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Abstract

Objective: Obesity and type 2 diabetes (DM) are risk factors for severe coronavirus disease 2019 (COVID-19) outcomes, which disproportionately
affect South Asian populations. This study aims to investigate the humoral and cellular immune responses to SARS-CoV-2 in adult COVID-19
survivors with overweight/obesity (Ov/Ob, BMI > 23 kg/m?) and DM in Bangladesh. Methods: In this cross-sectional study, SARS-CoV-2-specific
antibody and T-cell responses were investigated in 63 healthy and 75 PCR-confirmed COVID-19 recovered individuals in Bangladesh, during the
pre-vaccination first wave of the COVID-19 pandemic in 2020. Results: In COVID-19 survivors, SARS-CoV-2 infection induced robust antibody
and T-cell responses, which correlated with disease severity. After adjusting for age, sex, DM status, disease severity, and time since onset of
symptoms, Ov/Ob was associated with decreased neutralizing antibody titers, and increased SARS-CoV-2 spike-specific IFN-y response along
with increased proliferation and IL-2 production by CD8 +T cells. In contrast, DM was not associated with SARS-CoV-2-specific antibody and
T-cell responses after adjustment for obesity and other confounders. Conclusion: Ov/Ob is associated with lower neutralizing antibody levels and
higher T-cell responses to SARS-CoV-2 post-COVID-19 recovery, while antibody or T-cell responses remain unaltered in DM.
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Graphical Abstract
Association of overweight/obesity with immune
responses to SARS-CoV-2 in COVID-19 survivors
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Association of diabetes mellitus with immune
responses to SARS-CoV-2 in COVID-19 survivors
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COVID-19 recovery.

mellitus who survive SARS-CoV-2 infection.

» Despite similar IgG antibody levels, adults with overweight/obesity (BMI = 23 kg/m?) have
lower neutralizing antibody capacity and higher T cell responses to SARS-CoV-2 following

* Antigen-specific antibody and T cell responses are preserved in individuals with diabetes

Keywords: obesity, diabetes mellitus, antibody, T cell, COVID-19

Abbreviations: BMI: body mass index; BSMMU: Bangabandhu Sheikh Mujib Medical University; COVID-19: coronavirus disease 2019; DM: diabetes mellitus;
DMC: Dhaka Medical College; FFU: foci forming units; IC50: half-maximal inhibitory concentration; ICS: intracellular cytokine stimulation; IFN: interferon; IgG:
immunoglobulin G; IL-2: interleukin 2; MSD: meso scale discovery; Non-DM: non-diabetic; ORF: open reading frame; Ov/Ob: overweight/obesity; PBMCs:
peripheral blood mononuclear cells; PCR: polymerase chain reaction; RBD: receptor binding domain; SFU: spot-forming units; SHNIBPS: Sheikh Hasina National

Institute of Burn and Plastic Surgery; TNF: tumor necrosis factor.

Introduction

Since the onset of the coronavirus disease 2019 (COVID-19)
pandemic, obesity and type 2 diabetes (DM) have emerged
as clinically significant risk factors for disease severity, hos-
pitalization, and mortality due to COVID-19 [1-5]. Both
comorbidities are associated with increased susceptibility,
severity, and poor prognosis in bacterial and other viral in-
fections [6-9]. Obesity and DM exhibit similar clinical char-
acteristics including low-grade chronic inflammation [10,

11], impaired energy homeostasis [11, 12], oxidative stress
[11, 13], altered cytokine profile [14], and impaired cellular
immunity [15, 16], which can significantly impact the body’s
ability to fight against pathogens. However, the impact of
obesity and DM on COVID-19 remains unclear. Cellular
stress, systemic inflammation, and endothelial damage pre-
sent in metabolic diseases are thought to be aggravated by
SARS-CoV-2 infection, increasing the chance of thrombo-
embolism and damage to vital organs [17]. Higher expression
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levels of angiotensin-converting enzyme 2 (ACE2), used for
entry of SARS-CoV-2 into cells, are observed in adipose tissue
from individuals with obesity and DM [18]. Consequently,
adipose tissue may act as a reservoir for the virus, promoting
a persistent inflammatory response and poor prognosis [19].

Ethnicity has also been linked with COVID-19 severity and
mortality. The Office for National Statistics in England re-
ported that COVID-19 mortality in the UK was up to five
times higher for people of Bangladeshi ethnic background
compared to people with White British background, and
rate of deaths involving COVID-19 has remained highest
for the Bangladeshi ethnic group since the second wave of
the pandemic [20, 21]. Multiple contributing factors have
been proposed to explain worse COVID-19 outcomes in cer-
tain ethnicities, with differences related to metabolism and
metabolic health among these [22] alongside socio-economic
factors. Emerging data show ethnicity may modify the asso-
ciation between body mass index (BMI) and COVID-19 out-
comes [23, 24]. South Asian ethnicities with a BMI of 27 kg/
m? have the same risk of COVID-19 mortality as white ethni-
cities at a BMI of 40 kg/m? [25].

An in-depth understanding of adaptive immune responses
to SARS-CoV-2 in South Asian ethnicities, particularly in
the Bangladeshi population, is critical to understand the
mechanisms associated with disease severity, while they are
disproportionately burdened with obesity and DM. This ob-
servational clinical study presents our comprehensive analysis
of antibody, B-cell, and T-cell responses to SARS-CoV-2 in
COVID-19 survivors in Bangladesh, exploring potential al-
terations in adaptive immunity related to obesity and DM.

Methods and materials

Study design and sample collection

Adult participants aged 18 or over were recruited from
Bangabandhu Sheikh Mujib Medical University (BSMMU)
Hospital, Dhaka Medical College (DMC) Hospital, and
Sheikh Hasina National Institute of Burn and Plastic Surgery
(SHNIBPS) in Dhaka, Bangladesh, from September 2020 to
November 2020, during Bangladesh’s first wave of COVID-
19 pandemic and prior to the global introduction of vaccines.

