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Abstract

Prior studies of antibody response after full SARS-CoV-2 vaccination in hematological patients have confirmed lower anti-
body levels compared to the general population. Serological response in hematological patients varies widely according to the
disease type and its status, and the treatment given and its timing with respect to vaccination. Through probabilistic machine
learning graphical models, we estimated the conditional probabilities of having detectable anti-SARS-CoV-2 antibodies at
3—-6 weeks after SARS-CoV-2 vaccination in a large cohort of patients with several hematological diseases (n= 1166). Most
patients received mRNA-based vaccines (97%), mainly Moderna® mRNA-1273 (74%) followed by Pfizer-BioNTech®
BNT162b2 (23%). The overall antibody detection rate at 3 to 6 weeks after full vaccination for the entire cohort was 79%.
Variables such as type of disease, timing of anti-CD20 monoclonal antibody therapy, age, corticosteroids therapy, vaccine
type, disease status, or prior infection with SARS-CoV-2 are among the most relevant conditions influencing SARS-CoV-
2-IgG-reactive antibody detection. A lower probability of having detectable antibodies was observed in patients with B-cell
non-Hodgkin’s lymphoma treated with anti-CD20 monoclonal antibodies within 6 months before vaccination (29.32%),
whereas the highest probability was observed in younger patients with chronic myeloproliferative neoplasms (99.53%). The
Moderna® mRNA-1273 compound provided higher probabilities of antibody detection in all scenarios. This study depicts
conditional probabilities of having detectable antibodies in the whole cohort and in specific scenarios such as B cell NHL,
CLL, MM, and cMPN that may impact humoral responses. These results could be useful to focus on additional preventive
and/or monitoring interventions in these highly immunosuppressed hematological patients.

Keywords Probabilistic graphical models - Bayesian Networks - mRNA vaccine - SARS-CoV-2 vaccines - Hematological
malignancies - Non-Hodgkin lymphoma - Chronic lymphocytic leukemia - CAR-T therapy - Allogeneic stem cell
transplantation - Autologous stem cell transplantation - COVID-19 - Respiratory virus - Immunocompromised patients -
Moderna mRNA-1273 - Pfizer-BioNTech BNT162b2

Introduction

Hematological patients have proven to be the most
vulnerable population to coronavirus infectious disease

>4 José Luis Pifiana 2019 (COVID-19) pandemic caused by the new zoonotic
jlpinana@gmail.com coronavirus (SARS-CoV-2) in terms of delayed treatments,
Extended author information available on the last page of the article deferral of cell therapy procedures and more importantly
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suffering a relevant mortality that exceeds 25% [1-6].
Although hematological patients have been inexplicably
excluded from randomized SARS-CoV-2 vaccine trials,
national and scientific societies have actively recommended
on SARS-CoV-2 vaccination in order to lessen the severity
of COVID-19 in these immunocompromised patients
[7—11]. Initial reports on antibody response after full SARS-
CoV-2 vaccination in hematological patients have confirmed
the lower antibody response rates compared to the general
population [12—18]. Serological response in hematological
patients varies significantly according to several factors
such as the type of hematological disease, disease status
at the time of vaccination, the timing and type of past or
current treatments/procedures with regard to the time of
vaccination, the type of SARS-CoV-2 vaccine and according
to the prior development of COVID-19 [12—18]. Some
hematological patients’ subsets can achieve seroconversion
rates comparable to general population (i.e., those who had
prior COVID-19) [19, 20], whereas others showed a reduced
serological response [12—18]. Given this high variability, it
is of great interest to understand conditions predisposing to
a lower antibody response rate in hematological patients.
It is also of utmost importance to know the pre-vaccine
likelihood of serological responses according to specific
conditions in general hematological population and in each
of the diseases/treatments/procedures for patients counseling
and to prioritize those with lower probability of response for
additional vaccine doses, for serological monitoring after
vaccination, for pre-exposure neutralizing SARS-CoV-2
monoclonal antibodies therapy, or for considering early
therapy with efficient antivi-ral drugs. To this aim, we use
supervised machine learning (ML) methodologies, such as
probabilistic graphical models which have shown excellent
performance given their simplicity and explainability [21].

The current study analyzes the conditions that influence
the detection of SARS-CoV-2-reactive IgG antibodies at 3 to
6 weeks after a full course of SARS-CoV-2 vaccination and
explored conditional probabilities of humoral response in a
Spanish cohort of 1166 patients with hematological disor-
ders. This prospective study was conducted by the Spanish
Hematopoietic Stem Cell Transplantation and Cell Therapy
Group (GETH-TC).

Patients and methods

Study population

This is a prospective observational multicenter registry
study that includes more than 1600 patients with several
hematological disorders conducted by the GETH-TC in

collaboration with the Spanish Society of Hematology and
Hemotherapy (SEHH). The cohort included patients who
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received cell therapy procedures (allogeneic or autologous
HSCT and/or CAR-T cell therapy) and patients with hema-
tological diseases who did not receive cell-based procedures.
The local ethical committee of the Hospital Clinico Univer-
sitario of Valencia approved the registry and study protocol
(reference code 35.21).

