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Abstract: Background: The first goal of the study was to analyse the antibody titre 21 days after the
first dose of the BNT162b2 vaccine in a group of 252 healthcare workers (HCW). The second goal
was to analyse how the antibody titre changes in correlation with age, gender and body mass index
(BMI). Methods: Participants had a nasopharyngeal swab for SARS-CoV-2 and were assessed for
the presence of SARS-CoV-2 antibodies at baseline and 21 days after the BNT162b2 priming dose.
Results: First dose of BNT162b2 activated immune responses in 98% of the participants. Five HWC
had no increase in antibody titre 21 days after the first dose. Antibody titre was greater in young
(<38 years) vs. older participants (<38 vs. 47–56 p = 0.002; <38 vs. >56 p = 0.001). Higher antibody
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levels were detected in underweight vs. pre-obesity group (p = 0.026) and in normal-weight vs.
pre-obesity group (p = 0.007). This association was confirmed after adjusting for age (p = 0.0001) and
gender (p = 0.00001). Conclusions: Our study demonstrates that a single dose of BNT162b2 activates
the immune response, and being young and normal-weight correlate positively with this response.
Larger specifically designed clinical trials are needed to validate these results.

Keywords: COVID-19; SARS-CoV-2; vaccine; obesity; antibodies; serum titer

1. Introduction

Since the first cases of COVID-19 were described in December 2019, a health emergency
with major social and economic disruptions has spread worldwide [1].

Control measures such as the use of masks, physical distancing and contact tracing
helped to limit viral transmission; however, despite these valid measures, SARS-CoV-2
continues to spread [2].

Rapid production and deployment of vaccines represent the main viable road to limit
the potential impact on populations and essential services [3].

A large clinical trial phase 2/3 with 44,000 people showed that a two-dose regimen of
the vaccine BNT162b2, developed by BioNTech and Pfizer, has 95% efficacy in preventing
symptomatic COVID-19. The same study showed that safety over a median of 2 months
was similar to that of other viral vaccines [4].

Antibody titre could be used to predict protection against SARS-CoV-2, as already
done for many viruses in humans and for SARS-CoV-2 in the animal challenge [5,6].

In this setting, it is interesting to know if a single dose can be effective in inducing
antibody responses.

We report the early experience with BNT162b2 vaccination in healthcare workers
(HCW). The first goal of our study was to analyse IgG antibody titre against Spike protein
21 days after the first dose of vaccine in a group of 252 HCW. Our second goal was to
analyse if antibody responses differ in relation to age, gender and body mass index (BMI).

2. Materials and Methods
2.1. Study Design and Participants

A collaborative team carried out an immunogenicity evaluation among HCW vacci-
nated at the Istituti Fisioterapici Ospitalieri (IFO).

The study protocol complied with the tenets of the Helsinki declaration and was
approved by the institutional scientific ethic committee (protocol RS1463/21), and the
trial was registered with International Standard Randomised Controlled Trial Number
(ISRCTN) 55371988.

All the enrolled participants met the following inclusion criteria: (1) provided written
informed consent (2) age between 18–75 years, (3) health workers employed at the Istituti Fi-
sioterapici Ospitalieri (IFO), (4) vaccinated at the Istituti Fisioterapici Ospitalieri (IFO). Key
exclusion criteria included: (1) evidence of current or previous SARS-CoV-2 infection by
either anamnesis, serological or microbiological test by nasopharyngeal swab before enrol-
ment, (2) treatment with immunosuppressive therapy, (3) immunosuppression-associated
pathology and (4) pregnancy.

Human SARS-CoV-2 infection convalescent sera (n = 59) were drawn from HCW
donors (mean age 45) at least 14 days after PCR-confirmed diagnosis and at a time when
the participants were asymptomatic. These sera were utilised as control for the test in
previously infected HCW that is expected to have high levels of antibodies.