Participants with prior PCR-confirmed SARS-CoV-2 infection
with one or more symptoms were recruited at least 28 days
after the onset of symptoms. Among them, 31 individuals had
recovered from mild/moderate disease (without oxygen sup-
port), while 44 individuals had recovered from severe disease
(requiring oxygen support). Additionally, 63 healthy control
individuals were enrolled who had reported no COVID-19
symptoms since the onset of pandemic. These controls were
further categorized as healthy seronegative (7 = 35, presumed
infection-naive) and healthy seropositive (n =28, presumed
asymptomatic infection) based on anti-spike seropositivity
(MSD IgG binding assay—see below).

After obtaining written informed consent, we collected clin-
ical information including age, sex, body mass index (BMI),
comorbidities, the date of any SARS-CoV-2 infection (de-
fined by a positive PCR test), presence of symptoms, lowest
recorded SpO, during infection (measured by pulse oxim-
eter), and time since onset of symptoms. HbAlc levels were
measured by ion-exchange liquid chromatography in a Bio-
Rad D-10™ analyzer (Bio-Rad Laboratories Inc., Hercules,
CA, USA) to assess glycaemic status. Diabetes was defined
as HbAlc > 6.5%, while any previous history of diabetes
and HbAlc less than 6.5% was included as controlled dia-
betes. Type 1 and type 2 diabetes were not formally typed,
but type 2 diabetes accounts for 90-95% of diabetes cases
in Bangladesh [26]. Key demographic information is shown
in Table 1. For healthy pre-pandemic controls, we used cryo-
preserved samples (7 = 40) from a previous unrelated study
conducted in Dhaka, Bangladesh in 2017.

Peripheral blood mononuclear cells (PBMCs) and plasma
were separated as previously described [27] and cryopre-
served at —80°C then shipped to Oxford, UK on dry ice and
stored in liquid nitrogen for later use.

We performed the multiplexed MSD IgG binding assay on
all donors, as outlined in Table 1. This allowed us to clas-
sify healthy individuals into seronegative and seropositive
controls based on anti-spike seropositivity (see MSD IgG
binding assay below). Our study’s aim was to evaluate the
impact of overweight/obesity and diabetes on adaptive im-
mune responses, particularly in individuals who recovered
from PCR-confirmed SARS-CoV-2 infection with symptoms.

Table 1. Demographic characteristics of participants enrolled from September 2020 to November 2020

Variable Healthy seronegative Healthy seropositive Recovered Recovered

(N=35) (N=28) (Mild/moderate) (Severe)
(N=31) (N =44)

Age in years, median (IQR) 42 (34, 50) 39 (34, 45) 33 (28,42) 54 (46, 63)

Sex

Female, 7 (%) 14 (40%) 9 (32%) 4 (13%) 7 (16%)

Male, 1 (%) 21 (60%) 19 (68%) 27 (87%) 37 (84%)

Diabetes status

Non-diabetic, 7 (%) 23 (66%) 13 (46%) 24 (77%) 22 (50%)

Diabetic, 7 (%) 12 (34%) 15 (54%) 7 (23%) 22 (50%)

Obesity category

Normal weight, 7 (%) 9 (26%) 6 (21%) 6 (19%) 14 (32%)

Overweight/obesity, 7 (%) 25 (74%) 21 (76%) 22(71%) 30 (68%)

Data missing, 7 (%) NA 1(3%) 3(10%) NA

Days post-symptom onset, median (IQR) NA NA 43 (32,122) 60 (39, 81)

IQR (Interquartile range)
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Consequently, when selecting recovered donors for other as-
says, we made efforts to match the age, sex, disease severity,
and days post-symptom onset across the recovered lean and
overweight/obese, and DM and Non-DM groups.

Supplementary Table Sla-d presents the demographic
characteristics of recovered participants with or without
overweight/obesity and diabetes status, selected for each spe-
cific assay. For the pre-pandemic and healthy control cohorts,
representative samples were included, taking into account
age and sex considerations, as shown in Supplementary Table
S4a—e.

Meso scale discovery (MSD) IgG binding assay

IgG responses to SARS-CoV-2 spike (S), receptor binding
domain (RBD), and nucleocapsid (N) antigens were meas-
ured using a multiplexed MSD immunoassay: The V-PLEX
COVID-19 Coronavirus Panel 3 (IgG) (Meso Scale Discovery,
Rockville, MD USA) as previously described [28]. Briefly,
plasma samples were diluted 1:1000-30 000 in diluent buffer
and added to the MULTI-SPOT® 96-well plates, priorly
coated with SARS-CoV-2 antigens (S, RBD, N) at 200 - 400
pg/ml, along with MSD standard and undiluted internal
MSD controls. After 2-h incubation, detection antibody was
added. Following washing and addition of read buffer, and
plates were read using a MESO® SECTOR S 600 reader.
Concentrations are expressed in arbitrary units/ml (AU/ml).
Cutoffs for each SARS-CoV-2 antigen were as defined previ-
ously [27]: S, 1160 AU/ml; RBD, 1169 AU/ml; and N, 3874
AU/ml.

