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Abstract

Aims/hypothesis The aim of the study was to characterise the humoral response against severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) in patients with diabetes. Demonstrating the ability to mount an appropriate antibody response
in the presence of hyperglycaemia is relevant for the comprehension of mechanisms related to the observed worse clinical
outcome of coronavirus disease 2019 (COVID-19) pneumonia in patients with diabetes and for the development of any future
vaccination campaign to prevent SARS-CoV-2 infection.

Methods Using a highly specific and sensitive measurement of antibodies by fluid-phase luciferase immunoprecipitation assays, we
characterised the IgG, IgM and IgA response against multiple antigens of SARS-CoV-2 in a cohort of 509 patients with documented
diagnosis of COVID-19, prospectively followed at our institution. We analysed clinical outcomes and antibody titres according to
the presence of hyperglycaemia, i.e., either diagnosed or undiagnosed diabetes, at the time of, or during, hospitalisation.

Results Among patients with confirmed COVID-19, 139 (27.3%) had diabetes: 90 (17.7%) had diabetes diagnosed prior to the
hospital admission (comorbid diabetes) while 49 (9.6%) had diabetes diagnosed at the time of admission (newly diagnosed).
Diabetes was associated with increased levels of inflammatory biomarkers and hypercoagulopathy, as well as leucocytosis and
neutrophilia. Diabetes was independently associated with risk of death (HR 2.32 [95% CI 1.44, 3.75], p=0.001), even after
adjustment for age, sex and other relevant comorbidities. Moreover, a strong association between higher glucose levels and risk
of death was documented irrespective of diabetes diagnosis (HR 1.14 x 1.1 mmol/1 [95% CI 1.08, 1.21], p < 0.001). The humoral
response against SARS-CoV-2 in patients with diabetes was present and superimposable, as for timing and antibody titres, to that
of non-diabetic patients, with marginal differences, and was not influenced by glucose levels. Of the measured antibody
responses, positivity for IgG against the SARS-CoV-2 spike receptor-binding domain (RBD) was predictive of survival rate,
both in the presence or absence of diabetes.

Conclusions/interpretation The observed increased severity and mortality risk of COVID-19 pneumonia in patients with
hyperglycaemia was not the result of an impaired humoral response against SARS-CoV-2. RBD IgG positivity was associated
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What is already known about this subject?

Diabetes has been associated with an excess risk of severe COVID-19 pneumonia

Individuals with diabetes have a consistently decreased humoral response to the hepatitis B vaccine, while less
consistent results were noted for influenza and varicella zoster vaccines

The immunological humoral response against SARS-CoV-2 in patients with hyperglycaemia has not yet been

studied

What is the key question?

Is the worse clinical outcome of COVID-19 in patients with diabetes associated with a quantitative or qualitative
defect of the antibody response against the SARS-CoV-2 virus?

What are the new findings?

The antibody response against multiple SARS-CoV-2 antigens in patients with diabetes is superimposable, as for
timing, titres and classes, to that of non-diabetic patients and is not influenced by glucose levels

Blood glucose levels are strongly associated with an increased mortality risk for COVID-19 pneumonia, even in

patients without diabetes

Positivity for IgG against the SARS-CoV-2 spike receptor-binding domain is predictive of survival rate both in the

presence and absence of diabetes

How might this impact on clinical practice in the foreseeable future?

Hyperglycaemia does not impair the antibody response against SARS-CoV-2, allowing for optimism regarding the
efficacy of future vaccines against SARS-CoV-2 in patients with diabetes

with a remarkable protective effect, allowing for a cautious optimism about the efficacy of future vaccines against SARs-COV-2
in people with diabetes.

Keywords Antibodies - COVID-19 - Diabetes - Human - Humoral response - Receptor-binding domain - SARS-CoV-2 -