Manufacturer’s (BioNTech/Pfizer, Mainz, Germany) instructions for storage and
administration of vaccine were followed. Briefly, COVID-19 mRNA Vaccine BNT162b2 was
stored in an ultra-low temperature freezer at −80 ◦C. The undiluted vaccine was stored for
up to 2 h at temperatures up to 25 ◦C, prior to use. The mRNA vaccine was administered
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as a 30 microgram/0.3 mL intramuscular injection into the deltoid muscle on day 1 of
the study.

Participants had a nasopharyngeal swab for SARS-CoV-2 and were assessed for the
presence of SARS-CoV-2 antibodies at baseline representing an unvaccinated population,
and thereafter they received BNT162b2 vaccine. Twenty-one days after the BNT162b2
priming dose, nasopharyngeal swab and sera were collected. A questionnaire to collect
data on the participants’ socio-demographic and health characteristics was administered.
Participants were stratified by age, sex and body mass index (BMI).

Assessment of SARS-CoV-2 in nasopharyngeal swab
A nasopharyngeal swab was collected by standard procedures [7], and the presence

of SARS-CoV-2 was determined by RT-PCR testing (Viracor, Eurofins Clinical Diagnostics,
Lees Summit, MO, USA) following the manufacturer’s instruction.

Assessment of SARS-CoV-2 Binding Antibodies
Peripheral venous blood samples of 7–8 mL were obtained, serum collected and stored

at +4 ◦C.
Measurement of IgG antibodies against S1/S2 antigens of SARS-CoV-2 was performed

with a commercial chemiluminescent immunoassay (The LIAISON® SARS-CoV-2 S1/S2
IgG test, Diasorin, Italy) according to manufacturer’s instruction. Positive and negative
samples furnished by the manufacturer were run in parallel.

2.2. Statistical Analysis

Log Geometric Mean of AU/mL was reported. To assess differences between groups,
Student’s t-test (Bonferroni’s adjusted) was used when comparing between 2 groups and
ANOVA when comparing between >2 groups. Repeated measurement ANOVA was used
to assess differences between groups over time.

Age was categorised according to quartiles. Statistical analysis was done using SPSS
Statistics software version 21. A p < 0.05 was considered statistically significant.

3. Results

In total, 263 HCW gave written consensus to the study. According to the inclusion
criteria, 11 HCW were excluded for previous SARS-CoV-2 infection.

252 HCW were enrolled, 161 women (68.8%) and 91 men (36.2%). The mean age was
47 years (range 23–69).

Twenty-one days after the first dose, 98% of participants showed antigen-specific
humoral response with respect to baseline levels, only five HCW had no response, and no
one showed positive nasopharyngeal test.

Antibody concentrations ranged between 3.8–316 AU/mL that is similar to that of
positive control sera from previous infected HCW (12.4–335 AU/mL). However, anti-
body geometric mean concentration (aGMC) (52.2 AU/mL, 95% CI: 47.6–57.2) was higher
(p = 0.009) than that of these controls (39.4 AU/mL, 95% CI: 33.1–46.9) (Figure 1a). Paired
tests between T0 and T1 were significant for all the variables (p < 0.0001). Results are
summarised in Table 1.

Antibody titre was greater in young (<38 years) vs. older participants (<38 vs. 47–56
p = 0.002; <38 vs. >56 p = 0.001) (Figure 1b). Responses of greater magnitude were observed
in women (55.8 AU/mL) vs. men (46.2 AU/mL) but was not statistically significant
(p = 0.055) (Figure 1c), and a strong correlation (p = 0.001) was detected between aGMC
and BMI, with higher antibody levels in the underweight vs. pre-obesity group (p = 0.026)
and in the normal-weight vs. pre-obesity group (p = 0.007) (Figure 1d). This association
was confirmed after adjusting for age (p = 0.0001) and gender (p = 0.00001).

