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ABSTRACT ARTICLE HISTORY
With the advent of the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) pan- Received 13 October 2021
demic, several vaccines have been developed to mitigate its spread and prevent adverse conse- Revised 29 November 2021

quences of the Coronavirus Disease 2019 (COVID-19). The mRNA technology is an  Accepted 2 February 2022
unprecedented vaccine, usually given in two doses to prevent SARS-CoV-2 infections. Despite
effgc';iveness and safety, inter—individual immung response hetgr.ogeneity has been observec! in COVID-19; mRNA BNT162b2:
recipients of mRNA-based vaccines. As a novel disease, the specific immune response mechanism antibodies; immunoglobu-
responsible for warding off COVID-19 remains unclear at this point. However, significant evidence lins; vaccines

suggests that humoral response plays a crucial role in affording immunoprotection and prevent-

ing debilitating sequelae from COVID-19. As such, this paper focused on the possible effects of

age, sex, serostatus, and comorbidities on humoral response (i.e. total antibodies, IgG, and/or

IgA) of different populations post-mRNA-based Pfizer-BioNTech vaccination. A systematic search

of literature was performed through PubMed, Cochrane CENTRAL, Google Scholar, Science

Direct, medRxiv, and Research Square. Studies were included if they reported humoral response

to COVID-19 mRNA vaccines. A total of 32 studies were identified and reviewed, and the percent

differences of means of reported antibody levels were calculated for comparison. Findings

revealed that older individuals, male sex, seronegativity, and those with more comorbidities

mounted less humoral immune response. Given these findings, several recommendations were

proposed regarding the current vaccination practices. These include giving additional doses of

vaccination for immunocompromised and elderly populations. Another recommendation is con-

ducting clinical trials in giving a combined scheme of mRNA vaccines, protein vaccines, and vec-

tor-based vaccines.
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Figure 1. Screening and appraisal of journal articles for inclusion in this systematic review.

Introduction

Over 200 million infected cases and over 4.6 million
Coronavirus Disease 2019 (COVID-19) deaths have been
reported globally [1]. The rapid transmissibility of
Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2), including variants being monitored (VBM)
and variants of concern (VoC), has sparked fear world-
wide and forced many countries to deal with repeated
surges in confirmed cases and deaths [2,3]. To control
the pandemic, innovative therapeutic strategies have
been formulated, with the specific aim to avert clinical
outcomes and limit morbidity, disability, and death
associated with COVID-19 [4]. A SARS-CoV-2 vaccination
program that is cost-effective, safe, and efficacious has
also been implemented globally. Among the different
types of COVID-19 vaccines, the utilization of a new
generation of mRNA-based vaccines is unprecedented
and has shown high efficacy to trigger immunoprotec-
tive humoral response [5]. Despite their effectiveness in
reducing the risk of infection and clinical deterioration,
the considerable inter-individual heterogeneity in post-
vaccine immune response has been increasingly
observed in specific populations, particularly among
the elderly and immunocompromised individuals [6,7].

To account for low vaccine responders or individuals
with less effective production of anti-SARS-CoV-2 anti-
bodies, this systematic review is focused on determin-
ing the possible effects of age, sex, serostatus, and
underlying comorbidities on humoral response of indi-
viduals post-Pfizer-BioNTech mRNA vaccination.

Methods
Search strategy and eligibility criteria

A systematic literature search was conducted to identify
studies reporting the factors affecting humoral
response of individuals who received the mRNA vac-
cines. As shown in Figure 1, a comprehensive search
was carried out in PubMed, Cochrane CENTRAL, Google
Scholar, Science Direct, medRxiv, and Research Square
for articles published from January to end of July 2021.
The search keywords include “SARS-CoV-2”, “COVID-19”,
"age”, “sex”, “seropositivity”, “comorbidities”,
“hemodialysis”, “malignancy”, “transplant”, “obesity”,
“immunocompromised”, “humoral response”, “Pfizer-
BioNTech”, and “BNT162b2", which resulted in 150 jour-
nal articles. Key term combinations that were used are
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Table 1. Effect of age in humoral response following Pfizer-BioNTech (mRNA BNT162b2) vaccine administration.