Inclusion criteria and cohort selection

Details of this multicenter registry have been already
reported elsewhere [20]. Briefly, this registry included con-
secutive adult patients with a prior history of hematological
disorders who were vaccinated against SARS-CoV-2 from
December 30, 2020, to June 30, 2021, in 21 participating
Spanish centers. All patients included in this registry gave
their sign informed consent according to the Declaration of
Helsinki.

The status of all included patients was updated on July 30,
2021. At this time, the predominant SARS-CoV-2 variant
of concern in Spain was gamma (P.1). Variables included in
the REDCap on-line platform in the GETH database were
patient and disease characteristics, date of vaccination, type
of vaccination, self-reported adverse events (AEs) after vac-
cination, prior history of SARS-CoV-2 infection, serologi-
cal status before vaccination, serological response at 3 to 6
weeks, and data regarding characteristics of breakthrough
COVID-19 when applicable. Details on the past or current
treatment(s) of the underlying malignancy, immunosuppres-
sion status, and status disease at the time of vaccination were
also captured. As well, baseline laboratory variables before
SARS-CoV-2 vaccination (absolute lymphocyte and neutro-
phil counts) were also collected.

As of July 30, 2021, 1683 patients with different hema-
tological disorders who had been fully vaccinated against
COVID-19 were registered in the GETH-TC database. With
the aim of assessing the probabilities of having SARS-
CoV-2 antibodies after full vaccination in the whole series
and in specific scenarios, we excluded those who did not
have serological assessment at 3 to 6 weeks after complete
vaccination (n= 354) and those without data on their under-
lying disease and treatments received (n= 161). Thus, only
patients with complete available disease characteristics data
and serological testing at 3 to 6 weeks after full vaccina-
tion were included (n= 1166). To exclude reporting bias, we
explored the 6-week survival and the rates of breakthrough
COVID-19 during the study period in the 1166 included
patients and the 515 excluded patients and found no dif-
ferences (data not shown). To differentiate the serological
effect of the baseline diseases and their treatments from that
of the cell therapy procedures, analyses in the whole cohort
were segregated by patients’ disease and cell therapy status.
Analysis of specific factors associated with the detection
of SARS-CoV-2 reactive antibodies after full vaccination
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in recipients of allogeneic stem cell transplantation (allo-
HSCT) and autologous stem cell transplantation (ASCT)
and in those with prior COVID-19 have been previously
published [19, 20].

Definitions and technical considerations

Having received full vaccination was defined as receiving
two doses of vaccines with an interval of 2 to 14 weeks
between doses. Antibody detection or seropositivity was
defined as the detection of SARS-CoV-2-reactive IgG anti-
bodies at any level above the lower limit level of detection
for each of the serological tests used. We assessed seroposi-
tivity using serological ELISA or chemiluminescence immu-
noassay assays (see supplementary Table S1) as previously
described [20]. Overall results were reported as positive or
negative detection.

Pre-vaccination SARS-CoV-2 infection was defined as
patients with prior history of PCR-proven COVID-19 and/
or positive SARS-CoV-2 serostatus (IgG and/or IgM) before
the first vaccine dose.

Endpoints

The primary objective of the study was to estimate the
likelihood of having detectable SARS-CoV-2 antibodies in
the whole series according to different conditions. We also
estimated the probabilities of SARS-CoV-2-reactive IgG
antibodies detection in well represented (> 100 patients)
subgroup of patients.

The main characteristics of patients were reported by
descriptive statistics. The median and range were used for
continuous variables, whilst absolute and percentage fre-
quency were used for categorical variables. Comparison
between percentages was performed through X*-test when
appropriate.

Machine learning analysis

A detailed description of ML analyses is available in the
online Supplementary file. In brief, we used Bayesian Net-
works (BN) (also known as a probabilistic graphical mod-
els or belief networks) to represent a mixture of probabil-
ity and graph theory in which the dependencies between
variables are expressed graphically. Each node corresponds
to a random variable and a directed acyclic graph (DAG)
representing the conditional dependencies of the variables.
The graph is a DAG. Nodes that are not connected represent
variables that are conditionally independent. Each node is
associated with a probability function that takes (as input)
a particular set of values for the node’s parent variables and
gives (as output) the probability, or probability distribu-
tion, if any, of the variable represented by the node. The

probability distribution depends on the graphical structure
of the network. There are several possibilities to obtain
these basic structures [22]. In the current study, we used
the Tree augmented Naive Bayes (TAN), an extension of
a Naive Bayes classifier, in which each variable is allowed
to have dependence on another variable in addition to the
target variable or class. The tree structure is learned from
the data and provides probabilistic information about the
relationships between the predictor variables (e.g., anti-CD
20 monoclonal antibody therapy and B cell non-Hodgkin’s
lymphoma) and the target class (antibody response after
complete SARS-CoV-2). A 5-repeated 2-fold cross-valida-
tion was used in order to get the best hyperparameters of the
TAN model [22]. We will also use the receiver operating
curve (ROC) to show the relationship between the sensitiv-
ity (true positive rate) and specificity (false positive rate)
obtained by the model and evaluate its predictive power with
the area under the operating curve (AUC).

All the descriptive analyses were performed using the
software SPSS v. 25, whereas we used the R and Python
programming languages for developing the scripts to create
and analyze the models. In Python, we extensively used the
standard libraries Sklearn [23], Pandas [24], and Numpy
[25]. For R, we mainly used the following libraries: ggplot2
[26] and bnlearn [27].

