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Abstract

Background

Cancer patients have an increased risk of a severe COVID-19 infection with higher mortality
rate. This study aimed to analyze the levels of anti-SARS-CoV-2 S-RBD IgG and NAB
among cancer patients who were vaccinated with COVID-19 vaccines, either with
BNT162b2, mRNA-1273, AZD1222/ChAdOx1nCoV-19, or Coronavac/BBIBP-CorV
vaccines.

Method

A cross-sectional study was conducted among subjects with either solid or hematological
cancers who had received two doses of either mRNA or non-mRNA vaccines within 6
months. The levels of anti-SARS-CoV-2 S-RBD IgG and NAb were analyzed using the
Mindray Immunoassay Analyzer CL-900i. Statistical analysis was conducted using mean
comparison and regression analysis.

Result

The mRNA-1273 vaccine had the highest median levels of S-RBD IgG and NAb, followed
by BNT162b, ChAdOx1nCoV-19, and BBIBP-CorV/Coronavac. The levels of S-RBD IgG
and NAb in subjects vaccinated with mRNA vaccines were significantly higher than those of
non-mRNA vaccines when grouped based on their characteristics, including age, type of
cancer, chemotherapy regimen, and comorbidity (p<0.05). Furthermore, the S-RBD IgG
and NAD levels between the subjects vaccinated with non-mRNA vaccines and the subjects
vaccinated with mRNA vaccines were significantly different (p<0.05). However, there was
no significant difference between the same types of vaccines. This study demonstrated a
very strong correlation between the level of S-RBD IgG and the level of NAb (R = 0.962;
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p<0.001). The level of anti-SARS-CoV-2 S-RBD IgG was consistently higher compared to
the level of NAb.

Conclusions

Generally, mRNA vaccines produced significantly higher anti-SARS-CoV-2 S-RBD IgG and
NAD levels than non-mRNA vaccines in cancer subjects.

Introduction

Coronavirus Disease 2019 (COVID-19) is caused by severe acute respiratory syndrome coro-
navirus-2 (SARS-CoV-2), a virus that belongs to the Betacoronavirus genus. COVID-19 is
known to have a wide spectrum of clinical manifestations, ranging from asymptomatic infec-
tion to respiratory failure. Cancer patients are at risk of a more severe COVID-19 infection
with higher mortality rate. The Cancer Consortium Registry (CCC19) stated that the mortality
rate of cancer patients with COVID-19 is 26% higher than the mortality rate of non-cancer
patients with COVID-19. Cancer type, age, performance status, and comorbidities are some of
the factors that may impact the clinical outcome of cancer patients infected with COVID-19
[1-3].

SARS-CoV-2 has several proteins in its outer surface, one of which is the spike (S) protein.
The S protein is a large class I fusion transmembrane homotrimer protein that plays a big role
in viral infectivity [3]. The N-terminal domain (NTD), receptor binding domain (RBD), and
the conserved domains of the S2 subunit are all neutralizing antibody (NAb) epitopes of the S
protein [4]. Through the receptor-binding domain (RBD), which is in the S1 domain of the S
protein, SARS-CoV-2 is able to bind onto angiotensin converting enzyme (ACE)-2 receptor. It
then fuses with the host membranes via the S2 subunit of the S protein which allows the viral
RNA to enter the host cell’s cytoplasm [3]. The S protein also serves as a target for the host’s
immunological response to induce the production of specific antibodies towards SARS-CoV-2.

The world’s vaccine-makers began to focus on the S epitope. Fortunately, the most potently
neutralizing epitope, the RBD of the S epitope, is tremendously conserved and vaccines target-
ing this epitope may be capable to protect against all circulating SARS-CoV-2 strains. Addi-
tionally, vaccinations consistently induced high levels of NAb and IgG in all of the participants
in recent studies [4]. Therefore, the NAb and S-RBD IgG have been widely used in phase I-III
clinical trials COVID-19 vaccines to examine the efficacy, immunogenicity, as well as the opti-
mal vaccine dose [4, 5].

In Indonesia, the most readily available vaccines are BNT162b2 and mRNA-1273, which
are mRNA-based vaccines; AZD1222/ChAdOx1nCoV-19, which is a replication deficient ade-
noviral vector vaccine; and Coronavac/BBIBP-CorV, which is inactivated vaccine. These vac-
cines have been proven to be efficacious in the normal population based on some clinical trials
[4]. However, the efficacy and immunogenicity of these vaccines for cancer patients need fur-
ther investigation. Some studies have shown that cancer patients do not respond as well to
these vaccinations, especially those receiving specific treatment regimens that impair the
immune response [1, 2].

The essential world cancer organizations have recommended the COVID-19 vaccination
for all patients with cancer, including those receiving active anticancer therapy. There is cur-
rently limited data available regarding the immunogenicity of these approved COVID-19 vac-
cines in cancer patients [6-10]. This research aims to evaluate the immune response of cancer
patients towards several COVID-19 vaccines by measuring the levels of anti-SARS-CoV-2
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S-RBD IgG and NAb. This research also aims to compare the S-RBD IgG and NAD levels
between the cancer patients who received mRNA-based vaccines and the cancer patients who
received non-mRNA-based vaccines.

Material & method
Research subjects

This was a multi-center cross-sectional study conducted at Dr. Cipto Mangunkusumo General
Hospital and Pondok Kopi Islamic Hospital. The samples in this study were gathered for 6
months, from October 2021 to March 2022. The subjects were patients diagnosed with either
solid or hematological cancers; aged > 18 years old; had received two doses of COVID-19 vac-
cination; and within 6 months after completing two-doses of vaccination. Patients who already
had their COVID-19 vaccine boosters were excluded.

Sample collection and processing

Approximately 3 ml of venous blood sample was drawn and centrifuged at 4000 rpm for 10
minutes. The serum was then harvested and stored at -20°C for storage. The serum was exam-
ined by Chemiluminescent immunoassay or CLIA method to measure the levels of anti-
SARS-CoV-2 S-RBD IgG antibody (S-RBD IgG) and anti-SARS-CoV-2 neutralizing antibody
(NAb) using the Mindray immunoassay analyzer CL-900i. The results of both S-RBD IgG and
NAD are measured in AU/mL. According to the assay manufacturer, the cut-off values for
both SARS-CoV-2 NAb and S-RBD IgG seropositivity were >10 AU/mL.

Statistical analysis

Subject characteristics are then presented in a table. The averages of numeric variables that are
normally distributed were presented in the form of a mean and standard deviation (SD),
whereas those that are not normally distributed were presented as a median and interquartile
range (IQR). Significant differences between the means of two groups were analyzed using the
independent-sample T test (for parametric data) or using the Mann-Whitney U test (for non-
parametric data). One-Way ANOVA and post hoc test were done to compare significant dif-
ferences between the means of antibody levels for each vaccine with a post hoc analysis using
the Hochberg test. Afterward, a bivariate correlation analysis was measured between IgG and
NAD using Kendall’s regression analysis.

Ethical approval

Ethical approval for this study was granted by The Ethics Committee of The Faculty of Medi-
cine, Universitas Indonesia (ethical approval number: KET-999/UN2.F1/ETIK/PPM.00.02/
2021). This research was performed in accordance with the Declaration of Helsinki. Written
informed consent was obtained from all subjects involved in the study.

Results

A total of 119 patients were included in this study. All subjects had received two doses of either
BNT162b2, mRNA-1273, AZD1222/ChAdOx1nCoV-19, or Coronavac/BBIBP-CorV vaccines
without boosters. The majority of the participants were female (86.6%).

About 92.4% of the participants had solid organ cancer, which comprises gynecological,
breast, lung, prostate, pancreatic, head and neck, brain, colorectal, kidney, and testicular
malignancies. Only 7.6% of the subjects had hematologic malignancies, consisting of leukemia
and lymphoma (Table 1).
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Table 1. Subject characteristics.

Characteristics N (119)
Sex, N(%)
Male 16 (13.4)
Female 103 (86.6)
Age, N(%)
<60 99 (83.2)
> 60 20 (16.8)
Cancer group, N(%)
Solid 110 (92.4)
Non-solid 9(7.6)
History of COVID-19 infection, N(%)
Yes 27 (22.7)
No 92 (77.3)
Vaccine, N(%)
BNT162b2 32(26.9)
mRNA-1273 15 (12.6)
AZD1222/ChAdOx1nCoV-19 19 (16)
Coronavac/BBIBP-CorV 53 (44.5)
Vaccine type
mRNA vaccine 47 (39.5)
Non-mRNA vaccine 72 (60.5)
Chemotherapy, N(%) 96 (80.7)
Single agent 28 (29.1)
Combination 45 (46.9)
No data 23 (23.9)
Time since last chemotherapy, N(%)
< 6 months 29 (24.4)
> 6 months 67 (56.3)
Comorbidities
No 82 (68.9)
Yes 37 (31.1)

Anti-SARS-CoV-2 antibody level (AU/mL)

S-RBD IgG, median [IQR]

270.56 [658.01]

NAD, median [IQR]

129.03 [225.61]

Seroconversion S-RBD IgG, N(%) 111 (93.3)
mRNA, N = 47 45 (95.7)
Non-MRNA, N =72 66 (91.7)
Seroconversion NAb, N(%) 112 (94.1)
mRNA, N = 47 46 (97.9)
Non-mRNA, N =72 66 (91.7)

Abbreviation: S-RBD IgG, spike protein’s receptor-binding domain immunoglobulin G; NAb, neutralizing antibody;

IQR, interquartile range; SD, standard deviation

https://doi.org/10.1371/journal.pone.0281907.t001

About 80.7% of the subjects received systemic chemotherapy, either exclusively or with
concurrent radiotherapy. Chemotherapy regimens include hormonal therapies, anthracycline-
based chemotherapy, taxane-based chemotherapy, alkylating agents, antimetabolite drugs,
kinase inhibitors and topoisomerase inhibitors, monoclonal antibodies, vinca alkaloids, and
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Fig 1. The Box Plot of NAb and S-RBD IgG level in logX(AU/mL) grouped by the vaccine types and cumulatively. The cut-off value for NAb and S-RBD
IgG seroconversion is 10 AU/mL, which means that any data greater than or equal to log10 or 1 in the graph above achieves seropositive conversion.

https://doi.org/10.1371/journal.pone.0281907.9001

steroids. These agents are either used exclusively or in combinations based on the National
Comprehensive Cancer Network (NCCN) guidelines [11]. Subjects who had a history of myo-
cardial infarction, congestive heart failure, peripheral vascular disease, stroke or transient
ischaemic index, chronic obstructive pulmonary disease, connective tissue disease, peptic
ulcer, liver disease, diabetes mellitus, and chronic kidney disease are considered to have
comorbidities according to the Charlson Comorbidity Index (CCI) [12].

As observed in Table 1 and Fig 1, the level of S-RBD IgG was consistently higher than the level
of NAb. The levels of S-RBD IgG and NAb were also consistently higher among subjects vacci-
nated with mRNA vaccines than subjects vaccinated with non-mRNA vaccines. The seropositiv-
ity rate of both S-RBD IgG and NAb in subjects vaccinated with mRNA vaccines was higher than
the seropositivity rate of S-RBD IgG in subjects vaccinated with non-mRNA vaccines.