Focus reduction neutralization test (FRNT)

Plasma was serially diluted in DMEM with 1% FBS from
1:10 to 1:10 000, then combined with equal volume of 100
foci forming units (FFU) of SARS-CoV-2 Victoria virus and
incubated for 30 min. Vero E6 cells (4.5 x 1075/ml) were
added 100 pl/well and incubated for 2 h at 37°C, 5% CO.,,.
Carboxymethyl cellulose (1.5%) was then added (100 pl/
well) and incubated at 37°C, 5% CO, for 20 h. Assays were
done in duplicate. Cells were washed with DPBS, fixed with
4% paraformaldehyde for 30 min at room temperature, and
then permeabilized with 1% TritonX100 in PBS, followed
by staining with a human monoclonal antibody (FB9B) [29].
Bound antibody was detected by incubating with goat anti-
human IgG HRP conjugate (Sigma, UK) and followed by
TrueBlue™ Peroxidase substrate (Insight Biotechnology, UK),
then imaged with an ELISPOT reader. The half-maximal in-
hibitory concentration (IC50) was defined as the concentra-
tion of plasma that reduced the FFU by 50% compared to the
control wells.

Memory B-cell fluorospot assay

Cryopreserved PBMCs were thawed and cultured for 72 h
at 37°C, 5% CO,, with polyclonal stimulation containing
1 pg/ml R848 and 10 ng/ml IL-2 from the Human IgA/IgG
FluoroSpotFLEX kit (Mabtech) as previously described
[30]. Stimulated PBMCs were added at 2 x 10° cells/well to
fluorospot plates coated with 10 pg/ml SARS-CoV-2 spike
glycoprotein (S) and nucleocapsid protein (both from The
Native Antigen Company, UK) diluted in PBS (Gibco). Plates
were incubated for 18 h in a humidified incubator at 37°C,
5% CO,, and developed according to the manufacturer’s
instructions (Mabtech). Analysis was carried out with AID

Ali et al.

ELISpot software 8.0 (Autoimmun Diagnostika). Memory
B-cell IgG response was measured as antibody spot-forming
units (SFU) per million.

T-cell interferon-gamma ELISpot assay

The standard operating procedure for T-cell interferon-
gamma (IFN-y) ELISpot Assay has been published previously
[28]. In brief, cryopreserved PBMCs were thawed and plated
at 200 000 cells/well in a MultiScreen-IP filter plate (Millipore,
MAIPS4510) previously coated with capture antibody (clone
1-D1K). PBMCs were then incubated with overlapping SARS-
CoV-2 peptide pools (18-mers with 10 amino acid overlap,
Mimotopes), representing the S1, S2, membrane (M), nucleo-
capsid (N), open reading frame (ORF) 3 and 6, ORF 7 and 8
(2 pg/ml) for 16-18 h in a humidified incubator at 37°C, 5%
CO,. Positive controls included the cytomegalovirus pp65
protein (Miltenyi Biotec) and concanavalin A, DMSO served
as the negative control. After incubation, the plates were de-
veloped following manufacturers protocol (Mabtech 3420-
2A) and analyzed with the ImmunoSpot® S6 Alfa Analyser
(Cellular Technology Limited LLC, Germany). Antigen-
specific responses were quantified as IFN-y spot-forming
units (SFU)/million PBMC. A positive response was defined
as greater than 37 SFU/million PBMC based on the mean + 2
SD of the negative control wells.

Proliferation assay

T-cell proliferation assay was carried out as previously de-
scribed [27]. In brief, cryopreserved PBMCs were thawed and
stained with CellTrace® Violet (Life Technologies). PBMCs
were then plated in 96-well plates and stimulated with SARS-
CoV-2 peptide pools (S1, S2, M, N, ORF3 and 6, ORF 7
and 8) at 1 pg/ml. DMSO and PHA-L were used as nega-
tive and positive controls, respectively. Cells were incubated
at 37°C, 5% CO, for 7 days with media change on Day 4.
Flow cytometry was used to analyze the relative frequency of
proliferating CD4 + and CD8 + T cells. Responses above 1%
were considered true positive.

Intracellular cytokine stimulation assay

In a subset of donors (7 = 36), selected from healthy sero-
negative (17 = 5), healthy seropositive (n = 13), and recovered
patients (7 = 18), T-cell responses were characterized by
intracellular cytokine staining (ICS) as described previously
[30]. In brief, PBMCs were stimulated with SARS-CoV-2
peptide pools (spike, M, and N) at 2 pg/ml along with
anti-CD28 and anti-CD49d (both from BD). DMSO and a
cell-activation cocktail (PMA and ionomycin) were used as
negative and positive controls, respectively. After 1 h incu-
bation, Brefeldin A was added and the samples were further
incubated for 15 h at 37°C and 5% CO,. Flow cytometry
was used to analyze the relative frequency of IFN-y, TNE
and IL-2-producing CD4 +and CD8 + T cells. Details of
antibodies used for proliferation assay and ICS are listed in
Supplementary Table S3.

Statistical analysis

Statistical analyses were conducted using R version 4.2.1
(https://www.R-project.org/). Unpaired comparisons be-
tween two or more groups were assessed using the two-tailed
Wilcoxon rank-sum test or Kruskal-Wallis test with Dunn’s
multiple comparisons test as appropriate. Correlation analysis
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was performed using Spearman’s rank correlation coefficient.
SIMON software version 0.2.1 (https://genular.org) [31] was
used to perform correlation and principal component ana-
lysis. A significance level of P < 0.05 was set.

The detailed descriptions of generalized linear models
(GLMs) are provided in Supporting Information Methods,
and summary tables are reported in Supplementary Table
S2a—f. Cases with missing data were eliminated in GLMs.

Results

SARS-CoV-2 infection induces robust antibody
responses, which are more pronounced in recovery
from severe illness

We first analyzed SARS-CoV-2-specific IgG responses among
our study cohorts (Fig. 1A) using the MSD IgG binding
assay. Participants who recovered from severe disease had
significantly higher IgG responses to SARS-CoV-2 spike,
RBD, and N than those who recovered from mild/moderate
disease and healthy seropositive controls, with the latter
two groups not showing any differences (Fig. 1B). Despite
these differences, using an ex vivo memory B-cell ELISpot
assay, we found comparable numbers of memory B cells
specific to spike and N in healthy seropositive individuals
and those who recovered from mild/moderate and severe
disease, while healthy seronegative controls lacked detect-
able IgG + memory B cells (Fig. 1C) in blood. Further, indi-
viduals who recovered from mild/moderate disease tended
to have elevated levels of antibody (Ab) neutralization of
SARS-CoV-2 compared to those who recovered from severe
disease; however, the difference was not statistically signifi-
cant (P =0.063) (Fig. 1D).

