrespective of their IR status. Median serum IgG antibodies in the NoVS group were significantly
lower than the VS group and the HC group (p<0.0001; Figure 3A). In contrast, no significant
differences in median serum IgA antibody levels were found (Figure 3C). In SOF, the median SR of
IgG antibodies in the VS group were greater than in the HC (p=0.002), LoVL and NoVS groups
(p<0.001; Figure 3B). No differences were found with the SR of IgA antibodies in SOF. (Figure 3D).
However, for SIgA antibodies in SOF, the secretion rate per min was greater in the VS group than in
HC (p=0.0004; Figure 3E).
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Figure 3. Relationship between HIV viral load and anti-SARS-CoV-2 spike IgG antibodies in serum and
stimulated oral fluid (SOF) samples after COVID-19 vaccination. HC — HIV-negative healthy controls; PLWH -
people living with HIV; VS - viral suppression; NoVS — without viral suppression; LoVL — low viral load. The
Y-axis denotes the anti-SARS-CoV-2 spike antibodies in logarithmic units/ml. A: IgG antibodies in serum (U/ml).
B: secretion rate of IgG antibodies in SOF (U/ml/min). C: IgA antibodies in serum (U/ml). D: secretion rate of IgA
antibodies in SOF (U/ml/min). E: secretion rate of SIgA antibodies in SOF (U/ml/min). The p values were

calculated using Mann-Whitney rank sum U test. U — units; ml - millilitre; min — minute.

The median antibody levels and their ratios in the HC, VS, LoVL and NoVS groups are given in
Table 2. Serum IgG/IgA ratios were significantly smaller in the NoVS group compared with the HC
(p=0.0002) and VS (p<0.00001) groups; and also between VS and LoVL groups (p=0.02). Similarly
lower SOF IgG/SIgA ratios were evidenced in NoVS group compared with the HC (p=0.04) or VS
(p=0.005) groups (Table 2). The NoVS group had higher ratios of serum/SOF IgG antibodies
compared to HC (p=0.00008) and VS (p=0.004) groups. Taken together our findings suggest that
following SARS-CoV-2 vaccination, PLWH with high HIV burdens elicit lower serum and SOF IgG
antibodies but those with effective suppression of HIV elicit higher serum IgG and SIgA antibodies
than HC and the other PLWH groups.
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3.3. Factors Possibly Influencing SARS-CoV-2 Specific Antibody Production

Immune reconstitution: We stratified PLWH cohorts based on their IR status (IR or NoIR) and
compared the various anti-SARS-CoV-2-specific antibody levels irrespective of their VS status. While
serum IgG antibody production in the IR group was similar to controls (HC), that of the NoIR group
was significantly less than in the IR group (p=0.007; Figure 4A). In SOF the median SIgA antibodies
was greater in the IR group than in HC (p=0.006; Figure 4B). No significant differences were noted
among the IR and NolR groups for serum IgA antibodies or SOF IgG and IgA antibodies (data not

shown).
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Figure 4. Effect of immune reconstitution (IR), T cell exhaustion, T cell senescence and duration of anti-retroviral
therapy (ART) on antibody responses in serum and stimulated oral fluid (SOF). HC — HIV-negative healthy
control; PLWH - people living with HIV; IR — immune reconstitution; NoIR — without immune reconstitution;
NoE — no CD4 T cell exhaustion; E — CD4 T cell exhaustion; NoS — no CD4 T cell senescence; S — CD4 T cell
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senescence. The Y-axis denotes the anti-SARS-CoV-2 spike antibodies in logarithmic units/ml. A: IgG antibodies
in serum (U/ml). PLWH were stratified based on IR. B: secretion rate of SIgA antibodies in SOF (U/ml/min).
PLWH were stratified based on IR. C: secretion rate of SIgA antibodies in SOF (U/ml/min). PLWH were stratified
based on CD4 T cell exhaustion. D: secretion rate of SIgA antibodies in SOF (U/ml/min). PLWH were stratified
based on CD4 T cell senescence. E: Anti-SARS-CoV-2 spike antibodies in serum (Ser) expressed as U/ml or in
SOF expressed as secretion rate (U/ml/min) in PLWH stratified based on the duration of ART. The p values were
calculated using Mann-Whitney rank sum U test. U — units; ml — millilitre; min — minute; SOF - stimulated oral
fluid.