Survival rate
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Introduction

Severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2), the causative agent of coronavirus disease-2019
(COVID-19) pneumonia, has spread rapidly worldwide since
its detection in China in 2019 [1]. The symptoms of COVID-
19 pneumonia range from very mild to severe [2]. Since the
first reports, diabetes has been associated with an excess risk
of severe/critical illness [3—7], and a recent meta-analysis of
89 observational studies showed that patients with COVID-19
pneumonia and established diabetes had an approximate
twofold increased risk of requiring admission to an intensive
care unit (ICU) and a threefold increased risk of in-hospital
mortality [8]. Similar excess risk among patients with diabetes
has been reported for the two earlier severe coronavirus infec-
tions, i.e. severe acute respiratory syndrome (SARS) [9] and
Middle East respiratory syndrome (MERS) [10, 11]. Several
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putative pathophysiological mechanisms [12] have been
proposed for the observed worse clinical outcome of
COVID-19 pneumonia in patients with diabetes: (1) higher
affinity cellular binding and more efficient virus entry
[13—16]; (2) more common use of agents able to modulate
ACE2 expression (glucose-lowering agents such as
glucagon-like peptide-1 agonists and thiazolidinediones, anti-
hypertensive drugs such as ACE inhibitors, and statins)
[17-19]; (3) decreased viral clearance [20]; (4) increased
susceptibility to hyperinflammation and cytokine storm
syndrome [21]; (5) presence of comorbidities, such as hyper-
tension and/or cardiovascular disease and/or obesity, as well
as older age [3—7]; and (6) impaired immunological function
[22]. However, many of these proposed mechanisms are
predominantly untested hypotheses or theories, based on
observational data. Although several defects in immunity
have been associated with hyperglycaemia/insulin resistance,
and international guidelines recommend additional vaccina-
tions for people with diabetes, the complexity of the humoral
response against SARS-CoV-2 in patients with
hyperglycaemia has not yet been studied. Demonstrating the
ability to mount an appropriate antibody response in the pres-
ence of hyperglycaemia, associated with either diagnosed or
undiagnosed diabetes, is extremely relevant for future vacci-
nation campaigns to prevent SARS-CoV-2 infection and
COVID-19 pneumonia in individuals with diabetes. Using
highly specific and sensitive measurements of antibodies by
fluid-phase luciferase immunoprecipitation assays, we
characterised the IgG, IgM and IgA response against multiple
antigens of SARS-CoV-2 and analysed them according to
hyperglycaemia, i.e., known or newly diagnosed diabetes.
Our study cohort consisted of 509 patients with confirmed
COVID-19 pneumonia admitted to the Emergency or
Clinical departments at the San Raffacle Hospital in Milan
between 25 February and 19 April 2020 and prospectively
followed for clinical outcome.

Methods

Study population and data sources The study population
consisted of adult patients (>18 years) with suspected
COVID-19 pneumonia admitted between 25 February and
19 April 2020 to the Emergency or Clinical departments of
the Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS)
San Raffaele Hospital and for whom a serum sample was
stored in our institution biobank. This series of patients is part
of the COVID-19 institutional clinical-biological cohort,
assessing patients with COVID-19 at our institution, a 1350
bed tertiary care hospital in Milan, Italy (COVID-BioB;
ClinicalTrials.gov Identifier: NCT04318366). The re-
organisation of the hospital to face the COVID-19 outbreak
and the hospital guidelines for the management of respiratory
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failure have been recently reported [23, 24]. The study was
approved by the Institutional Review Board (IRB; protocol
number 34/int/2020). Informed consent was obtained accord-
ing to IRB guidelines. A confirmed infection case was defined
as a SARS-CoV-2-positive RT-PCR test from a nasal/throat
swab, and/or signs, symptoms and radiological findings
suggestive of COVID-19 pneumonia. Data were collected
from medical chart review or directly by patient interview,
and entered in a dedicated electronic case record form
(eCRF) specifically developed on site for the COVID-BioB
study. Before analysis, eCRF data were crosschecked in a
blinded fashion with medical charts and verified by data
managers and clinicians for accuracy. Routine blood tests
included complete blood count with differential, renal and
liver function tests, C-reactive protein (CRP), lactate dehydro-
genase (LDH), serum ferritin, D-dimer and IL-6.

Definition of diabetes Study participants were defined as
having: (1) comorbid diabetes if they had a documented diag-
nosis of diabetes before the hospital admission for COVID-19
pneumonia (fasting plasma glucose [FPG] >7.0 mmol/l or
HbA,. >48 mmol/mol [6.5%], or they were taking glucose-
lowering medications); (2) newly diagnosed diabetes if
patients without a diagnosis of diabetes had a mean FPG
>7.0 mmol/l during the hospitalisation for COVID-19 pneu-
monia. If not specified, the term ‘diabetes’ includes either
comorbid or newly diagnosed diabetes. We computed mean
FPG and glucose variability (SD) from all fasting laboratory
glucose values measured during hospitalisation. Patients with
diabetes were classified as having pancreatogenic and
metasteroid diabetes, respectively, when their diabetes was
with reasonable certainty secondary to their exocrine pancre-
atic disease or steroid use; type 1 diabetes when diabetes at
onset was associated with evidence of islet autoimmunity;
type 2 diabetes when patients did not fall in any of the previ-
ous classifications.

