S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Transplantation and Cellular Therapy 28 (2022) 214.e1-214.e11

Transplantation and
Cellular Therapy

IASTCT

American Society for
. ) Transplantation and Cellular Therapy
journal homepage: www.tctjournal.org

Full Length Article
Infectious Disease

Antibody Response to SARS-CoV-2 Vaccination in Patients following

Allogeneic Hematopoietic Cell Transplantation e

Alice Huang'"', Caroline Cicin-Sain"', Chloe Pasin**', Selina Epp?, Annette Audigé®, Nicolas J. Miiller”,
Jakob Nilsson® Andriyana Bankova', Nathan Wolfensberger’, Oliver Vilinovszki', Gayathri Nair’,
Philipp Hockl', Urs Schanz', Roger D. Kouyos”?, Barbara Hasse®, Annelies S. Zinkernagel’,

Alexandra Trkola?, Markus G. Manz', Irene A. Abela®**, Antonia M.S. Miiller-**

1 Department of Medical Oncology and Hematology, University Hospital Zurich, Zurich, Switzerland

2 Institute of Medical Virology, University of Zurich, Zurich, Switzerland

3 Division of Infectious Diseases and Hospital Epidemiology, University Hospital Zurich, Zurich, Switzerland
4 Department of Immunology, University Hospital Zurich, Zurich, Switzerland

Article history:
Received 26 November 2021
Accepted 18 January 2022

Key Words:

SARS-CoV-2

Allogeneic hematopoietic cell
transplantation

Vaccination

INTRODUCTION

ABSTRACT
Vaccines against SARS-CoV-2 have been rapidly approved. Although pivotal studies were conducted in healthy
volunteers, little information is available on the safety and efficacy of mRNA vaccines in immunocompromised
patients, including recipients of allogeneic hematopoietic cell transplantation (allo-HCT). Here we used a novel
assay to analyze patient- and transplantation-related factors and their influence on immune responses to SARS-
CoV-2 vaccination over an extended period (up to 6 months) in a large and homogenous group of allo-HCT recipi-
ents at a single center in Switzerland. We examined longitudinal antibody responses to SARS-CoV-2 vaccination
with BNT162b2 (BioNTech/Pfizer) and mRNA-1273 (Moderna) in 110 allo-HCT recipients and 86 healthy controls.
Seroprofiling recording IgG, IgA, and IgM reactivity against SARS-CoV-2 antigens (receptor-binding domain, spike
glycoprotein subunits S1 and S2, and nucleocapsid protein) was performed before vaccination, before the second
dose, and at 1, 3, and 6 months after the second dose. Patients were stratified to 3 groups: 3 to 6 months post-
allo-HCT, 6 to 12 months post-allo-HCT, and >12 months post-allo-HCT. Patients in the 3 to 6 months and 6 to 12
months post-allo-HCT groups developed significantly lower antibody titers after vaccination compared with
patients in the >12 months post-allo-HCT group and healthy controls (P < .001). Within the cohort of allo-HCT
recipients, patients age >65 years (P = .030), those receiving immunosuppression for prevention or treatment of
graft-versus-host disease (GVHD) (P = .033), and patients with relapsed disease (P = .014) displayed low humoral
immune responses to the vaccine. In contrast, the intensity of the conditioning regimen, underlying disease (mye-
loid/lymphoid/other), and presence of chronic GVHD had no impact on antibody levels. Antibody titers achieved
the highest levels at 1 month after the second dose of the vaccine but waned substantially in all transplantation
groups and healthy controls over time. This analysis of long-term vaccine antibody response is of critical impor-
tance to allo-HCT recipients and transplant physicians to guide treatment decisions regarding revaccination and
social behavior during the SARS-CoV-2 pandemic.
© 2022 The American Society for Transplantation and Cellular Therapy. Published by Elsevier Inc. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

than 5 million have died [1]SARS-CoV-2 vaccines have been

Since the emergence of the novel severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) in December 2019,
more than 250 million people have been infected, and more
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developed and approved at unprecedented speed. In Decem-
ber 2020 and January 2021, Swiss authorities licensed 2 vac-
cines, BNT162b by Pfizer/BioNTech and mRNA-1273 by
Moderna, respectively [2].