Measured
Author Country of origin Sample size Median age (range) immunoglobulin % difference of means
Jabal et al. [10] Israel 514 57 y/o (30-60+) Anti-S1/S2 IgG D21
IgG titer is 61% higher in <30 y/o vs.
30-39 y/o group
IgG titer is 32% higher in <30 y/o vs.
40-49 y/o group
IgG titer is 39% higher in <30 y/o vs.
50-59 y/o group
IgG titer is 50% higher in <30 y/o vs.
60+ y/o group
IgG titer is 19% higher in <30 y/o vs.
40-49 y/o group
IgG titer is 23% higher in 30-39 y/o
vs. 50-59 y/o group
IgG titer is 41% higher in 30-39 y/o
vs. 60+ y/o group
IgG titer is 10% higher in 40-49 y/o
vs. 50-59 y/o group
IgG titer is 23% higher in 40-49 y/o
vs. 60+ y/o group
IgG titer is 19% higher in 50-59 y/o
vs. 60+ y/o group
Naaber et al. [11] Estonia 118 34 y/o (21-68) Anti-S-RBD IgG D21
IgG titer is 53% higher in <40 y/o vs.
>40 y/o group
D28
IgG titer is 26% higher in <40 y/o vs.
>40 y/o group
D63
I9G titer is 27% higher in <40 y/o vs.
>40 y/o group
Salvagno et al. [12] Italy 925 Mean age (range) Anti-S-RBD 19G D21
Seropositive: 43 y/o IgG titer is 84% higher in <60 y/o vs.
(30-56) >60 y/o group
Seronegative: 44 y/o D50
(31-57) IgG titer is 33% higher in <60 y/o vs.
>60 y/o group
Rios et al. [6] Spain 134 Total: 82.9 y/o (65-99)  Anti-S IgG D43
>80 y/o (n=86) IgG is 28% higher in >80 y/o vs.
(ND) 65-79 y/o group
65-79 y/o
(n=48) (ND)
Pellini et al. [13] Italy 248 Total: 47 y/o (18-75) Anti-S1/S2 19G D28
<37 y/o (n=62) I9G titer is 27% higher in <37 y/o vs.
(ND) 37-47 y/o group
37-47 y/o (n=63) I9G titer is 47% higher in <37 y/o vs.
(ND) 47-56 y/o group
47-56 y/o (n=64) IgG titer is 60% higher in <37 y/o vs.
(ND) >56 y/o group
>56 y/o IgG titer is 28% higher in 37-47 y/o
(n=759) (ND) vs. 47-56 y/o group
IgG titer is 45% higher in 37-47 y/o
vs. >56 y/o group
IgG titer is 24% higher in 47-56 y/o
vs. >56 y/o group
Miiller et al. [14] Germany 176 Mean age (range) Anti-S1 I1gG D17-19
Younger group (<60 IgG is 87% higher in the younger vs.
y/0, n=91): elderly group
42.2 y/o (19.5-59.5) D38
Elderly group (>80 1gG is 64% higher in the younger vs.
y/0, n=85): elderly group
87.9 y/o
(80.1-100.5)
Frenck et al. [15] 12-15 y/o group from 3358 Received Pfizer Anti-SARS-CoV-2 serum D49

United States

16-25 y/o group
from other
countries
(Argentina, Brazil,

Vaccine (n=1668)
12-15 y/o
(n=1131): 14
(12-15)
16-25 y/o (n=537):
18 (16-25)

Placebo (=1690)

neutralization assay

In those without evidence of
infection, neutralizing titer is 43%
higher in the 12-15 y/o vs. 16-25 y/o
group

In all participants who received Pfizer
vaccine, regardless of serologic
evidence of previous infection,

(continued)
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Table 1. Continued.

Median age (range)

Measured

immunoglobulin % difference of means

Author Country of origin Sample size
Germany, South 12-15 y/o
Africa, Turkey) (n=1129): 14

(12-15)

16-25 y/o (n=>561):
19 (16-25)

neutralizing titer is 43% higher in the
12-15 y/o vs. 16-25 y/o group
In all participants who received
placebo, regardless of serologic
evidence of previous infection,
neutralizing titer is 29% higher in the
12-15 y/o vs. 16-25 y/o group

Table 2. Effect of sex in humoral response following Pfizer-BioNTech (mRNA BNT162b2) vaccine administration.

Measured
Author Country of origin Sample size  Median age (range) immunoglobulin % difference of means
Salvagno et al. [12] Italy 925 Seropositive: ND y/o Anti-S-RBD 19G D30
(30-56) Among all participants, 19G titer is 13% higher in
Seronegative: ND y/o females vs. males
(31-57) Among baseline seronegative participants, IgG titer
is 16% higher in females vs. males
Pellini et al. [13]  Italy 248 47 y/o (23-69) Anti-S1/S2 IgG D28
IgG titer is 37% higher in females vs. males
Jabal et al. [10] Israel 514 57 y/o (30-60+) Anti-N 1gG D21

IgG titer is 15% higher in females vs. males

presented in full detail in Table S1 of the supplemen-
tary file.

Articles that met the following inclusion criteria
were considered: (1) sample size of 10 patients and
above, (2) all participants received two complete
doses of Pfizer-BioNTech (mRNA BNT162b2) only, (3)
report of individual I1gG or IgA, total IgG or IgA, or
neutralizing antibody titers, (4) report of quantitative
or semi-quantitative antibody tests, (5) report of
humoral response, (6) available in the English lan-
guage, as well as (7) randomized controlled or
cohort studies and preprint or published papers as
long as they provide extractable data, given the lim-
ited papers available for this novel disease and the
mRNA vaccine.

On the other hand, exclusion criteria were: (1) inclu-
sion of participants who received one dose of mRNA
vaccine only, (2) inclusion of participants who received
other vaccines such as Moderna (mRNA 1273), Sinovac,
AstraZeneca, Johnson & Johnson, Novavax, and Sanofi-
GSK, and (3) report of IgM response and cell-mediated
immunity. IgM response was excluded because it is
now increasingly clear that IgM plays a minor role
against COVID-19, as it has lower sensitivity (64%), spe-
cificity (99%), and accuracy (94%) compared to IgG
(93%, 100%, and 98%, respectively) [8]. IgM has also
been found to decline early at day 20 and has lower

neutralizing potential [9]. Cell-mediated immunity was
excluded due to limited data and lack of standardiza-
tion of available assays, hence imposing difficulty in
data analysis, and thus we only focused on
humoral immunity.