A multivariate analysis accounting for potential confounding was performed by the
inclusion of covariates. Data on multivariate linear regression of AU/mL are reported
in Table 2. This analysis confirmed that age and BMI are statistically associated with
differences in antibody response after vaccination, whereas gender has a lower significance
level (p = 0.43).
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Figure 1. Levels of anti-SARS-CoV-2 spike IgG antibodies. Sera were analysed by LIAISON® SARS-CoV-2 S1/S2 IgG test
(Diasorin, Italy) as in methods. Positive (range 15–45 AU/mL) and negative controls (range <3.8–6.00 AU/mL) scored
31.6 AU/mL and <3.8 AU/mL, respectively. (a) pre-vaccine vs. vaccine vs. control group from previous infected HCW;
(b) by gender (F: female, M: male); (c) by age classes; (d) by BMI classes. Serum was collected from the participant’s antibody
21 days after the priming dose. Antibody levels were expressed as log10 of concentration in Arbitrary Unit (AU). Age was
categorised according to quartiles. Body mass index (BMI) classes were categorised according to Weir CB and Jan A [8].
Black dots represent outlier values.

Table 1. Confidence intervals by age, gender and BMI.

Characteristic Number GMC (95% CI) GMC (95% CI)

SAMPLING T0 T1

Age

<38 63 4.08 (3.8–4.3) 70.23 (62.8–78.5)

≥38 < 47 63 4.26 (3.9–4.5) 56.33 (47.0–67.5)

≥47 < 56 67 4.13 (3.9–4.3) 44.05 (35.6–54.4)

≥56 59 4.03 (3.8–4.2) 42.37 (35.0–51.3)

Gender

Female 161 4.02 (3.9–4.1) 55.82 (49.7–62.7)

Male 91 4.32 (4.0–4.6) 46.26 (39.8–53.8)

BMI
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Table 1. Cont.

Characteristic Number GMC (95% CI) GMC (95% CI)

SAMPLING T0 T1

Underweight 19 3.93 (3.7–4.1) 70.21 (57.2–86.1)

Normal Weight 148 4.14 (4.0–4.2) 58.44 (52.8–64.7)

Pre-obesity 59 4.10 (3.8–4.3) 40.39 (32.9–49.6)

Obesity 26 4.23 (3.7–4.7) 39.26 (25.5–60.4)
GMC: geometric mean concentration; CI: confidence interval; BMI: body mass index according to Weir CB and
Jan A [8]. T0, samples from naïve population before the first vaccine dose; T1, samples 21 days after the first dose.
Paired tests between T0 and T1 were significant for all the variables (p < 0.0001).

Table 2. Multivariate linear regression of AU/mL by age, BMI and gender.

Beta (95% CI) p Value

AGE (≤47 vs. >47 years) 0.292 (0.111; 0.473) 0.002
BMI (underweight/normal vs. pre-obesity/obesity) 0.307 (0.114; 0.501) 0.002

GENDER (female vs. male) 0.075 (−0.112; +0.262) 0.43

4. Discussion

During the last year, we assisted in a remarkable effort by researchers and the phar-
maceutical industry for the development of a vaccine against SARS-CoV-2. Although
data on the safety and efficacy of the BNT162b2 vaccine demonstrate its effectiveness,
immunogenicity data are reported only on small cohorts [9], and a phase 2/3 study on
vaccine immunogenicity is ongoing [4]. Neutralizing antibodies are commonly accepted
to be a functional biomarker of in vivo disease protection [10]. In our study, we used
a chemiluminescent immunoassay that detected S1/S2 specific antibodies but was not
specifically designed for neutralizing antibodies. However, the manufacturer indicates
that with 80-AU/mL levels, the probabilities of having plaque reduction neutralization
titres of 1:80 and 1:160 were 92% and 87%, respectively [11]. Thus, we can assume that
at least a consistent part (30.9%) of the enrolled population showing >80 AU/mL should
have developed neutralizing antibodies. This result is strengthened by a recent report on a
cohort of 9109 vaccine-eligible HCWs. Indeed, authors showed substantial early reductions
in SARS-CoV-2 infection and symptomatic COVID-19 rates following first vaccine dose
administration [12].