In Table 2, there was a significant difference in S-RBD IgG levels between the four different
vaccines. The NAD also showed a significant difference between the four different vaccines.
The levels of S-RBD IgG and NAb are higher among the subjects vaccinated with mRNA vac-
cine when compared to the subjects vaccinated with non-mRNA vaccine (p< 0.001).

In Fig 2, Horchberg GT2 post hoc analysis revealed that there’ significant difference in
S-RBD IgG and NAD levels between non-mRNA-based vaccines (Coronavac/BBIBP-CorV
and ChAdOx1nCoV-19) and mRNA-based vaccines (BNT162b2 and mRNA-1273) (p<0.05).
However, there was no significant difference between the same types of vaccines (BNT162b2
vs. mRNA-1273; and Coronavac/BBIBP-CorV vs. ChAdOx1nCoV-19) (Fig 2).

We also aimed to determine whether S-RBD IgG could be used as a proxy for NAb. As
shown in Fig 3, the correlation between the levels of S-RBD IgG and NAb in both the total and
the groupings based on the vaccine types (nRNA vaccines and non-mRNA vaccines) was very
strong (R = 0.962; p<0.001). Both of the mRNA and non-mRNA vaccines had very strong cor-
relations between the levels of S-RBD IgG and NAb (R = 0.941, p<0.001; R = 0.951, p<0.001,
respectively).
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Table 2. Anti-SARS-CoV-2 S-RBD IgG antibody and anti-SARS-CoV-2 NAbD levels.

Vaccine Type S-RBD IgG (n = 119) (Median [IQR]) in NAD (n = 119) (Median [IQR]) in
AU/mL AU/mL
Based on the vaccine type
mRNA 725.24 [3132.09] 232.70 [1143.19]
Non-mRNA 102.78 [284.53] 33.45 [132.18]
p value* <0.001** <0.001"
Based on the vaccine
BNT162b2 693 [3380.73] 224.68 [1717.37]
mRNA-1273 1441.10 [2010.76] 361.31 [893.67]
AZD1222/ChAdOx1nCoV- 227.35 [451.68] 120.44 [175.99]
19
Coronavac / BBIBP-CorV 77.10 [223.13] 24.72 [115.23]
p value* <0.001"" <0.001"""

*Paired t-test with transformation

**Independent t-test with transformation

“Mann-Whitney test

**ANOVA test with transformation

*"*Kruskal-Wallis test

Abbreviation: S-RBD IgG, spike protein’s receptor-binding domain immunoglobulin G; NAb, neutralizing antibody;

IQR, interquartile range; SD, standard deviation. The value in bold denotes statistical significance.

https://doi.org/10.1371/journal.pone.0281907.t1002

From Table 3, we could see that in this study, subjects who received mRNA-based vaccines
were able to produce higher S-RBD IgG and NAD levels compared to the subjects who received
non-mRNA-based vaccines in almost every subgroup. However, there was no significant dif-
ference in the levels of S-RBD IgG and NAD in subjects over 60 years old and subjects whose
last chemotherapy regimen was within 6 months of this study.

However, cancer patients who had a history of COVID-19 infection developed a signifi-
cantly higher antibody level for both mRNA and non-mRNA vaccines than non-infected sub-
jects (Table 3). As a result, we excluded subjects who had a prior COVID-19 infection
(Table 4). As can be seen in Table 4, mRNA-based vaccines produce higher S-RBD IgG and
NAD levels compared to non-mRNA-based vaccines in almost every subgroup. The level of
anti-SARS-CoV-2 NAb showed a significant difference between the mRNA and non-mRNA
vaccines in subjects older than 60 years old. The level of anti-SARS-CoV-2 S-RBD IgG and
NAD antibodies showed no such significant difference in subjects with hematologic cancer.
Both anti-SARS-CoV-2 S-RBD IgG and NAb demonstrated a significant difference in subjects
whose time since their last chemotherapy was less than 6 months.

As can be seen in Fig 4, the level of anti-SARS-CoV-2 S-RBD IgG demonstrated a very
strong correlation with NAb in almost each cancer subject’s characteristics received inacti-
vated vaccines.

Discussion

In this research, we found that the median level of S-RBD IgG was consistently higher in all
vaccines compared to NAb (Fig 1 and Table 1). This might be caused by the nature of the pro-
duction of these antibodies. SARS-CoV-2 infection might also induce long-lived memory T-
cells, memory B-cells, and mucosal-homing IgA plasmablasts [4, 13-15]. This is achieved
through a long immune cascade elicited by an epitope held by the virus itself. Several known
epitopes are the receptor binding domain (RBD), the N-terminal domain (NTD), and parts of
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Fig 2. Horchberg’s GT2 post hoc multiple comparison tests of S-RBD IgG and NAD levels between vaccines. The blue line illustrates the S-RBD IgG
significance between the vaccines, whereas the orange line illustrates the NADb significance. The continuous lines indicate a significant association, whereas the
dashed lines illustrate the absence of a significant association. The sparser the line is, the less significant the association is.

https://doi.org/10.1371/journal.pone.0281907.9002

the S2 subunit, all of which are parts of the S protein [4, 16, 17]. It was found that the strongest
neutralizing epitope was the S-RBD, which was tremendously conserved in all strains of
SARS-CoV-2, making it an ideal target for vaccine development [4].

The subjects who received mRNA-1273 and BNT162b2 vaccines in our study also had
lower IgG levels compared to the subjects reported by Thakkar et al. (1441.10 [2010.76] vs.
11,963 [18,742] AU/mL and 224.68 [1717.37] AU/mL vs. 5,173 [16,699] AU/mL. However,
Thakkar et al. performed the evaluation approximately 30 days after the complete vaccination
dose. Their study also found statistically significant association between the time from vaccina-
tion until IgG testing and antibody levels [1]. Therefore, the NCCN recommends that cancer
patients should receive the third dose of their primary vaccination series and an additional 2
booster doses because the anti-SARS-CoV-2 S-RBD IgG and NAD decrease gradually over
time even after the second dose of COVID-19 vaccination [9].

In this study, when compared between the vaccine types, the subjects who received mRNA-
based vaccine had significantly higher levels of S-RBD IgG and NAb compared to the subjects
who received non-mRNA-based vaccine (Table 2). The subjects vaccinated with mRNA-1273
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had the highest levels of S-RBD IgG and NAb, followed by subjects vaccinated with
BNT162b2, ChAdOx1nCoV-19, and BBIBP-CorV/Coronavac.

Subjects who received Coronavac/BBIBP-CorV develop a lower titer of anti-SARS-CoV-
2-RBD IgG and Nab compared to mRNA vaccines and AZD1222/ChAdOx1nCoV-19 vaccine.
Inactivated-based vaccines work traditionally by activating APCs, which then induce CD4 T-
cells in the presence of IFN- v, resulting in the secretion of antibodies by B lymphocytes and
the activation of CD8 T-cells, which lead to the apoptotic of infected cells.[18, 19] T-cell
responses are essential to eliminate infected cells. CD4+ cells are crucial for B cell differentia-
tion and the production of high-affinity antibodies in the germinal centers of secondary lym-
phoid organs [20]. The main outcome of the inactivated vaccine immunogenicity was the
humoral immune response [21]. The T-cell responses induced by inactivated vaccines are
poor and have been much less well studied than antibody-mediated immunity [22]. In contrast
with mRNA and viral vector vaccines, which produce robust T cell and humoral immune
responses following vaccination [20].

Several tremendous strategies have been designed for the mRNA vaccine. First, the 5’-cap-
ping is crucial to prevent exonuclease activity from degrading the mRNA, provide efficient
pre-mRNA splicing, and provide a binding site for eIF4F, a component of the heterodimeric
translation initiation complex [23-27]. Second, modifying the nucleosides in mRNA

PLOS ONE | https://doi.org/10.1371/journal.pone.0281907 March 1, 2023 8/20


https://doi.org/10.1371/journal.pone.0281907.g003
https://doi.org/10.1371/journal.pone.0281907

PLOS ONE

COVID-19 vaccines and cancer patients

Table 3. Anti-SARS-CoV-2 antibody level comparison based on subject characteristics.

Characteristics S-RBD IgG NADb
mRNA Non-mRNA p-value mRNA Non-mRNA p-value
mean+SD or median[IQR] mean+SD or median mean +SD or median[IQR] mean +SD or median
in AU/mL [IQR] in AU/mL in AU/mL [IQR] in AU/mL
Age
<60, N=99 752.24 [3152.92] (N = 41) 104.46 [265.01] (N = 58) <0.001* 299.65 [1288.85] (N = 41) 33.45[128.11] (N=58) | <0.001"
> =60,N =20 1240.75 + 1656.41 (N=6) | 102.45[352.24] (N=14) | 0.252" 141.82 [1359.33] (N = 6) 46.24 [166.10] (N =20) | 0.124°
p-value 0.293° 0.723" 0.264" 0.754°
Cancer Type
Hematologic, N =9 2245.63 + 2145.41 (N = 6) 5.18 +3.59 (N = 3) <0.001 1255.56 + 1535.98 (N = 6) 6.96 + 3.5 (N = 3) <0.001
Solid, N =110 752.24 [2540.21] (N = 41) 106.11 [296.66] {N = 69) | <0.001° 226.27 [1028.91] (N = 41) 35.42 [134.94] (N=69) | <0.001"
p-value 0.864° <0.001° 0.736" <0.001*
Prior COVID-19
infection
Yes, N =27 3680.72 + 2750.07 (N = 11) 283.96 [638.12] (N = 16) <0.001° 2200.85 + 1598.99 (N =11) 153.37 [229.09] (N = 16) | <0.001*
No, N =92 617.24 [8.08] (N = 36) 83.21[229.71] (N=56) | <0.001° 200.01 [336.31] (N = 36) 25.20 [109.96] (N = 56) | <0.001°
p-value 0.005¢ 0.002° 0.002° <0.001°*
Chemotherapy
Yes, N =96 637.20 [2267.51] (N = 39) 102.13 [307.84] (N = 57) <0.001° 216.65 [921.92] (N = 39) 26.88 [139.43] (N =57) | <0.001"
No, N =23 3213.11 + 3175.92 (N = 8) 157.11 [294.50] (N = 15) | <0.001° 1064.29 [3293.71] (N = 8) 70.32 [111.69] (N=15) | <0.001°
p-value 0.108° 0.597° 0.135" 0.537°
Chemotherapy
regimen
Single agent, N = 28 662.13 [3050.36] (N = 13) 77.23 [92.50] (N = 15) <0.001° 229.65 [732.98] (N = 13) 26.88 [38.58] (N =13) <0.001°
Combination, N=45 | 456.89 [1381/18] (N=19) | 148.74[380.05] (N =26) | 0.002" 169.96 [559.35] (N = 19) 67.07 [147.68] (N =26) | 0.002°
No data, N = 46
p-value 0.173° 0.267° 0.299° 0.214°
Time since last
chemotherapy
< 6 months, N = 29 556.64 [1413.67] 166.71 [465.84] 0.120%+* 190.72 [322.86] 64.48 [204.71] 0.055"
> 6 months, N = 67 1490.72 [4266.80] 89.23 [242.30] <0.001° 412.57 [1302.20] 26.26 [124.44] <0.001°
p-value 0.109* 0.988° 0.121° 0.97¢
History of
comorbidities
Yes, N =37 1579.98 [3858.00] (11) 96.00 [237.25] (26) <0.001° 527.29 [3152.86] (11) 32.27 [118.11] (26) <0.001°
No, N = 82 649.67 [2763.25] (36) 109.28 [369.34] (46) | <0.001>** 215.40 [930.93] (36) 34.96 [153.57] (46) <0.001°
p-value 0.815" 0.708" 0.307° 0.65"