The search results were tabulated and duplicates
were removed. Full text of each article was retrieved
and assessed for final eligibility independently by any
two authors. Any discrepancies between the authors
with respect to eligibility were resolved by consensus
among all the authors.

Data extraction

Data were extracted independently from each article by
two authors into a spreadsheet. A third author checked
the extracted data for completeness and accuracy. Any
disagreements were resolved by consensus among
the authors.

Descriptive and outcome data were extracted from
the included studies. The extracted data include the
sample size, country of origin, age range or median age
of the population, type of immunoglobulin measured,
antibody titer per time point, and percent mean differ-
ence between the control and factors affecting humoral
immune response observed in various studies, as
reported in Tables 1-4 and Tables S$2-S5 in the
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Table 3. Effect of serostatus in humoral response following Pfizer-BioNTech (mRNA BNT162b2) vaccine administration.

Measured
Author Country of origin ~ Sample size Median age (range) immunoglobulin % difference of means
Salvagno et al. [12] Italy 925 Seropositive: 43 y/o Anti-S-RBD IgG D21
(ND) 19G titer is 99% higher in seropositive
Seronegative: 44 y/o vs. seronegative groups
(ND) D50
1gG titer is 91% higher in seropositive
vs. seronegative groups
Kelsen et al. [16] USA 61 Seropositive: 47 y/o Anti-S-RBD IgG D1
(ND) 1gG titer is 100% higher in seropositive
Seronegative: 45 y/o Vvs. seronegative groups
(ND) D14
1gG titer is 95% higher in seropositive
vs. seronegative groups
D28
No significant difference
D42
No significant difference
D56
No significant difference
Callegaro et al. [17] Italy 184 Seropositive: 49 y/o Anti-S-RBD IgG D20
(43-55) IgG titer is 36% higher in seropositive
Seronegative: 51 y/o Vvs. seronegative groups
(39.7-56)
Efrati et al. [18] Israel 255 >18 y/o (ND) Anti-$1/52 1gG D1
1gG titer is 89% higher in seropositive
vs. seronegative groups
D21
19G titer is 83% higher in seropositive
vs. seronegative groups
Ebinger et al. [19] USA 1090 Mean (SD) Anti-SARS-CoV-2 1gG D1-3
Total: 41.89 y/o Ab titer is 90% higher in participants
(12.18) with previous infection vs. those
Pre-vaccine: 41.60 without
y/o (12.05) D7-21
Post-vaccine dose 1: Ab titer is 30% higher in participants
43.66 y/o (12.79) with previous infection vs. those
Post-vaccine dose 2: without
44.12 y/o (12.65) D28-42
Ab titer is 7% higher in participants
with previous infection vs. those
without
Prendecki et al. [20]  England 72 ND Anti-S IgG D21-25
19G titer is 96% higher in seropositive
vs. seronegative groups
Rios et al. [6] Spain 134 82.9 y/o (65-99) Anti-S I9G DO
1gG titer is 69% higher in seropositive
vs. seronegative groups
D28-64
ND
Jabal et al. [10] Israel 514 57 y/o (19-77) Anti-N 1gG D21
Geometric mean IgG titer is 89%
higher in participants with a (+) PCR
test vs. participants who are IgG (-) at
baseline and no prior positive PCR test
Geometric mean IgG titer is 92%
higher in participants who are 19G (+)
at baseline vs. participants with 19G (-)
at baseline and no prior positive PCR
test
Geometric mean IgG titer is 88%
higher in participants who are 19G (-)
with prior (+) PCR test vs. participants
who are IgG (-) at baseline and no
prior positive PCR test
Padoan et al. [21] Italy 163 Mean (SD) Anti-S-RBD IgG The estimated mean cannot be
42.4 y/o (11.7) computed since no sample size was
given per group and per time point
Favresse et al. [22] Belgium 231 Female: Anti-NCP IgG, D7
42.6 y/o (23-66) Anti-S1 1gG Ab titer is 99% higher in seropositive

Male:
42.8 y/o (23-64)

vs. seronegative groups

(continued)
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Table 3. Continued.

Author Country of origin ~ Sample size

Median age (range)

Measured

immunoglobulin % difference of means

Sasso et al. [23] Italy 2607
(41-65)
Recovered: 51 y/o

(36-56)

COVID-19 recovered:

56 y/o (47-63)

Modenese et al. [24] Italy 74 Mean (SD)

48.4 y/o (13.4)

Vaccinated: 57 y/o

D10
Ab titer is 99% higher in seropositive
vs. seronegative groups

D14
Ab titer is 99% higher in seropositive
vs. seronegative groups

D21
Ab titer is 99% higher in seropositive
vs. seronegative groups

D28
Ab titer is 89% higher in seropositive
vs. seronegative groups

D31-41
Ab titer is 91% higher in vaccinated
participants without previous SARS-
CoV-2 infection vs. non-vaccinated
participants who recovered from
COVID-19
Ab titer is 89% higher in vaccinated
participants who recovered from
COVID-19 vs. non-vaccinated
participants who recovered from
COVID-19
Ab titer is 14% higher in vaccinated
participants without previous SARS-
CoV-2 infection vs. vaccinated
participants who recovered from
COVID-19

D56
Ab titer is 45% higher in seropositive
vs. seronegative groups

Anti-S-RBD 19G

Anti-S-RBD 1gG

ND: no data.

supplementary file. Additional data were requested
from the original study authors when necessary.

