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Abstract
Context: Poor glucose control has been associated with increased mortality in COVID-19 patients with type 1 diabetes (T1D).

Obijective: This work aimed to assess the effect of prevaccination glucose control on antibody response to the SARS-CoV-2 vaccine BNT162b2 in
T1D.

Methods: We studied 26 patients with T1D scheduled to receive 2 doses, 21 days apart, of BNT162b2, followed prospectively for 6 months with
regular evaluation of SARS-CoV-2 antibodies and glucose control. Immunoglobulin G (IgG) to spike glycoprotein were assessed by enzyme-linked
immunosorbent assay, and serum neutralization by a live SARS-CoV-2 assay (Vero E6 cells system). Glycated hemoglobin A;. (HbA;.) and
continuous glucose monitoring (CGM), including time in range (TIR) and above range (TAR), were collected. The primary exposure and outcome
measures were prevaccination glucose control, and antibody response after vaccination, respectively.

Results: Prevaccination HbA,. was unrelated to postvaccine spike IgG (r=-0.33; P=.14). Of note, the CGM profile collected during the 2 weeks
preceding BNT162b2 administration correlated with postvaccine IgG response (TIR: r=0.75; P=.02; TAR: r=-0.81; P=.008). Patients meeting
the recommended prevaccination glucose targets of TIR (> 70%) and TAR (< 25%) developed stronger neutralizing antibody titers (P<.0001 and
P=.008, respectively), regardless of HbA,.. Glucose control along the study time frame was also associated with IgG response during follow-up
(TIR: r=0.93; P<.0001; TAR: r=-0.84; P<.0001).

Conclusion: In T1D, glucose profile during the 2 weeks preceding vaccination is associated with stronger spike antibody binding and neutralization,
highlighting a role for well-controlled blood glucose in vaccination efficacy.
Key Words: SARS-CoV2, mRNA vaccine BNT162b2, type 1 diabetes, glucose control, continuous glucose monitoring, neutralizing antibodies

Abbreviations: AUC, area under the curve; BMI, body mass index; CGM, continuous glucose monitoring; ELISA, enzyme-linked immunosorbent assay; HbA;,
glycated hemoglobin A;; 1gG, immunoglobulin G; MDI, multiple daily insulin injection; mRNA, messenger RNA; 0D, optical density; T1D, type 1 diabetes; T2D,
type 2 diabetes; TAR, glucose time above range; TBR, glucose time below range; TIR, glucose time in range.

Poor glucose control has been associated with increased mor- people with T1D showed that COVID-19-related mortality
tality in COVID-19 patients with type 1 diabetes (T1D) (1). was significantly higher in patients with a glycated hemoglo-
For example, a population-based cohort study of 264 390 bin A;. (HbA,.) greater than or equal to 10.0% compared
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to people with an HbA . of 6.5 to 7.0% (hazard ratio 2.23;
95% CI, 1.50-3.30) (1). However, whether glucose control
may also affect immunogenicity to SARS-CoV-2 vaccines is
not clear. Thus, the aim of this study was to assess the effect
of prevaccination glucose control, measured by HbA;. and
continuous glucose monitoring (CGM), on antibody response
induced by SARS-CoV-2 vaccination in patients with T1D.
We hypothesized that lower HbA . or a better CGM profile
during the prevaccination period would lead to a greater anti-
body response to the vaccine. Compared to HbA ., CGM pro-
vides reliable assessment of glucose along shorter periods of
time (2, 3), thus being ideal for studying the effect of glucose
recorded during time frames crucial for mounting the immune
response to SARS-CoV-2 vaccine (4).

Materials and Methods

Research Design and Participants

This was a single-center, 6-month cohort study of T1D pa-
tients scheduled to receive 2 doses (30 pug messenger RNA
[MRNA] per dose), 21 days apart, of the SARS-CoV-2
mRNA vaccine BNT162b2, carried out between April 2021
and November 2021. Inclusion criteria were patients aged
18 years or older with T1D. Exclusion criteria were previous
known SARS-CoV-2 infection, pregnancy or breastfeeding,
end-stage renal failure, neoplastic diseases, and immunosup-
pressive therapies. Immunoglobulin G (IgG) antibodies to
spike glycoprotein were assessed at 5 time points: within 3
days before the first vaccine dose (baseline, TO); 21 days
from baseline (just before the second dose, T1); 35 days
from baseline (2 weeks after the second dose, T2); and 90
(T3) and 180 (T4) days from baseline.