* 1 dataset was ignored due to being an outlier that challenge the normality of the data

** 2 dataset was ignored due to being an outlier that challenge the normality of the data
*Tested using Mann-Whitney U test

PTested using t-test after data transformation into logX

“Tested using t-test after data transformation into (logX)*

dTested using t-test after data transformation into -1/y/X

Abbreviation: S-RBD IgG, spike protein’s receptor-binding domain immunoglobulin G; NAb, neutralizing antibody; IQR, interquartile range; SD, standard deviation.

https://doi.org/10.1371/journal.pone.0281907.t003

molecules can prevent the Toll-like receptors (TLRs) from recognizing RNA. Therefore, the
RNA stability is improved by the nucleoside alterations [23, 28, 29]. Third, codon optimization
improves translation efficiency, protein folding, and mRNA abundance. Codon optimization
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Table 4. Anti-SARS-CoV-2 antibody level comparison based on subject characteristics after exclusion of subjects with prior COVID-19 infection.

S-RBD IgG NAB
mRNA Non-mRNA p-value mRNA Non-mRNA p-value
Mean =SD or median Mean +SD or median Mean +SD or median Mean + SD or median
[IQR] in AU/mL [IQR] in AU/mL [IQR] in AU/mL [IQR] in AU/mL

Cummulative, N = 92 617.24 [1338.08] (N = 36) 83.31[229.71] (N =56) | <0.001c | 200.01 [336.21] (N = 36) 25.19 [109.96] (N =56) | <0.001a
Age
<60,N=77 617.24 [1235.02] (N =30) | 85.12[230.21] (N=47) |<0.001b| 208.70 [303.82] (N=30) | 24.72[114.38] (N=47) | <0.001a
>60,N =15 560.49 [2370.72] (N = 6) 134.53+17270(N=9) | 0.134b | 141.82[1359.33] (N =6) 26.88 [81.96] (N =9) 0.045b
p-value 0.268b 0.346b 0.612b 0.514e
Cancer Type
Hematologic N = 7 2331.72 +2512.72 (N =4) 5.18+3.59 (N = 3) 0.161 1309.72 + 1885.10 (N = 4) 6.96 £ 3.50 (N = 3) 0.289
Solid N = 85 617.24 [1198.76] (N = 32) 89.23 [235.06] (N =53) | <0.001b | 200.01 [284.53] (N = 32) 26.26 [112.20] (N =53) | <0.001a
p-value 0.555b <0.001b 0.649b 0.002a
Chemotherapy
Yes, N =76 1375.30 [3621.83] (N = 30) | 141.77 [233.35] (N =46) | <0.001b | 380.00 [2031.92] (N = 30) 52.41[110.09] (N =46) | <0.001b
No, N =16 1406.69 + 2134.89 (N =6) | 201.97 £+ 351.91 (N = 10) 0.005 183.10 [284.07] (N = 6) 94.07 +210.43 (N =10) | <0.001a
p-value 0.212¢ 0.469b 0.174b 0.264e
Chemotherapy regimen
Single agent, N = 22 646.45 [2010.76] (N = 11) 67.23 [94.85] (N =11) <0.001b | 226.72 [566.40] (N =11) 24.72 [25.41] (N =11) <0.001b
Combination, N = 35 433.68 [42221] (N=14) | 102.13[252.31] (N=21) | 0.003c | 155.84[163.17)(N=14) | 26.26[107.24] (N=21) | 0.005b
Received no chemotherapy,
N=16
p-value 0.065¢ 0.489b 0.102b 0.459b
Time since last
chemotherapy
< 6 months, N =22 456.89 [501.01] (N =13) 67.23 [246.61] (N =9) 0.037¢ 168.34 +120.25 (N = 13) 24.72 [120.95] (N =9) 0.036a
> 6 months, N = 54 2066.72 + 2644.02 (N =17) | 215.93 + 383.43 (N = 37) 0.011 216.65 [759.81] (N = 17) 22.20[106.78] (N =37) | <0.001e
Received no chemotherapy,
N=16
p-value 0.031c 0.442b 0.137a 0.567¢
History of comorbidities
Yes, N =31 725.24 [4515.25] (N =9) 96.02 [238.50] (N = 22) 0.001b 232.70 [3129.49] (N = 9) 30.90 [118.11] (N =22) | <0.001b
No, N =61 596.94 [1274.69](N = 27) 66.33 [228.83] (N =34) | <0.001c 190.72 [304.47](N = 27) 23.69 [107.91] (N =34) | <0.001e
p-value 0.282¢ 0.627b 0.187b 0.588e
Days from Second
Vaccination to Screening
<90 days 641.83 [1648.90] (N =30) | 240.88 +228.85(N=12) | 0.002c 209.95 [425.38] (N = 30) 82.23 [162.56] (N = 12) 0.003b
>90 days 365.02 + 2200.78 (N = 6) 70.20 [170.56] (N = 44) 0.022b 119.05 + 90.04 (N = 6) 21.81[81.82] (N =44) 0.049¢
p-value 0.129¢ 0.240b 0.090b 0.128e

* 1 dataset was ignored due to being an outlier that challenge the normality of the data

** 2 dataset was ignored due to being an outlier that challenge the normality of the data

*Tested using Mann-Whitney U test
® Tested using t-test after data transformation into logX

“Tested using t-test after data transformation into (logX)*

dTested using t-test after data transformation into -1/4/X

“dTested using t-test after data transformation into log(logx)

https://doi.org/10.1371/journal.pone.0281907.t1004

is critical for mRNA stability because the rate of codon-dependent translation elongation has
been identified as a primary factor of mRNA stability [23, 30]. Fourth, the lipofectin-based
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Fig 4. The scatter plots of S-RBD IgG in logX (AU/mL) by NAb in logX (AU/mL) in each subject’s characteristics who received BBIBP-CorV/Coronavac
vaccines. (A) cumulative; (B) subjects less than 60 years old; (C) subjects over 60 years old; (D) subjects with hematologic cancer; (E) subjects with solid cancer;
(F) subjects treated without chemotherapy; (G) subjects treated with chemotherapy; (H) subjects received single agent chemotherapy; (I) subjects received
combination chemotherapy regimens; (J) subjects without a history of comorbidity; (K) subjects with a history of comorbidity; (L) time since last
chemotherapy <6 months; (M) time since last chemotherapy >6 months. * Analyzed by Pearson correlation test after transformation into logX (AU/mL).

** Analyzed by Kendall correlation test. *** Analyzed by Pearson correlation test. Abbreviation: S-RBD IgG, antibodies against receptor-binding domain of
SARS-CoV-2 spike protein; NAb, neutralizing antibody.

https://doi.org/10.1371/journal.pone.0281907.9004

carriers enhance the mRNA transport into target cells as well as protect the mRNA from
RNase [23, 31, 32].

Furthermore, the mRNA vaccine also has a strategy that will induce more robust cellular
expression of S via major histocompatibility complex (MHC) class I. The BNT162b1 vaccine
optimizes their immunogenicity by encoding the trimerized RBD and producing stronger cel-
lular immunity such as CD4+ and CD8+ T-cells. The mRNA-1273 vaccines, aside from induc-
ing a robust CD8+ T-cell response, they also maintain the balance between the T helper type I
(Thl) and T helper type II (Th2) responses [4, 33-35].

Those beneficial mechanisms made mRNA vaccines have a special strength, as it has been
reported that they can stimulate not only humoral adaptive responses, but also cellular adap-
tive responses, including the activation of T helper cells and cytolytic T lymphocytes. There-
fore, the diversity in vaccine design as well as the laboratory-proven potential to generate
higher levels of S-RBD IgG and NAb make the mRNA vaccines hailed as the most promising
vaccine candidates in the battle against the COVID-19 pandemic [23].
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In viral vector-based vaccines, the vaccine particles will be identified by the innate immune
response. Then, the APCs will interact with the MHC I and II molecules. These interactions
activate the CD4 T-cells and the CD8 T-cells to produce IL2, IL12, TGF, and IFN-y cytokines.
Furthermore, the CD8 T-cells become memory T-cells. The Th2 then interact with the MHC
IT receptors on the surface of the B-cells, leading them to produce IL4, IL5, IL6, IL10, and
TGEF-B to stimulate B-cells activation and differentiation into plasma cells and memory B-cells.
The plasma cell produces NAbs that are responsible for clearing the infection [36-39].

As can be observed in Fig 2, both the levels of S-RBD IgG and NADb show a significant dif-
ference between mRNA and non-mRNA-based vaccines. Several studies reported that the
NAb contracted faster and earlier than the IgG. However, IgG levels reach a higher peak and
have a longer lifespan than NAb [40-43]. A cohort study that was conducted by Terpos et al.
showed that up to 6 months post-symptom onset (PSO), the estimated half-life for the S-RBD
IgG and NAD were 62 and 47 days, respectively. After 6 months of infection, the estimated
half-life for the S-RBD IgG and NAb were declining to 212 and 27 days, respectively [42]. A
systematic review by Post et al. revealed that the IgG levels peaked 3-7 weeks post symptom
onset, then plateaued and remained stable for at least 8 weeks [43].

The binding of NAD to the ACE-2 binding site on the RBD inhibits viral entry [3]. A study
by Barnes et al. divided the NAb structure into several categories. First, the NAb that is gener-
ated by the VH3-53 gene section with short CDRH3 loops that bind exclusively to “up” RBDs
and inhibit ACE-2; second, the NAb that inhibits the ACE-2 receptor and binds both “up” and
“down” RBDs, as well as the adjacent RBD [44-46]; third, the NAb that identifies “up” and
“down” RBD and binds outside the ACE-2 site; fourth, the antibody previously described that
binds selectively to “up” RBD and does not inhibit the ACE-2 receptor [44, 47]. Category 2
consisted of four NAbs with RBD-bridging epitopes, including a VH3-53 antibody that
spanned between two down RBDs using an extensive CDRH3 with a hydrophobic tip that pre-
served the spike in a closed configuration. The structures indicate an abundance of unexpected
interactions between the NAb and the spike protein, most notably the antibody that has been
identified to reach over adjacent RBD on the protomer of a single trimer. Additionally, the crys-
tal structures of Fab-monomeric RBD complexes are beneficial for identifying the flexible "up"
or "down" RBD configurations on the spike trimer that are targeted for neutralization [44].