Anti-SARS-CoV-2 antibody determination To investigate the
presence of anti-SARS-CoV-2 antibodies in patients with
COVID-19 pneumonia, we developed a novel assay based
on the luciferase immunoprecipitation system (LIPS) format
[25]. LIPS is a derivative of the radio-binding assay in which
serum antibodies are used to immunoprecipitate radiolabelled
antigens in the liquid phase. In LIPS, the use of radiolabelled
tracers is superseded in favour of chimeric recombinant anti-
gens tagged with a luciferase reporter. The antigens used in
this study were constructed in our lab [25]: sNLuc-SARS-
CoV-2 beta coronavirus S1 receptor-binding domain (RBD)
aa 319-541; sNLuc-SARS-CoV-2 beta coronavirus S1+S2
spike protein; and NLuc-SARS-CoV-2 beta coronavirus
nucleocapsid protein (NP). For the LIPS assay, the antigen
of interest was diluted in 20 mmol/l Tris buffer, 150 mmol/l
NaCl, 0.5% Tween-20, pH 7.4 (TBST) buffer and adjusted to
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achieve a luciferase activity corresponding to a final concen-
tration of 4 x 106 light units (LU)/25 ul. For antibody
measurement, 1 pl (for IgG or IgA measurements) or 5 pl
(for IgM measurement) of patient serum was then seeded into
the well of a 96-deep-well plate (Beckman Coulter, Brea, CA,
USA), together with 25 pl of the diluted antigen preparation,
and incubated for 2 h at room temperature. For IgG antibody
measurement, immunocomplexes were then captured with
5 ul of blocked rProtein A [26] (GE Healthcare Europe,
Freiburg, Germany) for 1 h at 4°C with shaking. For IgM
and IgA antibody measurements, rProtein A was replaced
with 5 pl of goat anti-human IgM- or anti-human IgA agarose
(Merck Life Sciences, Milan, Italy), respectively. After wash-
ing, the resin pellets were transferred to an OptiPlate 96-well
plate (PerkinElmer, Waltham, MA, USA) and upon the addi-
tion of 40 pl/well of Nano-Glo substrate (Promega, Madison,
WI, USA) the recovered luciferase activity was measured over
2 s/well in a Berthold Centro XS3 luminometer (Berthold
Technologies, Bad Wildbad, Germany). Raw data were
converted to arbitrary units (AU) using either a local positive
serum as index or serial dilution of a SARS-CoV-2 spike
protein antibody-positive serum. Thresholds for antibody
positivity were established using a QQ plot analysis by
selecting AU values at which the distribution of calculated
AUs deviated from normality.

Statistical analysis Continuous variables are reported as medi-
an with IQR in parenthesis, time-related variables are reported
as median and 95% CI, while categorical variables are report-
ed as frequency or per cent. Continuous variables were
compared using the Wilcoxon rank sum or Kruskal-Wallis
test; categorical variables were compared using the x? or
Fisher’s exact test. Imputation for missing data was not
performed. The time-to-event was calculated from the date
of symptoms onset to the date of the event, or the date of last
visit, whichever occurred first. Survival rate was estimated
according to Kaplan—Meier. To evaluate the association
between patients’ characteristics, laboratory findings and time
to death or time to ICU admission, we used univariate and
multivariate Cox proportional hazards models. The effect
was reported as HR with the corresponding 95% CI, estimated
using the Wald approximation. All analysis of survival rate
and associations were stratified according to time from symp-
toms to blood sampling (<7 days; 8-14 days; 15-21 days;
>21 days) and antibody positivity was considered as a time-
varying covariate.

The multivariate analysis was performed including vari-
ables significant at the level of <0.1 in the univariate analysis.
Two-tailed p values are reported, with a p value <0.05 indi-
cating statistical significance. All confidence intervals are
two-sided and not adjusted for multiple testing. Statistical
analyses were performed using SPSS 24 (SPSS/IBM,
Armonk, NY, USA).

Results

Study participants From 25 February to 19 April 2020, 1031
consecutive adult cases with suspected COVID-19 infection
were admitted to the Emergency or Clinical departments at the
IRCCS San Raffaele Hospital (electronic supplementary
material [ESM] Fig. 1). A serum sample for the purpose of
the study was available in 582 of the 1031 patients. A
confirmed infection (defined as a SARS-CoV-2-positive RT-
PCR test from a nasal/throat swab and/or signs, symptoms and
radiological findings suggestive of COVID-19 pneumonia)
was present in 509 cases out of 582 (87.5%). Among these,
a total of 452 patients (88.8%) were hospitalised and 79 were
admitted to ICU. As of 25 May 2020, median follow-up time
after symptoms onset was 59 (95% CI 58, 60) days. Ninety-
three patients died during follow-up (18.3%). The date of
symptoms onset was available for 480 out of 509 patients.