Peripheral blood CD4 T cell senescence and exhaustion: The PLWH cohort was also stratified
based on their CD4 T cell exhaustion or senescence levels. The mean+2SD of the frequency values of
CD4 T cell exhaustion / senescence in the HC group (7%) were used as the cut-off to stratify with and
without CD4 T cell exhaustion / senescence. CD4 T cell exhaustion was detected in 32/94 (34%) and
CDA4 T cell senescence was detected in 12/94 (13%) of the PLWH. Only one HC participant showed
CDA4 T cell exhaustion / senescence above the fixed cut-off (>7%; data not shown). Median values of
SIgA antibodies to spike antigen in the PLWH groups was slightly higher than in HC irrespective of
exhaustion (Figure 4C) or senescence (Figure 4D). There were no differences in the median values of
serum and SOF IgG and IgA antibodies (data not shown).

Time since ART: The PLWH cohort was stratified into those on ART for less than five years or
more than five years, independently from the VS and IR status. Median serum IgG, SOF IgA and SOF
SIgA antibodies were similar in both the groups (data not shown). SOF IgG antibodies were
significantly lower (p=0.005) and the serum IgA antibodies were significantly higher (p=0.02) in
PLWH who had been on ART for more than five years (Figure 4E).

3.4. IgA and SIgA Antibodies Are Elicited in the Oral Mucosa of PLWH upon Vaccination

IgG, IgA and SIgA antibodies in serum and SOF were correlated with each other in the three
groups — HC, VS and NoVS (Figure 5), and the statistical values of r and p were calculated by
Spearman rank test (Figure 5P). There were statistically significant positive correlations between
serum IgG antibodies and SOF IgG antibodies in HC (p=0.0001; Figure 5A); PLWH with VS (p<0.0001;
Figure 5B); and PLWH with NoVS (p=0.03; Figure 5C). Statistically significant positive correlations
were seen between serum and SOF IgA antibodies in the PLWH with VS (p=0.0009; Figure 5E) but
not in HC or NoVS groups. Positive correlations between IgG and IgA antibodies in SOF were found
in all three groups (Figure 5]J-L). Serum IgG and IgA antibodies were significantly correlated in HC
and VS groups, but not in NoVS group (Figure 5G-I). SIgA antibodies were significantly correlated
with IgA antibodies in HC but not in the VS or NoVS groups (figures 5M-O). The Spearman rank
correlation r values and their corresponding p values are shown in the table inset (Figure 5P).
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Figure 5. Correlations between systemic and mucosal IgG and IgA antibodies in HIV-negative healthy controls
(HC) and people living with HIV (PLWH). Serum antibody levels are expressed in U/ml. Secretion rates of

stimulated oral fluid (SOF) antibodies are expressed in U/ml/min. P: Spearman rank correlation results. VS —
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PLWH with viral suppression; NoVS — PLWH without viral suppression; n - number of samples; r - correlation
co-efficient; p - p value.

3.5. Differential 1¢G Avidities and Similar IgA Avidities

IgG and IgA antibodies were tested for their avidity indices using 4M Urea to dissociate the
antibody binding. The reproducibility of these avidity assays was tested with 80 serum and 12 SOF
samples for IgG antibodies, and 20 serum and SOF samples each for IgA antibodies. The coefficient
of variation was satisfactory (serum and SOF IgG antibody avidity: 3%; serum and SOF IgA antibody
avidity: 5%). The IgG avidity indices were similar in the HC and PLWH with VS or LoVL both in
serum and SOF samples (Figure 6A&C). The serum and SOF IgG avidity indices were significantly
lower in the two NoVS groups than the other groups (p<0.02; Figure 6 A&C). In contrast, no significant
differences in serum or SOF IgA antibody avidity between the groups were seen. (Figure 6B&D).
Thus, PLWH with higher HIV burden elicit lower IgG antibodies that also have lower binding
capacities, while both the levels and the avidity indices of IgA antibodies remain unaffected.
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Figure 6. Avidity indices (Al) of IgG and IgA anti-SARS-CoV-2 antibodies in serum and stimulated oral fluid
(SOF) samples (median+trange). The X-axis denotes the cohorts. 1: HIV-negative healthy controls (HC); 2: people
living with HIV (PLWH) with VS-IR; 3: PLWH with VS-NolR; 4: PLWH with LoVL-IR; 5: PLWH with NoVS-IR;
6: PLWH with NoVS-NoIR. The Y-axis denotes the avidity indices in percentages (%). A: Serum IgG avidity
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index (Al) B: Serum IgA avidity index (AI) C: SOF IgG avidity index (AI) D: SOF IgA avidity index (AI). The p

values were calculated using Mann-Whitney rank sum U test.