SARS-CoV-2 infection elicits robustT-cell responses
that correlate with disease severity

We assessed T-cell responses to SARS-CoV-2 in our study co-
horts using an ex vivo IFN-y ELISpot assay, a proliferation
assay, and an intracellular cytokine assay (ICS). Both healthy
seropositive individuals and recovered cohorts (mild/mod-
erate and severe disease) exhibited detectable IFN-y ELISpot
responses to SARS-CoV-2 peptide pools spanning structural
(S1, S2, M, N) and accessory (ORF3 and 6, ORF7 and
8) proteins, whereas the pre-pandemic controls and most
healthy seronegative controls had no detectable responses
above the defined positivity threshold (37 SFU/10¢ PBMC)
(Fig. 2A, Supplementary Fig. S1A). Subjects who recovered
from severe illness mounted substantially greater IFN-y re-
sponses to spike (summed S1 and S2 responses), and ORFs
(summed ORF3 and 6, ORF7 and 8) than those who re-
covered from mild/moderate disease and healthy seroposi-
tive controls (Fig. 2B). Furthermore, both recovered cohorts
had a greater magnitude of IFN-y responses to M + N com-
pared to the healthy seropositive controls (Fig. 2B). Notably,
the breadth of IFN-y responses to SARS-CoV-2 peptide
pools was greater in both groups of recovered individuals as
compared to healthy seropositive controls (Supplementary
Figure S1A). These results highlight the robustness of anti-
SARS-CoV-2 IFN-y ELISpot responses across different
disease severities.

To obtain a deeper understanding of the induction of T-cell-
based immunity in our cohorts, we next performed prolifer-
ation assays, a sensitive method to assess the SARS-CoV-2

specific circulating CD4 + and CD8 + T cells [27]. Recovered
individuals with severe disease had greater magnitude and
breadth of CD4 + and CDS8 + T-cell proliferative responses
to SARS-CoV-2 peptide pools than healthy seropositive
controls (Fig. 2C-D, Supplementary Fig. S1B-C). Notably,
CD8 + T-cell proliferation was significantly higher and
broader in recovered individuals with severe illness than
those who recovered from mild/moderate disease (Fig. 2D,
Supplementary Figure S1C). Moreover, healthy seropositive
controls displayed a higher magnitude and breadth of T-cell
proliferative responses in comparison to healthy seronegative
controls, with some of the latter group showing detectable
CD4 + proliferative responses to SARS-CoV-2 peptide pools
(Fig. 2C and D, Supplementary Fig. S1B and C). Interestingly,
there was no detectable T-cell proliferation in our pre-
pandemic controls (Fig. 2C and D, Supplementary Fig. S1B-
C), in contrast to UK pre-pandemic controls [27].

In ICS, we observed higher CD4 + T cell IFN-y, IL-2, and
TNF responses to SARS-CoV-2 spike and higher CD4 + T cell
IL-2, and TNF responses to M + N in participants who re-
covered from severe illness compared to the healthy seroposi-
tive controls (Fig. 2E). Similarly, those who recovered from
mild/moderate illness had higher CD4 + T cell IL-2 and TNF
responses to spike, and TNF responses to M + N than healthy
seropositive controls (Fig. 2E). In contrast, we did not detect
any differences among the groups in the levels of CD8 + T cell
cytokine expressions (Fig. 2E).

Individuals with overweight/obesity had lower
neutralizing antibody titers, but higherT responses
to SARS-CoV-2 following recovery

We next went on to assess immune features associated with
obesity in individuals who had recovered from PCR-confirmed
SARS-CoV-2 symptomatic infection. We combined the par-
ticipants from our two recovered cohorts (mild/moderate
and severe disease) and grouped them as lean (BMI = 18.5—
22.9 kg/m?), and overweight/obesity (Ov/Ob, BMI > 23 kg/
m?) following the WHO recommendation for Asian BMI [32].
Notably, participants with Ov/Ob were considerably younger
than those who were lean (Supplementary Table S1a and b).