Results

Patient characteristics, antibody detection,
and adverse events after SARS-CoV-2 vaccines

This study includes 1166 hematological patients meeting
the inclusion criteria. Detailed clinical and laboratory char-
acteristics are summarized in Table 1. The median age was
63 years (range 18-97). Overall, the most common hema-
tological diseases were B cell non-Hodgkin’s lymphoma (B
cell NHL) (n= 187, 16%), plasma cell disorders (PCD) (n=
131, 11.2%), chronic lymphocytic leukemia (CLL) (n= 125,
10.7%), and chronic myeloproliferative neoplasias (cMPN)
(n= 111, 9.5%). Among the cell therapy procedures, the
most common was allo-HSCT (n= 318, 27.3%) followed by
ASCT (n=87,7.5%) and CAR-T therapy (n= 21, 1.8%). Of
note, this series included 99 patients (8.4%) with prior PCR
and/or serological proof of SARS-CoV-2 infection before
being vaccinated.

Most patients received mRNA vaccines (97%), mainly
Moderna® mRNA-1273 (74%) followed by Pfizer-BioN-
Tech® BNT162b2 (23%). Distribution of SARS-CoV-2 vac-
cine types according to the disease or procedure is detailed
in Table 2.

Overall, SARS-CoV-2-reactive IgG antibody tests were
positive in 925 of the 1166 patients (79%) at a median
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Table 1 Patients’ characteristics
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Characteristics (n=1166)
Prior COVID-19, n (%) 99 (8.4)
e Diagnosed by PCR 82 (7)
O Positive serostatus prior to vaccination, 33 (2.8)
O Negative serostatus prior to vaccination, 18 (1.5)
e Detected by pre-vaccine serological test 17 (1.4)

e Median time from COVID-19 to vaccination, days (range)
Serological status prior to vaccination, n (%)
e Positive
o Negative
e Not tested
Median time from serology to vaccination, days (range)
Type of vaccine, n (%)
e Moderna mRNA-1273
O Seropositivity after vaccination*
o Pfizer-BioNTech BNT162b2
O Seropositivity after vaccination*
e Adenoviral vector-based
O Seropositivity after vaccination*
Age (years), median (range)
e 18-40 years, n (%)
e 41-60 years, n (%)
e 61-70 years, n (%)
o >71 years, n (%)
Male, n (%)
ECOG 0-1 at vaccination
Baseline disease, n (%)
e AML/allo-HSCT/ASCT
e ALL/allo-HSCT/ CAR-T
e MDS/allo-HSCT
e B-cell NHL/allo-HSCT/ASCT/CAR-T
o T cell NHL/allo-HSCT/ASCT
e Plasma cell disorders /allo-HSCT/ASCT/CAR-T
e CLL/allo-HSCT
e HD/allo-HSCT/ASCT
o cMPN/allo-HSCT
e Non-malignant disorders*/allo-HSCT
Type of cell therapy procedure
e Allo-HSCT
e Time from transplant to 1st vaccine dose, months (range)
e ASCT
e Time from transplant to 1st vaccine dose, months (range)
e CAR-T
e Time from CAR-T to 1st vaccine dose, months (range)
Status disease at vaccination, n (%)
e Complete remission
e Partial remission
e Active disease
e Non treated

185 (33-422)

50 (4.5)
412 (35)
704 (60.5)
0 (0-366)

864 (74)
700 (81)
272 (23)
204 (75)
30 (2.6)
21 (70)
63 (18-97)
128 (11)
393 (33.7)
314 (26.9)
331 (28.4)
667 (57.2)
752 (64.5)

35(3)/113 (10)/1 (0.1)
2(0.2)/33 (3)/1 (0.1)

79 (6.8)/45 (4)/1 (0.1)

187 (16)/37 (3)/15 (1)/13 (1)

9 (0.8)/14 (1)/2 (0.2)

131 (11.2)/8 (0.6)/57 (5)/7 (0.7)
125 (10.7)/8 (0.8)

44 (3.8)/31 (3)/11 (1)

111 (9.5)/19 (2)

17 (1.5)/10 (1)

318 (27.3)
98 (4-646)
87 (7.5)
88 (3-763)
21(1.8)
7 (18-6)

663 (56.9)
139 (11.9)
251 (21.4)
114 (9.8)
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Characteristics (n=1166)
Time last treatment to COVID-19 vaccine, months (range)

e untreated 187 (16)

e Active treatment 479 (41.1)

e > 6month to 1 year 90 (7.7)

e > | year 410 (35.2)
Immunosuppressive drugs at vaccination, n (%) 220 (18.9)
Corticosteroids at vaccination, n (%) 214 (18.4)
Daratumomab, n (%) 45 (3.9)
Venetoclax, n (%) 17 (1.5)
Anti-CD-20 moAb, n (%) 217 (18.6)

e < 6months before 1st vaccine dose 77 (6.6)

e 6 to | year before 1st vaccine dose 24 (2.1)

e > year before 1st vaccine dose 115 (9.9)
BTK inhibitor therapy, n (%) 67 (5.7)
TKI therapy, n (%) 32(2.7)
Lenalidomide maintenance, n (%) 115 (9.9)
Ruxolitinib therapy, n (%) 25 2.1