Ethical Approval

All clinical investigations were conducted according to the
principles expressed in the Declaration of Helsinki. This
study was approved by the Comitato Etico Universita
Campus Bio-Medico di Roma Ethical Committee (No. Prot.
PAR33-21; approval date April 13, 2021).

Detection of Spike Antibodies

Antibody binding to spike protein was evaluated by a standard
enzyme-linked immunosorbent assay (ELISA) protocol (35),
adapted from Amanat et al (6). Briefly, 96-well Nunc ELISA
plates were coated with 50 pL of 2 pg/mL of SARS-CoV-2
spike protein (10549-CV-MTO, R&D Systems) and incu-
bated overnight at 4 °C. After blocking for 1 hour with 3%
skimmed milk in 0.1% Tween—phosphate-buffered saline
(PBS), 100 uL. of 1:1280-diluted serum samples in 1%
skimmed milk Tween-PBS were added to each well, followed
by 1-hour incubation at room temperature. The plates were
then incubated with 100 pL of rabbit anti-human IgG-horse-
radish peroxidase (HRP) (Millipore catalog No. AP101P,
RRID:AB_92409) at 1:3000 dilution for 1 hour. Then,
100 uL  of tetramethylbenzidine substrate (Sigma) in
100 mmol/L sodium acetate (pH 6.0) were added to each
well and the reaction stopped with 20% sulfuric acid. The op-
tical density (OD) was read at 450 nm using a GENios plate
reader and Magellan software (Tecan). Between steps the
plates were washed 4 times with 0.05% Tween-PBS. Two
known native B-cell autoantigens, insulin and GAD6S5, were
used as positive control antigens, and specific autoantibodies

were determined as previously described (7, 8). Each assay
included 4 known positive reference control samples (2 high
binders, 1 medium-high binder, 1 medium-low binder) and 1
negative reference control sample. Intra-assay coefficient of
variation of duplicates was less than 8 %; interassay coefficient
of variation was less than 12%. In our laboratory, the assay
achieved 88% sensitivity and 99% specificity for identifica-
tions of COVID-19 among 115 individuals (56 COVID-19
patients).

SARS-CoV-2 Microneutralization Assay

Serum neutralization potency was assessed by a live
SARS-CoV-2 assay using the Vero E6 cells system as previous-
ly described (9, 10). Serum samples were stored at —20 °C, di-
luted (1:10; 1:40; 1:160; 1:640) in triplicate and mixed with
100 TCIDS50 of SARS-CoV-2 (clinical isolate, strain VR
PV10734, kindly donated by the Lazzaro Spallanzani
Hospital of Rome, Italy). Then each mixture serum/virus
was transferred to 96 wells in the presence of §x10°/mL
Vero E6 (CRL-1586, ATCC) cells. Monolayers were incu-
bated at 37 °C until the evaluation of cytopathic effect via
microscope. Then, cells were stained with crystal violet solu-
tion. Neutralization titers of serum samples were calculated
by the highest serum dilution protecting 20% (IC20), 50%
(IC50), and 90% (IC90) of the infected wells (6, 7). All proce-
dures were carried out in a Biosafety Level 3 (BSL-3)
laboratory.

Glucose Control

Glucose control was assessed by HbA;. (at baseline) and
CGM by FreeStyle Libre or Dexcom G6 (at each time point),
defined according to the international consensus on time in
range (TIR) (2). CGM measurement of the 10 to 14 days be-
fore data collection were available for 13 patients with T1D
and included percentage of readings within the target glucose
range of 70 to 180 mg/dL (TIR), time below (TBR), and time
above target glucose range (TAR).

Statistical Analyses

The primary exposure and outcome measures were prevacci-
nation glucose control assessed by HbA;, and antibody re-
sponse after vaccination, respectively. The secondary
exposure measure was CGM-derived TIR. IgG area under
the curve (AUC) was calculated using the trapezoidal method,
and then divided by the time period of the test. Longitudinal
changes of IgG antibodies were assessed by Friedman test.
Correlation analyses were assessed by Spearman test. Using
a statistical significance level of .05% and 80% power, the
minimum sample size required was 25 participants. This
was based on an expected mean+SD of the difference
between peak IgG (T2) and the lowest IgG level at T4 of
0.3+£0.5 OD. The sample size was powered to detect large
effect size in correlation analyses (eg, r > 0.6).