Patients with hematologic malignancies are at increased
risk of SARS-CoV-2 infection [3,4]. However, individuals with
immunosuppressive therapy (IST) or immunocompromising
medical conditions were excluded from the pivotal phase 3
trial for BNT162b, [5], and, similarly, patients receiving sys-
temic IST for >14 days within the previous 6 months and those
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receiving immunoglobulins or blood products within the pre-
vious 3 months were excluded from the phase 3 trial for
mRNA-1273 [6]. Despite the presumption that immune
responses to the SARS-CoV-2 vaccines may be heterogeneous
in patients following allogeneic hematopoietic cell transplan-
tation (allo-HCT), the European Society of Blood and Marrow
Transplantation and the American Society of Hematology rec-
ommend administration of the vaccine as early as 3 months
after allo-HCT, including in patients with controlled graft-ver-
sus-host disease (GVHD) [7].

It remains unclear whether allo-HCT recipients are able to
develop a substantial immune response after mRNA vaccina-
tion. Moreover, the influences of simultaneous IST, presence of
GVHD, and/or other patient- or transplantation-related param-
eters on the level and temporal dynamics of immune protec-
tion against SARS-CoV-2 have not yet been elucidated. Here
we report the results of a prospective observational study on
the efficacy of SARS-CoV-2 vaccination among 110 allo-HCT
recipients and 86 healthy controls.

METHODS
Study Design and Patient Population

This study is a prospective single-center observational study with a
healthy control group recruited from hospital and university staff. SARS-CoV-
2-specific antibody response was measured longitudinally at the following
timepoints: TO, baseline (before the first vaccination); T1, before the second
dose; T2, 2 to 6 weeks after the second vaccination; T3, 3 months after the
second vaccination; and T4, 6 months after the second vaccination. The pri-
mary endpoint of the study was the quantification and characterization of
antibody responses in patients following allo-HCT. Additional details on
study design and patient characteristics are provided in Supplementary Data,
Methods. The study was conducted according to the Declaration of Helsinki
and was approved by the Cantonal Ethics Committee of Zurich, Switzerland
(BASEC no. 2021-00261) [8].

Serologic Assessment by Multiplex Bead-Based ABCORA Immunoassay
Longitudinal humoral response to SARS-CoV-2 was measured using the
ABCORA immunoassay [9]. The assay measures IgG, IgA, and IgM reactivity to 4
SARS-CoV-2 antigens, the receptor-binding domain (RBD), spike glycoprotein
subunits S1 and S2, and nucleocapsid protein (N), characterizing a total of 12
SARS-CoV-2 parameters. Details are provided in the Supplementary Data.

Elecsys Anti-SARS-CoV-2 S Assay

Samples were also evaluated with the Elecsys Anti-SARS-CoV-2 S assay
(Roche Diagnostics, Risch-Rotkreuz, Switzerland). This electrochemilumines-
cence immunoassay was used according to the manufacturer’s instructions.

SARS-CoV-2 Pseudo-Neutralization Assay

SARS-CoV-2 plasma neutralization activity was recorded using an HIV-
based pseudovirus system as described previously [9,10]. Details are pro-
vided in the Supplementary Data.

Neutralization Prediction

The sum of S1 signal over cutoff (SOC) values (sum S1), defined as the sum
of IgG, IgA, and IgM S1 SOC values, can be used to predict the neutralization sta-
tus of a patient using a logistic regression previously developed in a cohort of
467 infected individuals [9]. A sum S1 value >17 is predictive of a 50% neutrali-
zation titer (NT50)>250, with a specificity of 94% and a sensitivity of 67% [9].

Statistical Analysis

Statistical analyses were performed in R version 4.0.5 (R Foundation for
Statistical Computing, Vienna, Austria). Figures were created using the
ggplot2 package. Details are provided in Supplementary Data.