Several recent reports indicate that a single dose of BNT162b2 is able to increase
immune response even in people with pre-existing immunity [13–16]. In addition, another
vaccine made with different technologies, the ChAdOx1 nCoV-19 (AZD1222) vaccine,
showed the same immunogenicity and protection afforded by the first dose [17].

However, extended follow-ups to assess the long-term effectiveness of a single dose
are needed to inform a second dose delay policy.

Although our study was on a limited number of subjects and cannot be assumed
representative of the general population, collected data clearly shows that a single dose of
BNT162b2 activates a humoral immune response. Only five participants did not show any
increase in IgG levels. All these subjects were >47-year-old and had BMI > 25, ranging in
the pre-obesity group. However, the low number cannot allow making a valid conclusion
explaining this data.

Lean and younger people have statistically significant higher levels of antibody re-
sponse compared to the overweight and older population. As the study was dealing with
multiple variables, a multivariate analysis was done, and it confirmed the statistical signifi-
cance for BMI and age (Table 2). It was suggested that obesity may hinder the COVID-19
vaccine and that immunosenescence developed while ageing may lead to a poor immune
response to the vaccine [18].
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Indeed, obesity can induce B cell defects with decreased frequency of regulatory B
cell in association with higher frequencies of circulating Th1/Th17 cell [19]. In obese
mice and humans, it has been demonstrated that adipose tissue (AT) B cells present
antigen, secrete pro-inflammatory cytokines and chemokines, as well as autoimmune
pathogenic antibodies [20]. In obese mice, activated splenocytes produce fewer anti-
inflammatory cytokines and more B cell-derived pro-inflammatory cytokines in comparison
with splenocytes from normal-weight mice [21]. This imbalance production of IL-6 and
IL-10 was also confirmed in mitogen-stimulated B cells in individuals with obesity [22].
Other mechanisms impairing B cells functions are (i) the presence of pro-inflammatory
microRNAs (miRs), in particular miR-155 and miRs-16 [23]; (ii) the secretion of Leptin by
AT, which is able to induce secretion of pro-inflammatory cytokines by immune cells (i.e.,
macrophages, T or B cells) [22]; (iii) an increased level of saturated free fatty acid that is able
to stimulate pro-inflammatory cytokine production in human [24]. The impairment of B
cells function could induce a reduced response to vaccination. Obesity is also linked to less-
diverse populations of microbes in the gut, nose and lungs, with altered compositions and
metabolic functions compared with those in lean individuals. Recently, researchers reported
that changes in the gut microbiome by taking antibiotics might alter responses to the flu
vaccine [25]. Moreover, vaccines against influenza [22], hepatitis B [26], rabies [27] and
tetanus [28] have shown reduced responses in those who are obese compared with those
who are lean. A number of studies demonstrated BMI association with decreased serum
response to vaccine during influenza vaccine season [29,30]. Immunosenescence associated
with ageing is a known factor that may affect the immune response to a vaccine [18]. In
older adults, a number of qualitative differences were observed in the B cell compartment,
including class switch recombination, differentiation into plasma cells and expansion of
a pro-inflammatory subset of B cell [31,32]. This subset of B cell is resembling [33,34]. In
humans, it was shown that an increased level of CD27+ ABCs in the blood of the elderly
was associated with a low titre of influenza antibodies [35].

In our cohort, the differences in IgG levels by age, gender and BMI are of unclear
clinical significance in the absence of known correlates of protection and could be affected
by the small size of samples. In addition, a further limitation is that no data of previous
illnesses or medications were available. However, our study should be considered as an
alarm bell for public and private research groups having larger datasets of anti-COVID19
vaccinated to carry out careful analyses on antibody responses. Finally, these associations
have to be confirmed after a complete schedule of BNT162b2 vaccination.

5. Conclusions

Our data, together with that of Jabal et al. [13], seem to indicate that a single dose
could produce an immune response even if there are no data on protection. For this
reason, we cannot affirm that second dose delaying is a safe way in the race against faster-
spreading variants of the virus, but it could be necessary. In particular, this strategy could
be particularly useful in countries facing vaccine shortages and scarce resources, allowing
higher population coverage with a single dose. However, only large specifically designed
clinical trials could fully address this crucial question.