Results

We enrolled 26 patients with T1D (53.8% male, median age
40 years [interquartile range, 27-48.75 years], disease dur-
ation 22 years [13-27.5 years], body mass index [BMI] 24.7
[21.55-27.65], HbA,. 7.4% [6.9-7.7], TIR 61.5%
[55.5-71.7], TAR 28.0% [21.0-41.0], TBR 3.0% [2.0-7.5]),
treated with continuous subcutaneous insulin infusion
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(34.6%) or multiple daily injections of insulin (65.4%) ac-
cording to a basal bolus regimen (Table 1). All patients tested
negative to anti-SARS-CoV-2 spike IgG at baseline. After vac-
cination, the IgG significantly increased and reached a peak at
T2, followed by a progressive decline across later time points
(P<.001; Fig. 1).

Prevaccination HbA. was unrelated to spike antibody
response (correlation between HbA;. and peak IgG at T2:
r=-0.33; P=.14; Fig. 2). Of note, in the CGM subgroup of
patients, both baseline TIR and TAR strongly correlated
with the IgG-AUC over the 6-month study time frame (TIR:
r=0.75; P=.02; TAR: r=-0.81; P=.008). The relationship
was driven by the peak IgG, which strongly correlated with
baseline TIR (n=13, »r=0.70; P=.0089) and TAR (n=13,
r=-0.70; P=.0102), respectively. Peak IgG (T2) also corre-
lated with glucose collected at the same time point, which re-
fers to the glucose control of the 14 days preceding the second
vaccine dose (Table 2). Furthermore, patients meeting the rec-
ommended blood glucose targets of TIR (> 70%) and TAR
(< 25%) at baseline developed stronger neutralizing antibody
titers (P <.0001; Fig. 3A; and P=.008, Fig 3B; respectively),
regardless of HbA . (Fig. 3C), indicating that the longer the
time spent within target glucose levels at baseline, the greater
the neutralization potency induced by the SARS-CoV-2 vac-
cine. Glucose control along the study time frame was also as-
sociated with IgG response as shown by the correlation
between time-dependent mean of TIR and TAR during
follow-up and IgG-AUC (TIR: r=0.93; P<.0001; TAR: r=
—0.84; P<.0001; Fig. 4). TBR was unrelated to either
peak-IgG or IgG-AUC (-0.04 << —0.018; P> .90), or serum
neutralization (P=.87). When divided according to recom-
mended blood glucose targets of TIR (cutoff 70%), TAR (cut-
off 25%), and HbA . (cutoff 7%), patients meeting the target
TIR (> 70%) and TAR (< 25%) at baseline developed stron-
ger IgG responses over time compared to patients with worse
TIR and TAR (P<.001 and P <.035, respectively), regardless
of HbA,.. A similar effect was found when patients were

Table 1. Baseline clinical and glucose control features of the study
population

Type 1 diabetes (n=26)

Age, y 40 (27-48.75)
Male sex 14 (53.8%)

BMI 24.7 (21.55-27.65)
HbA,., % 7.4% (6.9-7.7)
Microvascular complications, n (%) 6(23.1%)
Macrovascular complications, n (%) 0 (0.0%)
Additional autoimmune disease, n (%) 10 (38.5%)

MDI, n (%) 17 (65.4%)

Pump users, n (%) 9 (34.6%)

CGM users, n (%) 13 (50.0%)

TIR, % 61.5% (55.5-71.7)
TAR, % 28.0% (21.0-41.0)
TBR, % 3.0% (2.0-7.5)

Abbreviations: BMI, body mass index; CGM, continuous glucose monitoring;
HbA,, glycated hemoglobin A, MDI, multiple daily insulin injections; TAR,
time above range; TBR, time below range; TIR, time in range.

“Additional autoimmune diseases include autoimmune thyroid disease, celiac
disease, and/or vitiligo.

categorized according to the time-dependent mean of
TIR and TAR. The positive correlation between TIR
and antibody response was maintained also when the
more stringent TIR of 70 to 140 mg/dL was considered
(correlation between prevaccination TIR and peak IgG: »
=0.69; P=.05; correlation between time-dependent
mean of TIR and IgG-AUC: r=0.88; P=.03). Glucose
profile assessed by CGM did not change significantly after
vaccine administration compared to baseline or between
the study time frames (TIR: P=.149; TAR: P=.217;
TBR: P=.055; Fig. 5).