Data analysis

All data reported in this study is in reference to the first
dose after vaccine administration. However, due to sig-
nificant heterogeneity in the assays used to probe anti-
body titers, the antibody measurements reported in the
articles were standardized using the percent difference
of means. This shows the absolute value of the ratio of
the difference between two groups (groups A and B,
which pertain to antibody titer measurements) and
their average, expressed as a percentage to enable
standard comparison of these data regardless of their
units of measurements and the diagnostic tools used
for their quantification. It is computed using the for-
mula below:

Percent (%) difference of means

(group A mean — group B mean)
group A mean

= | |

In addition, when necessary, the authors also utilized
the method established by Hozo et al. to convert
median titers to mean titers, to enable calculation of
percentage of means [41].

Scope and limitations

The demographic parameters used in this study were
limited to age, sex, serostatus, and comorbidities such
as hemodialysis or end-stage renal disease (ESRD),
transplant recipients, cancer and autoimmune diseases,
as well as metabolic derangements, including obesity,
hypertension, and smoking. These factors were ana-
lyzed independently of each other, with the exception
of concurrent effects of age with comorbidities.

In addition, only the Pfizer-BioNTech (mRNA
BNT162b2) vaccine was discussed as it was the leading
vaccine utilized worldwide and due to the wide range
of available resources regarding this vaccine at the time
of writing. Moreover, only studies published starting
January to July 2021 were included while those pub-
lished from August 2021 onwards [42-44] were not
included in this analysis.

Lastly, a quantitative meta-analysis was not com-
pleted because of the heterogeneity determined
between studies, as well as between different immu-
noassays used in each study, their units, sensitivities/
specificities, and antigenic targets. Thus, percent (%)
differences in titers between groups were calculated
as an attempt to standardize the antibody data and
enable comparisons between different studies.
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Results

A total of 32 articles were included in our analysis.
These were divided into four categories: humoral
response influenced by (1) age, (2) sex, (3) baseline
serostatus (i.e. seropositive or seronegative), and (4)
presence of comorbidities. Seven articles were included
under the age category, three under the sex category,
12 under the serostatus category, and 18 under the
comorbidities category. The comorbidity category was
further subdivided into four classes: hemodialysis or
ESRD (five articles), cancer and autoimmune diseases
(six articles), transplant patients (four articles), and
metabolic derangements (three articles). The articles
reviewed under each category were non-exclusive, as
most studies analyzed their samples with at least two
of the mentioned factors.

Tables 1-4 provide a summary of the following
trends observed in this study. In general, mRNA vac-
cines were able to mount efficient antibody responses;
however, the level of titers produced varied according
to the factors of age, sex, serostatus, and comorbidities.
The rate at which antibodies produced decline over
time is also influenced by the aforementioned factors.
Older individuals, males, seronegative individuals, and
those with more underlying comorbidities mounted
less humoral immune response. Aging, in particular, is a
significant aggravating factor in the decline of humoral
response among recipients with underlying comorbid-
ities, especially when compounded with immunosup-
pressive medications.

Discussion
Factors affecting humoral response

Age

A critical factor that makes the elderly more susceptible
to infectious diseases is immunosenescence or the
decline of immune system functionality as people age
[45]. Immunosenescence has been linked with dimin-
ished response to vaccination and could therefore influ-
ence the success of vaccination [46]. There is clear
evidence that the decline in adaptive immunity results
in dramatically reduced vaccine responses and vaccine
longevity in older adults [45]. This is well-documented
with influenza A/HIN1 vaccination, where age nega-
tively correlates with humoral immunity [47,48]. Like
any other vaccine, there is accumulating evidence that
immunosenescence could also impact the effectiveness
of COVID-19 mRNA vaccines, and may hence be less
protective to the elderly [49].

Several journal articles reviewed in Table 1, regard-
less of age stratification, reported that younger individ-
uals developed a greater antibody response after
vaccination compared to older individuals [10-15].
Meanwhile, Rios et al. reported no association between
age and antibody response [6]; however, this article
may be limited by the characteristics of its sample. The
study used residents of long-term care facilities, with
variable disability and frailty profiles, who had a mean
age of 82.9 years, with a range of 65-99 years.

Nevertheless, the findings of most of the studies
were consistent with the current knowledge that there
is diminished humoral response among the elderly
(>65 years), owing to qualitative differences in memory
B cells and plasma cells as well as expansion of a pro-
inflammatory subset of B cells [13]. Elderly individuals
were noted to have decreased vaccine-specific antibody
titers, and thus were more likely to be non- or low-res-
ponders [11]. In addition, it was found that the rate of
change of the antibody titer of younger individuals
(<50 years) was significantly lower in comparison to
older participants (>50 years) [15]. This difference in
antibody response was most prominent following the
first dose of COVID-19 mRNA but subsequently
decreased over time, especially after the second
dose [14,15,49].

Interestingly, the relationship between age and IgG
or IgA antibody response was not limited to the elderly.
Individuals across all age groups demonstrated this
trend. Young individuals (12-64 years) consistently pro-
duced increased antibody titers compared to their older
counterparts. This difference was even more pro-
nounced between groups with large age gaps, further
emphasizing the effect of age on antibody
response [10-15].