Author Contributions: All the authors made substantial contributions to the work; in particular:
conceptualization: R.P., A.M., G.C. and A.V. (Aldo Venuti); writing original draft: F.C., A.V. (Aldo
Venuti), D.G. and B.V.; writing—review and editing: R.P. and G.C.; supervision: R.P.; data curation:
E.A., G.B., L.C., A.D.V., F.D.M., V.M., P.M., F.M., S.M., G.P. (Gerardo Petruzzi) and G.P. (Giulia Piaggio);
investigation: E.G.D.D., O.D.B., S.D.M., C.M., F.P. (Fabrizio Petrone), B.P., J.Z., A.V. (Antonello Vidiri)
and B.V.; methodology: M.P., F.E. and F.P. (Fulvia Pimpinelli). All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.



Vaccines 2021, 9, 685 7 of 8

Institutional Review Board Statement: The study protocol complied with the tenets of the Helsinki
declaration and was approved by the institutional scientific ethic committee (protocol RS1463/21),
and the trial was registered with International Standard Randomised Controlled Trial Number
(ISRCTN) 55371988.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data is going to be added to the clinical trial registry (ISRCTN55371988)
where they will be available.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Grigoryan, L.; Pulendran, B. The immunology of SARS-CoV-2 infections and vaccines. Semin. Immunol. 2020, 50, 101422.

[CrossRef] [PubMed]
2. Lin, D.Y.; Zeng, D.; Mehrotra, D.V.; Corey, L.; Gilbert, P.B. Evaluating the Efficacy of COVID-19 Vaccines. Clin. Infect. Dis. 2020.

Epub ahead of print. [CrossRef]
3. Wouters, O.J.; Shadlen, K.C.; Salcher-Konrad, M.; Pollard, A.J.; Larson, H.J.; Teerawattananon, Y.; Jit, M. Challenges in ensuring

global access to COVID-19 vaccines: Production, affordability, allocation, and deployment. Lancet 2021, 397, 1023–1034. [CrossRef]
4. Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Perez Marc, G.; Moreira, E.D.;

Zerbini, C.; et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [CrossRef]
[PubMed]

5. Verschoor, C.P.; Singh, P.; Russell, M.L.; Bowdish, D.M.; Brewer, A.; Cyr, L.; Ward, B.J.; Loeb, M. Microneutralization assay titres
correlate with protection against seasonal influenza H1N1 and H3N2 in children. PLoS ONE 2015, 10, e0131531. [CrossRef]
[PubMed]

6. Chandrashekar, A.; Liu, J.; Martinot, A.J.; McMahan, K.; Mercado, N.B.; Peter, L.; Tostanoski, L.H.; Yu, J.; Maliga, Z.;
Nekorchuk, M.; et al. SARS-CoV-2 infection protects against rechallenge in rhesus macaques. Science 2020, 369, 812–817. [CrossRef]

7. Petruzzi, G.; De Virgilio, A.; Pichi, B.; Mazzola, F.; Zocchi, J.; Mercante, G.; Spriano, G.; Pellini, R. COVID-19: Nasal and
oropharyngeal swab. Head Neck 2020, 42, 1303–1304. [CrossRef]

8. Weir, C.B.; Jan, A. BMI Classification Percentile and Cut Off Points. [Updated 2020 July 10]. In StatPearls [Internet]; StatPearls
Publishing: Treasure Island, FL, USA, 2020. Available online: https://www.ncbi.nlm.nih.gov/books/NBK541070 (accessed on
9 May 2021).