Females developed higher IgG than males (median
IgG-AUC: 104.5 [98.9-118.0] vs 119.8 [109.1-130.7];
P=.03; median IgG OD at T2: 1.088 [1.036-1.187] vs
1.204 [1.145-1.365]; P=.057). Peak IgG was unrelated to
age (r=0.03; P=.88), BMI (r=-0.14; P=.53) or disease
duration (r=0.05; P=.84) and was similar between pa-
tients with and without chronic complications (1.18
[0.97-1.37] vs 1.11 [1.09-1.28]; P=.89). The IgG-AUC
correlated with BMI (r=-0.53; P=.04) and disease dur-
ation (r=-0.53; P=.03), but not with age (r=0.42; P=
.098) or other parameters studied. Spike antibodies, neutral-
ization titers, and glucose control/CGM profile were similar
between pump users and multiple daily insulin injection
(MDI)-treated patients. TIR tended to be higher in pump
users compared to MDI-treated individuals (TIR at TO
68.71+15.18% vs 58.83+7.026%; P=.06), and CGM
users tended to have better HbA;. (7.0+0.68% vs 7.5+
0.67%; P=.06) compared to those who do not wear a
CGM, although the differences became weaker (P >.35)
when adjusting for multiple comparisons. However, after
correction for multiple comparisons, CGM measures (TIR
and TAR) were the only assessed variables showing statistic-
ally significant correlation with the IgG response to vaccine.
Spike antibodies and neutralization titers were unrelated to
antibody reactivity to 2 known T1D native autoantigens,
insulin and GADG65 (P >.39; data not shown).
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Figure 1. Longitudinal changes in spike immunoglobulin G (IgG)
binding. IgG antibody response to spike glycoprotein in patients with
type 1 diabetes. Longitudinal IgG response to spike reached a peak
response at day 35 (T2), followed by a progressive decline across later
time points (P<.001).
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Figure 2. Correlation between prevaccination glycated hemoglobin A4
(HbA; ) and spike immunoglobulin G (IgG) antibodies following
vaccination. Prevaccination HbA;. was unrelated to spike IgG at T2
(r=-0.33; P=.14).

Table 2. Correlation between continuous glucose monitoring and
antibody levels

TIR TAR TBR
T1,21d r=0.1337 r=-0.2606 r=0.4039
P=.7133 P=.4697 P=.2484
T2,35d r=0.7431 r=-0.7215 r=0.4908
P=.0111 P=.0148 P=.1268
T3,90d r=0.5471 r=-0.5593 r=-0.006
P=.1061 P=.0951 P>.999
T4,180d r=0.4524 r=-0.6190 r=0.1091
P=.2675 P=.1150 P=.8302

The table shows the correlation of continuous glucose monitoring
measurements recorded during the 14 days preceding serum collection for
antibody assessment. Antibody levels at T2 (peak immunoglobulin G) were
correlated with TIR and TAR collected at the same time point, which refers to
the glucose recorded during the 10 to 14 days before T2. No other correlations
were found. Statistically significant correlations are highlighted in bold.
Abbreviations: TAR, time above range; TBR, time below range; TIR, time in
range.

Discussion

Our data suggest that in T1D, despite the fact that HbA . does
not influence humoral response to BNT162b2, a better CGM
profile during the 2 weeks preceding vaccination is associated
with higher antispike antibody binding and greater neutraliza-
tion potency against SARS-CoV-2 after BNT162b2. Thus,
achieving well-controlled glucose may have implications not
only for prevention of diabetes complications but also for im-
proving humoral immune response.

We did not find a significant association between glucose
control assessed by HbA ;. and antibody response after vaccin-
ation. Consistent with our findings, 2 recent studies found that
HbA . values in T1D and type 2 diabetes (T2D) were not cor-
related with antibody response following SARS-CoV-2 vac-
cination (11, 12). However, a larger study of T2D
individuals highlights that 21 days after the first vaccine
dose, neutralizing antibody titers and CD4 cytokine responses
involving type 1 helper T cells were lower in T2D patients with
HbA . levels greater than 7% than in individuals with HbA .
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Figure 3. Association between glucose control and neutralization titer in
type 1 diabetes. When divided according to recommended blood glucose
targets of time in range (TIR, cutoff 70%) and time above range (TAR,
cutoff 25%), patients meeting target TIR (> 70%) and TAR (< 25%)
developed stronger neutralizing antibody titers at 35 days after
vaccination compared to patients with a worse TIR and TAR (A, P<.0001
and B, P=.008, respectively), regardless of C, glycated hemoglobin A4
(HbA+,) (n=13). IC, percentage inhibitory concentration; ns, not
significant. *Pless than .05; **Pless than .01.