Prevalence of diabetes and clinical profile in patients with
COVID-19 Among patients with confirmed COVID-19 pneu-
monia, comorbid diabetes and newly diagnosed diabetes
accounted for 17.7% (n=90) and 9.6% (n=49) of the
patients, respectively. The characteristics of the study partici-
pants according to diabetes status are reported in ESM
Tables 1 and 2. The associations between baseline variables
and diabetes, either comorbid or newly diagnosed, were
assessed using logistic regression. Older age (OR 1.02 [95%
CI 1.01, 1.04]), higher BMI at diagnosis (OR 1.09 [1.04,
1.14]), cardiovascular comorbidities (OR 2.77 [1.59, 4.82)),
hypertension (OR 3.60 [2.37, 5.46]) and chronic kidney
disease (OR 2.17 [1.22, 3.88]) were all associated with diabe-
tes. As for the treatment of diabetes at the diagnosis of
COVID-19 pneumonia, 35.3% of the patients were untreated
(newly diagnosed diabetes), 7.9% were treated with lifestyle
modifications, 36.7% with non-insulin oral or injectable
glucose-lowering medications, 13.7% with insulin and 6.4%
with insulin and oral diabetes medications. The median time
from COVID-19 symptoms onset to hospital admission was 7
(4-9) and 7 (5-11) days for patients with and without diabe-
tes, respectively. With the exception of a reduced prevalence
of cough, patients with diabetes did not report different symp-
toms at the time of hospital admission than patients without
diabetes (ESM Table 3). At the time of blood sampling for
measuring the humoral response (median days: 10 [7-15.5]
and 11 [7-16] in patients with or without diabetes, respective-
ly, p=0.136), the presence of diabetes, either comorbid or
newly diagnosed, was associated with worse lung (PaO,/
FiO, ratio [partial pressure of O,/fraction of inspired O,]:
171 [103-286] vs 241 [120-342], p=0.027; see ESM
Table 1) and kidney (serum creatinine: 94.6 [75.8-134.6] vs
72.4 [58.7-93.8] umol/l, p =0.003; see ESM Table 3) func-
tion. Furthermore, the presence of diabetes was associated
with an increase in neutrophils\white blood cell count
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Table 1 Diabetes and COVID-19 clinical outcome
Characteristics Discharged Hospitalised, ward Hospitalised, ICU Dead p value
<7 days >7 days Alive Dead
N 57 78 232 49 30 63
Age, years 49 (44-61) 61 (50-68) 64 (56-76) 61 (52-67) 69 (62-72) 80 (73-85) <0.001
Male sex, % 47 63 68 90 67 62 <0.001
Diabetes, % 15.8 12.8 25 32.6 60 44.5 <0.001
Comorbid 8.8 11.5 18.5 16.3 20 30.2
Newly diagnosed 7 13 6.5 16.3 40 143
Diabetes, %
Type 1 0 0 0 2 0 32 <0.001
Type 2 16 11 24 31 60 35
Metasteroid 0 0 0.4 5
Pancreatogenic 0 1.3 0.4 0 0 1.6
FPG, mmol/l
Median 5.5(5.1-6.2) 5.2 (4.8-5.7) 5.4 (4.8-6.2) 6.3 (5.3-7.9) 7.7 (6.6-11.4) 6.3 (5.3-9.1) <0.001
Max 5.6 (5.1-6.6) 5.8 (5.2-6.6) 6.3 (5.5-7.7) 7.1 (6.1-10.2) 9.5 (8.1-11.9) 6.9 (5.8-11) <0.001
Min 5.3(4.9-5.9) 4.7 (4.2-5.1) 4.6 (4-54) 52 (4.4-6.4) 59(5.1-7.2) 5.4 (4.2-6.9) <0.001
SD 0.9 (0.6-1.2) 0.7 (0.4-1.2) 0.8 (0.5-1.4) 1.2 (0.7-2.5) 1.8 (1.1-2.7) 1.5 (0.2-2.9) <0.001
No. of determinations 1(1-1) 2 (2-3) 32-7 3 (2-6.5) 224 2 (2-3.5) <0.001

Data are presented as median (IQR) or percentage

Continuous variables between clinical outcome groups were compared using Kruskal-Wallis test; categorical variables were compared using the x> or

Fisher’s exact test

(neutrophils: 5.8 [4.1-9.6] vs 4.8 [3.35-7.6] % 109/1, p=
0.001; white blood cells: 8.25 [5.6-11.7] vs 6.7 [5-9.3] x
109/1; p<0.001), inflammation (serum CRP: 82.4 [24.1-
157] vs 59.1 [19.5-131.9] mg/l, p =0.026), tissue damage
(serum LDH: 6.66 [5.29-8.93] vs 5.9 [4.49-7.62] pkat/l,
p=0.003) and coagulatory cascade activation markers (D-
dimer: 10.8 [5.37-19.5] vs 4.82 [2.41-9.64] nmol/l,
p<0.001), as well as a decrease in haemoglobin (125
[111.5-140] vs 132 [118-144] g/l, p=0.011) (see ESM
Table 3).