The recovered participants with Ov/Ob had 2-fold lower
neutralizing antibody titers compared to the lean subjects,
with no differences in the IgG responses to SARS-CoV-2
spike, RBD and N (Fig. 3A). In addition, the memory B-cell re-
sponses to SARS-CoV-2 N were 2-fold lower in Ov/Ob com-
pared to lean (Fig. 3A). In contrast, [FN-y ELISpot responses
to SARS-CoV-2 M + N peptide pools were 2-fold higher in
the participants with Ov/Ob (Fig. 3B). In ICS, IFN-y expres-
sion by CD4 + T cells was 3-fold higher in response to M + N,
and IL-2 expression by CD8 + T cells was 16-fold higher in
response to spike in Ov/Ob compared to lean (Supplementary
Fig. S3). CD8 + T-cell proliferative responses to S1, S2, and
N peptide pools were 2 to 4-fold higher in Ov/Ob, while
CD4 + T-cell proliferation was comparable between lean and
Ov/Ob (Fig. 3C). Separate analysis of mild-moderate and se-
vere disease recovered cases elucidates that the effects attrib-
uted to Ov/Ob in our combined analysis (Fig. 3) are primarily
influenced by individuals who recovered from severe disease
(Supplementary Fig. S6). There was no significant impact of
overweight/obesity on antibody and T-cell responses to SARS-
CoV-2 in healthy seropositive individuals (Supplementary
Fig. S8).
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Figure 1. SARS-CoV-2 infection induces robust antibody responses, which are more pronounced in recovery from severe iliness. (A) Study cohorts
including pre-pandemic controls (n = 40; recruited in Bangladesh in 2017—ivory color), healthy seronegative controls (n = 35, presumably infection
naive—gray color), healthy seropositive controls (n = 28, presumably asymptomatic infection—black color), individuals who recovered from mild/moderate
disease (n = 31—orange color) and severe disease (n = 44—red color) due to PCR-confirmed symptomatic SARS-CoV-2 infection and recruited at least 28
days after onset of symptoms. Participants (except pre-pandemic controls) were recruited from September 2020 to November 2020, during Bangladesh's
first wave of the COVID-19 pandemic and prior to the global introduction of vaccines. Seropositivity status was defined by MSD IgG binding assay. (B) IgG
responses to SARS-CoV-2 spike (S), receptor binding domain (RBD) and nucleocapsid (N) antigens in pre-pandemic controls (n = 40), healthy seronegative
controls (n = 35), healthy seropositive controls (n = 28), individuals recovered from mild/moderate disease (n = 31), and severe illness (n = 44). IgG
responses were measured in plasma samples using multiplexed MSD immunoassays and are expressed in arbitrary units (AU)/ml. Horizontal dotted lines
represent the cutoff of each assay based on the pre-pandemic sera from UK individuals. (C) Spike and N-specific memory B-cell IgG responses in healthy
seronegative controls (n = 7), healthy seropositive controls (n = 17), and individuals recovered from mild/moderate disease (n = 12), and severe illness
(n=12). Memory B cells were quantified by B-cell ELISpot assay from cryopreserved peripheral blood mononuclear cells (PBMC), and data are shown

in antibody spot-forming units (SFU)/million PBMC. (D) Neutralizing antibody titers against SARS-CoV-2 by focus reduction neutralization (FRNT) assay
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Individuals with diabetes had higher IgG and
CD4 +T-cell proliferative responses to SARS-CoV-2
following recovery
We then compared the immune responses between the re-
covered individuals with diabetes (DM, HbAlc > 6.5%) and
without diabetes (non-DM, HbAlc < 6.5%). It is noteworthy
that the individuals with DM were considerably older and
had more frequently recovered from severe disease compared
to the non-DM individuals (Supplementary Table S1c and d).
IgG responses to SARS-CoV-2 spike, RBD, and N were
5-6-fold higher in the individuals with DM compared to
non-DM (Fig. 4A). We also noticed higher neutralizing anti-
bodies in the individuals with DM, who recovered from se-
vere disease (Supplementary Fig. S7A), in contrast to the
lower levels seen in obesity (Fig. 3A, Supplementary Fig.
S6A), but no difference was observed in either memory B-cell
responses to SARS-CoV-2 (Fig. 4A) or SARS-CoV-2-specific
IFN-y ELISpot responses between individuals with DM and
non-DM (Fig. 4B). Interestingly, CD4 + T-cell proliferation
was around 3-fold higher to S1 and ORF 7 + 8 in individuals
with DM, while the proportion of proliferating CD8 + T cells
was comparable between the DM and non-DM cohorts (Fig.
4C). Similar to Ov/Ob, the impacts associated with DM in our
combined analysis (Fig. 4) are chiefly driven by individuals
who recovered from severe disease (Supplementary Fig. S7).
We did not find any differences in CD4 + and CD8 + cytokine
responses by ICS in the DM and non-DM participants. Also,
no difference was observed in antibody and T-cell responses
to SARS-CoV-2 between healthy seropositive individuals with
and without DM (Supplementary Fig. S9).

Clinical factors were associated with antibody and
T-cell responses to SARS-CoV-2

We performed a univariable correlation analysis to unravel
the impact of a range of variables including age, body mass
index (BMI), glycemic status (HbAlc), SpO, during infection,
and the time since onset of symptoms (Fig. 5A) on the antiviral
immune response. Our results show that age was positively
correlated with IgG and neutralizing antibody titers, IFN-y
ELISpot responses, T-cell proliferation, and CD4 + T-cell cyto-
kines. HbA1c¢ positively correlated with IgG and neutralizing
antibody titers, CD4 + and CDS8 + T-cell proliferation, while
BMI positively correlated with IFN-y ELISpot responses,
CD8 + T-cell proliferation, and CD4 cytokine responses.
Notably, we observed inverse relationships between SpO,
with IgG and neutralizing antibody titers, IFN-y ELISpot re-
sponses, CD8 + T-cell proliferative responses, which indicates
that more severe disease induces higher antibody and T-cell
responses following recovery. The time since symptom onset
was negatively correlated with the antibody responses and
CD4 cytokine responses to SARS-CoV-2.

Obesity is independently associated with immune
parameters in SARS-CoV-2-recovered individuals
Next, we conducted multivariable regression analyses to in-
vestigate the individual associations of obesity and diabetes
mellitus (DM) on immune responses to SARS-CoV-2 (Fig.
5B-C, Supplementary Tables S2a—f). Our analysis, which