Furthermore, not all antibodies are NAbs. Some are classified as binding antibodies. anti-
SARS-CoV 2 was divided into NAb and non-neutralizing antibody (non-NAb) based on its
effect. NAD is an antibody that inhibits the binding between pathogen and host (neutraliza-
tion). NAb mainly refers to the receptor binding domain of S-protein (S-RBD), which prevents
the binding of subunit to ACE-2 receptor [3, 48]. The term “neutralizing” refers to the anti-
bodies’ ability to inhibit the initial pathogenic step by itself, making it crucial to achieve protec-
tion against SARS-CoV-2 [49]. Neutralization by NAbs can be achieved before the pathogen
attachment to the host cells (by aggregation, immobilization, or destabilization), during the
interference with the pathogen attachment (by physically blocking viral fusion to target cells),
and during the post-attachment neutralization (inhibition of fusion and other steps) [3, 50-53].
Antibodies may also interact with some immune components and activate a complement cas-
cade, which stimulates other immune responses such as cell lysis, lymphocyte recruitment, and
antigen internalization. This leads to antibody-mediated pathogen clearance [3, 54]. Immuno-
globulin (Ig) is a class of antibodies that comprises of IgA, IgM, and IgG, which has a role in
neutralizing SARS-CoV-2. However, the maximum neutralization activity against SARS-CoV-2
is only accomplished when all three immunoglobulin classes (IgG, IgM, and IgA) are detected
3, 55].

As can be observed in Figs 3 and 4, the strong correlation between NAb and S-RBD IgG in
inactivated, mRNA, and non-mRNA-based-vaccines has indicated that when the NAb cannot
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be detected, the S-RBD IgG can be detected instead. This is due to the synergetic characteristic
of the S-RBD IgG that will also be in the high level as does NAb. However, when the IgG level
is high, the NAD level may not also be high due to the maximum neutralization that has not
been achieved by the increase in the IgG alone [3, 56-58].

A study by Ju et al. supports the findings of our data and concluded that the competition
between NAb and ACE-2 may be a stronger indicator for the efficacy of virus-neutralizing
antibodies than for the binding affinity. Therefore, inhibiting the interaction between RBD
and ACE-2 receptor may serve as a suitable surrogate for neutralization. The anti-RBD anti-
bodies are indicated to be predominantly viral species-specific inhibitors due to the crystal
structure of RBD-bound antibody impeding the RBD’s binding to ACE-2, thus blocking the
viral binding and entry [3, 58, 59]. This finding and explanation could be the answer to the
unclear correlation between NADb and S-RBD IgG.

In this study, subjects less than 60 years old vaccinated with mRNA-based vaccines had the
capability to produce higher S-RBD IgG and NAD levels compared to the subjects vaccinated
with non-mRNA-based vaccines (Table 4). In subjects older than 60 years, the NAb was found
to be significantly higher in mRNA group compared to non-mRNA group. However, there
was no significant difference in the S-RBD IgG level in subjects over 60 years old. Evidence
revealed that the S-RBD IgG level had higher sensitivity and specificity than NAb in evaluating
the efficacy of COVID-19 vaccines [60]. These findings revealed that patients over the age of
60 had a poorer immune response to the vaccine than patients under the age of 60. Xia et al.
found that the level of NAb in subjects over the age of 60 was lower than in people under the
age of 60 [61].

Immunological system aging, or immunosenescence, is associated with a loss in immune
function and prolonged activation of inflammation, which increase the vulnerability to viruses
and decrease the responses to vaccination. Over time, aging also causes a gradual reduction of
T-cells. The involution of the thymus is associated with alterations in the ratio of naive T-cells
to memory T-cells, which results in a greater proportion of memory T-cells in elderly people
[62-65]. While T-cells tend to experience more extensive alterations as they age whereas B-
cells only undergo gradual alterations as they age [66, 67]. The overall amount of B-cells
decreases gradually with age, both in the periphery and bone marrow [62, 68].

In subjects with solid malignancies, the levels of S-RBD IgG and NAb antibodies were sta-
tistically significantly higher in the subjects receiving the mRNA vaccines compared to non-
mRNA vaccines (Table 4). However, the levels of S-RBD IgG and NAb showed no significant
differences among subjects with hematologic malignancies. Thakkar et al. revealed that sub-
jects with hematologic malignancies had a significantly lower seropositivity rate compared to
the subjects with solid tumors (85% vs. 98%, p = 0.001). They also reported that the IgG levels
were significantly lower in the subjects with hematologic malignancies compared to the sub-
jects with solid tumors (7,858 AU/mL, SD 18,103 vs. 2,528 AU/mL, SD 12,338, p = 0.013) [1].
Therefore, patients with hematologic cancers had higher immunosuppression conditions due
to their immune system impairment, intrinsic frailty, or cancer therapies that can lead to sig-
nificant lymphodepletion and myelosuppression. These conditions also led to a worse immune
response to vaccination and increased the morbidity and mortality rate. As a result, individuals
with haematological malignancies remain a high-risk population until the efficacious vaccines
are invented [69-72].

In Table 4, three subjects with hematologic cancer showed no response to non-mRNA vac-
cines. They were the same subjects who received B-cell depleting therapy (rituximab). There is
evidence that B cell-depleting therapy with rituximab (RTX) affects the humoral immune
response after vaccination [73]. In a cohort study of subjects with hematologic and solid malig-
nancies, those who received anti-CD20 therapy developed no antibody response. A
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longitudinal study of anti-spike revealed that B-cell targeted therapies were associated with
reduced peak and sustained antibody responses [74]. In response to specific stimuli, B cells
have the potential to regulate CD8+ T cell responses. Depletion of B cells decreases the efficacy
of the cellular response, which includes cytotoxic T cells [75]. B cells play an important role in
the development of humoral immunity. Mrak et al. found that the S-RBD antibody correlates
with the number of B cells in the peripheral blood, implying that the presence of B cells is
required for mounting a humoral response. SARS-CoV-2 RBD-specific antibodies showed a
strong correlation with neutralizing activity, providing evidence for a protective antibody
response. Their findings concluded that peripheral B cells are essential for both the quality and
quantity of the humoral response following COVID-19 vaccination. Non-seroconverted
patients have impaired humoral immunity due to the lack of peripheral B cells [73].

This research also demonstrated that the subjects with either single or combination chemo-
therapy vaccinated with mRNA vaccine also had greater levels of NAb and S-RBD IgG com-
pared to the subjects with non-mRNA vaccines (Table 4). There is a concern that the cytotoxic
chemotherapy will reduce the efficacy of SARS-CoV-2 vaccines in eliciting the humoral
immune response due to these drugs affecting the bone marrow and suppresses the immune
system. Interestingly, multiple studies revealed that cancer patients receiving chemotherapy
had lower antibody titers compared to healthy subjects [76-79]. Cytotoxic chemotherapy can
alter the DNA synthesis, replication, and cell cycle progression of rapidly proliferating lym-
phocytes upon immunological activation.[69, 80]. However, in this study, the COVID-19 vac-
cines were proven to be efficacious among the cancer patients treated with either single or
combination chemotherapy (Table 4).

Subjects who received COVID-19 vaccination with the last time chemotherapy < 6 months
and > 6 months showed no such significant difference in S-RBD IgG and NAb levels. The
optimal timing of vaccine administration for patients who received chemotherapy has not
been established by the guideline yet. Some recommendations in certain circumstances were
established. Patients already on cytotoxic chemotherapy recommended to get vaccines in
between chemotherapy cycles. Patients completing cytotoxic therapy recommended to be vac-
cinated after therapy is completed. Further studies are required to fill these gaps and larger
studies that include cancer patients are warranted to have a better understanding of the opti-
mal timing of the vaccinees in cancer patients [81].

Aditionally, in this study, the levels of NAb and S-RBD IgG were not significantly different
between patients with and without comorbidities. This finding was in line with a study by
Dundar et al., which showed there was no significant correlation between comorbidities and
antibody levels post COVID-19 vaccinations [82].

In groups < 90 days and > 90 days from second vaccination to screening, m-RNA based
vaccines produced S-RBD IgG and NAD at a significantly higher levels than non-mRNA based
vaccines (Table 4). T-test analysis demonstrated that there was no significant difference in
S-RBD IgG and NADb levels between < 90 days and > 90 days. A cohort study by Campo et al.
demonstrated that antibodies remained persistent 6 months after receiving two doses of the
COVID-19 vaccines [83]. A study by Doria-Rose et al., also revealed that antibodies were still
persistent 6 months after receiving the second dose of the mRNA-1273 vaccination [84].
Another study by Lai et al. showed the antibody had no significant difference when comparing
two time points at months 2 and 6 after second doses of COVID-19 vaccines [85]. These stud-
ies were in line with our study, which collected the samples within 6 months due to antibody
could persist for 6 months after receiving the second dose of COVID-19 vaccines.

This cross-sectional study has several limitations. This study has potential confounders
which affect the outcome of the study. One of the influential confounders is the heterogenous
types of cancer with each type having different cancer treatments and prognoses that may
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affect the efficacy of COVID-19 vaccines. However, despite this confounding factor, the
mRNA vaccines proved to be highly effective among cancer patients. The sample acquisition
time was considered as the limitation of the study due to the fact that during the recruitment,
most cancer patients had received two doses of COVID-19 vaccines more than 3 months
before the study was held. The COVID-19 national mass vaccination program in Indonesia
commenced at February 2021. This study recruitment process started in October 2021. At that
time, national COVID-19 vaccination coverage had reached 75%, which it became unreach-
able to recruit recently vaccinated cancer patients at specific time point. Furthermore, there
was no healthy control group as reference population. This should be considered to improve
the design and participants selection in further studies.

Conclusion

Generally, mRNA-based vaccines produced significantly higher levels of S-RBD IgG and NAb
than non-mRNA-based vaccines when compared across all subject characteristics. The levels
of S-RBD IgG were consistently higher in all vaccines compared to the levels of NAb. There
was a significantly positive strong correlation between S-RBD IgG and NAb levels among can-
cer patients who had received either mRNA or non-mRNA-based vaccines.

Author Contributions

Conceptualization: Andhika Rachman, Anggraini Iriani, Lugyanti Sukrisman, Wulyo
Rajabto, Nadia Ayu Mulansari, Anna Mira Lubis, Rahmat Cahyanur, Findy Prasetyawati,
Dimas Priantono, Bayu Bijaksana Rumondor, Rachelle Betsy, Samuel Juanputra.

Data curation: Andhika Rachman, Anggraini Iriani, Lugyanti Sukrisman, Wulyo Rajabto,
Nadia Ayu Mulansari, Anna Mira Lubis, Rahmat Cahyanur, Findy Prasetyawati, Dimas
Priantono, Bayu Bijaksana Rumondor, Rachelle Betsy, Samuel Juanputra.

