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Background: Trials of the Pfizer-BioNTech BNT162b2 mRNA vaccine showed 95% efficacy in preventing symp-
tomatic disease; however, the trials excluded immunocompromised patients (ICPs). We aim at analyzing
antibody response in ICPs.
Methods: A prospective cohort study was conducted at Sheba Medical Center, Israel, between January and
April 2020, in 1274 participants who received the vaccine, including 1002 ICPs and 272 immunocompetent
healthcare workers (HCWs). Antibodies were measured two-four weeks after vaccination by SARS-CoV-2
anti�receptor binding domain IgG antibodies (RBD IgG) and pseudo-virus neutralization assays. Multivari-
able logistic regression analyses were used to identify factors associated with vaccine-induced antibody
response. Adverse events (AEs) were monitored.
Findings: RBD-IgG antibodies were detected in 154/156 (98.7%) of patients with HIV, 75/90 (83.3%) with solid
malignancies, 149/187 (79.7%) with myeloma, 83/111 (74.8%) following hematopoietic stem cell transplants,
25/36 (69.4%) following liver transplantation, 26/43 (60.5%) with myelodysplastic syndrome, 96/188 (51.0%)
with chronic lymphocytic leukemia/non-Hodgkin’s lymphoma, 50/110 (45.5%) following kidney transplanta-
tion, 15/80 (18.8%) following heart transplantation, and 269/272 (98.9%) in controls. There was a significant
correlation r = 0.74 (95%CI 0.69,0.78) between RBD-binding IgG and neutralizing antibodies in all groups.
Multivariate logistic regression analysis showed that age > 65 years (OR 0.41,95%CI 0.30,0.57) and underly-
ing immunosuppression (OR 0.02,95%CI 0.01,0.07) were significantly associated with a non-reactive response
of IgG antibodies. HIV patients showed a similar immunological response as healthy adults. The vaccine was
safe without any episodes of rejection, graft-versus-host disease (GVHD) or allergy. Immunocompetent
HCWs experienced significantly more AEs than ICPs.
Interpretation: Antibody response to the Pfizer-BioNTech vaccine was highly variable among different ICPs;
thus, individual recommendations should be provided for the different immunosuppression states.

© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

In December 2019, COVID-19 emerged in Wuhan, China and has
subsequently infected over 194 million people and is responsible for
over 4.1 million deaths globally (as of 24 July 2021) [1]. Older adults,
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Research in context

Evidence before this study

The Pfizer-BioNTech BNT162b2 mRNA vaccine clinical trials
excluded immunocompromised patients (ICPs), as their
immune response to vaccination is usually blunted. The Ameri-
can Society of Transplantation and multiple oncology organiza-
tions have recommended vaccinating transplant recipients as
well as patients with cancer against SARS-CoV-2 despite lack of
data regarding efficacy in these populations. Several studies
demonstrated low rates of antibody response to the BNT162b2
vaccine among solid organ transplant recipients.

Added value of this study

Younger patients � particularly those with HIV infection, those
with solid malignancies being treated with immunochemother-
apy, those with multiple myeloma, HSCT recipients six months
post-transplant without GVHD, liver transplant patients and
probably other transplant patients not receiving antimetabolite
maintenance immunosuppression � are more likely to develop
antibody responses, and vaccination should be encouraged for
those patients. In contrast, older patients, particularly those
after heart and kidney transplants, are less likely to develop
antibody response and should be warned to follow strict infec-
tion control measures, particularly vaccination of all other
household members.

Implications of all the available evidence

Antibody response to the BNT162b2 mRNA vaccine is highly
variable among different immunosuppressed patients, and thus
individual recommendations should be provided for the differ-
ent immunosuppressed patients.
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persons with certain coexisting conditions, and front-line workers
are at the highest risk for COVID-19 and its complications [2].

The incidence of COVID-19 among patients receiving active treat-
ment for cancer is variable, with most available evidence suggesting
that incidence rates lie between 1 and 4% [3]. Immunocompromised
patients (ICPs), mainly those with hematologic malignancies and
lung cancer are at a higher risk, vs. the non-compromised population,
for severe COVID-19 outcomes, including intensive care unit admis-
sion, invasive ventilation, and death [4]. Overall, COVID-19 has had
devastating effects on patients with cancer, with large numbers of
missed diagnoses and delayed treatments due to health systems
under pressure and patient reluctance to seek medical care [5].