accounted for age, sex, diabetes status, disease severity, and
time since symptom onset, revealed that obesity is associated
with reduced neutralizing antibody responses to SARS-CoV-2
(Fig. 5B, Supplementary Table S2a). In addition, obesity was
linked to a higher IFN-y response to SARS-CoV-2 S1, a higher
CDS8 + T cells proliferation to S1, S2, ORF 7 and 8, and an
increased CD8 IL-2 response to spike (Fig. 5B, Supplementary
Tables S2b, S2d, and S2f). On the other hand, after adjusting
for obesity and other factors, we found no association be-
tween DM and antibody or T-cell responses to SARS-CoV-2,
except a higher proportion of proliferating CD4 + T cells in
DM in responses to ORF 7 and 8 (Fig. 5C, Supplementary
Table S2a—f). We also performed principal component ana-
lysis (PCA) to examine the immunological differences in
obesity and DM (Supplementary Fig. S5). Our PCA revealed
that immunological parameters, including IgG antibody,
IFN-y ELISpot, and T-cell proliferation, account for 42.7%
of the variance among SARS-CoV-2-recovered individuals,
and separation of individuals was driven by obesity status
(Supplementary Fig. S5A). The key variables in explaining the
variability between individuals were anti-N IgG, anti-RBD
IgG, anti-S IgG, CDS8 + proliferation to N, S1, and S2, and
CD4 + proliferation to S1, N, and M (Supplementary Fig.
S5B-C). Overall, our results indicate diminished neutralizing
capacity of antibodies and higher T-cell responses in obesity,
whereas immune responses remain unchanged in DM.

Discussion

Our study provides insights into the adaptive immunity
to SARS-CoV-2 in adults with obesity and diabetes in
Bangladesh, where both comorbidities are significant public
health concerns. We found that disease severity is associated
with higher antibody and T-cell responses to SARS-CoV-2
post-recovery, which is consistent with prior studies on severe
COVID-19 [33, 34]. Also, recovered individuals with symp-
tomatic PCR-confirmed SARS-CoV-2 infection had stronger
immune responses compared to asymptomatic seropositive
controls, aligning with our previous research in the UK [35],
and other studies in Bangladesh [36, 37], and likely attrib-
utable to higher antigen exposure in more severe disease.
Notably, using the T-cell proliferation assay, a more sensitive
method for detecting memory T-cell responses demonstrated
in our prior study [27], we observed detectable CD4 + T-cell
responses to SARS-CoV-2 peptide pools in some of the healthy
seronegative individuals, which may represent exposure to
the virus without seroconversion in some individuals. It is
also possible that some participants had yet to be infected
with SARS-CoV-2 in autumn 2020.

Our study has revealed a striking disparity in neutralizing
antibody levels among individuals with overweight/obesity
(Ov/Ob) compared to those who are lean. Despite comparable
anti-SARS-CoV-2 IgG levels, individuals with Ov/Ob exhib-
ited significantly lower neutralizing antibody titers. Notably,
this discrepancy persisted even after controlling for age, sex,
diabetes status, disease severity, and time since the onset of
symptoms. A recent UK cohort study reported rapid waning
of neutralizing antibodies following COVID-19 vaccination

in individuals recovered from mild/moderate disease (n = 18) and severe iliness (n = 26). IC50 is the reciprocal dilution of the concentration of plasma
required to produce a 50% reduction in infectious focus-forming units of virus in Vero cells (ATCC, CCL-81). Bars for (B) and (C) represent the medians.
Groups were compared with Kruskal-Wallis nonparametric test, with only significant two-tailed P values (P < .05) shown above linking lines
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Figure 2. SARS-CoV-2 infection elicits robust T-cell responses that correlate with disease severity. (A) Heatmap displaying the IFN-y responses to SARS-
CoV-2 peptide pools spanning structural and accessory proteins (S1, S2, M, N, ORF3, and 6, ORF7 and 8) in pre-pandemic controls (n = 14), healthy
seronegative controls (n = 23), healthy seropositive controls (n = 25), individuals recovered from mild/moderate disease (n = 21) and severe illness

(n =28). IFN-y responses were measured by ex vivo IFN-y ELISpot assay from cryopreserved PBMC samples, and data are shown in IFN-y spot-forming
units (SFU)/million PBMC. (B) Comparison of IFN-y ELISpot responses to SARS-CoV-2 spike (summed responses to S1 and S2 peptide pools), M + N
(summed responses to M and N pools), and ORFs (summed responses to ORF3, 6-8) in pre-pandemic controls (n = 14), healthy seronegative controls
(n = 23), healthy seropositive controls (n = 25), individuals recovered from mild/moderate disease (n = 21) and severe illness (n = 28). (C) Heatmap
displaying the relative frequency of CD4* and CD8* T cells proliferating to individual peptide pools S1, S2, M, N, ORF3&6, and ORF7&8, assessed by

¥Z0Z BUN( || UO JosN (11eYdS) YoIeasay pajelay B UlH 10 [0040S AQ #8¥5G9//0E09BXN/189/E60 L 0 L/10P/S[dILE-90UBADE/I99/W0D dNO"ILSPED.//:SANY WOI) POPEOJUMOQ



Altered adaptive immunity to SARS-CoV-2 in obesity, 2024, Vol. XX, No. XX 9

E T cell cytokine response to SARS-CoV-2 (ICS)
Spike M+N
IFN-y 1L2 TNF IFN-y L2 TNF
P =0.006 P =0.012 P =0.004 P =0.017
10.000 P = 0.005 P = 0.01 0.003 P =0.011 P =0.039
°>’ P =0.009 P =0.001 P =0.032
= 1.000 P =0.015 P =0.046 P =0.016
[TR) . ) [ ]
o= & Y ‘ @

[T} o ] [J
Gt i3 igdT fa . 147
e+ 0.100 _._ @ ®
S (o} @ = _...‘. - Y
35  +B7vs Y. o 45% ST°
£° 0.010 ° H o 82 $
g oM. k)

X

° 0.001 == O o [} (@] o o6 == o [_J [ J
n=5n=13n=10 n=8 | n=5n=13n=10 n=8  n=5n=13n=10n=8 n=5n=13n=10n=8 n=5n=13n=10n=8 n=5n=13n=10 n=8

o

>

:-5 " 1.000 e P e o o : 8

83 oo 8§ e =8£s .. 3

>0 0.100 =8~ o e o O H © ) o © O’ $

+ e o $ o @ 5
g2 ° -0 o $ S8g8 = P2
XA 0.010 -5 e o _’. oo
Lo Y (©) 8 8 ®
> © - ©
o 0.001 @ O axm © e’ - 9 @ S5 @b oo @& o @€ 0 e
°\° n=5n=13n=10 n=8 | n=5 n=13n=10 n=8 | n=5n=13n=10 n=8 | n=5n=13n=10 n=8 | n=5n=13n=10 n=8  n=5 n=13n=10 n=8