Effect of diabetes and hyperglycaemia on COVID-19 clinical
outcome Patients were classified in six groups based on
COVID-19 pneumonia severity: (1) discharged without
hospitalisation (57 out of 509, 11.2%); hospitalised and alive:
(2) <7 days (78 out of 509, 15.3%); (3) >7 days (232 out of
509, 45.6%); hospitalised and admitted to ICU: (4) alive (49
out of 509, 9.6%); (5) deceased (30 out of 509, 5.9%); (6)
hospitalised and deceased on a hospital ward (63 out of 509,
12.4%). None of the patients eventually discharged died
during follow-up. Going from the most favourable to the
worst clinical outcome, the prevalence of diabetes, either
comorbid or newly diagnosed, increased (15.8%, 12.8%,
25.0%, 32.7%, 60.0%, 44.4%, respectively; p <0.001).
Accordingly, mean FPG and glucose variability were higher
in patients with more severe disease (Table 1). Results of
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univariate and multivariate survival rate analysis according
to diabetes status and FPG levels are reported in ESM
Table 4 and Fig. la—f. Multivariate analysis showed that
diabetes status (either comorbid or newly diagnosed) (HR
2.32 [95% CI 1.44, 3.75] p=0.001), mean FPG (HR 1.14 x

1.1 mmol/l [95% CI 1.08, 1.21] p<0.001) and glucose vari-
ability (HR 1.08 x 0.6 mmol/ [95% CI 1.03, 1.15] p=0.002)
were independently associated with an increased risk of
mortality. Concordantly, these three variables were also asso-
ciated with an increased risk of ICU admission (ESM
Table 5). To evaluate the specific impact of glucose levels
and glucose variability, the same analysis was conducted
separately for patients with and without diabetes. In partici-
pants with diabetes, both mean FPG (HR 1.13 x 1.1 mmol/l
[95% CI 1.01, 1.26], p =0.026) and glucose variability (HR
1.13 x 0.6 mmol/l [95% CI 1.03, 1.24], p =0.009) were inde-
pendently associated with an increased risk of death (ESM
Table 4). Moreover, in patients with comorbid diabetes, treat-
ment intensity (lifestyle changes < oral diabetes medications
or insulin associated with oral diabetes medications < insulin
alone) was associated with an increased risk of death (Fig. 1c).
Unexpectedly, even in patients without diabetes, we found an
association between mean FPG and mortality risk (HR 2.39 x

1.1 mmol/l [95% CI 1.49, 3.81], p <0.001; ESM Table 4) or
risk of ICU admission (HR 2.49 x 1.1 mmol/l [95% CI 1.5,
4.12], p<0.001; ESM Table 5).
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Fig. 1 Kaplan—Meier estimated survival rate of patients with COVID-19
pneumonia. Among 480 participants for whom COVID-19 symptoms
onset date was available, survival rate was estimated by: (a) presence of
diabetes (diabetes 7 = 128; no diabetes n =352); (b) comorbid or newly
diagnosed diabetes (n =85 and n =43, respectively); and (c) treatment
intensity in patients with comorbid diabetes (lifestyle changes n = 10; oral
glucose-lowering agents with or without insulin # = 58; insulin alone n =

Antibody responses to SARS-CoV-2 stratified by diabetes or
glucose levels The results of the extended analysis of the IgG,
IgM and IgA responses to the SARS-CoV-2 spike protein
(RBD or S1+S2) and IgG to NP in our cohort, stratified
according to the presence of diabetes or FPG are reported in
Fig. 2 (antibody prevalence) and ESM Fig. 2 (antibody titres).
In patients with COVID-19 pneumonia, the anti-RBD IgG,
the anti-S1+S2 IgG and the anti-NP IgG titres increased from
week 1 to week 3, followed by stabilisation or marginal
decline at week 4 and beyond (ESM Fig. 2). Similarly, the
IgM titre of anti-RBD and anti-S1+S2 antibodies increased
from week 1 to week 2 or 3, followed by a decline thereafter
(ESM Fig. 2). Concordantly, we observed an increase in all
antibody prevalence with the duration of symptoms (Fig.
2a, b). Marginal differences between patients with and without
diabetes were evident, including a higher quantitative
response of anti-RBD IgG at week 2 and 3 after symptoms
onset and an earlier decline of IgM titre at week 3 in patients
with diabetes compared with those without diabetes (ESM
Fig. 2 and ESM Tables 6 and 7). Anti-RBD and S1+S2 anti-
bodies of the IgA class showed higher titres and prevalence

Time from symptoms onset (weeks)

Time from symptoms onset (weeks)

17). In addition, survival rate was evaluated by median FPG (d)
(<5.6 mmol/l n=235; 5.6-6.9 mmol/l n=144; >7 mmol/l n=101), and
separately in patients with diabetes (e) (<5.6 mmol/ln=7; 5.6-6.9 mmol/l
n=20; >7 mmol/l n=101) or without diabetes (f) (<5.6 mmol/l n =228;
5.6-6.9 mmol/l n=124; >7 mmol/l n=0). The logrank test was used to
test differences in estimated survival rate. Crosses indicate censored
patients (censoring for lack of follow-up data)

according to the duration of symptoms regardless of the pres-
ence of diabetes.