Blood count before vaccination (x10°/mL)

o Absolute neutrophile counts, median (range)

3.035 (0-46.7)

o Absolute neutrophile counts < 0.5 X 10%/mL, n (%) 26 (2.2)

o Absolute lymphocyte counts, median (range) 1.75 (0.14-262.1)

e Absolute lymphocyte counts < 1 X 10°/mL, n (%) 188 (16.1)

e Absolute lymphocyte counts < 0.5 X 10°/mL, n (%) 46 (3.9)
Time from 2° dose to serologies, median days (range) 21 (14-61)
Median time between vaccine doses, median days (range) 28 (17-105)
SCoV2-R-A detection at 3 weeks after full vaccination, n (%) 925 (79.3)
Median follow-up after full vaccination, days (range) 28 (17-139)
COVID-19 after vaccination, n (%) 6 (0.5)
Median time from full vaccination to COVID-19 21 (16-54)

PCR, polimerase chain reaction; AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; MDS,
myelodysplastic syndrome; B cell NHL, B cell non-Hodgkin lymphoma; T cell NHL, T cell non-hodgkin
lymphoma; CLL, chronic lymphocytic leukemia; HD, Hodgkin disease; cMPN, chronic myeloproliferative
neoplasm; Allo-HSCT, allogeneic stem cell transplantation; ASCT, autologous stem cell transplantation;
CAR-T, T cell chimeric antigen receptor; moAb, monoclonal antibody; BTK inhibitor, Bruton’s tyrosine
kinase inhibitor; TKIs, tyrosine kinase inhibitors; SCoV2-R-A, SARS-CoV-2-reactive IgG antibodies
*Differences in SARS-CoV-2 seropositivity after complete vaccination with these compounds are statisti-
cally significant (p < 0.0001)

*Non-malignant diseases not allografted (n=17) include aplastic anemia (n= 5), paroxysmal nocturnal
hemoglobinuria (n= 3), autoimmune hemolytic anemia (n= 3), combined immunodeficiency disorder (n=
2), immune thrombocytopenia (n= 1) and cyclic neutropenia (n= 3). Among allo-HSCT recipients with
non-malignant diseases, there were 8 with aplastic anemia and 2 with major talassemia
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Table 2 Dis.tribution Of, SARS- Vaccine baseline disease Moderna® mRNA-1273 Pfizer-BioNTech®
CoV-2 vaccines according to (%) BNT162b2 (%)
the disease or procedures-

Adenoviral-based
vector (%)

ALL 0.00 100.00 0.00

AML 0.00 74.29 25.71
ASCT 8.05 78.16 13.79
Allo-HSCT 1.26 84.91 13.83
B cell NHL 5.35 74.33 20.32
CAR-T 0.00 95.24 4.76

CLL 1.60 67.20 31.20
HD 2.27 88.64 9.09

MDS 2.53 3291 64.56
MPN 0.90 83.78 15.32
Non-malignan disease 5.88 64.71 29.41
Plasma cell disorders 0.76 62.60 36.64
T cell NHL 11.12 44.44 44.44

AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; MDS, myelodysplastic syndrome; B
cell NHL, B cell non-Hodgkin lymphoma; T cell NHL, T cell non-Hodgkin lymphoma; CLL, chronic lym-
phocytic leukemia; HD, Hodgkin disease; cMPN, chronic myeloproliferative neoplasm; Allo-HSCT, alloge-
neic stem cell transplantation; ASCT, autologous stem cell transplantation; CAR-T, T cell chimeric antigen

receptor; PCD, plasma cell disorders

of 21 days (range, 14-61 days) after the full vaccination
schedule. Median follow-up after vaccination was 28 days
(range 17-139 days) with 6 patients (0.5%) developing
breakthrough COVID-19 diagnosed by PCR; three of these
patients had a negative SARS-CoV-2 serostatus after full
vaccination.

Overall, vaccination was well-tolerated. Self-reported
adverse events (AEs) are detailed in Table 3. The occurrence
of any AE was reported in 10.5% and 13% of patients after
the first and second dose, respectively (p > 0.4). Acute
myeloid leukemia (AML) patients reported the lowest rate of
any AE after the first vaccine dose followed by allo-HSCT
recipients, whereas patients with other hematological disorders
and ASCT recipients reported the highest rates of any AE.
Regarding the overall rates of any AEs after the second vaccine
dose, allo-HSCT recipients followed by CAR-T cell therapy
recipients showed the lowest rates of any AE in contrast with
other hematological disorders, multiple myeloma, and cMPN
patients who reported the highest rates of AEs.

Probabilities of SARS-CoV-2-reactive antibody
detection

We first described the overall rate of detectable SARS-
CoV-2 antibodies at 3 to 6 weeks after complete vaccination
according to the baseline disease or type of cell therapy
procedures which are detailed in Fig. 1. We observed 3
groups with differential rates of antibody detection. In
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increasing order of antibody detection rates, the first group
(detection rates between 50 and 70%) included T and B cell
NHL along with CAR-T cell recipients and CLL, the second
group (detection rates in the 80%) comprised allo-HSCT
recipients, PCD, ASCT recipients, and AML patients. The
third group, with detection rates > 90%, included Hodgkin’s
disease (HD), other hematological diseases, cMPN, and
myelodysplastic syndromes (MDS).