3.6. Higher Expression of Innate Immunity Cytokines in the Oral Mucosa of PLWH

Innate immunity cytokines — IL-6, IL-8, IL-13, MIG, MCP-1 and IP-10 were expressed in
detectable levels in both SOF and serum in all the groups (Figure 7). These cytokine levels were
significantly higher in the SOF compared with serum, except IP-10. Although the VS and NoVS
PLWH groups expressed higher levels of these cytokines in the SOF compared to the HC group,

statistical significance was reached only for IL-8. In serum, there were marked differences between
the HC and PLWH groups only for MIG, MCP-1 and IP-10. Taking together our findings suggest that
the PLWH expressed higher levels of innate immunity cytokines irrespective of the HIV burden in

the oral mucosa.
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Figure 7. Higher expression of innate immunity cytokines in the oral mucosa of people living with HIV
(PLWH). X-axis denotes the cohorts and samples. HC — HIV-negative healthy control; VS - PLWH with viral
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suppression; NoVS — PLWH without viral suppression; SOF — stimulated oral fluid. Y-axis denotes the cytokine
concentrations in pg/ml. The grey circles denote samples. The black bars denote the mean values and the error
bars denote the standard deviations. A. IL-6; B. IL-8; C. IL-13; D. MIG; E. MCP-1; F. IP-10. The p values were

calculated using Anova test.

4. Discussion

PLWH were vaccinated as high priority when the COVID-19 vaccination programme was
implemented because of their immunocompromised state. An underlying question always exists as
to whether PLWH would be able to mount the desired antibody response upon vaccination. In this
study we evaluated the anti-SARS-CoV-2 spike IgG, IgA and SIgA antibody responses 6-12 months
after 2-3 doses of COVID-19 vaccination in HC and in PLWH who were stratified based on VS and
IR status. PLWH were able to elicit an almost similar anti-SARS-CoV-2 specific antibody response as
the HC in both the peripheral circulation and the oral mucosa. The majority of the participants in
both the HC and PLWH groups were below 60 years of age. However, the median ages of these
groups were significantly different. A positive correlation of the age and antibody levels irrespective
of the study cohorts suggests that age might not impact the levels of anti-SARS-CoV-2 antibodies
analysed in this study. High HIV burdens negatively impacted the elicitation of serum and SOF IgG
antibodies, while the IgA antibody response appeared unaffected. In PLWH cohorts, the median SIgA
antibody responses were unexpectedly higher than in the HC. This higher mucosal antibody response
probably conferred better protection to the PLWH group in whom only 1% developed BTI compared
with 16% BTI in HC (p<0.001). This significant difference in the rate of BTI could also be influenced
by the limited exposure of the PLWH cohort since they are an immunocompromised group compared
with HC, considering the collection of these samples during the COVID-19 lock down period.
Additionally, studies have shown lower BTI rates among PLWH post-COVID-19 vaccination when
compared with HIV-negative counterparts [23,24].

When the PLWH cohort was compared with HC, the IgG and IgA anti-SARS-CoV-2 spike
antibodies in serum and SOF were similar, corroborating with findings of another study by Lombardi
et al. [20]. Additionally, we showed that SOF SIgA anti-spike antibodies were significantly higher in
PLWH compared with HC. When PLWH was further stratified by VS and IR status, IgG antibody
levels were higher in HC and PLWH with VS groups both in serum and SOF compared to LoVL and
NoVS groups. This trend was evidenced irrespective of their IR status. This suggests that the HIV
burden but not the IR status negatively impacts the production of IgG antibodies. Similar findings in
the serum samples have been shown in other studies [20,21]. A positive correlation of the IgG
antibodies between the serum and SOF suggests that the majority of the IgG antibodies in the SOF
comes from the peripheral circulation passively through the gingival crevicular spaces. This is similar
to the data we and others had shown previously in a larger HIV-negative cohort after COVID-19
vaccination [2,25].

An important finding was that median SIgA antibody levels in the SOF of all the PLWH groups
were greater than in the HC group. These findings suggest a stronger mucosal antibody response to
COVID-19 vaccination in the PLWH. IgG class switching requires T cell activation, while IgA class
switching occurs both in T cell dependent and T cell independent manners [26]. Thus, the
significantly lower serum IgG antibody levels in the PLWH with NoIR compared to those with IR
may be attributed to the T cell dependency for IgG class switching. Elsewhere it has been shown that
circulating high TGF-f levels in PLWH decreases IgG antibody production without impacting IgA
antibody production [27]. In our study, TGF- {3 levels were similar in the HC and PLWH groups both
in serum and SOF samples (data not shown). Proportionate IgA antibody levels among all the groups
could therefore be attributed to the similar levels of serum TGF-. Cognasse et al. have shown that
PLWH elicit higher serum IgA antibodies due to the presence of high levels of gp160 antigen [28] and
PLWH with LoVL and NoVS are likely to have higher circulating gp160 antigen levels. It has also
been shown that serum total IgA levels increase in PLWH due to polyclonal B cell activation [29].
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The host immune system in the PLWH maintains a chronic immune activation state in order to
keep the episodes of opportunistic infections minimal and also to control the HIV burden. This
chronic immune activation state could be directly responsible for the higher polyclonal B cell
activation. Navas et al. have elaborated that PLWH express a unique B cell profile characterized by
higher abundances of IgA* switched B cells, which leads to improved mucosal immunity and better
viral control. Additionally, IgA antibody responses have been shown to trigger a good innate
immune response [30]. In this study, we have shown that PLWH expressed higher innate immunity
cytokines in the SOF samples. Thus, there are many physiological factors that could influence higher
IgA and SIgA antibody levels in the oral mucosa of the PLWH that might confer protection from
subsequent BTIs.