Antibody responses to SARS-CoV-2 and clinical outcome in
participants with and without diabetes We performed a
time-dependent multivariate Cox regression analysis of anti-
body responses and time to death, adjusted for sex, age and
presence of diabetes, and stratified for symptom duration at
the time of sampling (Table 2). The development of SARS-
CoV-2 RBD IgG antibodies was associated with improved
patient survival rate in regression analysis with an HR for time
to death of 0.4 (95% C10.23, 0.71, p = 0.002). The protective
effect of RBD IgG positivity was confirmed, even when the
analysis was performed separately in patients with (HR 0.37
[95%CI 0.17, 0.81], p=0.013) or without diabetes (HR 0.43
[95% CI 0.19, 0.95], p=0.038). A less consistent effect on
survival rate was also present for the development of IgG to
SARS-CoV-2 S1+S2 (whole population: HR 0.53 [95% CI
0.31, 0.90], p =0.018; with diabetes HR 0.47 [95% CI 0.21,
1.01], p=0.052; without diabetes: HR 0.62 [95% CI 0.29,
1.32], p =0.619). Neither the response to NP nor the response
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Fig. 2 Antibody prevalence based on diabetes and median FPG. Kinetics
of anti-SARS-CoV-2 RBD, S1+S2 and NP IgG, IgA and IgM antibody
development, stratified by diabetes status (a) or mean glucose levels (b) in
patients with COVID-19 pneumonia. For each time point, the results are

to the same antigens of other immunoglobulin classes were
associated with patient survival rate.

Discussion

To date, the pathophysiological and virologic mechanisms
underpinning the strong association between diabetes and risk
of severe/critical illness or increased in-hospital mortality risk
in patients with COVID-19 pneumonia are poorly elucidated.
In our study, we evaluated whether diabetes affects the ability
to mount an appropriate humoral response against SARS-
CoV-2. Since people with diabetes are at high risk for the
severe forms of COVID-19 pneumonia, they are likely to be
among the first to benefit from a future vaccination against
SARS-CoV-2. Therefore, knowing whether the humoral
response against SARS-CoV-2 in individuals with diabetes
is present and superimposable to that of those without diabetes
is of fundamental importance. For this study, we used a LIPS
liquid phase immunoassay developed on the basis of our prior
expertise. The description of the assay performance and
potential caveats [27, 28] falls outside the scope of this study
and is being published elsewhere [25]. Taken together, our
data support the evidence of an efficient humoral response in
patients with diabetes, as the prevalence of positivity for the
different classes of antibodies to multiple SARS-CoV-2 anti-
gens was superimposable, as for timing and antibody titres, to
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shown as median of percentage of positivity (week 1: no diabetes n =97,
diabetes n =45; week 2: no diabetes n = 142, diabetes n = 49; week 3: no
diabetes n =75, diabetes n=24; week >4: no diabetes n =38, diabetes
n=10). **p <0.01 by % test, diabetes vs no diabetes

that of non-diabetic patients and was not influenced by
glucose levels. A higher quantitative response of anti-RBD
IgG at weeks 2 and 3 after the onset of symptoms and an
earlier decline of IgM titre at week 3 was present in individ-
uals with diabetes compared with those without (ESM Fig. 2
and ESM Table 6 and 7). These marginal differences might be
a random effect or could represent a specific characteristic of
the humoral response of people with diabetes. As for the
second hypothesis, we can speculate that the presence of a
more pronounced inflammatory state in patients with diabetes
(as supported by higher values of neutrophil count and CRP)
might favour an early maturation of the antibody response.
Moreover, both obese individuals and those with type 2 diabe-
tes have a decreased percentage of the anti-inflammatory B
cell subset and an increased percentage of proinflammatory
memory B cells [29], and this might have contributed to the
observed differences.