The Pfizer-BioNTech BNT162b2 mRNA vaccine clinical trials
showed that the vaccine has 95% efficacy in preventing symptomatic
laboratory-confirmed COVID-19. However, the trials excluded ICPs,
as their immune response to vaccination is usually blunted [6]. None-
theless, the Israel Ministry of Health approved vaccination of patients
on immunosuppressive therapy or biological response modifiers
associated with any malignancy, patients after solid organ or stem
cell transplantation or splenectomy, and patients with HIV or primary
immune deficiency [7].

Although randomized clinical trials with a placebo arm are con-
sidered the gold standard for evaluating the efficacy of a vaccine, it
seemed unethical to perform such a study in subpopulations of high-
risk patients, e.g., in ICPs, especially following the excellent results of
the mRNA vaccine trials. In addition, an evaluation of vaccine efficacy
through comparison between the rates of infections in different peri-
ods is not informative due to the relatively small numbers and the
different incidence rates in different periods. Given the strong
correlation between vaccine efficacy and the production of protective
antibodies that has emerged from human vaccine studies [8], it
seemed appropriate to rely on this parameter to define the efficacy of
the vaccine in different subpopulations at risk. Finally, several studies
have shown a significant immune response, including receptor bind-
ing domain immunoglobulin G (RBD-IgG) and SARS-CoV-2 neutraliz-
ing titers in sera following the first vaccine dose and more so after
the second dose [8�14].

Here, we present the first large-scale study evaluating the anti-
body response in 1002 ICPs with diverse underlying diseases and
assessing correlates of antibody-mediated immunity following vacci-
nation with the Pfizer-BioNTech vaccine.
2. Methods

Cohort: As soon as BNT162b2 mRNA vaccination was authorized
in Israel, we recommended that the adult ICPs (> 18 years) in our
care should be vaccinated. In the first three months thereafter, we
offered all ICPs who were scheduled for routine clinic or daycare vis-
its the opportunity to participate in a prospective study at Sheba
Medical Center, the largest tertiary medical center in Israel (1600
beds). ICPs who consented to be vaccinated and to participate in the
study, and for whom there was serology test result 2�4 weeks after
the second dose of the vaccine, were included in the study.

The study commenced with 1265 ICPs treated at the Sheba Medi-
cal Center, but 240 patients were lost to the study because there
were no blood samples available 2 to 4 weeks after the second vac-
cine, and 23 patients refused to participate. The final study popula-
tion thus consisted of 1002 ICPs treated at nine different daycare and
outpatient clinics. The patients had various active malignancies, solid
organ transplants (SOTs), allogeneic hematopoietic stem cell trans-
plants (HSCTs), and human immunodeficiency virus (HIV), treated as
detailed in Table S1: chronic lymphocytic leukemia and non-Hodg-
kin’s lymphoma (CLL/NHL) were treated mainly with Bruton's tyro-
sine kinase inhibitors or a BCL2 inhibitor; multiple myeloma was
treated with several lines of therapies including immunomodulatory
drugs, proteasome inhibitors, anti CD-38 and autologous bone mar-
row transplantation; solid malignancies were treated with various
combination chemo/biologic/hormonal/immunotherapy protocols;
and myelodysplastic syndrome (MDS) was treated mostly with azaci-
tidine. HSCT patients were included six months following transplan-
tation; these patients were treated mainly with low-dose
cyclosporine A and prednisone. Following SOT, patients were treated
with different combinations of immunosuppressive medications,
including calcineurin inhibitors, anti-metabolites, prednisone and
mTOR inhibitors. HIV patients were treated with combination antire-
troviral therapy (ART), mainly an integrase inhibitor-based treat-
ment. One drug common to most regimens was some form of
glucocorticosteroid. Patients receiving anti CD20 monoclonal anti-
bodies during the six months prior vaccination and patients with
acute graft vs. host disease (GVHD) were excluded, as were patients
hospitalized for induction therapy for acute leukemia, lymphoma or
transplantation. Patients with a positive SARS-CoV-2 PCR test before
or after the first vaccination and during the first week after the sec-
ond vaccination were also excluded.

Our cohort did not include immunocompromised patients associ-
ated with rheumatologic, autoimmune, inflammatory bowel diseases
or other chronic diseases requiring immunosuppressive therapy.

Controls were 272 immunocompetent healthcare workers, who
were tested for the antibody response two-four weeks following the
second vaccine, and who were not infected with SARS-CoV-2.

The vaccine was administered to all patients and controls at the
standard recommended two doses 21 days apart.

Ethical approval and patient consent: IRB approval was obtained
from the ethical review boards of the Sheba Medical Center



Table 1
Underlying diseases and demographic characteristics of the study cohort.