We further developed the TAN model and evaluated by
Bayesian network (probabilistic graph) the strength of the
variables’ dependency, which are represented in Fig. 2. We
observed several dependencies among variables based on the
TAN model. Variables with a statistically significant direct
relationship with the SARS-CoV-2 serological status (bold
arrows in Fig. 2) were age, baseline disease, disease status,
ECOG performance status, lymphocyte count <0.5 x 10°%/
mL and lymphocyte count <1.0 X 10°/mL. The accuracy
of the TAN model was checked by area under the curve
test which was 0.87 (95% confidence interval: 0.85-0.90)
(Supplementary Figure S1).

Probabilities of having SARS-CoV-2-reactive
antibody according to the interrelation
with the most relevant conditions

To estimate the individual conditional probabilities
of having detectable antibodies against SARS-CoV-2
after full vaccination schedule according to variables
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Table 3 Characteristics of self-reported adverse events according to the disease or procedure

PCD P value

T cell NHL

Non malignant

CAR-T CLL HD MDS cMPN

B cell NHL

Allo-HSCT

ASCT

AML

AEs*

First dose, n

0.44
0.7

17 (13)

111

16(13)  5(11) 79 1009)  424)

23 (12) 2(10)

2(5) 13315 23(D)

e Any AEs, n (%)

e Fever, n

0.19
0.1

e Headache, n

14

15

21

13 18

0

e Puncture site pain, n

0.042

e myalgia, n

Second dose, n/n evaluable (%)

0.6

25 (18)

111

19(15)  6(14) 11(14) 20(18) 6(35)

23 (12) 1(5)

15017 217

309

e Any AEs, n (%)

e Fever, n

0.2

0.78

e Headache, n

0.003
0.58

20

10

12

18

13 13

2

e Puncture site pain, n

e myalgia, n

AEs, adverse events; n, number; AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; MDS, myelodysplastic syndrome; B cell NHL, B cell non-Hodgkin lymphoma; T cell NHL,

T cell non-Hodgkin lymphoma; CLL, chronic lymphocytic leukemia; HD, Hodgkin disease; cMPN, chronic myeloproliferative neoplasm; Allo-HSCT, allogeneic stem cell transplantation; ASCT,

autologous stem cell transplantation; CAR-T, T cell chimeric antigen receptor; PCD, plasma cell disorders

*ALL cases have been excluded since only 2 cases were included

of interest, we built a TAN graph. Figure 3 summarizes
the conditional probabilities in the overall cohort. The
lowest probability of detecting SARS-CoV-2 reactive
antibodies were observed in patients who received
anti-CD20 monoclonal antibody therapy at the time
of vaccination or within the 6 months before the first
dose (32.47%). Although the probabilities increased in
those who received anti-CD20 monoclonal antibody
therapy between 6 and 12 months before vaccination,
we still observed a low probability of antibody detection
(49.88%). However, the likelihood of antibody detection
in patients treated with anti-CD20 monoclonal antibodies
more than 1 year before vaccination was similar to other
patients (76.3%). In contrast, a high rate of SARS-CoV-2
antibody detection was observed in patients with SARS-
CoV-2 infection prior to vaccination (92.09%). Regarding
the type of vaccine, recipients of the Moderna® mRNA-
1273 vaccine showed the highest seropositivity rates,
especially in patients above the age of 60.

Probabilities of detecting SARS-CoV-2-reactive
antibodies according to the interrelation
with several conditions in specific diseases

To depict conditions that impact the detection of SARS-
CoV-2 antibodies in specific scenarios, we conduct a TAN
model analyses in disease subsets (Fig. 4A-D).

In patients with B cell NHL (Fig. 4A), we observed again
that only 29.32% of patients who received anti-CD20 mono-
clonal antibodies within 6 months of the first vaccine dose
had detectable SARS-CoV-2 antibodies. Antibody detection
decreased with increasing age irrespective of the timing of
the last treatment given before vaccination. In contrast, dis-
ease status at the time of vaccination showed similar prob-
abilities of antibody detection in those with active disease,
partial remission, and complete remission, while it was
higher in untreated patients. Of note, allo-HSCT in B cell
NHL patients was able to overcome the effect of other condi-
tions (prior anti-CD20 monoclonal antibody therapy, age, or
vaccine type) showing the highest rate of antibody detection
(89.5%).

In patients with plasma cell disorders (Fig. 4B), those
who remained untreated before vaccination showed the
highest probabilities of antibody detection (99.40%). Again,
increasing age inversely correlates with the probability of
mounting SARS-CoV-2 antibodies, whereas lenalidomide
therapy at the time of vaccination had no impact on antibody
detection.