These differences in antibody response have prac-
tical implications in COVID-19 vaccination programs.
First, they highlight the importance of a second (or
even a third) dose in order to boost the protective
response in older individuals [11]. They also highlight
the need to individualize vaccination programs and cre-
ate strategies to account for possible age-related limita-
tions of COVID-19 vaccination [14].

Sex

Females develop a greater antibody response due to
hormonal differences compared to males, which regu-
lates both adaptive and innate immune responses, with
estradiol and testosterone having enhancing and sup-
pressive effects, respectively [50]. However, levels of sex
hormones change with age. Thus, after menopause, the
drop in estradiol levels enhances immunosenescence



[50]. Studies in childhood vaccination enable research
that focuses on sex-dependent responses aside from
those related to sex hormones that increase after
puberty. Such is the case in studies on measles, mumps,
and rubella (MMR) and diphtheria, pertussis, and tet-
anus (DPT) vaccines [51]. These suggest that genetic
factors may play a role. The X chromosome expresses
more genes, many of which influence immunity. This
includes microRNAs (miRNAs) that are known to modu-
late immunity [51]. Several studies suggest that a simi-
lar trend is also observed among COVID-19 mRNA
vaccines, noting a higher humoral response and
adverse events among women.

Among the articles reviewed in Table 2, two studies
showed a direct relationship between sex and humoral
response. Both studies by Jabal et al. and Pellini et al.
reported that the female sex is generally superior to
male in terms of production of IgG on day 21 and day
28 post-vaccination with Pfizer-BioNTech, respectively
[10,13]. These data further strengthen the previous
studies of Ciarambino et al., which demonstrated that
female sex is associated with generally decreased sus-
ceptibility to viral infections due to protection given by
the X chromosome and/or sex hormones [52].
Specifically, the X chromosome provides females with
greater inflammatory, antiviral, and humoral immune
responses compared to males. In addition, estrogen, a
key hormone in females, plays a significant part in
immune regulation.

Furthermore, studies by Ma et al. showed that estro-
gen can directly inhibit SARS-CoV-2 replication by regu-
lating cell metabolism and maintaining cell integrity
through genetic modification and improving metabolic
function, reducing incidence of SARS-CoV-2 infection
[53]. In contrast, testosterone suppresses immune func-
tions by acting on androgen receptors and immune cell
activity, thereby decreasing inflammation and promot-
ing anti-inflammatory responses. Thus, females have a
baseline physiologic advantage in mounting immune
response compared to males.

Serostatus

Vaccines act by triggering the body’s immune response,
leading to development of humoral and cellular
immune responses [12]. Several studies have provided
evidence that individuals previously infected with
SARS-CoV-2 develop early antibody responses right
after the primary infection, resulting in inter-individual
heterogeneity in post-vaccine immune response
[54,55]. The preservation of B-cell-mediated memory
immunity from patients’ previous SARS-CoV-2 infection
has been theorized to be the primary cause of the
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boost-like immune response after COVID-19 vaccination
in seropositive individuals [10,22].

Publications in Table 3 show a robust and acceler-
ated humoral immune response after the first vaccine
dose. However, results of antibody titers after the
second dose displayed different trends. In three separ-
ate studies, baseline antibody titers of seropositive indi-
viduals were multiple folds higher than of seronegative
subjects after the second vaccine dose [12, 17, 24]. On
the other hand, some publications stated that there
was no significant difference between these two groups
after the second dose [16,19,21]. As a result, different
recommendations can be gathered from different sour-
ces. Kelsen et al. recommended that subjects with prior
COVID-19 may require only a single dose of vaccine
[16]; although, they may eventually need a second dose
when antibody levels decline significantly (i.e. typically,
after 12 months) or when new VBM and VoC, character-
ized by the so-called “escape mutations”, become
endemic. This is in contrast with the recommendation
of Demonbreun et al.,, which state that one vaccine is
not enough to produce strong protection against SARS-
CoV-2 infection among most people previously infected
[56]. Demonbreun et al. reported that the humoral
response of the seropositive group was significantly
lower than the response of the PCR (+) group. The
study defined the seropositive group based on the
presence of anti-RBD IgG antibodies, while participants
who tested positive for SARS-CoV-2 on a clinical
molecular diagnostic test for acute infection any time
prior to vaccination were categorized as recovered
COVID-19 under the PCR (+) group [24]. Yan et al. ela-
borated that difference among anti-SARS-CoV-2 titers
may be attributed to higher initial amounts of viral anti-
gens in cases of severe COVID-19. Higher titers may
also be the result of an excessive immune response,
selective B-cell plasmablast amplification, and enhanced
and prolonged B-cell receptor stimulation in patients
with severe COVID-19 [56].

Therefore, proper clinical investigation is necessary
so that the heightened immune response among sero-
positive individuals may be used to incite strategic
change in vaccine distribution, promoting faster and
improved vaccine allocation, especially to high-risk pop-
ulations [57].