Underlying disease Study population N (%) Age at vaccination Years, median (IQR) M/F (% M) Days from 2nd Vx to serology median (IQR)

All patients 1002 63.0 (51.0�72.0) 654/348 (65.3) 19.0 (14.0�25.0)
CLL/NHL 188 (18.8) 69.0 (61.0�74.0) 102/86 (54.3) 18.0 (15.0�27.0)
Multiple myeloma 187 (18.7) 66.0 (59.0�73.0) 117/70 (62.6) 18.0 (15.0�23.0)
HIV 156 (15.6) 49.0 (42.0�57.0) 137/19 (87.8) 19.0 (14.0�21.0)
HSCT 111 (11.1) 62.0 (49.0�70.0) 70/41 (63.1) 21.0 (17.0�28.0)
Kidney transplant 111 (11.1) 60.0 (49.0�70.0) 88/23 (79.3) 22.0 (15.0�33.0)
Solid malignancies 90 (9) 64.0 (53.0�73.0) 44/45 (49.4) 15.0 (12.0�20.0)
Heart transplant 80 (8) 61.5 (50.0�68.0) 55/25 (68.8) 15.0 (14.0�26.5)
Myelodysplastic disorders 43 (4.3) 73.0 (66.0�80.0) 22/21 (51.2) 26.0 (17.0�35.0)
Liver transplant 36 (3.6) 68.0 (51.0�71.0) 19/17 (52.8) 15.0 (13.0�26.5)
Control after 2nd dose 272 57.0 (44.0�67.0) 66/206 (24.3) 26.0 (24.0�27.0)

SD� standard deviation, M/F�males/females, Vx � vaccination, CLL - chronic lymphocytic leukemia, NHL - non-Hodgkin’s lymphoma, HIV-human immunodeficiency
virus, HSCT - hematopoietic stem cell transplantation.
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(7982�20-SMC for ICP and 8008�20-SMC for immunocompetent
HCW). Written informed consent was obtained from all participants.

Serology assays: Samples from participants were tested with an
enzyme-linked immunosorbent assay that detects IgG antibodies
against the RBD-SARS-CoV-2 [15]. Titers � 1.1 were defined positive.
A SARS-CoV-2 pseudo-virus neutralization assay was performed
using a propagation-competent VSV-spike similar to that previously
published, which was kindly provided by Gert Zimmer, University of
Bern, Switzerland (Supplementary Appendix) [16]. Sera not capable
of reducing viral replication by 50% at a 1 in 8 dilution or below were
considered non-neutralizing. All samples that were positive for RBD-
IgG were tested for neutralizing antibodies (NA). Samples with nega-
tive RBD-IgG tests were not tested for NAs, since we have found that
negative IgG-RBD tests yielded negative NA tests.

Safety: All adverse events (AE), including local and systemic reactions,
were monitored and recorded. Both solicited and unsolicited events
were recorded up to four weeks after the second injection. Each patient
was specifically requested to report local reactions (pain, tenderness, ery-
thema, induration, and lymphadenopathy) and systemic reactions
(fatigue, headache, fever, myalgia, paresthesia and any other reactions).

Statistical analysis: Continuous variables were assessed for nor-
mality by Kolmogorov�Smirnov test and are presented as
means § SD or medians with interquartile range (IQR), where appro-
priate. Titers are presented as geometric mean (GMT) and 95% confi-
dence intervals (CI). Categorical variables are presented
as frequencies and percentages. Only samples with NA titers above
the cutoff (> 8) were included in the analysis for GMT-NA. For group
comparisons, nonparametric statistical tests (Kruskall�Wallis test)
were used, for continuous variables and x2 test for categorical varia-
bles, with adjustment for multiple comparisons according to Tukey.
Multivariable logistic and linear regression analyses were used to
identify factors associated with vaccine-induced antibody response
in the entire cohort (ICP and immunocompetent controls). The whole
group was adjusted in the statistical models for timing of serology
after the second vaccine dose, age and sex. Results are presented as
odds ratio (OR), CIs, and P-values. All P-values reflect the results of
two-sided tests. All data analyses were performed with SAS 9.4 soft-
ware (Cary, NC, USA).

A scatter plot of log-transformed IgG and NA was obtained using
GraphPad Prism 5.0 (GraphPad Software, Inc., San Diego, CA). The
correlation between IgG and log-transformed NA was analyzed using
Spearman's correlation by two-tailed parametric t-test means with
95% CIs [17]. STROBE checklist was followed [18].