Regarding CLL patients (Fig. 4C), younger age (< 60
years old) showed the highest rate of SARS-CoV-2 anti-
body detection (95.14%). Bruton’s tyrosine kinase inhibi-
tor therapy and disease status did not show a relevant
effect. In contrast, the type of mRNA vaccine showed an

@ Springer



2060

Annals of Hematology (2022) 101:2053-2067

T-cell NHL (n=9)

B-cell NHL (n=187)

CAR-T (n=21)

CLL (n=125)

Allo-HSCT (n=318)

Plasma cell disease (n=131)
ASCT (n=87)

AML (n=35)

HD (n=44)

Non-malignan disease (n=17)
cMPN (n=111)

MDS (n=79)

ALL (n=2)

Fig.1 Antibody detection rates according to the baseline disease
or procedure. Abbreviations: AML, acute myeloid leukemia; ALL,
acute lymphoblastic leukemia; MDS, myelodysplastic syndrome; B
cell NHL, B cell non-Hodgkin lymphoma; T cell NHL, T cell non-
Hodgkin lymphoma; CLL, chronic lymphocytic leukemia; HD,

Fig.2 Bayesian network and its
arcs according to the strength of
the dependencies they represent
[bold arrows represent the
statistically significant relation-
ship between nodes (p <0.05
according to the chi-square
test)]. A, gender; B lymphopro-
liferative disorders; C, age; D,
baseline disease; E, daratu-
momab; F, venetolax; G, lena;
H, ruxo; I, iBTK; J, anti-CD20;
K, iTK; L, time last treatment;
M, status disease; N, ECOG;
0O, corticosteroids; P, inmunos-
supresant drugs; Q, neutrophile;
R, lymphocyte <0.5 x 10°%/mL;
S, lymphocyte <1 x 10%/mL; T,
prior COVID; U, HSCT type;
V, allo type; W, vaccine; X,
serological response

important impact in the probabilities of having detectable
SARS-CoV-2 antibodies in CLL patients irrespective of the
patients’ age. Pfizer-BioNTech® BNT162b2 showed a lower
detection rate (52.47%) as compared to Moderna® mRNA-
1273 (73.16%), (p= 0.004).

Finally, cMPN patients (Fig. 4D) are among those who
had the highest rates of SARS-CoV-2 antibody detection.
Again, older age and Pfizer-BioNTech® BNT162b2 showed
a lower probability of having detectable SARS-CoV-2
antibodies.

@ Springer

Hodgkin disease; cMPN, chronic myeloproliferative neoplasm; Allo-
HSCT, allogeneic stem cell transplantation; ASCT, autologous stem
cell transplantation; CAR-T, T cell chimeric antigen receptor; PCD,
plasma cell disorders

Discussion

The current study provides several insights that could help
hematologists in clinical practice to focus SARS-CoV-2
vigilance in hematological patients with lower probabili-
ties of mounting SARS-CoV-2 antibodies after full vacci-
nation. First, the statistical model we used was based on
conditional probabilities which allows to establish the rela-
tionship between the variables in a visual way, represent-
ing the results in a very understandable way. Second, we
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P(Serological response| Anti cd-20)

Serological response/| | o | 6months [ year P(Serological response | Age)
Anti cd-20 to 1year
Serological 15-40 41-60 61-70 71-100
Positive 83.17 32.47 49.88 76.30 response/Age | years old | years old |yearsold| years old
Positive 84.14 84.92 75.69 73.97
Age
P(Serological response| Time last treatment) p(serological response| Vaccine)
Serological Emonthe
response/ Time last| <6 months >1 year Serological . Adenoviral
treatment todyear response/ Vaccine| Modema| Pfizer vector based
Positive 67.93 73.82 84.75 Serological / Positive 80.99 |74.86 69.14
Time last Response
treatment prior
Vaccination P(Serological response| Prior COVID)
. logical / . .
P(Serological response| Corticosteroids) Prior COVID prior COVID Positive:| Negative
Corticosteroids
Serological response/| | Not Positive 909 | 77.99
Corticosteroids
Positive 64.35 82.62 Inmunosupressant) | P(Serological response | Inmunosupressant)

drugs

Serological
Response

Serological response/

Yes Not
Inmunosupressant

Positive

e.

72.64

P(Serological response| Age, Vaccine)

Serological Moderna,|Mod Mod Moderna,| Pfizer, | Pfizer, | Pfizer, | Pfizer, Adenoviral
response/Age+ 15-40 41-60 61-70 | 71-100 | 15-40 | 41-60 | 61-70 |71-100 |vector based,61-
Vaccine years years years years | years | years | years | years 70 years

Positive 83.80 85.47 76.53 76.35 | 85.05 | 83.10 | 69.27 | 73.30 77.33

Fig.3 Conditional probabilities (explained with Probabilities in all tables, where the first variable is the independient variable, serological
response, and after the separator the depending variables) using TAN model over the most relevant variables

have visually depicted the likelihood of having detectable
SARS-CoV-2 antibodies in the whole cohort according to
the most relevant conditions and in specific scenarios such
as in patients with B-cell NHL, PCD, CLL, and cMPN.
The first observation of the current study was an encour-
aging SARS-CoV-2 seropositivity rate in the overall popula-
tion of hematological patients (79%) which is in line with
prior experiences in this setting [12—-20]. We also confirmed
the robust immunogenicity and safety of mRNA vaccines
in this highly immunosuppressed population. In line with
prior reports [17, 28], we also observed that the mRNA-
1273 vaccine induced higher seropositive rates than the

BNT162b2 and adenoviral vector-based vaccines (p<
0.0001, see Table 1). Although BNT162b2 showed lower
seropositivity in all diseases/procedures, the main difference
was observed in those older than 60 years and particularly
in the CLL group (52 vs 73%, p = 0.004). This fact sug-
gests that the amount of spike mRNA in mRNA-1273 (100
pg) and BNT162b2 (30 pg) per dose could matter in these
subsets of patients, supporting the prioritization of using the
mRNA-1273 vaccine.