Formal analysis: Andhika Rachman, Anggraini Iriani, Wulyo Rajabto, Nadia Ayu Mulansari,
Anna Mira Lubis, Rahmat Cahyanur, Findy Prasetyawati, Dimas Priantono, Bayu Bijaksana
Rumondor, Rachelle Betsy, Samuel Juanputra.

Funding acquisition: Andhika Rachman, Lugyanti Sukrisman, Wulyo Rajabto, Nadia Ayu
Mulansari, Rahmat Cahyanur, Findy Prasetyawati, Dimas Priantono, Samuel Juanputra.

Investigation: Andhika Rachman, Anggraini Iriani, Lugyanti Sukrisman, Wulyo Rajabto,
Nadia Ayu Mulansari, Anna Mira Lubis, Rahmat Cahyanur, Findy Prasetyawati, Dimas
Priantono, Bayu Bijaksana Rumondor, Rachelle Betsy.

Methodology: Andhika Rachman, Anggraini Iriani, Wulyo Rajabto, Nadia Ayu Mulansari,
Anna Mira Lubis, Findy Prasetyawati, Dimas Priantono, Bayu Bijaksana Rumondor, Sam-
uel Juanputra.

Project administration: Andhika Rachman, Anggraini Iriani, Lugyanti Sukrisman, Nadia
Ayu Mulansari, Anna Mira Lubis, Rahmat Cahyanur, Dimas Priantono, Bayu Bijaksana
Rumondor, Rachelle Betsy, Samuel Juanputra.

Resources: Andhika Rachman, Anggraini Iriani, Lugyanti Sukrisman, Anna Mira Lubis, Rah-
mat Cahyanur, Findy Prasetyawati, Bayu Bijaksana Rumondor, Rachelle Betsy.

Software: Andhika Rachman, Nadia Ayu Mulansari, Rahmat Cahyanur, Findy Prasetyawati,
Dimas Priantono, Bayu Bijaksana Rumondor, Samuel Juanputra.

PLOS ONE | https://doi.org/10.1371/journal.pone.0281907 March 1, 2023 15/20


https://doi.org/10.1371/journal.pone.0281907

PLOS ONE

COVID-19 vaccines and cancer patients

Supervision: Andhika Rachman, Anggraini Iriani, Lugyanti Sukrisman, Wulyo Rajabto,
Nadia Ayu Mulansari, Anna Mira Lubis, Findy Prasetyawati, Dimas Priantono, Bayu Bijak-
sana Rumondor.

Validation: Andhika Rachman, Anggraini Iriani, Lugyanti Sukrisman, Wulyo Rajabto, Nadia
Ayu Mulansari, Rahmat Cahyanur, Findy Prasetyawati, Dimas Priantono, Bayu Bijaksana
Rumondor, Rachelle Betsy, Samuel Juanputra.

Visualization: Andhika Rachman, Anggraini Iriani, Wulyo Rajabto, Nadia Ayu Mulansari,
Anna Mira Lubis, Rahmat Cahyanur, Dimas Priantono, Bayu Bijaksana Rumondor,
Rachelle Betsy, Samuel Juanputra.

Writing - original draft: Andhika Rachman, Anggraini Iriani, Anna Mira Lubis, Rahmat
Cahyanur, Findy Prasetyawati, Dimas Priantono, Bayu Bijaksana Rumondor, Rachelle
Betsy, Samuel Juanputra.

Writing - review & editing: Andhika Rachman, Anggraini Iriani, Wulyo Rajabto, Nadia Ayu
Mulansari, Dimas Priantono, Bayu Bijaksana Rumondor, Rachelle Betsy, Samuel
Juanputra.

References

1. Thakkar A, Gonzalez-Lugo JD, Goradia N, Gali R, Shapiro LC, Pradhan K, et al. Seroconversion rates
following COVID-19 vaccination among patients with cancer. Cancer Cell. 2021; 39: 1081-1090.e2.
https://doi.org/10.1016/j.ccell.2021.06.002 PMID: 34133951

2. Grivas P, Khaki AR, Wise-Draper TM, French B, Hennessy C, Hsu CY, et al. Association of clinical fac-
tors and recent anticancer therapy with COVID-19 severity among patients with cancer: a report from
the COVID-19 and Cancer Consortium. Annals of Oncology. 2021; 32: 787-800. https://doi.org/10.
1016/j.annonc.2021.02.024 PMID: 33746047

3. PangNY, Pang AS, Chow VT, Wang DY. Understanding neutralising antibodies against SARS-CoV-2
and their implications in clinical practice. Mil Med Res. 2021; 8: 47. https://doi.org/10.1186/s40779-021-
00342-3 PMID: 34465396

4. Ophinni Y, Hasibuan AS, Widhani A, Maria S, Koesnoe S, Yunihastuti E, et al. COVID-19 Vaccines:
Current Status and Implication for Use in Indonesia. Acta Med Indones. 2020; 52: 388—412. PMID:
33377885

5. Ashmawy R, Hamdy NA, Elhadi YAM, Alqutub ST, Esmail OF, Abdou MSM, et al. A Meta-Analysis on
the Safety and Immunogenicity of Covid-19 Vaccines. J Prim Care Community Health. 2022; 13:
215013192210892. https://doi.org/10.1177/21501319221089255 PMID: 35400233

6. Cavannal, Citterio C, Toscanil. COVID-19 Vaccines in Cancer Patients. Seropositivity and Safety.
Systematic Review and Meta-Analysis. Vaccines (Basel). 2021;9. https://doi.org/10.3390/
vaccines9091048 PMID: 34579285

7. DesaiA, Gainor JF, Hegde A, Schram AM, Curigliano G, Pal S, et al. COVID-19 vaccine guidance for
patients with cancer participating in oncology clinical trials. Nat Rev Clin Oncol. 2021; 18: 313-319.
https://doi.org/10.1038/s41571-021-00487-z PMID: 33723371

8. Ribas A, Sengupta R, Locke T, Zaidi SK, Campbell KM, Carethers JM, et al. Priority COVID-19 Vacci-
nation for Patients with Cancer while Vaccine Supply Is Limited. Cancer Discov. 2021; 11: 233-236.
https://doi.org/10.1158/2159-8290.CD-20-1817 PMID: 33355178

9. National Comprehensive Cancer Network. Recommendations of the National Comprehensive Cancer
Network (NCCN) Advisory Committee on COVID-19 Vaccination and Pre-exposure Prophylaxis. 2022
[cited 6 Sep 2022]. Available: https://www.nccn.org/docs/default-source/covid-19/2021_covid-19_
vaccination_guidance_v5-0.pdf?sfvrsn=b483da2b_116

10. Garassino MC, Vyas M, de Vries EGE, Kanesvaran R, Giuliani R, Peters S. The ESMO Call to Action
on COVID-19 vaccinations and patients with cancer: Vaccinate. Monitor. Educate. Annals of Oncology.
2021; 32: 579-581. https://doi.org/10.1016/j.annonc.2021.01.068 PMID: 33582237

11.  National Comprehensive Cancer Network. NCCN Guidelines. 2022 [cited 6 Sep 2022]. Available:
https://www.nccn.org/guidelines/category_1

PLOS ONE | https://doi.org/10.1371/journal.pone.0281907 March 1, 2023 16/20


https://doi.org/10.1016/j.ccell.2021.06.002
http://www.ncbi.nlm.nih.gov/pubmed/34133951
https://doi.org/10.1016/j.annonc.2021.02.024
https://doi.org/10.1016/j.annonc.2021.02.024
http://www.ncbi.nlm.nih.gov/pubmed/33746047
https://doi.org/10.1186/s40779-021-00342-3
https://doi.org/10.1186/s40779-021-00342-3
http://www.ncbi.nlm.nih.gov/pubmed/34465396
http://www.ncbi.nlm.nih.gov/pubmed/33377885
https://doi.org/10.1177/21501319221089255
http://www.ncbi.nlm.nih.gov/pubmed/35400233
https://doi.org/10.3390/vaccines9091048
https://doi.org/10.3390/vaccines9091048
http://www.ncbi.nlm.nih.gov/pubmed/34579285
https://doi.org/10.1038/s41571-021-00487-z
http://www.ncbi.nlm.nih.gov/pubmed/33723371
https://doi.org/10.1158/2159-8290.CD-20-1817
http://www.ncbi.nlm.nih.gov/pubmed/33355178
https://www.nccn.org/docs/default-source/covid-19/2021_covid-19_vaccination_guidance_v5-0.pdf?sfvrsn=b483da2b_116
https://www.nccn.org/docs/default-source/covid-19/2021_covid-19_vaccination_guidance_v5-0.pdf?sfvrsn=b483da2b_116
https://doi.org/10.1016/j.annonc.2021.01.068
http://www.ncbi.nlm.nih.gov/pubmed/33582237
https://www.nccn.org/guidelines/category_1
https://doi.org/10.1371/journal.pone.0281907

PLOS ONE

COVID-19 vaccines and cancer patients

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Ludvigsson JF, Appelros P, Askling J, Byberg L, Carrero J-J, Ekstrom AM, et al. Adaptation of the Charl-
son Comorbidity Index for Register-Based Research in Sweden. Clin Epidemiol. 2021;Volume 13: 21—
41. https://doi.org/10.2147/CLEP.S282475 PMID: 33469380

Rodda LB, Netland J, Shehata L, Pruner KB, Morawski PA, Thouvenel CD, et al. Functional SARS-
CoV-2-Specific Immune Memory Persists after Mild COVID-19. Cell. 2021; 184: 169-183.e17. https:/
doi.org/10.1016/j.cell.2020.11.029 PMID: 33296701

Nguyen-Contant P, Embong AK, Kanagaiah P, Chaves FA, Yang H, Branche AR, et al. S Protein-Reac-
tive 1IgG and Memory B Cell Production after Human SARS-CoV-2 Infection Includes Broad Reactivity
to the S2 Subunit. mBio. 2020;11. https://doi.org/10.1128/mBio.01991-20 PMID: 32978311

Sterlin D, Mathian A, Miyara M, Mohr A, Anna F, Claér L, et al. IgA dominates the early neutralizing anti-
body response to SARS-CoV-2. Sci Transl Med. 2021;13. https://doi.org/10.1126/scitransImed.
abd2223 PMID: 33288662

LanJ, Ge J, YuJ, Shan S, Zhou H, Fan S, et al. Structure of the SARS-CoV-2 spike receptor-binding
domain bound to the ACE2 receptor. Nature. 2020; 581: 215-220. https://doi.org/10.1038/s41586-020-
2180-5 PMID: 32225176

Chi X, Yan R, Zhang J, Zhang G, Zhang Y, Hao M, et al. A neutralizing human antibody binds to the N-
terminal domain of the Spike protein of SARS-CoV-2. Science (1979). 2020; 369: 650-655. https://doi.
org/10.1126/science.abc6952 PMID: 32571838

Tiyo BT, Schmitz GJH, Ortega MM, da Silva LT, de Aimeida A, Oshiro TM, et al. What Happens to the
Immune System after Vaccination or Recovery from COVID-19? Life. 2021; 11: 1152. https://doi.org/
10.3390/life11111152 PMID: 34833028