Role of funding source: The study did not receive funding. The data
was available to all authors and GR decided to submit for publication.

3. Results

The study cohort consisted of 1274 individuals, comprising nine
ICP cohorts (1002 patients) compared to an immunocompetent
cohort (272 individuals). The cohort included (Table 1): 188 patients
with CLL (140)/NHL(48), of which 67% were not on active immuno-
suppressive therapy at the times of vaccination; 187 with multiple
myeloma, of which 39% were not on immunosuppressive treatment
during vaccination, however all were treated in the course of their
disease by different lines of therapies; 43 with MDS; 90 with solid
malignancies (36 gastrointestinal, 19 breast, 14 malignant mela-
noma,10 lung cancer, 11 with various malignant solid tumors, of
these 66 had metastatic disease and 24 local disease), all on immuno-
suppressive treatment; 111 following HSCT (median time from trans-
plant was 3.4 [IQR 2.0�6.3] years, 40% had chronic GVHD, 45% were
no longer on immunosuppressive treatment and 15% were treated
for their underlying disease, in order to prevent relapse: azacitidine
for MDS/AML, TKI for Philadelphia positive (pH+) leukemia, FLT3
inhibitors for FLT3 positive AML); 227 following SOT (111 kidney
transplantation, 80 heart transplantation, 36 liver transplantation,
with a median time from transplant of 3.1 [IQR 1.0�9.2], 7.4 [IQR
3.3�15.1], 7.0 [IQR 4.0�16.0] years, respectively), with all patients
following SOT being on immunosuppressive therapy; 156 patients
with HIV, and of these 95% with an undetectable viral load, with a
mean CD4+ T cell count of 700 cells per microliter. The different treat-
ments modalities are presented in Table S2.

The median age of the patients was 63.0 years (IQR 51.0�72.0),
and the age was statistically different between the controls and
patients with multiple myeloma, CLL and MDS (p < 0.0001), patients
with solid malignancies (p = 0.0002) and patients with HIV
(p = 0.0001). The median age was not statistically different between
the controls and patients who had undergone heart, kidney, liver or
bone marrow transplantation (Table S3). Of the patients, 65.3% were
males (49.4% with solid malignancies and 87.8% with HIV). The gen-
der distribution was statistically different between the control group
and all the different groups (Table S4). All the participants in the
study were of Caucasian origin, The median number of days from the
second vaccine to serology was 19.0 days (IQR 14.0�25.0). Data on
the control group is summarized in Table 1.

The antibody response two to four weeks after the second vaccine
dose is summarized in Fig. 1a and Table 2. The highest response rate
was observed in the HIV patients:154/156 (98.7%) developed anti-
bodies, with a GMT of 5.14 (95% CI 4.84,5.46). Patients with solid
malignancies also showed a remarkable response: 75/90 (83.3%)
developed antibodies, with a GMT of 3.17 (95% CI 2.56,3.92). The
remainder of the patients also developed antibodies, albeit with
lower titers in the following order: multiple myeloma 79.7%, HSCT
74.8%, liver transplantation 69.4%, MDS 60.5%, CLL/NHL 51.0%, kidney
transplantation 45.0%, and heart transplantation only 18.8%. For the
control group, 269/272 (98.9%) developed antibodies with a GMT of
5.98 (95% CI 5.70, 6.28). Statistical comparison in RBD-IgG GMT
between groups is presented in Table S5.

Following the second vaccine dose, HSCT and HIV RBD-IgG posi-
tive patients developed high NA titers (GMT 653.8 and 467.6,



Fig. 1. Quantitation of IgG following the second dose of the BNT162b2 vaccine in
immunocompromised patients and immunocompetent health care workers.

(A) RBD-IgG levels. (B) Neutralizing antibodies above the cutoff. The dotted black
line indicates the limit level of positive antibodies. The short black line indicates GMT
and 95% CI.

RBD - receptor binding domain, S/CO - sample/cutoff ratio, ICP - immunocompro-
mised patients, CLL - chronic lymphocytic leukemia, NHL - non-Hodgkin’s lymphoma,
HIV - human immunodeficiency virus, MDS - myelodysplastic syndrome, HSCT -
hematopoietic stem cell transplantation, Tx � transplantation.