More generally, whether hyperglycaemia modulates the
antibody response to a virus is still a matter of discussion
[30]. Several defects in immunity have been associated with
hyperglycaemia/insulin resistance, including inhibited
lymphocyte proliferative response, impaired monocyte/
macrophage and neutrophil function, abnormal delayed type
hypersensitivity reaction and complement activation dysfunc-
tion [31]. Individuals with diabetes have a consistently
decreased immunological response to the hepatitis B vaccine
[32], while less consistent results were noted for influenza and
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Table 2 Multivariable covariate
Cox regression analysis of anti- Characteristics ~ All (7 =480) Diabetes (either comorbid or ~ No diabetes (n =352)
body responses on the time to newly diagnosed) (n =128)
death HR (95% CI) pvalue HR (95% CI) pvalue  HR (95% CI) p value
Age, years 1.06 (1.04,1.08) <0.001  1.05(1.02,1.08)  0.002 1.07 (1.04,1.09)  <0.001
Male sex 1.3 (0.80, 2.12) 0292 1.25(0.61,2.58)  0.54 1.34(0.68,2.62) 0.39%4
Diabetes 3.00(1.87,4.81) <0.001 — - - -
IgG RBD 0.40(0.23,0.71) 0.002  0.37(0.17,0.81)  0.013 0.43(0.19,0.95)  0.038
Age, years 1.06 (1.04,1.08) <0.001  1.05(1.02,1.09)  0.001 1.07 (1.04,1.09)  <0.001
Male sex 1.26 (0.77, 2.05) 0353  1.28(0.62,2.63)  0.503 1.33 (0.67,2.63)  0.407
Diabetes 2.77(1.73,4.43) <0.001 — - - -
IgM RBD 0.76 (0.46, 1.24) 0.275 0.87(0.43,1.76)  0.705 0.61 (030, 1.25)  0.182
Age, years 1.06 (1.04, 1.08)  <0.001  1.05(1.02,1.09)  0.001 1.06 (1.04,1.09)  <0.001
Male sex 1.23 (0.75, 2.00) 0406 1.29(0.63,2.65)  0.491 1.2 (0.61, 2.33) 0.597
Diabetes 2.86(1.78,4.58) <0.001 — - - -
IgA RBD 0.81(0.49, 1.34) 0414 0.99(0.49,2.02)  0.982 0.67 (0.33,1.38)  0.277
Age, years 1.06 (1.04,1.08)  <0.001  1.05(1.02,1.08)  0.001 1.07 (1.04, 1.09)  <0.001
Male sex 1.23 (0.76, 2.01) 0399 1.21(0.58,2.48)  0.612 1.25(0.64,2.45)  0.505
Diabetes 298 (1.86,4.78) <0.001 - - - -
IgG S1+S2 0.53(0.31, 0.90) 0.018 0.47(0.21,1.01)  0.052 0.62 (029, 1.32)  0.619
Age, years 1.07 (1.04,1.09) <0.001  1.06(1.02,1.09)  <0.001 1.07 (1.04,1.1)  <0.001
Male sex 1.30(0.80, 2.12) 0295 1.27(0.62,2.60)  0.521 1.38 (0.69,2.76)  0.369
Diabetes 2.86(1.79,4.58) <0.001 — - - -
IgM S1+S2 0.60 (0.35, 1.03) 0.065  0.61(0.29, 1.3) 0.206 0.59 (0.26, 1.33)  0.202
Age, years 1.06 (1.04,1.08) <0.001  1.05(1.02,1.09)  0.001 1.07(1.04,1.1)  <0.001
Male sex 1.23 (0.75, 2.00) 0409 127(0.62,2.63)  0.511 1.23(0.63,2.39) 0.548
Diabetes 2.83(1.76,4.52) <0.001 - - - -
IgA S1+S2 0.77 (0.44, 1.34) 0.357  0.90(0.41,1.99)  0.802 0.70 (0.32,1.53)  0.375
Age, years 1.06 (1.04,1.09) <0.001  1.05(1.02,1.09)  0.001 1.07(1.04,1.1)  <0.001
Male sex 1.24 (0.76, 2.02) 0386 1.27(0.62,2.61) 0.514 1.27 (0.65,2.47) 0.488
Diabetes 2.85(1.78,4.56) <0.001 — - - -
IgG NP 0.67 (0.40, 1.10) 0.116  0.77(0.37,1.61)  0.492 0.61(0.30,1.24) 0.174

varicella zoster vaccines [33, 34]. The immunological
response to a future SARs-CoV-2 vaccine will be assessed
when the vaccine becomes available; however, our data allow
a cautious optimism regarding effective immunisation in indi-
viduals with diabetes, as well as in the general population.
Together with the evidence that the antibody response against
SARS-CoV-2 antigens in patients with diabetes is superim-
posable, with only marginal differences, to that of non-
diabetic patients, our data also suggest that the positivity for
IgG against the SARS-CoV-2 spike RBD, one of the more
relevant targets of vaccine strategies [35], is predictive of
survival rate, both in the presence or absence of diabetes
(see Table 2). This finding was not obvious. In fact, a similar
antibody response but a worse outcome might suggest that the
humoral response is not protective in individuals with diabe-
tes. However, our analysis of the humoral response vs clinical
outcome does not support this hypothesis (see Table 2),