Healthy Healthy Recovered Recovered
o Seronegative @ Seropositive © (mild/moderate) ® (severe)

Figure 2. Continued

in individuals with severe obesity (BMI > 40 kg/m?) [38].
Another USA cohort study showed lower SARS-CoV-2-
specific IgG titers and antibody neutralization in obesity [39].
Our findings highlight the need to investigate the mechanisms
underlying the lower neutralizing capacity of antibodies in
obesity, which could have critical implications for developing
effective interventions and treatments for COVID-19 in di-
verse populations.

T cells play a crucial role in long-term protection against
SARS-CoV-2 infection [40], yet there is limited research on
the impact of obesity on T-cell responses following natural
infection. A few studies report that adults with obesity have
similar T-cell responses to SARS-CoV-2 compared to lean
adults after recovery from COVID-19 [41, 42]. Nonetheless,
these studies did not consider disease severity, a crucial
confounder of adaptive immune responses, as shown in our
study. We found increased IFN-vy responses to SARS-CoV-2 in
Ov/Ob, which were further supported by proliferation assays
and ICS showing higher SARS-CoV-2-specific CD8 + T-cell
proliferation and cytokine responses in Ov/Ob. Moreover,
our univariable correlation analyses demonstrate a positive
association between higher BMI and increased IFN-y ELISpot

responses, CD8 + T-cell proliferation, and CD4 cytokine re-
sponses. These findings of higher T-cell responses in Ov/Ob
persisted in our multivariable regression analyses, which
accounts for confounding factors such as age, sex, diabetes
status, disease severity, and time components.

In obesity, we hypothesize that the preexisting immune
dysregulation characterized by low-grade chronic inflam-
mation [22, 23], neutrophil activation [43], altered cytokine
profile [26], dysregulated T-cell homeostasis [44], and im-
paired cellular immunity [27-29] may lead to delayed viral
clearance in SARS-CoV-2 infection. Animal studies have
shown increased viral load in obesity [45]. Adipose tissue may
also serve as a reservoir for the virus [19]. Such “depot ef-
fect” of prolonged exposure to the virus may contribute to the
development of the compensatory higher T-cell responses as
observed in our individuals with Ov/Ob who survived SARS-
CoV-2 infection despite having poor neutralizing antibody
titers. Further, longitudinal studies are needed to understand
the underlying mechanisms of T-cell immunity in obesity
during acute infection and recovery.

The interplay between obesity and diabetes in COVID-
19 warrants the need to study the adaptive immunity to

flow cytometry (gating strategy shown in Supplementary Fig. S2A) from cryopreserved PBMC, in pre-pandemic controls (n = 15), healthy seronegative
controls (n = 24), healthy seropositive controls (n = 25), individuals recovered from mild/moderate disease (n = 20), and severe iliness (n = 31). (D)
Comparison of relative frequency of CD4* (top panels) and CD8* (bottom panels) T cells proliferating to SARS-CoV-2 individual peptide pools in pre-
pandemic controls (n = 15), healthy seronegative controls (n = 24), healthy seropositive controls (n = 25), individuals recovered from mild/moderate
disease (n = 20), and severe iliness (n = 31). (E) The spike and M + N-specific IFNy, 12, and TNF expression levels are reported as a percentage of the
CD4+ T-cell population (top panels) and CD8* T-cell population (bottom panels). Cryopreserved PBMCs from healthy seronegative controls (n = 5), healthy
seropositive controls (n = 13), and individuals recovered from mild/moderate disease (n = 10) and severe iliness (n = 8) were analyzed by intracellular
cytokine staining and flow cytometry (gating strategy is shown in Supplementary Fig. S2B). Bars for (B), (D), and (E) represent the medians. Groups
were compared with Kruskal-Wallis nonparametric test, with only significant two-tailed P values (P < 0.05) shown above linking lines
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Figure 3. Overweight/obesity is associated with lower neutralizing antibody titers and memory B-cell responses, but higher T responses to SARS-CoV-2
in participants who survived COVID-19 with symptoms. (A) Comparison of SARS-CoV-2 spike, RBD, N-specific IgG responses, neutralizing antibody
titers, and spike, N-specific memory B cells in lean (BMI = 18.5-22.9 kg/m?) and overweight/obese (BMI > 23 kg/m?) individuals, who recovered from
symptomatic SARS-CoV-2 infection. IgG responses, neutralizing antibody titers, and memory B-cell responses are measured by multiplexed MSD
immunoassays, Focus reduction neutralization (FRNT) assay, and B-cell ELISpot assay, respectively, and data are shown in arbitrary units (AU)/ml, IC50,
and antibody spot-forming units (SFU)/million PBMC respectively. (B) Comparison of IFN-y ELISpot responses to SARS-CoV-2 spike (summed responses
to S1 and S2 peptide pools), M + N (summed responses to M and N pools), and ORFs (summed responses to ORF3, 6-8) from cryopreserved PBMCs
in lean (BMI = 18.5-22.9 kg/m?) and overweight/obese (BMI > 23 kg/m?) individuals in recovery following symptomatic SARS-CoV-2 infection. Data are
shown in IFN-y spot-forming units (SFU)/million PBMC. (C) Comparison of the relative frequency of CD4* (top panels) and CD8* (bottom panels) T cells
proliferating to individual peptide pools S1, S2, M, N, ORF3&6, ORF7&8, assessed by flow cytometry (gating strategy shown in Supplementary Fig.
S2A) from cryopreserved PBMC, in lean (BMI = 18.5-22.9 kg/m?) and overweight/obese (BMI > 23 kg/m?) SARS-CoV-2-recovered patients. A two-tailed
Wilcoxon rank-sum test was used to compare between the groups (without correction for multiple testing), and fold changes in brackets referring to the
P value comparisons directly below are shown on the top of the dot plots, in case of significant differences. The number of individuals (n) evaluated per
assay is displayed at the bottom of the corresponding dot plots. Horizontal bars represent the medians, and the median values are shown in brackets
immediately above the number of individuals (n) in each column
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Figure 4. Antiviral antibody and T-cell responses in participants with diabetes mellitus following recovery from symptomatic SARS-CoV-2 infection. (A)
Comparison of SARS-CoV-2 spike, RBD, N-specific IgG responses, neutralizing antibody titers, and spike, N-specific memory B cells in non-diabetic
(non-DM, HbA1c < 6.5%) and diabetic (DM, HbA1c > 6.5%) individuals, who recovered from symptomatic SARS-CoV-2 infection. IgG responses,
neutralizing antibody titers, and memory B-cell responses are measured by multiplexed MSD immunoassays, focus reduction neutralization (FRNT)
assay, and B-cell ELISpot assay, respectively, and data are shown in arbitrary units (AU)/ml, IC,;, and antibody spot-forming units (SFU)/million PBMC,
respectively. (B) Comparison of IFN-y ELISpot responses to SARS-CoV-2 spike (summed responses to S1 and S2 peptide pools), M + N (summed