Table 2
RBD-IgG and neutralizing antibodies (NA) following the second vaccine d

Underlying disease RBD-IgG N Positive RBD-IgG after 2n

Controls** 272 269/272 (98.9)
HIV 156 154/156 (98.7)
Solid malignancies 90 75/90 (83.3)
Multiple myeloma 187 149/187 (79.7)
HSCT 111 83/111 (74.8)
Liver transplant 36 25/36 (69.4)
Myelodysplastic disorders 43 26/43 (60.5)
CLL/NHL 188 96/188 (51.0)
Kidney transplant 111 50/111 (45.0)
Heart transplant 80 15/80 (18.8)
All patients 1002 673/1002 (67.2)

* Only samples with neutralizing antibody titers above the cutoff (>
nocompetent healthcare workers, RBD - receptor binding domain, Vx -
CLL - chronic lymphocytic leukemia, NHL - non-Hodgkin’s lymphoma,
cell transplantation.
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respectively). In contrast, heart and kidney transplant patients devel-
oped low NA titers (GMT 53.8 and 89.5, respectively) (Table 2,
Fig. 1b). The GMT for NAs in the control group was 474
(403.2�557.3). Interestingly, among patients after HSCT and those
with solid malignancies, a bimodal distribution of the antibody
response was observed (Fig. 1a,b); some patients had a minimal
response, while others developed an almost normal response. It is
important to note that those patients after HSCT who did develop an
antibody response were no longer on immunosuppressive treatment.
Statistical comparison in Neutralizing antibodies GMT between
groups is presented in Table S6.

Multivariable logistic regression analysis was used to determine
the influence of age, gender, and the underlying immunosuppressive
disease on the magnitude of response to the second dose of the vac-
cine in the entire cohort (Tables 3a and S7). Older age (OR 0.41, 95%
CI 0.3�0.57) and underlying immunosuppression were significantly
associated with a non-reactive response of IgG antibodies. HIV
patients demonstrated a similar antibody response to the vaccine to
that of healthy adults; C statistic = 0.857. The OR for the whole ICP
group except HIV to respond to the vaccine compared to the controls
was 0.02 (95% CI, 0.01,0.07), p < 0.001 (Tables 3b and S8).

Linear regression analysis of predictors for RBD-IgG levels and NA
titers following the second vaccine demonstrated that age and under-
lying immunosuppression were predictors for lower titers of antibod-
ies (Tables 4a and 4b). There was a high correlation (r = 0.74 [95% CI
0.69,0.78; p < 0.0001]) between RBD-binding IgG and NAs (Fig. S1).

Vaccine-related serious AEs were not observed in the study (Table
S9). No rejection episodes or GVHD were observed at a mean follow
up of 30 days following the second dose. Allergic responses were not
observed. The frequency of local AEs following the first vaccine varied
between 9.9% in HSCT recipients to 40.6% in HIV patients (Table S3,
Fig S2). The frequency of local AEs following the second dose was
similar to that reported after the first dose, except in HIV patients for
whom local AEs decreased. The most common local reaction was
pain at the injection site, which was mild in most cases and subsided
within 24 h. Systemic AEs were more common following the second
vaccine in all groups and included mainly fatigue and headache.
Immunocompetent HCW experienced significantly more local AEs
than all ICPs groups (p < 0.0001). Systemic AEs were also more com-
mon in the controls than in patients with CLL/NHL, HSCT and solid
malignancies.
4. Discussion

We recruited 1002 ICPs to participate in a study testing RBD-IgG
and NAs following two doses of the BNT162b2 mRNA vaccine. The
proportion of participants achieving an effective antibody response
two to four weeks following the second vaccine varied from 18.8%
ose, GMT.

d Vx n/N (%) RBD-IgG GMT (95% CI) NA* GMT (95% CI)

5.98 (5.70�6.28) 474.0 (403.2�557.3)
5.14 (4.84�5.46) 467.60 (382.5�571.7)
3.17 (2.56�3.92) 270.0 (154.8�471.0)
2.76 (2.38�3.20) 297.7 (191.8�462.1)
2.55 (2.03�3.21) 653.8 (353.3�1210)
2.14 (1.46�3.14) 264.6 (121.8�574.9)
1.54 (1.04�2.28) 362.0 (164.9�795.0)
1.18 (0.97�1.43) 261.4 (166.8�409.6)
1.00 (0.80�1.24) 89.5 (51.1�156.7)
0.55 (0.44�0.68) 53.8 (24.1�120.4)
1.98 (1.83�2.14) 313.2 (267.2�367.1)

8) were included in the analysis for GMT-NA, ** Controls � immu-
vaccination, GMT- geometric mean titer, CI - confidence interval,

HIV - human immunodeficiency virus, HSCT - hematopoietic stem



Table 3a
Multivariate logistic regression analysis of predictors for positive IgG antibodies fol-
lowing the second dose of vaccine in immunocompromised patients (1002) and
immunocompetent controls (272); N = 1274.