RESULTS
Patient Characteristics
Allo-HCT recipients

A total of 110 allo-HCT recipients with a median age of
57 years (interquartile range [IQR], 46 to 65 years) were enrolled
(Table 1). Most patients (n = 67; 60.9%) were at >12 months
post-allo-HCT, 28 patients (25.5%) were at 3 to 6 months post-
allo-HCT, and 15 patients (13.6%) were at 6 to 12 months post-
allo-HCT. The study cohort comprised more male patients than

female patients (62.7% versus 37.3%). Seventy percent of the
patients had an underlying myeloid disease, and 25.5% under-
went allo-HCT for lymphoproliferative malignancies. More
patients were prepared with reduced-intensity conditioning
than with myeloablative conditioning (67.3% versus 32.7%).
Patients received their first SARS-CoV-2 vaccine dose at a
median of 20 months post-HCT (range, 3 months to 35 years).
Most HCT recipients (85%) received BNT162b, and only 15%
received mRNA-1273. At the time of the first SARS-CoV-2 vacci-
nation, most patients were in remission (78.2%), and 21.8% had
relapsed disease. More than one-half of the patients (53.6%)
were off IST, 14.5% were on prophylactic IST, and 31.8% received
therapeutic IST for treatment of acute or chronic GVHD. A history
of acute GVHD grade >II was reported in 27.3% of all patients.
The presence of moderate or severe chronic GVHD at the time of
the first vaccine dose was recorded in 23.6% of patients. Four
allo-HCT recipients were excluded from the antibody analysis
(Figure 1). Antibody measurements were censored by several
events: third dose injection (n = 43 between August 3 and
November 9, according to national guidelines of Switzerland;
n = 1 outside of the guidelines), SARS-CoV-2 infection (n = 2,
assessed by a positive SARS-CoV-2 PCR test), and death (n = 9,
including 1 SARS-CoV-2-infected patient, 6 patients who
relapsed, 1 patient with sepsis while under intensive IST for
chronic GVHD, and 1 patient in whom the cause was unknown).

Healthy controls

A total of 86 healthy controls with a median age of
35.5 years (range, 23 to 64 years) were enrolled. Compared
with the patient cohort, the healthy cohort included younger
and more female participants (76.7%). The majority of healthy
controls (87%) received BNT162b, whereas only 11 healthy
controls received mRNA-1273.

Preinfection

In our cohort, 5 of the 86 healthy controls had already sero-
converted asymptomatically before vaccination, and 10 of the
106 patients had experienced previous SARS-COV-2 infection
(7 of whom were seropositive at baseline). The 2-dose vaccina-
tion regimen was maintained for these patients, and they were
included in the analysis.

Tolerability of SARS-CoV-2 Vaccination in Allo-HCT
Recipients

The allo-HCT recipients tolerated the SARS-CoV-2 vaccines
well, and no severe complications were observed. Local pain at
the injection site was most commonly reported, followed by
myalgia and headache. Forty percent of the patients had no
side effects at all (Supplementary Table S1). Of note, 2 patients
developed chronic GVHD of the lung during follow-up after
vaccination.

Early Vaccination Post-Allo-HCT Elicits Weak Serologic SARS-
CoV-2 Responses

We longitudinally assessed the humoral immune responses
against 4 antigens of SARS-CoV-2 —RBD, S1,S2,and N—up to 6
months after the second vaccine injection (Figure 2A and Sup-
plementary Figures S1 and S2). The response was homoge-
neous in the healthy controls group; as expected [11], we
observed the highest antibody responses at 1 month after the
second vaccination and declining antibody titers thereafter.
Among the allo-HCT recipients, antibody responses were more
heterogeneous, as some (especially those in the 3 to 6 months
and 6 to 12 months post-allo-HCT groups) did not mount a
response even after full 2-dose vaccination.
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Patient Characteristics
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Characteristic Allo-HCT Recipients Healthy Controls Overall (N =196)
3-6mo(N=28) | 6-12mo(N=15) | >12mo(N=67) | All(N=110) | (N=86)

Age group, n (%)

<45 yr 7(25) 5(33.3) 14 (20.9) 26 (23.6) 67 (77.9) 93 (47.4)

45-65 yr 16 (57.1) 7 (46.7) 38(56.7) 61 (55.5) 19(22.1) 80 (40.8)

>65 yr 5(17.9) 3(20) 15(22.4) 23(20.9) 0(0) 23(11.7)