responses to M and N pools), and ORFs (summed responses to ORF3, 6-8) from cryopreserved PBMCs in recovered patients with or without diabetes,

following symptomatic SARS-CoV-2 infection. Data are shown in IFN-y spot-forming units (SFU)/million PBMC. (C) Comparison of the relative frequency
of CD4* (top panels) and CD8* (bottom panels) T cells proliferating to individual peptide pools S1, S2, M, N, ORF3&6, ORF7&8, assessed by flow
cytometry (gating strategy shown in Supplementary Fig. S2A) from cryopreserved PBMC, in SARS-CoV-2-recovered patients with or without diabetes.
A two-tailed Wilcoxon rank-sum test was used to compare between the groups (without correction for multiple testing), and fold changes in brackets
referring to the P value comparisons directly below are shown on the top of the dot plots, in case of significant differences. The number of individuals
(n) evaluated per assay is displayed at the bottom of the corresponding dot plots. Horizontal bars represent the medians, and the median values are
shown in brackets immediately above the number of individuals (n) in each column
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Correlations of immunological parameters with age, HbAlc, BMI and clinical parameters
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Figure 5. Associations of obesity and diabetes mellitus with antibody, memory B cell, and T-cell responses to SARS-CoV-2. (A) Correlations of
immunological parameters with age, HbATc, BMI, SpO, (lowest recorded oxygen saturation in blood during infection), and days post-symptoms onset
in SARS-CoV-2-recovered patients. Spearman’s correlation coefficient (color coded) and only significant values are shown after adjusting for multiple
testing using the Benjamini—-Hochberg correction at the significance threshold FDR < 0.05. (B) Forest plot illustrating associations of overweight/obesity
with antibody, memory B cells, IFN-y secretion, T-cell proliferation, and intracellular cytokine responses to SARS-CoV-2 in recovered patients. The point
estimates represent the standardized unit changes of immunological parameters in overweight/obesity, while adjusted for age, sex, diabetes status,
disease severity, and days post-symptoms onset. (C) Forest plot illustrating associations of diabetes mellitus with immune responses to SARS-CoV-2 in
recovered patients. The point estimates represent the standardized unit changes of immunological parameters in diabetes, while adjusted for age, sex,
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SARS-CoV-2 in diabetes. We found that individuals with dia-
betes had elevated anti-SARS-CoV-2 IgG levels and greater
proliferative CD4 + T-cell responses. However, after control-
ling for disease severity, obesity status, and other confounding
variables, the associations between diabetes and immune re-
sponses did not persist. Our analyses suggest that those ini-
tially observed associations were potentially driven by age
and disease severity. Here we emphasize the critical import-
ance of considering these confounding variables in future
studies examining the relationship between DM and COVID-
19 immune responses.

Our study has several limitations. The participants were
mostly healthcare workers (HCWs) with a male majority.
HCWs self-reported their symptoms, the time of onset, and
SpO, readings during infection, which may introduce recall
bias. We could not perform all assays on all participants due
to the limited sample availability, logistical constraints in ship-
ping cells to the UK, and adhering to high cell viability stand-
ards for cellular work, coupled with the inherent cost and
time-intensive nature of certain assays. We did not measure
neutralizing antibody titers in healthy cohorts. We did not
evaluate innate immune responses or mucosal immunity, both
of which may be impacted by obesity and DM. Intracellular
staining revealed low-level detectable CD8 + cytokine re-
sponses to SARS-CoV-2 in the healthy seronegative controls,
suggesting background noise in the assay. In addition, the
length of the peptide pools (18-mers) was better optimized
for the detection of CD4 + responses than CD8 + responses.
We could not evaluate the QRISK score among the partici-
pants, as obtaining fasting blood samples for lipid profiles
was not possible.

Conclusion

Our study suggests that obesity is independently associated
with lower neutralizing antibody levels and higher T-cell re-
sponses to SARS-CoV-2 following recovery. However, the
antiviral adaptive immune responses are preserved in DM.
Further analysis using single-cell transcriptomics and flow
cytometry will be used to characterize qualitative differences
in immune cell subsets.

Supplementary Data

Supplementary data is available at Clinical and Experimental
Immunology online.
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