Effect Odds ratio Lower 95% CI Upper 95% CI P-value

Gender, F vs. M 1.23 0.89 1.69 0.21
Age, > 65 y vs. < 65y 0.41 0.30 0.57 < 0.0001
Days after 2nd vaccine 1.02 1.01 1.04 0.0064
HIV 0.80 0.13 4.90 0.81
Solid malignancies 0.08 0.02 0.27 < 0.0001
Multiple myeloma 0.06 0.02 0.19 < 0.0001
HSCT 0.04 0.01 0.13 < 0.0001
Liver transplant 0.03 0.01 0.12 < 0.0001
Myelodysplastic

disorders
0.02 0.01 0.08 < 0.0001

CLL/NHL 0.02 0.00 0.05 < 0.0001
Kidney transplant 0.01 0.00 0.03 < 0.0001
Heart transplant 0.00 0.00 0.01 < 0.0001

Table 3b
Multivariate logistic regression analysis for predictors to positive IgG antibodies fol-
lowing the second dose of vaccine in immunocompromised patients (846), patients
with HIV (156) and immunocompetent controls (272); N = 1274.

Effect Odds ratio Lower 95% CI Upper 95% CI P-value

Age, > 65 yr vs. < 65yr 0.54 0.41 0.72 < 0.0001
Gender, F vs. M 1.34 1.00 1.79 0.04
Days after 2nd vaccine 1.38 1.03 1.84 0.031
HIV vs. controls 0.90 0.15 5.53 0.91
All ICP except HIV vs.

controls
0.02 0.01 0.07 < 0.001

CI � confidence interval. F - female, M- male, HSCT - hematopoietic stem cell trans-
plantation, CLL - chronic lymphocytic leukemia, NHL - non-Hodgkin’s lymphoma, HIV
- human immunodeficiency virus.

Table 4a
Multivariate linear regression analysis of predictors for RBD-IgG levels following
the second dose of the vaccine in the study population (1002) vs. immunocompe-
tent controls (272); N = 1274.

Effect Ratio of mean Lower 95% CI Upper 95% CI P-value

Gender, male 0.97 0.86 1.09 0.58
Age 0.99 0.98 0.99 < 0.0001
HIV 0.83 0.67 1.02 0.070
Solid malignancies 0.60 0.47 0.76 < 0.0001
Multiple myeloma 0.53 0.44 0.64 < 0.0001
HSCT 0.45 0.36 0.56 < 0.0001
Liver transplant 0.38 0.27 0.54 < 0.0001
Myelodysplastic

disorders
0.31 0.23 0.43 < 0.0001

CLL/NHL 0.23 0.19 0.28 < 0.0001
Kidney transplant 0.18 0.14 0.22 < 0.0001
Heart transplant 0.10 0.08 0.12 < 0.0001

Table 4b
Multivariate linear regression analysis of predictors for positive neutralizing anti-
body levels following the second dose of vaccine in 617 participants, 420 ICPs and
197 immunocompetent controls.

Effect Ratio of mean Lower 95% CI Upper 95% CI P-value

Gender, male 0.83 0.65 1.08 0.16
Age 0.98 0.98 0.99 0.0002
HIV 0.91 0.62 1.32 0.61
Solid malignancies 0.57 0.34 0.98 0.04
Multiple myeloma 0.69 0.45 1.07 0.09
HSCT 1.35 0.77 2.36 0.29
Liver transplant 0.54 0.27 1.06 0.07
Myelodysplastic

disorders
0.95 0.50 1.82 0.88

CLL/NHL 0.58 0.38 0.87 0.008
Kidney transplant 0.19 0.11 0.34 < 0.0001
Heart transplant 0.11 0.04 0.31 < 0.0001

RBD � receptor binding domain, CI � confidence interval, HIV - human immunode-
ficiency virus, HSCT - hematopoietic stem cell transplant, CLL � chronic lymphatic
leukemia, NHL � non-Hodgkin's lymphoma, ICPs � Immunocompromised patients.
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and 45% after heart and kidney transplantation, respectively, to 74.8%
following HSCT, 79.7% with multiple myeloma, 83.3% with solid
malignancies and 98.7% in patients with HIV, the last of these being
similar to the 98.9% response in immunocompetent controls. Multi-
variate logistic regression analysis revealed that older age and under-
lying immunosuppression were significantly associated with IgG
non-reactive response, except in HIV patients who demonstrated a
similar antibody response to that of the controls. Furthermore, linear
regression analysis demonstrated that the same variables, namely,
age and underlying immunosuppression (except HIV), were predic-
tors for lower titers of antibodies measured by RBD-IgG and neutral-
izing assays.