9. Walsh, E.E.; Frenck, R.W., Jr.; Falsey, A.R.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Neuzil, K.; Mulligan, M.J.;
Bailey, R.; et al. Safety and Immunogenicity of Two RNA-Based Covid-19 Vaccine Candidates. N. Engl. J. Med. 2020, 383, 2439–2450.
[CrossRef]

10. Wajnberg, A.; Amanat, F.; Firpo, A.; Altman, D.R.; Bailey, M.J.; Mansour, M.; McMahon, M.; Meade, P.; Mendu, D.R.;
Muellers, K.; et al. Robust neutralizing antibodies to SARS-CoV-2 infection persist for months. Science 2020, 370, 1227–1230.
[CrossRef]

11. Bonelli, F.; Sarasini, A.; Zierold, C.; Calleri, M.; Bonetti, A.; Vismara, C.; Blocki, F.A.; Pallavicini, L.; Chinali, A.; Campisi, D.; et al.
Clinical and Analytical Performance of an Automated Serological Test That Identifies S1/S2-Neutralizing IgG in COVID-19
Patients Semiquantitatively. J. Clin. Microbiol. 2020, 58, e01224-20. [CrossRef]

12. Amit, S.; Regev-Yochay, G.; Afek, A.; Kreiss, Y.; Leshem, E. Early rate reductions of SARS-CoV-2 infection and COVID-19 in
BNT162b2 vaccine recipients. Lancet 2021, 397, 875–877. [CrossRef]

13. Abu Jabal, K.; Ben-Amram, H.; Beiruti, K.; Batheesh, Y.; Sussan, C.; Zarka, S.; Edelstein, M. Impact of age, ethnicity, sex and prior
infection status on immunogenicity following a single dose of the BNT162b2 mRNA COVID-19 vaccine: Real-world evidence
from healthcare workers, Israel, December 2020 to January 2021. Eur. Surveill. 2021, 26, 2100096. [CrossRef]

14. Bradley, T.; Grundberg, E.; Selvarangan, R.; LeMaster, C.; Fraley, E.; Banerjee, D.; Belden, B.; Louiselle, D.; Nolte, N.;
Biswell, R.; et al. Antibody Responses after a Single Dose of SARS-CoV-2 mRNA Vaccine. N. Engl. J. Med. 2021, 384, 1959–1961.
[CrossRef]

15. Manisty, C.; Otter, A.D.; Treibel, T.A.; McKnight, A.; Altmann, D.M.; Brooks, T.; Noursadeghi, M.; Boyton, R.J.; Semper, A.;
Moon, J.C. Antibody response to first BNT162b2 dose in previously SARS-CoV-2-infected individuals. Lancet 2021, 397, 1057–1058.
[CrossRef]

16. Tauzin, A.; Nayrac, M.; Benlarbi, M.; Gong, S.Y.; Gasser, R.; Beaudoin-Bussieres, G.; Brassard, N.; Laumaea, A.; Vezina, D.;
Prevost, J.; et al. A single BNT162b2 mRNA dose elicits antibodies with Fc-mediated effector functions and boost pre-existing
humoral and T cell responses. bioRxiv 2021. [CrossRef]

17. Ledford, H. How obesity could create problems for a COVID vaccine. Nature 2020, 586, 488–489. [CrossRef]
18. Poland, G.A.; Ovsyannikova, I.G.; Kennedy, R.B. Personalized vaccinology: A review. Vaccine 2018, 36, 5350–5357. [CrossRef]

[PubMed]

http://doi.org/10.1016/j.smim.2020.101422
http://www.ncbi.nlm.nih.gov/pubmed/33262067
http://doi.org/10.1093/cid/ciaa1863
http://doi.org/10.1016/S0140-6736(21)00306-8
http://doi.org/10.1056/NEJMoa2034577
http://www.ncbi.nlm.nih.gov/pubmed/33301246
http://doi.org/10.1371/journal.pone.0131531
http://www.ncbi.nlm.nih.gov/pubmed/26107625
http://doi.org/10.1126/science.abc4776
http://doi.org/10.1002/hed.26212
https://www.ncbi.nlm.nih.gov/books/NBK541070
http://doi.org/10.1056/NEJMoa2027906
http://doi.org/10.1126/science.abd7728
http://doi.org/10.1128/JCM.01224-20
http://doi.org/10.1016/S0140-6736(21)00448-7
http://doi.org/10.2807/1560-7917.ES.2021.26.6.2100096
http://doi.org/10.1056/NEJMc2102051
http://doi.org/10.1016/S0140-6736(21)00501-8
http://doi.org/10.1101/2021.03.18.435972
http://doi.org/10.1038/d41586-020-02946-6
http://doi.org/10.1016/j.vaccine.2017.07.062
http://www.ncbi.nlm.nih.gov/pubmed/28774561