From a practical point of view, we sought to identify
the most relevant conditions which had an impact on the
serological response in the whole cohort through ML

@ Springer



Annals of Hematology (2022) 101:2053-2067

2062
Serological
Response
P(Serological response | B cell NHL, Anti cd20) P(Serological response | B cell NHL, Age)
Serological NHL-B+6 |NHL-B+>1 Serological
3 3 gica
response/ N'::I;\::i- N':I;::‘:S monthsto 1 year response/ 2540 41:60 5170 | 71-200
NHL-B+ Anti-cd| ') 7| | oo 4 20 |Year months| months NHL-B+ Age | Y¢*" old|years old | years old | years old
20 Anti-cd 20 | Anti-cd 20
Positive 85.22 29.32 45.30 72.60 Positive 74.77 68.25 52.56 55.31
Time last
-« —>( Age |———>
treatment
P(Serological response|B cell NHL, Age, Time last Treatment)
P(Serological response|B cell NHL, e
HSCT type) Sero °g':HL. < hs + | < hs | < hs | >1 year +|>1 year +[>1 year +
response/ 41-60 years | +61-70 | +71-100 | 41-60 | 61-70 | 71-100
Serological B¢ Last old years old | years old |years old |years old |years old
response/ NHL-B+ | NHL-B+ tr Years|
disease+ HSCT ASCT | Allo-HSCT —
type Positive 47.11 31.16 33.81 80.01 68.53 70.85
Positive 59.99 89.50
P(Serological response|B cell NHL, Status disease)
response/NHL-| Non | Active Partial | Complete
B+ Status  [treated | di
P(Serological response | B cell NHL, Vaccine) disease
Serological Positive | 81.54 | 52.69 50.17 59.36
Adenoviral
response/ NHL-|Moderna| Pfizer
vector based
B+ Vaccine
A) Positive 62.18 | 55.04 45.43
Serological
Response
P(Serological response | MM, Corticosteroids) P(Serological response | MM, Age)
Serological R
. MM+ Not MM+ Yes Serological | ) o | 6170 [71-200 years
response/ MM+ Corticosteroids | Corticosteroids response/ Id Id Id
Corticosteroids MM+ Age years old |years ol ol
Positive 94.78 73.49 Positive 92.17 85.18 77.45
Plasma cell
Corticosteroids ) «——\ disorders Age
P(Serological response| MM, Status disease) P(Serological response | MM, Age, Lenalidomide)
Serological Serological Not Lena |Not Lena |Not Lena| YesLena |Yeslena| Yeslena
response/MM+ ‘::;d (:::::. n'::l':zn f:"':::s':: response/MM + Age | +41-60 | +61-70 | +71-100 +41-60 | +61-70 | +71-100
Status disease +Lenalidomide |yearsold |years old |yearsold | yearsold |yearsold| years old
Positive 99.40 | 82.44 79.62 84.39
Positive 90.81 82.79 74.08 93.39 87.07 80.24
Status
disease P(Serological response | MM, ASCT)
" r /
P(Serological response | MM, Vaccine) MM+ ASCT MNExocT
/ Positive 88.19
Serological response,
MM+ Vaccine Modema FAioer
B) Positive 8612 | 78.99

Fig.4 Conditional probabilities (explained with P in all tables, where cally important diseases A patients with B cell non-hodgkin lym-
the first variable is the independent variable, serological response, phoma, B plasma cell disorders, C chronic lymphocytic leukemia,
and after of separator you have the dependent variables) in numeri- and D chronic myeloproliferative neoplasia
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K R Serological P(Serological response | CLL, Age)
P(Serological response | CLL, Status disease) R
esponse logi
Serological P Serological | ) ¢, ears|61-70 years| 71-100

response/CLL+ Non Active Partial Complete response/ old old years old

P i treated disease remission remission CLL+ Age
Status disease

Positive 86.13 65.03 51.13 62.63 l Positive 93.14 73.65 46.81

Status
— > ( Age

disease

P(Serological response | CLL, iBTK)

Serological

response/ CLiLBfo;l(ot CLL+yes iBTK
CLL+iBTK
Positive 68.64 63.52

0

Status
disease

P(Serological response |cMPN, Time
last treatment)

Time last
Serological <6
response/cMPN+ >1year treatment
months
Last treatment
Positive 91.80 95.63

D)

Fig.4 (continued)

methodology. In line with prior reports, we observe a lower
antibody detection after vaccination in patients who recently
received anti-CD20 monoclonal antibody therapy [12, 17,
29-31], B cell NHL diseases [17, 28, 30], corticosteroids
[20], and treated less than 6 months before vaccination [12,
18, 28, 31], as well as in CLL patients [32, 33]. On the other
hand, we found conditions associated with higher probabili-
ties of having detectable antibodies, such as patients whose
last treatment was given within 1 year before vaccination
(but more than 6 months), younger age (<60 years old), and
SARS-CoV-2 infection prior to vaccination. Additionally,
we were able to identify 3 groups of diseases with different
serological positivity rate patterns. Altogether, these findings
could be of great value to stratify the need and the urgency

P(Serological response | cMPN, Status disease) Serological P(Serological response|cMPN, Age)
i Response
Serological Non Active Partial Complete p Serological 15-40 years|41-60 years|61-70 years| 71-100
response/cMPN+ ™ o baty response/ old old old i ald
Status disease cMPN+ Age y
Positive 91.99 93.43 92.79 97.26 l Positive 99.53 99.79 91.70 86.30

P(Serological response | CLL, Vaccine)

Serological
response/ | Moderna Pfizer
CLL+ Vaccine

Positive 73.16 52.47

R Age

\
()

P(Serological response | cMPN, Vaccine)

Serological

response/ Moderna Pfizer
c¢cMPN+
Vaccine
Positive 96.03 89.70

of additional interventions and/or monitorization of SARS-
CoV-2 immunity and risk of infection in real-life clinical
practice (Tables 2 and 3).