The spectrum of ICPs is heterogeneous with different degrees of
immune impairment. ICPs have higher rates of mortality from
COVID-19 compared to other populations due to the immunosup-
pression associated with the underlying disease and its treatment
[19]. An additional concern is that ICPs exhibit prolonged shedding of
the virus, which may cause increased transmission, leading to pro-
longed isolation of the patient and thus delaying chemotherapy or
transplantation. Furthermore, persistent infection of SARS-CoV-2
within immunocompromised hosts could serve as a reservoir for the
generation of mutations and the subsequent emergence of novel
strains with the potential to evade immune responses [20]. Our
results raise the possibility that weak antibody response in ICP con-
tributes substantially to these outcomes.

In this study, patients with HIV mounted a humoral response to
the vaccine that was similar to the response of the healthy controls.
This finding is in keeping with previous studies demonstrating that
in the era of ART, pneumococcal vaccines are immunogenic in HIV
patients, particularly if ART is initiated immediately after HIV diagno-
sis, but the durability of the protection remains unknown [21]. The
enhanced humoral response in our HIV cohort is probably related to
their well-preserved immunological status, with an undetectable
viral load and mean CD4 of 700 cells/mL at the time of vaccination.
To date, the responses to SARS-CoV-2 vaccines have not been fully
characterized in people living with HIV, but a recent study on 12
patients demonstrated a robust immune response [22].

In contrast to the HIV patients, patients following SOTs responded
significantly less favorably to the vaccine, with a response ranging
from as little as 18.8% in heart transplants, through 45% in kidney
transplants, to 69.4% in liver transplants. In keeping with these find-
ings, NA-GMT in liver transplant recipients was significantly higher
than that in kidney and heart transplant recipients. The degree of
immunosuppression for SOT recipients is based on risk assessment
for rejection [23] versus infection and is determined by multiple fac-
tors, such as the transplant type, degree of sensitization to human
leukocyte antigens, prior allograft rejection, age, and comorbidities.
The lower response of heart transplant recipients was not related to
age, as those patients were not older than the kidney or liver trans-
plant subpopulations. It is also not related to increased rejection
rates, as patients exhibiting rejection were excluded from the study.
Our preliminary results on heart transplant recipients suggest that
the type of immunosuppression impacts the ability to mount an
immune response; notably, mycophenolate use was independently
associated with a reduced likelihood of generating an antibody
response (OR = 0.09, P = 0.021) [24]. A recent study on the efficacy of
the vaccine among kidney transplant recipients found that only 51/
136 (37.5%) developed antibodies. Variables associated with non
responsiveness were older age, high-dose corticosteroids in the last
12 months, maintenance with triple immunosuppression and regi-
men that includes mycophenolate [25]. Anti-SARS-CoV-2 antibodies
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were detected in 47.5% of patients following liver transplantation;
predictors for negative response were older age, lower eGFR, and
treatment with high dose steroids and mycophenolate [26].

Immunological responses to the vaccine in recipients of SOTs
should therefore be further assessed in terms of the duration and
dosage of immunosuppressive therapy. Surprisingly, 74.8% of
patients following HSCT developed RBD-IgG antibodies, and, further-
more, GMT-NA among those with positive RBD-IgG was the highest
among all immunocompromised subpopulations with titers similar
to those of the controls. Since lymphocytes require several months to
mature sufficiently to produce an effective vaccine response, the opti-
mal timing for vaccinating after HSCT is difficult to determine. Mean
time from transplant to vaccination in our cohort was 3.4 (IQR
2.0�6.3) years, which may explain lymphocyte maturation and pro-
duction of antibodies. The effects of GVHD and immunosuppressive
treatment might delay the process of immune reconstitution and
limit the effectiveness of vaccination. Recent guidelines recommend
starting vaccination against influenza, pneumococcal infection, and
Haemophilus influenzae type b as early as three months after HSCT
[27]. We chose to vaccinate HSCT patients > 6 months following
transplantation and to vaccinate only those without GVHD, which
may explain the enhanced immunity conferred by the vaccine in this
subpopulation. We observed bimodal distributions of the antibody
response in patients following HSCT, namely, those with minimal
responses and those with almost normal responses. The latter group
consisted of the 45% of HSCT patients who were no longer on immu-
nosuppressive treatment. A recent study on 66 patients after alloge-
neic HSCT found evidence of a humoral and/or cellular response to
the vaccine in 75% [28].