Sex, n (%)

Male 19(67.9) 9 (60) 41(61.2) 69 (62.7) 20(23.3) 89 (45.4)

Female 9(32.1) 6 (40) 26 (38.8) 41 ( 66 (76 107 (54.6)

Vaccine, n (%)

mRNA-1273 7(25) 0(0) 9(13.4) 16 (14.5) 11(12.8) 27(13.8)

BNT162b 21(75) 15(100) 58 (86.6) 94 (85.5) 75 (8 169 (86.2)

Conditioning regimen, n (%)

MAC 5(17.9) 4(26.7) 27 (40.3) 36(32.7)

RIC 23(82.1) 11(73.3) 40(59.7) 74 (67.3

IST, n (%)

No 3(10.7) 6 (40) 50 (74.6) 59 (53.6)

Prophylactic 14(50) 2(13.3) 0(0) 16 (14.5)

Therapeutic 11(39.3) 7 (46.7) 17 (25.4) 35(31.8)

History of acute GVHD, n (%)

None/mild 20(71.4) 10(66.7) 50 (74.6) 80(72.7)

Moderate/severe 8(28.6) 5(33.3) 17 (25.4) 30 (27

Chronic GVHD, n (%)

None/mild 24 (85.7) 12 (80) 48 (71.6) 84(76.4)

Moderate/severe 4(14.3) 3(20) 19(28.4 26(23.6

Relapse, n (%)

No 25(89.3) 11(73.3) 50 (74.6) 86(78.2)

Yes 3(10.7) 4(26.7) 17 (25.4) 24 (21

Underlying diagnosis, n (%)

Myeloid 20(71.4) 11(73.3) 46 (68.7) 77 (70)

Lymphatic 8(28.6) 4(26.7) 16 (23.9) 28 (25.5)

Other 0(0) 0(0) 5(7.5) 5(4.5)

Donor type, n (%)

MSD 6(21.4) 3(20) 23(34.3) 32(29.1)

MUD 17 (60.7) 8(53.3) 32(47.8) 57 (51.8)

Haploidentical 5(17.9) 4(26.7) 12(17.9) 21(19.1)

Mismatched 0(0) 0(0) 0(0) 0(0)

Graft type, n (%)

PBSCs 28 (100) 14(93.3) 60 (89.6) 102 (92.7)

BM 0(0) 1(6.7) 7(104) 8(7.3)

MAC, myeloablative conditioning; RIC, reduced-intensity conditioning; MSD, matched sibling donor; MUD, matched unrelated donor; PBSCs, peripheral blood stem

cells; BM, bone marrow.

Determining the neutralization activity of the measured
antibody binding response is decisive for ascertaining protec-
tive immunity after vaccination. Assessment with ABCORA
allows for predicting whether infected individuals develop
high (NT50>250) or no/low neutralization titers (NT50<250)
by the sum of S1 SOC values for IgG, IgA, and IgM (sum S1) [9].
To corroborate the neutralization prediction model after vacci-
nation, we measured neutralization activity in the allo-HCT
recipients and healthy controls in a pseudovirus neutralization
assay. The healthy controls displayed significantly higher titers
than the patients (P < .001 for the 3 to 6 months, 6 to 12
months, and >12 months post-allo-HCT groups) (Supplemen-
tary Figure S3A). In addition, we confirmed reliable neutraliza-
tion prediction after vaccination (area under the curve = 0.99;
Supplementary Figure S3B) and thus used the same sum S1
threshold of 17 to predict neutralization in our cohort (Supple-
mentary Figure S3C). At T1, the majority of patients early post-

allo-HCT (the 3 to 6 months and 6 to 12 months groups)
showed significantly lower sum S1 responses compared with
>12 months post-allo-HCT group (P = .001 for the 3 to 6
months group and P =.006 for the 6 to 12 months group versus
the >12 months group) (Figure 2B). Moreover, 70% of the allo-
HCT recipients (71 of 101) and 22% of the healthy controls (16
of 74) did not reach the neutralization threshold (sum
S1=17), highlighting the importance of 2 vaccine doses.