confirming the relevance for patient survival rate of the specif-
ic antigen response against spike RBD even in the presence of
diabetes, and it underlines how the mechanism explaining the
worse clinical outcome in patients with diabetes is unrelated to
the antibody response. This, together with evidence that
increased blood glucose levels do predict a poor prognosis
even in non-diabetic individuals and the association with
increased levels of inflammatory biomarkers and
hypercoagulopathy, as well as leucocytosis and neutrophilia,
support the speculation that glucose per se could be an inde-
pendent biological negative factor, acting as a direct regulator
of innate immunity [36].

In addition to the humoral response data, our cohort also
provided additional insights into the relationship between
diabetes, hyperglycaemia and COVID-19 pneumonia. First,
we confirmed that hyperglycaemia was independently associ-
ated with a poorer in-hospital outcome, even after the results
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were adjusted for age, sex, obesity and other relevant comor-
bidities, as recently reported [37]. Second, patients with a
diagnosis of diabetes, either comorbid or newly diagnosed,
with better controlled blood glucose levels had less severe
COVID-19 pneumonia and lower mortality risk compared
with those with poorly controlled blood glucose during
hospitalisation [38]. This suggests that improving glucose
control could be a critical measure to improve outcomes in
patients with COVID-19 pneumonia and strongly supports the
need for an algorithm for hyperglycaemia treatment, validated
through a randomised clinical trial [39]. Third, intensity of
diabetes treatment in patients with comorbid diabetes was
associated with higher mortality risk. Fourth, glucose levels
were associated with the severity of COVID-19 pneumonia
and mortality risk even in individuals without diabetes,
confirming the result of a retrospective study cohort recently
reported by two hospitals based in Wuhan, China [40].
Finally, patients with newly diagnosed diabetes had an
increased severity of COVID-19 pneumonia and higher
mortality risk. The classification of COVID-19 patients with
newly diagnosed diabetes is difficult [41] and there are no
previous studies clearly assessing these individuals. In our
cohort individuals with newly diagnosed diabetes represented
one third of those with diabetes. They may be individuals with
a previously unrecognised diabetes, or with stress
hyperglycaemia or with a new onset diabetes associated with
COVID-19 pneumonia. In our cohort, they were similar in age
and comorbidity burden to patients with comorbid diabetes.
Moreover, levels of inflammatory biomarkers,
hypercoagulopathy, leucocytosis and neutrophilia were also
comparable to those seen in patients with comorbid diabetes.
However, we did not have access to the medical records prior
to this hospitalisation and, therefore, we were unable to deter-
mine the role of prior glycaemic status.

A major strength of this study is that it was conducted in a
large cohort of non-Asian individuals, as previous studies
were mainly performed in patients of Asian ancestry, mostly
Chinese [42]. Furthermore, the cohort was well characterised
with regard to comorbidities, allowing adjustment of our
results for age, sex, obesity and other factors. However, this
study encompasses some limitations. First, even if we detected
a rise in antibodies against SARS-CoV-2 after infection in
patients with diabetes, we know little about their efficacy in
clearing the virus. Moreover, the use of a longitudinal rather
than a cross-sectional design would improve future studies.
Second, while there is substantial evidence of a strong associ-
ation between hyperglycaemia and poorer prognosis, the
observational design of our study did not allow us to prove
causality. Third, we were not able to provide detailed infor-
mation on HbA . levels in our cohort. Finally, our cohort is
limited to hospitalised patients and we should be cautious in
generalising our findings to people with SARs-CoV-2 infec-
tion with few or no symptoms.

@ Springer

In conclusion, patients with either diagnosed or undiag-
nosed diabetes are more likely to experience severe symptoms
and death from COVID-19 pneumonia. Frailty, pre-existing
comorbid conditions and a potential underlying immune
system dysfunction could contribute to a poorer outcome.
We documented that hyperglycaemia does not impair the
humoral immune response against SARs-CoV-2. The
evidence that RBD IgG positivity is associated with a remark-
able protective effect (about 60% reduction) in patients with
diabetes allows for a cautious optimism on the efficacy of
future vaccines against SARs-COV-2 in people with diabetes.
On the other hand, blood glucose levels were strongly associ-
ated with an increased mortality risk for COVID-19 pneumo-
nia. It is not possible to prove causality on the basis of the
available observational studies, and further longitudinal stud-
ies are needed to draw definitive conclusions.
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