Comorbidities

The review focuses on the comparison between a par-
ticular comorbidity to a control group to emphasize
specifically which patients may be at highest risk of
being low-responders who should be prioritized for
boosters. The presence of comorbidities, such as
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chronic kidney diseases (CKD), diabetes mellitus (DM),
and cardiovascular disease (CVD), is a clinical risk factor
that is significantly associated with poorer prognosis in
patients with COVID-19 [20]. This is greatly attributed to
the disease mechanisms resulting in metabolic disor-
ders that impair lymphocyte and macrophage func-
tions, negatively affecting immune response after
COVID-19 vaccination [58,59].

Additionally, Rios et al. reported that immune
response in the elderly with greater or more severe
comorbidities is blunted by 30% as compared to those
with lesser comorbidities [6]. This further highlights that
increasing age (>60 years) as seen in Table 4, along
with other factors such as sex in Table 2, and stage-spe-
cific severity for each comorbidity [6], collectively
aggravate humoral response post-vaccination [60]. The
following sections outline different comorbidities that
may affect humoral response following COVID-19
mRNA vaccination, as highlighted in Table 4.

Hemodialysis or end-stage renal disease.
Hemodialysis patients (HDPs) have been identified to
be at high-risk of acquiring severe COVID-19 associated
symptoms [61]. Most of these patients develop uremia,
resulting in ineffective leukocyte function, decreased
antigen processing and presentation, and subsequently
disrupted innate and adaptive immune responses [61].
In the event of infection, these patients cannot fully
observe quarantine protocols because of their depend-
encies on dialysis treatments [62]. Studies have shown
that vaccination is the most cost- and resource-effective
preventive measure available [25]. Herein, we tackle the
immunological response of HDPs to mRNA vaccines.
Among five publications that discussed HDPs, only
two studies compared HDPs to controls and both pre-
sented consistent findings that the control group had
higher immune responses compared to HDPs [25,26].
Nonetheless, all five studies reported a response in the
majority of their subjects after two doses of the vaccin-
ation. Frantzen et al. noted that the results go far
beyond the hyporesponsive population [27].
Furthermore, Jahn et al. reported that HDPs under
the age of 60 years responded equally to the control
group [25]. However, a limitation of the study was the
lack of control subjects over the age of 60 years. In a
study by Torreggiani et al., it was found that younger
HDPs (62.31+16.20 years) with lower comorbidity bur-
den were more likely to mount an antibody response
and have higher response compared to older patients
(73.72+£11.18 years) with more comorbidity burden
[29]. This is consistent with the findings of Jahn et al.
comparing the humoral response of HDPs across

different age ranges as presented in Table 4 [25].
Torreggiani et al. raised concerns that after the first vac-
cination only a third of HDPs mounted an immune
response [29]. Goupil et al. also stated that a single
dose failed to elicit humoral response among HDPs
with previous SARS-CoV-2 infection and it was delayed
even in those previously infected [26]. Nevertheless,
Goupil et al. noted that previously infected patients had
higher response compared to the other HDPs.

Overall, there are concerns regarding lower vaccine
efficacy and a shorter period of immunoprotection for
HDPs. Suggestions on adjusting the vaccine dosage for
this group, especially in the elderly population, were
recommended in all studies.

Transplant recipients. Transplant recipients are at
high-risk of infection resulting from induced immuno-
suppression, which is necessary to prevent organ rejec-
tion, and this is compounded by the
immunosuppressive effects of organ failure and chronic
disease [63]. Although vaccination has been used as a
strategy to prevent infection among transplant recipi-
ents, there have been concerns that vaccination may
trigger development of donor-specific anti-human
leukocyte antigen (HLA) antibodies (DSA) and/or allo-
graft rejection [64,65].

It is thought that vaccination could trigger T- and B-
cell responses to vaccine antigens that directly cross-
react with alloantigens, as in the case of viral infections
[66,67]. Furthermore, vaccination can induce cytokine
release that may stimulate previously quiescent allor-
eactive memory responses [37, 68]. Adjuvants in vac-
cines can also lead to nonspecific immunostimulating
effects that could increase rates of rejection and DSA
formation [65,66].

In line with the current pandemic, transplant recipi-
ents are a vulnerable group at higher risk for SARS-CoV-
2 infection with poorer associated outcomes [68]. The
US Centers for Disease Control and Prevention (CDC)
affirmed the safety of the Pfizer-BioNTech and Moderna
vaccines because neither vaccine contains live virus
that could be dangerous to immunocompromised
patients [68]. In this section, we describe humoral
responses of transplant recipients who have received
the mRNA vaccine.

Almost all of the studies reviewed had a mean differ-
ence of 90% between transplant recipients and control
groups [36,38,39]. This is because of blunted immune
response in transplant patients, which is most likely due
to taking immunosuppressive medications. While anti-
body titers may develop, these usually develop late, are
below the protective threshold, and unfortunately



wane faster [67,69]. The observed failure to mount
appreciable antibody immune response in transplant
recipients is consistent with previous findings for other
common vaccines [39]. Identified contributors to mount
a response includes advanced age, need for high dose
of corticosteroids during the past 12 months, mainten-
ance with three immunosuppressive medications, and a
regimen that includes mycophenolate, antimetabolites,
or mTOR inhibitors [39].

Korth et al. proposed that novel vaccination strat-
egies may be needed to address this failure [36]. This
could either indicate the need for more than two
booster doses or a combined scheme with mRNA vac-
cines, protein/subunit vaccines, and vector-based vac-
cines. Longitudinal evaluation may also be needed after
vaccination to learn more about long-term immune
response in this population.