Vaccines 2021, 9, 685 8 of 8

19. Garcia-Hernandez, M.H.; Rodriguez-Varela, E.; Garcia-Jacobo, R.E.; Hernandez-De la Torre, M.; Uresti-Rivera, E.E.; Gonzalez-
Amaro, R.; Portales-Perez, D.P. Frequency of regulatory B cells in adipose tissue and peripheral blood from individuals with
overweight, obesity and normal-weight. Obes. Res. Clin. Pract. 2018, 12, 513–519. [CrossRef] [PubMed]

20. Winer, D.A.; Winer, S.; Shen, L.; Wadia, P.P.; Yantha, J.; Paltser, G.; Tsui, H.; Wu, P.; Davidson, M.G.; Alonso, M.N.; et al.
B cells promote insulin resistance through modulation of T cells and production of pathogenic IgG antibodies. Nat. Med. 2011,
17, 610–617. [CrossRef] [PubMed]

21. DeFuria, J.; Belkina, A.C.; Jagannathan-Bogdan, M.; Snyder-Cappione, J.; Carr, J.D.; Nersesova, Y.R.; Markham, D.; Strissel, K.J.;
Watkins, A.A.; Zhu, M.; et al. B cells promote inflammation in obesity and type 2 diabetes through regulation of T-cell function
and an inflammatory cytokine profile. Proc. Natl. Acad. Sci. USA 2013, 110, 5133–5138. [CrossRef] [PubMed]

22. Frasca, D.; Ferracci, F.; Diaz, A.; Romero, M.; Lechner, S.; Blomberg, B.B. Obesity decreases B cell responses in young and elderly
individuals. Obesity (Silver Spring) 2016, 24, 615–625. [CrossRef]

23. Frasca, D.; Diaz, A.; Romero, M.; Ferracci, F.; Blomberg, B.B. MicroRNAs miR-155 and miR-16 Decrease AID and E47 in B Cells
from Elderly Individuals. J. Immunol. 2015, 195, 2134–2140. [CrossRef]

24. Raval, F.M.; Nikolajczyk, B.S. The Bidirectional Relationship between Metabolism and Immune Responses. Discoveries (Craiova)
2013, 1, e6. [CrossRef] [PubMed]

25. Hagan, T.; Cortese, M.; Rouphael, N.; Boudreau, C.; Linde, C.; Maddur, M.S.; Das, J.; Wang, H.; Guthmiller, J.; Zheng, N.Y.; et al.
Antibiotics-Driven Gut Microbiome Perturbation Alters Immunity to Vaccines in Humans. Cell 2019, 178, 1313–1328 e13.
[CrossRef] [PubMed]

26. Weber, D.J.; Rutala, W.A.; Samsa, G.P.; Santimaw, J.E.; Lemon, S.M. Obesity as a predictor of poor antibody response to hepatitis B
plasma vaccine. JAMA 1985, 254, 3187–3189. [CrossRef]

27. Banga, N.; Guss, P.; Banga, A.; Rosenman, K.D. Incidence and variables associated with inadequate antibody titers after
pre-exposure rabies vaccination among veterinary medical students. Vaccine 2014, 32, 979–983. [CrossRef]

28. Eliakim, A.; Schwindt, C.; Zaldivar, F.; Casali, P.; Cooper, D.M. Reduced tetanus antibody titers in overweight children.
Autoimmunity 2006, 39, 137–141. [CrossRef]