Regarding specific scenarios, we focused the TAN
model inferences in B cell NHL, CLL, PCD, and cMPN
patients representing the three groups with different sero-
logical positivity rate patterns (B cell NHL and CLL
<70%, MM in the 80%, and cMPN <90%). Regarding B
cell NHL patients and like other series [30], timing of
anti-CD20 monoclonal antibody therapy was of utmost
relevance, with seropositivity rates increasing as timing
from last anti-CD20 therapy increased beyond 6 months,
between 6 and 12 months and more than 1 year before
vaccination (29.32%, 45.3%, and 72.6%, respectively). In
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contrast with other series [30], age was relevant in our
cohort. Younger patients were more likely to be sero-
positive after vaccination irrespective of the timing of
last anti-lymphoma therapy (Fig. 4A). This fact suggests
that immunosenescence could also occur in B cell NHL
patients and should also be considered for vaccine prior-
itization programs. Of note, patients with B cell NHL who
underwent allo-HSCT showed a higher seropositivity rate
(89.5%) than those who underwent an ASCT (59.99%),
being in fact similar to untreated patients (85.22%). This
fact indicates that allo-HSCT may be able to overcome the
impact of prior anti-CD20 monoclonal antibody exposure
on vaccine humoral response likely because donor-derived
T and B cell lymphocytes has not been exposed to anti B
cell lymphocyte monoclonal antibody treatments.

Regarding CLL patients, we observed subtle differences
with prior studies regarding conditions affecting serological
positivity [32, 33]. While the study of Herishanu and cols
showed the highest serological response in complete remis-
sion CLL patients, in our series, naive-treatment patients
showed one of highest seropositivity rates (86%) which is
in line with another CLL study [33]. This fact infers that
CLL patients on Bruton’s tyrosine kinase inhibitors and/
or venetoclax therapy had lower probabilities of mounting
anti-SARS-CoV-2 antibodies not only because of the drugs’
effects but likely because the immunodeficiency experienced
by patients with CLL. In contrast to both studies, younger
age had a positive effect on seropositivity in our cohort. An
important finding in CLL patients was the lower probability
of seroconversion with the BNT162b2 compound as com-
pared to the mRNA-1273.

MM patients had quite an encouraging seropositiv-
ity rate (82%) in line with several other studies [18, 34,
35]. Although some studies found a negative effect on
seropositivity of specific treatments such as anti-CD38
monoclonal antibody therapy [36], we did not find rel-
evant differences among those who received lenalido-
mide or daratumumab. However, the use of corticoster-
oids showed a negative effect on the seropositivity rate
(73.49%) as compared to those not treated with steroids
(94.78%). However, the use of corticosteroids was linked
with patients receiving anti-myeloma treatment, and thus,
this latter finding may simply reflect the fact that patients
on active anti-myeloma treatment have a lower likeli-
hood of developing detectable SARS-CoV-2 antibodies.
Finally, cMPN patients showed a higher seropositivity
rate than MM patients, in line with a prior report [37].
We did not find a relevant impact regarding the treatment
status but again older age was the most relevant condition
for lower probability of seropositivity.

Our study has several limitations. We focused on qualita-
tive antibody testing to define seropositivity using different
serological tests which could be regarded as an incomplete
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way to measure vaccine-induced immunity. A relevant num-
ber of patients who do not develop an adequate humoral
response may elicit a specific T cell immunity, as has been
observed in patients under anti-CD20 monoclonal anti-
body therapy [38]. Quantitative humoral assessment may
be more accurate than qualitative since the former better
predict the risk of breakthrough SARS-CoV-2 infection, and,
more importantly, its severity [39]. We also did not analyze
neutralizing antibody titers nor T cell responses after vac-
cination. However, the large number of patients and hema-
tological diseases included, the multicenter approach, and
the concordance of our results with other reports should be
considered as strengths.

Conclusions

Our data highlight specific hematological conditions that
should be considered when stratification is required for
subsequent measures to limit the severity and/or to prevent
post-vaccination COVID-19 in these highly immunosup-
pressed patients. We report conditional probabilities in dif-
ferent scenarios which could be used to further establish a
potential timeline for revaccination and/or to better iden-
tify patients most probable to benefit from booster doses,
which have been shown to be effective in around a half of
non-responders to the two-dose initial vaccination [40]. In
addition, other preventive approaches such as the use of anti-
SARS-CoV-2 monoclonal antibody therapy as pre-exposure
and post exposure prophylaxis could be an appealing option
for poor responders [41].
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