Avidity index (AI) determines the binding capacity of the virus-specific antibodies to the SARS-
CoV-2 spike protein. It is known that IgG antibody avidity increases over time as well as with
subsequent exposures due to maturation. This is an indication of long-term immunity [31]. The Al
may be related to function of the antibodies since it has been shown that low IgG antibody Al was
associated with an increased chance of acquiring severe COVID, while high IgG antibody Al was
more associated with the development of mild COVID-19 during subsequent exposures [32]. In our
study, serum IgG antibody Als were 250% in all the nine participants who developed mild COVID-
19. Among the others who did not develop BTI, only 3/49 (6%) HC and 6/94 (6%) PLWH had IgG
antibody AI <40%. Interestingly, the NoVS groups, which had low IgG antibody levels also showed
lower IgG antibody Al in both serum and SOF. In contrast the serum and SOF IgA antibody avidity
was quite similar in all the groups including HC. Thus, in our study the low IgG antibody Al did not
appear to impact the acquisition of SARS-CoV-2 infection or the subsequent disease severity.

We analysed a number of other factors that could impact antibody production in PLWH post
COVID-19 vaccination — IR status, CD4 T cell exhaustion / senescence and ART duration. Our
findings suggest that PLWH with IR elicited higher IgG antibodies in both serum and mucosa
compared to those without IR. However, the IR status did not appear to impact the mucosal (IgA /
SIgA) antibody production. Studies have shown that due to chronicity of the immune activation in
PLWH, T cells undergo exhaustion and/or senescence [33-35]. In our study, mean CD4 T cell
exhaustion (34%) and senescence (13%) in the PLWH was significantly greater than in HC but did
not appear to impact the antibody production.

The analysis of IgG, IgA and SIgA antibody levels in serum and SOF based on the duration of
ART (less than or more than five years) irrespective of the VS and IR status, showed that PLWH who
are on ART for more than five years had significantly lower SOF IgG antibodies and higher serum
IgA antibodies. The 5-year period was chosen as long-term from the initiation of ART because PLWH
take about five years to show treatment adherence, successful treatment outcomes with low
cumulative probability of treatment failure, and low sub-hazard ratios of the several factors that
impact treatment outcomes [36,37]. Moreover, Bijker ef al. showed that the low sub-hazard ratios were
similar at five years and ten years of ART [37]. These findings taken together support the conclusion
that PLWH with chronic immune activation negatively impacts the serum and mucosal IgG antibody
responses but not the IgA antibody responses post COVID-19 vaccination which may actually be
raised, especially in mucosa. We have previously shown that the COVID-19 vaccine elicits the innate
immunity cytokines in the oral mucosa [2], which might also contribute to the higher IgA antibody
responses.

A positive correlation between IgG and IgA anti spike protein antibodies in serum and SOF
would suggest that there is a passive transfer of both IgG and IgA antibodies into the oral cavity from
the peripheral circulation. In this study serum IgG antibodies were not significantly correlated with
serum IgA antibodies. However, in SOF IgA and IgG antibodies were significantly correlated. Since
the dimeric SIgA antibody is primarily produced in the mucosae, the results would be consistent with
local production of SIgA antibodies.

In conclusion, a lack of viral suppression does negatively impact the IgG antibody responses of
PLWH to vaccination against SARS-CoV-2, but if PLWH have immune reconstitution and viral
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suppression, their antibody responses are not compromised. In fact, anti-SARS-CoV-2 spike IgA /
SIgA antibodies and innate immunity cytokines were raised in the oral mucosa of these PLWH
cohorts. These findings along with the observation that significantly fewer PLWH developed SARS-
CoV-2 breakthrough infections, suggests that IgA/SIgA and innate cytokines may play a crucial role
in protecting from subsequent COVID-19 episodes and in reducing disease severity. These findings
and a lack of association with the CD4 T cell counts suggests a potential role for mucosal innate
immunity in the immunopathogenesis of COVID-19 that warrants further in-depth explorations and
also opens promising avenues to explore mucosal vaccines.
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