Garcia-Montero C, Fraile-Martinez O, Bravo C, Torres-Carranza D, Sanchez-Trujillo L, Gémez-Lahoz
AM, et al. An Updated Review of SARS-CoV-2 Vaccines and the Importance of Effective Vaccination
Programs in Pandemic Times. Vaccines (Basel). 2021; 9: 433. https://doi.org/10.3390/
vaccines9050433 PMID: 33925526

Liu'Y, Ye Q. Safety and Efficacy of the Common Vaccines against COVID-19. Vaccines (Basel). 2022;
10: 513. https://doi.org/10.3390/vaccines 10040513 PMID: 35455262

Cohen G, Jungsomsri P, Sangwongwanich J, Tawinprai K, Siripongboonsitti T, Porntharukchareon T,
et al. Immunogenicity and reactogenicity after heterologous prime-boost vaccination with CoronaVac
and ChAdox1 nCov-19 (AZD1222) vaccines. Hum Vaccin Immunother. 2022;18. https://doi.org/10.
1080/21645515.2022.2052525 PMID: 35323079

Pavel STI, Yetiskin H, Uygut MA, Aslan AF, Aydin G, Inan 0, etal. Development of an Inactivated Vac-
cine against SARS CoV-2. Vaccines (Basel). 2021; 9: 1266. https://doi.org/10.3390/vaccines9111266
PMID: 34835197

Park JW, Lagniton PNP, Liu Y, Xu R-H. mRNA vaccines for COVID-19: what, why and how. Int J Biol
Sci. 2021; 17: 1446-1460. https://doi.org/10.7150/ijbs.59233 PMID: 33907508

Gao M, Fritz DT, Ford LP, Wilusz J. Interaction between a Poly(A)-Specific Ribonuclease and the 5’
Cap Influences mRNA Deadenylation Rates In Vitro. Mol Cell. 2000; 5: 479-488. https://doi.org/10.
1016/s1097-2765(00)80442-6 PMID: 10882133

Izaurralde E, Lewis J, McGuigan C, Jankowska M, Darzynkiewicz E, Mattaj IW. A nuclear cap binding
protein complex involved in pre-mRNA splicing. Cell. 1994; 78: 657—-668. https://doi.org/10.1016/0092-
8674(94)90530-4 PMID: 8069914

Gallie DR. The cap and poly(A) tail function synergistically to regulate mRNA translational efficiency.
Genes Dev. 1991; 5: 2108-2116. hitps://doi.org/10.1101/gad.5.11.2108 PMID: 1682219

Furuichi Y, LaFiandra A, Shatkin AJ. 5'-Terminal structure and mRNA stability. Nature. 1977; 266: 235—
239. https://doi.org/10.1038/266235a0 PMID: 557727

Kariké K, Buckstein M, Ni H, Weissman D. Suppression of RNA Recognition by Toll-like Receptors: The
Impact of Nucleoside Modification and the Evolutionary Origin of RNA. Immunity. 2005; 23: 165—-175.
https://doi.org/10.1016/j.immuni.2005.06.008 PMID: 16111635

Kariké K, Muramatsu H, Welsh FA, Ludwig J, Kato H, Akira S, et al. Incorporation of Pseudouridine Into
mRNA Yields Superior Nonimmunogenic Vector With Increased Translational Capacity and Biological
Stability. Molecular Therapy. 2008; 16: 1833—1840. https://doi.org/10.1038/mt.2008.200 PMID:
18797453

Presnyak V, Alhusaini N, Chen Y-H, Martin S, Morris N, Kline N, et al. Codon Optimality Is a Major
Determinant of mRNA Stability. Cell. 2015; 160: 1111-1124. https://doi.org/10.1016/j.cell.2015.02.029
PMID: 25768907

Jackson NAC, Kester KE, Casimiro D, Gurunathan S, DeRosa F. The promise of mRNA vaccines: a
biotech and industrial perspective. NPJ Vaccines. 2020; 5: 11. https://doi.org/10.1038/s41541-020-
0159-8 PMID: 32047656

PLOS ONE | https://doi.org/10.1371/journal.pone.0281907 March 1, 2023 17/20


https://doi.org/10.2147/CLEP.S282475
http://www.ncbi.nlm.nih.gov/pubmed/33469380
https://doi.org/10.1016/j.cell.2020.11.029
https://doi.org/10.1016/j.cell.2020.11.029
http://www.ncbi.nlm.nih.gov/pubmed/33296701
https://doi.org/10.1128/mBio.01991-20
http://www.ncbi.nlm.nih.gov/pubmed/32978311
https://doi.org/10.1126/scitranslmed.abd2223
https://doi.org/10.1126/scitranslmed.abd2223
http://www.ncbi.nlm.nih.gov/pubmed/33288662
https://doi.org/10.1038/s41586-020-2180-5
https://doi.org/10.1038/s41586-020-2180-5
http://www.ncbi.nlm.nih.gov/pubmed/32225176
https://doi.org/10.1126/science.abc6952
https://doi.org/10.1126/science.abc6952
http://www.ncbi.nlm.nih.gov/pubmed/32571838
https://doi.org/10.3390/life11111152
https://doi.org/10.3390/life11111152
http://www.ncbi.nlm.nih.gov/pubmed/34833028
https://doi.org/10.3390/vaccines9050433
https://doi.org/10.3390/vaccines9050433
http://www.ncbi.nlm.nih.gov/pubmed/33925526
https://doi.org/10.3390/vaccines10040513
http://www.ncbi.nlm.nih.gov/pubmed/35455262
https://doi.org/10.1080/21645515.2022.2052525
https://doi.org/10.1080/21645515.2022.2052525
http://www.ncbi.nlm.nih.gov/pubmed/35323079
https://doi.org/10.3390/vaccines9111266
http://www.ncbi.nlm.nih.gov/pubmed/34835197
https://doi.org/10.7150/ijbs.59233
http://www.ncbi.nlm.nih.gov/pubmed/33907508
https://doi.org/10.1016/s1097-2765%2800%2980442-6
https://doi.org/10.1016/s1097-2765%2800%2980442-6
http://www.ncbi.nlm.nih.gov/pubmed/10882133
https://doi.org/10.1016/0092-8674%2894%2990530-4
https://doi.org/10.1016/0092-8674%2894%2990530-4
http://www.ncbi.nlm.nih.gov/pubmed/8069914
https://doi.org/10.1101/gad.5.11.2108
http://www.ncbi.nlm.nih.gov/pubmed/1682219
https://doi.org/10.1038/266235a0
http://www.ncbi.nlm.nih.gov/pubmed/557727
https://doi.org/10.1016/j.immuni.2005.06.008
http://www.ncbi.nlm.nih.gov/pubmed/16111635
https://doi.org/10.1038/mt.2008.200
http://www.ncbi.nlm.nih.gov/pubmed/18797453
https://doi.org/10.1016/j.cell.2015.02.029
http://www.ncbi.nlm.nih.gov/pubmed/25768907
https://doi.org/10.1038/s41541-020-0159-8
https://doi.org/10.1038/s41541-020-0159-8
http://www.ncbi.nlm.nih.gov/pubmed/32047656
https://doi.org/10.1371/journal.pone.0281907

PLOS ONE

COVID-19 vaccines and cancer patients

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Shin MD, Shukla S, Chung YH, Beiss V, Chan SK, Ortega-Rivera OA, et al. COVID-19 vaccine develop-
ment and a potential nanomaterial path forward. Nat Nanotechnol. 2020; 15: 646—655. https://doi.org/
10.1038/s41565-020-0737-y PMID: 32669664

Sahin U, Muik A, Derhovanessian E, Vogler |, Kranz LM, Vormehr M, et al. COVID-19 vaccine
BNT162b1 elicits human antibody and TH1 T cell responses. Nature. 2020; 586: 594—-599. https://doi.
org/10.1038/s41586-020-2814-7 PMID: 32998157

Salleh MZ, Norazmi MN, Deris ZZ. Immunogenicity mechanism of mRNA vaccines and their limitations
in promoting adaptive protection against SARS-CoV-2. PeerJ. 2022; 10: €13083. https://doi.org/10.
7717/peerj.13083 PMID: 35287350

Corbett KS, Flynn B, Foulds KE, Francica JR, Boyoglu-Barnum S, Werner AP, et al. Evaluation of the
mRNA-1273 Vaccine against SARS-CoV-2 in Nonhuman Primates. New England Journal of Medicine.
2020; 383: 1544—1555. https://doi.org/10.1056/NEJM0a2024671 PMID: 32722908

Farhang-Sardroodi S, Korosec CS, Gholami S, Craig M, Moyles IR, Ghaemi MS, et al. Analysis of Host
Immunological Response of Adenovirus-Based COVID-19 Vaccines. Vaccines (Basel). 2021; 9: 861.
https://doi.org/10.3390/vaccines9080861 PMID: 34451985

Zhang L. Multi-epitope vaccines: a promising strategy against tumors and viral infections. Cell Mol
Immunol. 2018; 15: 182—184. https://doi.org/10.1038/cmi.2017.92 PMID: 28890542

Kar T, Narsaria U, Basak S, Deb D, Castiglione F, Mueller DM, et al. A candidate multi-epitope vaccine
against SARS-CoV-2. Sci Rep. 2020; 10: 10895. https://doi.org/10.1038/s41598-020-67749-1 PMID:
32616763

Estrada E. COVID-19 and SARS-CoV-2. Modeling the present, looking at the future. Phys Rep. 2020;
869: 1-51. https://doi.org/10.1016/j.physrep.2020.07.005 PMID: 32834430

Bayart J-L, Douxfils J, Gillot C, David C, Mullier F, Elsen M, et al. Waning of IgG, Total and Neutralizing
Antibodies 6 Months Post-Vaccination with BNT162b2 in Healthcare Workers. Vaccines (Basel). 2021;
9: 1092. https://doi.org/10.3390/vaccines9101092 PMID: 34696200

Xu Q-Y, Xue J-H, Xiao Y, Jia Z-J, Wu M-J, Liu Y-V, et al. Response and Duration of Serum Anti-SARS-
CoV-2 Antibodies After Inactivated Vaccination Within 160 Days. Front Immunol. 2021;12. https://doi.
org/10.3389/fimmu.2021.786554 PMID: 35003104

Terpos E, Stellas D, Rosati M, Sergentanis TN, Hu X, Politou M, et al. SARS-CoV-2 antibody kinetics
eight months from COVID-19 onset: Persistence of spike antibodies but loss of neutralizing antibodies
in 24% of convalescent plasma donors. Eur J Intern Med. 2021; 89: 87-96. https://doi.org/10.1016/j.
€jim.2021.05.010 PMID: 34053848

Post N, Eddy D, Huntley C, van Schalkwyk MCI, Shrotri M, Leeman D, et al. Antibody response to
SARS-CoV-2 infection in humans: A systematic review. PLoS One. 2020; 15: €0244126. https://doi.org/
10.1371/journal.pone.0244126 PMID: 33382764