29. Sheridan, P.A.; Paich, H.A.; Handy, J.; Karlsson, E.A.; Hudgens, M.G.; Sammon, A.B.; Holland, L.A.; Weir, S.; Noah, T.L.;
Beck, M.A. Obesity is associated with impaired immune response to influenza vaccination in humans. Int. J. Obes. 2012,
36, 1072–1077. [CrossRef]

30. Neidich, S.D.; Green, W.D.; Rebeles, J.; Karlsson, E.A.; Schultz-Cherry, S.; Noah, T.L.; Chakladar, S.; Hudgens, M.G.; Weir, S.S.;
Beck, M.A. Increased risk of influenza among vaccinated adults who are obese. Int. J. Obes. 2017, 41, 1324–1330. [CrossRef]

31. Frasca, D.; Diaz, A.; Romero, M.; Blomberg, B.B. The generation of memory B cells is maintained, but the antibody response is
not, in the elderly after repeated influenza immunizations. Vaccine 2016, 34, 2834–2840. [CrossRef] [PubMed]

32. Frasca, D.; Diaz, A.; Romero, M.; Landin, A.M.; Phillips, M.; Lechner, S.C.; Ryan, J.G.; Blomberg, B.B. Intrinsic defects in B cell
response to seasonal influenza vaccination in elderly humans. Vaccine 2010, 28, 8077–8084. [CrossRef] [PubMed]

33. Hao, Y.; O’Neill, P.; Naradikian, M.S.; Scholz, J.L.; Cancro, M.P. A B-cell subset uniquely responsive to innate stimuli accumulates
in aged mice. Blood 2011, 118, 1294–1304. [CrossRef] [PubMed]

34. Rubtsov, A.V.; Rubtsova, K.; Fischer, A.; Meehan, R.T.; Gillis, J.Z.; Kappler, J.W.; Marrack, P. Toll-like receptor 7 (TLR7)-driven
accumulation of a novel CD11c(+) B-cell population is important for the development of autoimmunity. Blood 2011, 118, 1305–1315.
[CrossRef] [PubMed]

35. Nipper, A.J.; Smithey, M.J.; Shah, R.C.; Canaday, D.H.; Landay, A.L. Diminished antibody response to influenza vaccination is
characterized by expansion of an age-associated B-cell population with low PAX5. Clin. Immunol. 2018, 193, 80–87. [CrossRef]

http://doi.org/10.1016/j.orcp.2018.07.001
http://www.ncbi.nlm.nih.gov/pubmed/30115554
http://doi.org/10.1038/nm.2353
http://www.ncbi.nlm.nih.gov/pubmed/21499269
http://doi.org/10.1073/pnas.1215840110
http://www.ncbi.nlm.nih.gov/pubmed/23479618
http://doi.org/10.1002/oby.21383
http://doi.org/10.4049/jimmunol.1500520
http://doi.org/10.15190/d.2013.6
http://www.ncbi.nlm.nih.gov/pubmed/26366435
http://doi.org/10.1016/j.cell.2019.08.010
http://www.ncbi.nlm.nih.gov/pubmed/31491384
http://doi.org/10.1001/jama.1985.03360220053027
http://doi.org/10.1016/j.vaccine.2013.12.019
http://doi.org/10.1080/08916930600597326
http://doi.org/10.1038/ijo.2011.208
http://doi.org/10.1038/ijo.2017.131
http://doi.org/10.1016/j.vaccine.2016.04.023
http://www.ncbi.nlm.nih.gov/pubmed/27108193
http://doi.org/10.1016/j.vaccine.2010.10.023
http://www.ncbi.nlm.nih.gov/pubmed/20974306
http://doi.org/10.1182/blood-2011-01-330530
http://www.ncbi.nlm.nih.gov/pubmed/21562046
http://doi.org/10.1182/blood-2011-01-331462
http://www.ncbi.nlm.nih.gov/pubmed/21543762
http://doi.org/10.1016/j.clim.2018.02.003

	Introduction 
	Materials and Methods 
	Study Design and Participants 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