levels less than or equal to 7%, evaluated at baseline before the
first vaccine dose (13). The stronger correlation between IgG
response and CGM, compared to HbA;., may imply that
the time frame immediately close to vaccination (as close as
2 weeks), is pivotal for an optimal immune response induced
by vaccination. On the contrary, baseline HbA ., which cov-
ers a longer time frame (eg, up to 3 months before vaccin-
ation), may not fully catch the effect of glucose on immune
response following vaccine administration. Furthermore,
HbA,. does not take into account glucose variation, and
may show a significant degree of discordance with CGM
data in around 40% of T1D patients (14, 15).

To the best of our knowledge, our study is the first to evaluate
the effect of glucose assessed by CGM during the 2 weeks pre-
ceding vaccine administration on the immunogenicity to a
SARS-CoV-2 vaccine. Other groups have used CGM to assess
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Figure 5. Changes in continuous glucose monitoring in the cohort of patients with type 1 diabetes. Glucose control assessed by continuous glucose
monitoring did not change significantly after vaccine administration neither compared to baseline nor between the study time frames (TIR: P=.149;

TAR: P=.217; TBR: P=.055).

the safety of SARS-CoV-2 vaccine on glucose control, finding
mixed results. Heald et al (16) showed that vaccination against
SARS-CoV2 can cause temporary changes in blood glucose lev-
els in patients with diabetes, especially in those with lower
HbA .. By contrast, we did not find significant changes in
TIR, TAR, or TBR following vaccination. Our data are closer
to those by D’Onofrio et al (17), who observed no significant
differences of TIR comparing the 3 days after vaccine adminis-
tration with the 14 days preceding the vaccine. This finding is
also consistent with a recent report showing no significant per-
turbation in CGM parameters after vaccine administration
(18). Whether changes described by Heald et al (16) are a con-
sequence of increased insulin resistance or transient impairment
of B-cell function is unknown. Studies are ongoing to evaluate
the safety of SARS-CoV-2 vaccine with regard to anti-islet
autoimmunity in T1D, as well as to other autoimmune diseases
(19). Interestingly, D’Addio et al (18) found that the majority of
patients with T1D did not show any increase in the
SARS-CoV-2-specific cytotoxic response compared with the
robust increase observed in individuals without diabetes, des-
pite an increase in anti-SARS-CoV-2 spike antibody titer.
Our data highlight the importance of achieving optimal glucose
control for sustaining the development of an effective humoral
response in patients with T1D, who already suffer from im-
paired vaccine-specific cytotoxic activity. The lack of a measure
of inflammatory markers, such as C-reactive protein, before
and after the vaccination during follow-up did not allow us
to investigate if inflammation might affect the TIR and conse-
quently the antibody response. However, in our study,

vaccination did not produce significant changes in antibody re-
sponse to 2 known B-cell autoantigens (insulin and GAD6S5) or
CGM profile, which may suggest that the relationship between
spike antibody response and CGM profile is independent of
inflammation.

Several mechanisms have linked hyperglycemia to reduced
antibody responses, vaccination efficiency, and increased risk
of infection to other pathogens, including impaired antigen rec-
ognition, altered cytokine expression, and immunosenescence
(20, 21). Antigen glycation is another mechanism that we re-
ported that impairs antigen-specific antibody response in
T1D (5). Although a time-dependent decline in antibody levels
might increase the risk of breakthrough infections, the antibody
cutoff predicting such a risk is still unclear, which is a major
study limitation. Our study was powered to detect large effect
size in correlation analysis; therefore significant correlations of
small and medium effect size might be missed, and the sample
size represents therefore a limitation. Lack of a control group
without diabetes is a study limitation. A strength of our ap-
proach is the use of multiple indices of glucose control, the
use of a cell-based neutralization assay, and the length of
follow-up. Larger studies that also include antigen-specific cell-
based assays and assess different SARS-CoV-2 variants are
needed to validate our findings and provide a more mechanistic
insight into the relationship between glucose control and im-
mune response to SARS-CoV-2.

In conclusion, our findings may suggest a relationship
between glucose control assessed by CGM and antibody re-
sponse after SARS-CoV-2 vaccination, highlighting the
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importance of achieving well-controlled blood glucose for
COVID-19 prevention.
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