Barnes CO, Jette CA, Abernathy ME, Dam K-MA, Esswein SR, Gristick HB, et al. SARS-CoV-2 neutral-
izing antibody structures inform therapeutic strategies. Nature. 2020; 588: 682—-687. https://doi.org/10.
1038/s41586-020-2852-1 PMID: 33045718

Robbiani DF, Gaebler C, Muecksch F, Lorenzi JCC, Wang Z, Cho A, et al. Convergent antibody
responses to SARS-CoV-2 in convalescent individuals. Nature. 2020; 584: 437—442. https://doi.org/10.
1038/541586-020-2456-9 PMID: 32555388

Brouwer PJM, Caniels TG, van der Straten K, Snitselaar JL, Aldon Y, Bangaru S, et al. Potent neutraliz-
ing antibodies from COVID-19 patients define multiple targets of vulnerability. Science (1979). 2020;
369: 643-650. https://doi.org/10.1126/science.abc5902 PMID: 32540902

Yuan M, Wu NC, Zhu X, Lee C-CD, So RTY, Lv H, et al. A highly conserved cryptic epitope in the recep-
tor binding domains of SARS-CoV-2 and SARS-CoV. Science (1979). 2020; 368: 630-633. https://doi.
org/10.1126/science.abb7269 PMID: 32245784

Wang D, Mai J, Zhou W, Yu W, Zhan Y, Wang N, et al. Immunoinformatic Analysis of T- and B-Cell Epi-
topes for SARS-CoV-2 Vaccine Design. Vaccines (Basel). 2020; 8: 355. https://doi.org/10.3390/
vaccines8030355 PMID: 32635180

Forthal DN. Functions of Antibodies. Microbiol Spectr. 2014; 2. https://doi.org/10.1128/microbiolspec.
AID-0019-2014 PMID: 26104200

Jiang S, Zhang X, Du L. Therapeutic antibodies and fusion inhibitors targeting the spike protein of
SARS-CoV-2. Expert Opin Ther Targets. 2021; 25: 415-421. hitps://doi.org/10.1080/14728222.2020.
1820482 PMID: 32941780

Klasse PJ. Neutralization of Virus Infectivity by Antibodies: Old Problems in New Perspectives. Adv
Biol. 2014; 2014: 1-24. https://doi.org/10.1155/2014/157895 PMID: 27099867

Seow J, Graham C, Merrick B, Acors S, Pickering S, Steel KJA, et al. Longitudinal observation and
decline of neutralizing antibody responses in the three months following SARS-CoV-2 infection in

PLOS ONE | https://doi.org/10.1371/journal.pone.0281907 March 1, 2023 18/20


https://doi.org/10.1038/s41565-020-0737-y
https://doi.org/10.1038/s41565-020-0737-y
http://www.ncbi.nlm.nih.gov/pubmed/32669664
https://doi.org/10.1038/s41586-020-2814-7
https://doi.org/10.1038/s41586-020-2814-7
http://www.ncbi.nlm.nih.gov/pubmed/32998157
https://doi.org/10.7717/peerj.13083
https://doi.org/10.7717/peerj.13083
http://www.ncbi.nlm.nih.gov/pubmed/35287350
https://doi.org/10.1056/NEJMoa2024671
http://www.ncbi.nlm.nih.gov/pubmed/32722908
https://doi.org/10.3390/vaccines9080861
http://www.ncbi.nlm.nih.gov/pubmed/34451985
https://doi.org/10.1038/cmi.2017.92
http://www.ncbi.nlm.nih.gov/pubmed/28890542
https://doi.org/10.1038/s41598-020-67749-1
http://www.ncbi.nlm.nih.gov/pubmed/32616763
https://doi.org/10.1016/j.physrep.2020.07.005
http://www.ncbi.nlm.nih.gov/pubmed/32834430
https://doi.org/10.3390/vaccines9101092
http://www.ncbi.nlm.nih.gov/pubmed/34696200
https://doi.org/10.3389/fimmu.2021.786554
https://doi.org/10.3389/fimmu.2021.786554
http://www.ncbi.nlm.nih.gov/pubmed/35003104
https://doi.org/10.1016/j.ejim.2021.05.010
https://doi.org/10.1016/j.ejim.2021.05.010
http://www.ncbi.nlm.nih.gov/pubmed/34053848
https://doi.org/10.1371/journal.pone.0244126
https://doi.org/10.1371/journal.pone.0244126
http://www.ncbi.nlm.nih.gov/pubmed/33382764
https://doi.org/10.1038/s41586-020-2852-1
https://doi.org/10.1038/s41586-020-2852-1
http://www.ncbi.nlm.nih.gov/pubmed/33045718
https://doi.org/10.1038/s41586-020-2456-9
https://doi.org/10.1038/s41586-020-2456-9
http://www.ncbi.nlm.nih.gov/pubmed/32555388
https://doi.org/10.1126/science.abc5902
http://www.ncbi.nlm.nih.gov/pubmed/32540902
https://doi.org/10.1126/science.abb7269
https://doi.org/10.1126/science.abb7269
http://www.ncbi.nlm.nih.gov/pubmed/32245784
https://doi.org/10.3390/vaccines8030355
https://doi.org/10.3390/vaccines8030355
http://www.ncbi.nlm.nih.gov/pubmed/32635180
https://doi.org/10.1128/microbiolspec.AID-0019-2014
https://doi.org/10.1128/microbiolspec.AID-0019-2014
http://www.ncbi.nlm.nih.gov/pubmed/26104200
https://doi.org/10.1080/14728222.2020.1820482
https://doi.org/10.1080/14728222.2020.1820482
http://www.ncbi.nlm.nih.gov/pubmed/32941780
https://doi.org/10.1155/2014/157895
http://www.ncbi.nlm.nih.gov/pubmed/27099867
https://doi.org/10.1371/journal.pone.0281907

PLOS ONE

COVID-19 vaccines and cancer patients

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

humans. Nat Microbiol. 2020; 5: 1598—-1607. https://doi.org/10.1038/s41564-020-00813-8 PMID:
33106674

Tang J, Ravichandran S, Lee Y, Grubbs G, Coyle EM, Klenow L, et al. Antibody affinity maturation and
plasma IgA associate with clinical outcome in hospitalized COVID-19 patients. Nat Commun. 2021; 12:
1221. https://doi.org/10.1038/s41467-021-21463-2 PMID: 33619281

Goldberg BS, Ackerman ME. Antibody-mediated complement activation in pathology and protection.
Immunol Cell Biol. 2020; 98: 305—-317. https://doi.org/10.1111/imcb.12324 PMID: 32142167

Murin CD, Wilson IA, Ward AB. Antibody responses to viral infections: a structural perspective across
three different enveloped viruses. Nat Microbiol. 2019; 4: 734—747. https://doi.org/10.1038/s41564-
019-0392-y PMID: 30886356

Billon-Denis E, Ferrier-Rembert A, Garnier A, Cheutin L, Vigne C, Tessier E, et al. Differential serologi-
cal and neutralizing antibody dynamics after an infection by a single SARS-CoV-2 strain. Infection.
2021; 49: 781-783. https://doi.org/10.1007/s15010-020-01556-8 PMID: 33387262

ZhangH, JiaY, JiY, Cong X, Liu Y, Yang R, et al. Inactivated Vaccines Against SARS-CoV-2: Neutral-
izing Antibody Titers in Vaccine Recipients. Front Microbiol. 2022;13. https://doi.org/10.3389/fmicb.
2022.816778 PMID: 35359732

JuB, Zhang Q, Ge J, Wang R, Sun J, Ge X, et al. Human neutralizing antibodies elicited by SARS-CoV-
2 infection. Nature. 2020; 584: 115—119. https://doi.org/10.1038/s41586-020-2380-z PMID: 32454513

Bruni M, Cecatiello V, Diaz-Basabe A, Lattanzi G, Mileti E, Monzani S, et al. Persistence of Anti-SARS-
CoV-2 Antibodies in Non-Hospitalized COVID-19 Convalescent Health Care Workers. J Clin Med.
2020; 9: 3188. https://doi.org/10.3390/jcm9103188 PMID: 33019628

El-Ghitany EM, Hashish MH, Farghaly AG, Omran EA. Determining the SARS-CoV-2 Anti-Spike Cutoff
Level Denoting Neutralizing Activity Using Two Commercial Kits. Vaccines (Basel). 2022; 10: 1952.
https://doi.org/10.3390/vaccines10111952 PMID: 36423048

Xia'S, Zhang Y, Wang Y, Wang H, Yang Y, Gao GF, et al. Safety and immunogenicity of an inactivated
COVID-19 vaccine, BBIBP-CorV, in people younger than 18 years: a randomised, double-blind, con-
trolled, phase 1/2 trial. Lancet Infect Dis. 2022; 22: 196-208. https://doi.org/10.1016/S1473-3099(21)
00462-X PMID: 34536349

Connors J, Bell MR, Marcy J, Kutzler M, Haddad EK. The impact of immuno-aging on SARS-CoV-2
vaccine development. Geroscience. 2021; 43: 31-51. https://doi.org/10.1007/s11357-021-00323-3
PMID: 33569701

Bektas A, Schurman SH, Sen R, Ferrucci L. Human T cell immunosenescence and inflammation in
aging. J Leukoc Biol. 2017; 102: 977-988. https://doi.org/10.1189/jIb.3RI0716-335R PMID: 28733462

Palmer S, Albergante L, Blackburn CC, Newman TJ. Thymic involution and rising disease incidence
with age. Proceedings of the National Academy of Sciences. 2018; 115: 1883—1888. https://doi.org/10.
1073/pnas.1714478115 PMID: 29432166

Kyoizumi S, Kubo Y, Kajimura J, Yoshida K, Imai K, Hayashi T, et al. Age-Associated Changes in the
Differentiation Potentials of Human Circulating Hematopoietic Progenitors to T- or NK-Lineage Cells.
The Journal of Immunology. 2013; 190: 6164—6172. https://doi.org/10.4049/jimmunol. 1203189 PMID:
23670190

Gibson KL, Wu Y-C, Barnett Y, Duggan O, Vaughan R, Kondeatis E, et al. B-cell diversity decreases in
old age and is correlated with poor health status. Aging Cell. 2009; 8: 18-25. https://doi.org/10.1111/j.
1474-9726.2008.00443.x PMID: 18986373

Dunn-Walters DK, Ademokun AA. B cell repertoire and ageing. Curr Opin Immunol. 2010; 22: 514-520.
https://doi.org/10.1016/j.coi.2010.04.009 PMID: 20537880

Cunha LL, Perazzio SF, Azzi J, Cravedi P, Riella LV. Remodeling of the Immune Response With Aging:
Immunosenescence and Its Potential Impact on COVID-19 Immune Response. Front Immunol.
2020;11. https://doi.org/10.3389/fimmu.2020.01748 PMID: 32849623

Tran S, Truong TH, Narendran A. Evaluation of COVID-19 vaccine response in patients with cancer: An
interim analysis. Eur J Cancer. 2021; 159: 259-274. https://doi.org/10.1016/j.ejca.2021.10.013 PMID:
34798454