More than 80% of patients with solid malignancies developed a
serological response to the vaccine. Treatment for many cancers has
progressed significantly in recent years, resulting in improved patient
outcomes and prolonged survival, but only a few studies on immu-
nity and vaccination have been published. The patients in our cohort
had malignancies of the gastrointestinal tract, breast, and lung and
melanoma. Treatment modalities covered a range of chemotherapies,
biological targeted therapies, and hormonal treatments, sometimes
given in combination, but most of the frequently used treatments
were not intensely immunocompromising [29]. A bimodal distribu-
tion of the humoral immune response was also observed in this
group. A recent study of 102 patients with cancer revealed a serologi-
cal response in 90%; in that study, treatment with chemotherapy plus
immunotherapy was associated with reduced antibody titers [30]. In
the future, additional analyses with all risk factors should be done to
elucidate these different immune responses.

Patients with hematologic malignancies tended to be more immu-
nocompromised than those with solid tumors, but antibodies did
develop in 79.7% of patients with multiple myeloma, in 51.0% with
CLL/NHL and in 60.5% with MDS. The enhanced response in patients
with multiple myeloma was unexpected in the face of the immuno-
paresis of the uninvolved immunoglobulins in a significant propor-
tion of patients at the time of diagnosis and the additional decrease
due to immunosuppressive treatment. It has been demonstrated that
BNT162b2 is immunogenic in 78.6% of multiple myeloma patients,
while those on anti-CD38-based treatment responded significantly
less well [31].

A recent study of 167 patients with CLL found an antibody
response rate of 39.5%, with the highest response in patients in clini-
cal remission after treatment (79.2%), followed by 55.2% in treat-
ment-naïve patients. In patients treated with either BTK inhibitors or
venetoclax, with or without anti-CD20 antibody, response rates were
16.0% and 13.6%, respectively. None of the patients exposed to anti-
CD20 antibodies < 12 months prior to vaccination responded [32].

We found that the BNT162b2 mRNA vaccine was safe, without
any episode of rejection, GVHD or allergy. While concern has been
raised that vaccination might trigger rejection, numerous trials have
shown no causal association between vaccination and organ rejection
[23]. The immunocompetent controls in our study experienced sig-
nificantly more AEs than the ICPs.

The limitations of the study include differences in demographic
characteristics within ICPs and also between ICPs and the control
group, although statistical models were used to control for these dif-
ferences. Unfortunately, BMI was not available for all patients in the
study. Another limitation is the lack of treatment subgroup analysis,
which is beyond the scope of this study. Our nine ICP groups were
treated with many different treatment protocols, with various combi-
nation of chemo-immunotherapy and biological treatments. Further
analysis on each immunosuppressed group should be done so as to
explore the specific risk factors for non-immunogenicity. In addition,
the durability of the protection conferred by the BNT162b2 mRNA
vaccine remains unknown and must be addressed in future research.
Yet another limitation was that pre-vaccination serology and/or PCR
were not systematically evaluated and hence previous infection with
COVID-19 status is uncertain; however, all patients denied having
any symptoms or a positive PCR test before enrollment in the study.
We can therefore assume that the occurrence of prior undiagnosed
COVID-19 was negligible in ICPs, as patients and their caregivers are
usually strict about social distancing measures and mask wearing.
Furthermore, the antibody response is only one component of the
immune response to vaccines. Cell-mediated immunity is a critical
determinant of protection. Indeed, loss of antibodies does not neces-
sarily imply loss of clinical protection and immune memory can per-
sist, even in individuals with low antibody concentrations.

We demonstrated that antibody response to the BNT162b2 mRNA
vaccine is highly variable among different immunosuppressed
patients, and thus individual recommendations should be provided
for different immunosuppressed patients. Younger patients � partic-
ularly those with HIV infection, those with solid malignancies being
treated with immunochemotherapy, those with multiple myeloma,
HSCT recipients six months post-transplant without GVHD, liver
transplant patients and probably other transplant patients not receiv-
ing antimetabolite maintenance immunosuppression � are more
likely to develop antibody responses, and vaccination should be
encouraged for those patients. In contrast, older patients, particularly
those after heart and kidney transplants, are less likely to develop
antibody response and should be warned to follow strict infection
control measures, particularly vaccination of all other household
members. Further studies should be conducted to explore the cellular
immune response to the vaccine in ICPs and the effect of additional
booster doses of the vaccine.
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