Cancer and autoimmune disease. Cancer, as a Sys-
temic disease, induces functional and compositional
changes to the immune system [70]. Some of these
changes allow cancer cells to avoid destruction by the
immune attack and even support its growth. Studies
indicate that B cells responsible for mediating humoral
immune response promote and support tumor growth
[71]. Depending on the type of cancer, the immunosup-
pressive tumor microenvironment may vary [72]. In
addition, immunosuppression observed among cancer
patients may be attributed to their treatment. Similar to
the type of cancer, different types of treatment cause
different levels of immunosuppression [72]. In a recent
study, a significant portion of patients with cancer
developed proper humoral immune responses after
vaccination [73]. However, recent chemotherapy treat-
ment may be associated with low serologic response
[73]. Similar findings were noted on influenza vacci-
nated patients undergoing chemotherapy compared to
healthy controls [74]. Cancer patients who were vacci-
nated during the early chemotherapy cycle also had
better response compared to those vaccinated later in
the cycle of the treatment [74]. The possible immuno-
suppression in cancer patients receiving the Pfizer-
BioNTech mRNA vaccine was documented by
Herishanu et al, who demonstrated that IgG titers in
patients diagnosed with chronic lymphocytic leukemia
(CLL) were blunted by 80.65% compared to controls
[30]. Moreover, the same pattern of immunosuppres-
sion was reported by Massarweh et al., wherein the IgG
titers of the control group were 68.48% higher than in
cancer patients [32]. Furthermore, similar observations
were noted by Pimpinelli et al. in myeloproliferative
malignancies (MPMs) and multiple myeloma (MM) [31].
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Response in MPM patients was robust, while MM
patients had significantly less response. MM patients
undergoing regimens without daratumumab were asso-
ciated with higher adaptive immune responses. This
may be due to daratumumab’s mechanism of action
that targets CD38 on the population of normal and
tumor plasma cells, thus reducing vaccine immunogen-
icity by direct depletion of antibody producer cells.
Nonetheless, Goshen-Lago et al. noted that while there
was a pronounced lag in antibody production in cancer
cases, seroconversion occurred in most patients after
the second dose [33].

An autoimmune disease is a condition arising from
an abnormal immune system response that mistakenly
attacks healthy cells, tissues, and organs. This immune
malfunction can affect any part of the body, weakening
bodily function that can be potentially fatal [75]. The
cornerstone to management of autoimmune disorders
is the use of immunosuppressive therapies. However,
various immunosuppressive treatments can impact vac-
cine-induced immunogenicity [76]. For instance, Gallo
et al. reported that the geometric mean IgG titer of
patients with multiple sclerosis (pwMS) treated with
ocrelizumab is 97% lower than healthy participants
[35]. However, this study is limited by the small number
of tested patients and the inability to assess their cell-
mediated and innate immune responses. Larger studies
exploring the response to SARS-CoV-2 vaccines in
pwMS treated with anti-CD20 drugs (e.g. rituximab) and
other high efficacy disease-modifying therapies (DMTs)
are necessary to confirm and expand these prelimin-
ary data.

Similarly, Furer et al. reported anti-SARS-CoV-2 S1/S2
IgG titers were 39% lower among participants diag-
nosed with autoimmune inflammatory rheumatic dis-
eases (AlIRD) as compared to healthy controls [34]. Of
note, age may have been a confounding factor that
affected the reported results in this study since the
majority of the AIIRD participants were elderly with a
mean age of 59 years compared to the general popula-
tion control group with a mean age of 50 years. Among
the AIIRD participants, rheumatoid arthritis (RA), anti-
neutrophil cytoplasmic antibody (ANCA)-associated vas-
culitis (AAV), and idiopathic inflammatory myositis (IIM)
were associated with a low humoral response to the
vaccine, which may be partially attributed to their
underlying treatment. Furthermore, data presented in
this study also have important implications for the man-
agement of COVID-19 vaccination in patients with a
wide spectrum of AIIRD. Most immunosuppressive
treatments, including conventional synthetic disease-
modifying antirheumatic drugs (csDMARD:s),
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anticytokine, biologics, and janus kinase inhibitors
(JAKi), can be safely continued without significantly
attenuating vaccine-induced immunogenicity. In con-
trast to the recommendation of the American College
of Rheumatology, this study does not support with-
holding methotrexate (MTX) and JAKi prior to adminis-
tering COVID-19 vaccination [34]. Meanwhile, treatment
with glucocorticoids, rituximab, or abatacept in combin-
ation with MTX and mycophenolate mofetil was associ-
ated with significantly decreased vaccine-induced
immunogenicity. Therefore, timing of vaccination has a
critical role in these cases. If clinically feasible, postpon-
ing administration of rituximab and abatacept, espe-
cially when combined with MTX, could improve
vaccine-induced immunogenicity.