Robilotti E v., Babady NE, Mead PA, Rolling T, Perez-Johnston R, Bernardes M, et al. Determinants of
COVID-19 disease severity in patients with cancer. Nat Med. 2020; 26: 1218—1223. https://doi.org/10.
1038/s41591-020-0979-0 PMID: 32581323

Passamonti F, Cattaneo C, Arcaini L, Bruna R, Cavo M, Merli F, et al. Clinical characteristics and risk
factors associated with COVID-19 severity in patients with haematological malignancies in Italy: a retro-
spective, multicentre, cohort study. Lancet Haematol. 2020; 7: e737—e745. https://doi.org/10.1016/
S$2352-3026(20)30251-9 PMID: 32798473

PLOS ONE | https://doi.org/10.1371/journal.pone.0281907 March 1, 2023 19/20


https://doi.org/10.1038/s41564-020-00813-8
http://www.ncbi.nlm.nih.gov/pubmed/33106674
https://doi.org/10.1038/s41467-021-21463-2
http://www.ncbi.nlm.nih.gov/pubmed/33619281
https://doi.org/10.1111/imcb.12324
http://www.ncbi.nlm.nih.gov/pubmed/32142167
https://doi.org/10.1038/s41564-019-0392-y
https://doi.org/10.1038/s41564-019-0392-y
http://www.ncbi.nlm.nih.gov/pubmed/30886356
https://doi.org/10.1007/s15010-020-01556-8
http://www.ncbi.nlm.nih.gov/pubmed/33387262
https://doi.org/10.3389/fmicb.2022.816778
https://doi.org/10.3389/fmicb.2022.816778
http://www.ncbi.nlm.nih.gov/pubmed/35359732
https://doi.org/10.1038/s41586-020-2380-z
http://www.ncbi.nlm.nih.gov/pubmed/32454513
https://doi.org/10.3390/jcm9103188
http://www.ncbi.nlm.nih.gov/pubmed/33019628
https://doi.org/10.3390/vaccines10111952
http://www.ncbi.nlm.nih.gov/pubmed/36423048
https://doi.org/10.1016/S1473-3099%2821%2900462-X
https://doi.org/10.1016/S1473-3099%2821%2900462-X
http://www.ncbi.nlm.nih.gov/pubmed/34536349
https://doi.org/10.1007/s11357-021-00323-3
http://www.ncbi.nlm.nih.gov/pubmed/33569701
https://doi.org/10.1189/jlb.3RI0716-335R
http://www.ncbi.nlm.nih.gov/pubmed/28733462
https://doi.org/10.1073/pnas.1714478115
https://doi.org/10.1073/pnas.1714478115
http://www.ncbi.nlm.nih.gov/pubmed/29432166
https://doi.org/10.4049/jimmunol.1203189
http://www.ncbi.nlm.nih.gov/pubmed/23670190
https://doi.org/10.1111/j.1474-9726.2008.00443.x
https://doi.org/10.1111/j.1474-9726.2008.00443.x
http://www.ncbi.nlm.nih.gov/pubmed/18986373
https://doi.org/10.1016/j.coi.2010.04.009
http://www.ncbi.nlm.nih.gov/pubmed/20537880
https://doi.org/10.3389/fimmu.2020.01748
http://www.ncbi.nlm.nih.gov/pubmed/32849623
https://doi.org/10.1016/j.ejca.2021.10.013
http://www.ncbi.nlm.nih.gov/pubmed/34798454
https://doi.org/10.1038/s41591-020-0979-0
https://doi.org/10.1038/s41591-020-0979-0
http://www.ncbi.nlm.nih.gov/pubmed/32581323
https://doi.org/10.1016/S2352-3026%2820%2930251-9
https://doi.org/10.1016/S2352-3026%2820%2930251-9
http://www.ncbi.nlm.nih.gov/pubmed/32798473
https://doi.org/10.1371/journal.pone.0281907

PLOS ONE

COVID-19 vaccines and cancer patients

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Barriere J, Re D, Peyrade F, Carles M. Current perspectives for SARS-CoV-2 vaccination efficacy
improvement in patients with active treatment against cancer. Eur J Cancer. 2021; 154: 66-72. https://
doi.org/10.1016/j.ejca.2021.06.008 PMID: 34243079

Mrak D, Tobudic S, Koblischke M, Graninger M, Radner H, Sieghart D, et al. SARS-CoV-2 vaccination
in rituximab-treated patients: B cells promote humoral immune responses in the presence of T-cell-
mediated immunity. Ann Rheum Dis. 2021; 80: 1345—1350. https://doi.org/10.1136/annrheumdis-2021-
220781 PMID: 34285048

Elkrief A, Wu JT, Jani C, Enriquez KT, Glover M, Shah MR, et al. Learning through a Pandemic: The
Current State of Knowledge on COVID-19 and Cancer. Cancer Discov. 2022; 12: 303-330. https://doi.
org/10.1158/2159-8290.CD-21-1368 PMID: 34893494

Graalmann T, Borst K, Manchanda H, Vaas L, Bruhn M, Graalmann L, et al. B cell depletion impairs
vaccination-induced CD8 * T cell responses in a type | interferon-dependent manner. Ann Rheum Dis.
2021; 80: 1537—-1544. https://doi.org/10.1136/annrheumdis-2021-220435 PMID: 34226189

Funakoshi Y, Yakushijin K, Ohji G, Hojo W, Sakai H, Takai R, et al. Safety and immunogenicity of the
COVID-19 vaccine BNT162b2 in patients undergoing chemotherapy for solid cancer. Journal of Infec-
tion and Chemotherapy. 2022; 28: 516-520. https://doi.org/10.1016/j.jiac.2021.12.021 PMID:
35090826

Addeo A, Shah PK, Bordry N, Hudson RD, Albracht B, di Marco M, et al. Inmunogenicity of SARS-
CoV-2 messenger RNA vaccines in patients with cancer. Cancer Cell. 2021; 39: 1091-1098.e2. https://
doi.org/10.1016/j.ccell.2021.06.009 PMID: 34214473

Barriére J, Chamorey E, Adjtoutah Z, Castelnau O, Mahamat A, Marco S, et al. Impaired immunogenic-
ity of BNT162b2 anti-SARS-CoV-2 vaccine in patients treated for solid tumors. Annals of Oncology.
2021; 32: 1053-1055. https://doi.org/10.1016/j.annonc.2021.04.019 PMID: 33932508

Massarweh A, Eliakim-Raz N, Stemmer A, Levy-Barda A, Yust-Katz S, Zer A, et al. Evaluation of Sero-
positivity Following BNT162b2 Messenger RNA Vaccination for SARS-CoV-2 in Patients Undergoing
Treatment for Cancer. JAMA Oncol. 2021; 7: 1138. hitps://doi.org/10.1001/jamaoncol.2021.2155
PMID: 34047765

Ménétrier-Caux C, Ray-Coquard |, Blay J-Y, Caux C. Lymphopenia in Cancer Patients and its Effects
on Response to Immunotherapy: an opportunity for combination with Cytokines? J Immunother Cancer.
2019; 7: 85. https://doi.org/10.1186/s40425-019-0549-5 PMID: 30922400

Mekkawi R, Elkattan BA, Shablak A, Bakr M, Yassin MA, Omar NE. COVID-19 Vaccination in Cancer
Patients: A Review Article. Cancer Control. 2022; 29: 107327482211062. https://doi.org/10.1177/
10732748221106266 PMID: 36066031

Dundar B, Karahangil K, Elgormus CS, Topsakal HNH. Efficacy of antibody response following the vac-
cination of SARS-CoV-2 infected and noninfected healthcare workers by two-dose inactive vaccine
against COVID-19. J Med Virol. 2022; 94: 2431-2437. https://doi.org/10.1002/jmv.27649 PMID:
35128700

Campo F, Venuti A, Pimpinelli F, Abril E, Blandino G, Conti L, et al. Antibody Persistence 6 Months
Post-Vaccination with BNT162b2 among Health Care Workers. Vaccines (Basel). 2021; 9: 1125.
https://doi.org/10.3390/vaccines9101125 PMID: 34696233

Doria-Rose N, Suthar MS, Makowski M, O’Connell S, McDermott AB, Flach B, et al. Antibody Persis-
tence through 6 Months after the Second Dose of MRNA-1273 Vaccine for Covid-19. New England
Journal of Medicine. 2021; 384: 2259-2261. https://doi.org/10.1056/NEJMc2103916 PMID: 33822494

Lai A, Caimi B, Franzetti M, Bergna A, Velleca R, Gatti A, et al. Durability of Humoral Responses after
the Second Dose of mMRNA BNT162b2 Vaccine in Residents of a Long Term Care Facility. Vaccines
(Basel). 2022; 10: 446. https://doi.org/10.3390/vaccines10030446 PMID: 35335078

PLOS ONE | https://doi.org/10.1371/journal.pone.0281907 March 1, 2023 20/20


https://doi.org/10.1016/j.ejca.2021.06.008
https://doi.org/10.1016/j.ejca.2021.06.008
http://www.ncbi.nlm.nih.gov/pubmed/34243079
https://doi.org/10.1136/annrheumdis-2021-220781
https://doi.org/10.1136/annrheumdis-2021-220781
http://www.ncbi.nlm.nih.gov/pubmed/34285048
https://doi.org/10.1158/2159-8290.CD-21-1368
https://doi.org/10.1158/2159-8290.CD-21-1368
http://www.ncbi.nlm.nih.gov/pubmed/34893494
https://doi.org/10.1136/annrheumdis-2021-220435
http://www.ncbi.nlm.nih.gov/pubmed/34226189
https://doi.org/10.1016/j.jiac.2021.12.021
http://www.ncbi.nlm.nih.gov/pubmed/35090826
https://doi.org/10.1016/j.ccell.2021.06.009
https://doi.org/10.1016/j.ccell.2021.06.009
http://www.ncbi.nlm.nih.gov/pubmed/34214473
https://doi.org/10.1016/j.annonc.2021.04.019
http://www.ncbi.nlm.nih.gov/pubmed/33932508
https://doi.org/10.1001/jamaoncol.2021.2155
http://www.ncbi.nlm.nih.gov/pubmed/34047765
https://doi.org/10.1186/s40425-019-0549-5
http://www.ncbi.nlm.nih.gov/pubmed/30922400
https://doi.org/10.1177/10732748221106266
https://doi.org/10.1177/10732748221106266
http://www.ncbi.nlm.nih.gov/pubmed/36066031
https://doi.org/10.1002/jmv.27649
http://www.ncbi.nlm.nih.gov/pubmed/35128700
https://doi.org/10.3390/vaccines9101125
http://www.ncbi.nlm.nih.gov/pubmed/34696233
https://doi.org/10.1056/NEJMc2103916
http://www.ncbi.nlm.nih.gov/pubmed/33822494
https://doi.org/10.3390/vaccines10030446
http://www.ncbi.nlm.nih.gov/pubmed/35335078
https://doi.org/10.1371/journal.pone.0281907