Metabolic derangements and smoking. Metabolic
derangement is an important and prevalent comorbid-
ity that needs to be considered regarding how it affects
immune response. Most metabolic derangements are
associated with high body mass index (BMI) and thus
obesity. A recent review highlighted the effect of meta-
bolic syndromes on immunity, pathogen defense, and
coordination of innate and adaptive responses [77].
Changes in these systems are associated with
decreased immunity from infection, higher risk for com-
plications, and higher rates of vaccine failure [77]. In a
study by Sheridan et al., BMI values correlated positively
with higher initial fold increase in IgG antibodies
detected after trivalent influenza vaccine [78]. However,
12 months after vaccination, subjects with higher BMI
demonstrated a greater decline in antibody titers. The
findings on vaccine failure in relation to BMI and obes-
ity are also noted with mRNA-based vaccines [77]. For
instance, Pellini et al. reported that there is higher anti-
spike S1/S2 1gG production in individuals with lower
BMI (BMI <18.5) as compared to pre-obese (BMI =
25.0-29.9) or obese (BMI >30.0) participants receiving
the Pfizer-BioNTech COVID-19 mRNA vaccine [13].
Furthermore, anti-spike immunoglobulin production
was 71% higher in non-dyslipidemic than dyslipidemic
participants vaccinated with the Pfizer-BioNTech mRNA
vaccine [40]. These findings may be associated with adi-
pokines, cytokine-like hormones released by adipose
tissues that bridge cellular metabolism to immune
responses. In particular, leptin plays an important role
in controlling the interplay between cellular energy
metabolism and regulation of metabolic-immune
responses. Indeed, leptin plays a role in modulating cell
proliferation, responsiveness, and polarization of T cells.
Conversely, leptin promotes B cell homeostasis through
inhibition of apoptosis and induction of cell entry.

Central leptin resistance is the main risk factor for obes-
ity-related acute and chronic diseases. It also plays a
role in dysglycemia, particularly in type 2 DM, as leptin
is a therapeutic target for its impact on food intake,
body weight, and potential to improve insulin
action [79].

Hypertension is related to impaired metabolic
homeostasis and thus is also regarded as a metabolic
disorder [80]. It is important to note that the immune
and autonomic systems play an important role in the
cause of hypertension and other cardiovascular pathol-
ogies [81]. The blunted serologic response noted
among hypertensive patients may actually be rooted in
a dysfunctional immune system [40]. Both Pellini et al.
and Watanabe et al. reported that IgG production
against SARS-CoV-2 in normotensive individuals receiv-
ing the mRNA vaccine is significantly higher than in
hypertensive participants [13,40].

In addition, ample evidence indicates that cigarette
smoking could also affect both innate and adaptive
immunity [79]. Cigarette smoking is known to attenuate
the normal defensive function of the immune system
by affecting nuclear factor-kappa B (NF-xB) and mito-
gen-activated protein kinase (MAPK) signaling, as well
as histone modification epigenetics [79]. As reported by
Watanabe et al., the humoral response of smokers who
received the mRNA vaccine was blunted by 43% as
compared to nonsmokers [40]. Based on these studies,
it is increasingly clear that suboptimal metabolic health
and unhealthy lifestyle practices are associated with
poor vaccine-induced immunogenicity.

Conclusions

Humoral immune response differs in every individual
and is affected by many factors such as age, sex, seros-
tatus, and underlying comorbidities. This systematic
review showed that old individuals (>65 years) produce
lower anti-SARS-CoV-2 antibody levels and are more
likely to be low- or non-responders to Pfizer-BioNTech
mRNA vaccination, especially when combined with
other comorbidities. Interestingly, female sex appears
to be associated with greater antibody production due
to the immunomodulating properties of estrogen and
the X chromosome. Moreover, due to early antibody
response present among seropositive individuals,
higher levels of antibodies were measured post-vaccin-
ation compared to seronegative individuals. Presence
of comorbidities has also shown to correlate with a sig-
nificant decline in antibody production, especially if
present in the elderly population. Hemodialysis, trans-
plantation, cancer and autoimmune diseases, as well as



metabolic derangements and smoking, all demonstrate
a blunted humoral immune response that could be
rooted in a dysfunctional immune system and several
factors such as aging, which serve as a significant
aggravating factor, as well as the use of immunosup-
pressive and antimetabolite medications.

It is worth mentioning that additional mRNA-based
vaccine boosters have already been attempted in some
of these populations of low-responders. While present-
ing a relatively safe reactogenic response comparable
to that seen after the first or second mRNA vaccine
dose [82], the third vaccine dose was found to be
effective in further boosting antibody levels in elderly
people [80], in solid organ transplant recipients [28],
and in patients receiving maintenance hemodialysis or
peritoneal dialysis [83]. The third dose was also effective
in reinforcing immunity against VoC [84]. Irrespective of
the demographic or clinical conditions that would blunt
the anti-SARS-CoV-2 antibody response, the importance
of monitoring humoral immunity seems almost unques-
tionable for prioritizing vaccine boosters, including new
vaccines able to efficiently protect against current and
new SARS-CoV-2 VoC [85]. Their prioritized administra-
tion to especially vulnerable populations could provide
the best compromise between limited vaccine availabil-
ity and the highest clinical efficacy in averting or limit-
ing SARS-CoV-2 infections and/or severe COVID-19 [86].

Recommendations

For future research, further investigation on the correl-
ation of age, sex, serostatus, and comorbidities, as well
as their interdependence, with humoral response is rec-
ommended. In addition, comparison between the level
of humoral response elicited by other SARS-CoV-2
MRNA vaccines, such as Moderna (mRNA 1273), with
Pfizer-BioNTech (mRNA BNT162b2) could also be
explored using these demographic parameters.
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