At T2, 100% (72 of 72) of the healthy controls and 62% (63 of
101) of the allo-HCT recipients attained a neutralizing anti-
body response. Among the allo-HCT recipients, 35% (9 of 26) of
the 3 to 6 months post-allo-HCT group, 43% (6 of 14) of the 6
to 12 months group, and 79% (48 of 61) of the >12 months
group reached the neutralization threshold (Figure 2C). Pre-
dicted neutralization levels were substantially lower in the 3
to 6 months and 6 to 12 months post-allo-HCT groups com-
pared with the >12 months post-allo-HCT group and healthy
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Recruited

allo-HCT recipients (n=110)
healthy individuals (n=86)

- Time between 2 doses > 42d (n=3)

- No 2nd dose (n=1)

Included in antibody analysis allozHCT recipian

ts (n=106)
healthy individuals (n=86)

- Infection post vaccination (n=2) and third
dose (n=44): exclusion of all measurements

post SARS-CoV-2 positive PCR test and post
3rd injection
- Censored by death (n=9)

™

T2

T3

T4

allo-HCT recipients (n=101)
healthy individuals (n=74)

Sampling
14 - 35 d after 1st dose

allo-HCT recipients (n=101)
healthy individuals (n=72)

Sampling
14 - 42 d after 2nd dose

allo-HCT recipients (n=96)
healthy individuals (n=70)

Sampling
65 - 115 d after 2nd dose

allo-HCT recipients (n=68)
healthy individuals (n=48)

Sampling
135 - 225d after 2nd dose

up to 1 day after 2nd dose

Figure 1. Flow chart of the study. A total of 110 allo-HCT recipients and 86 healthy controls were enrolled. Results are available for 101 patients and 74 healthy con-
trols at T1 (14 to 35 days post-first dose), for 101 patients and 72 controls at T2 (14 to 42 days post-second dose), for 96 patients and 70 controls at T3 (65 to 115 days
post-second dose), and for 68 patients and 48 controls at T4 (135 to 225 days post-second dose).

subjects (P < .001 for the 3 to 6 months group and P =.012 for
the 6 to 12 months group versus the >12 months group;
P = .12 for the >12 months group versus the healthy controls)
(Figure 2C). As antibody titers steadily decreased at T3 and
continued waning at T4 (Figure 2A and D-F; Supplementary
Figures S1 and S2), only 56% (27 of 48) of healthy controls and
40% (27 of 68) of allo-HCT recipients still displayed a neutraliz-
ing antibody response at T4 (9% [1 of 11] of the 3 to 6 months,
25% (2 of 8) the 6 to 12 months, and 49% (24 of 49) of the >12
months post-allo-HCT recipients) (Figure 2E).

We assessed the antibody decline after T2 using a single
exponential decline model (Figure 2F) and estimated the sum
S1 half-life (67 days; 95% confidence interval [CI], 62 to 74
days). This value, although lower than the estimated half-life
of antibodies after infection, is in line with recent observations
of an increased likelihood of breakthrough infection with lon-
ger time since mRNA vaccination [12—14].

We also performed the Elecsys S test on a subset of samples
[9]. The results in both assay systems correlated well at all 3
time points (T1 to T3), with correlation coefficients between
0.93 and 0.95 (Supplementary Figure S4A). Similar patterns
were observed but with a significantly lower anti-RBD anti-
body response in the 3 to 6 months and 6 to 12 months post-
allo-HCT groups compared with the >12 months post-allo-
HCT group, and the highest response in healthy controls (Sup-
plementary Figure S4B).

Humoral Immunity to the SARS-CoV-2 Vaccine Improves
Beyond 12 Months Post-Allo-HCT

We further differentiated the influence of time since allo-
HCT on antibody binding features at T2 (2 to 6 weeks after the
second vaccinations) and were able to identify 3 distinct
groups of patients segregating based mainly on IgG and IgA
spike response in an unsupervised clustering algorithm
(Figure 3A). The most distinctive group (cluster 1) of patients
was characterized by the simultaneous presence of high RBD,
S1, and S2 IgG binding and some IgA and IgM binding and con-
tained mostly >12 months post-allo-HCT recipients and

healthy controls. Cluster 2 was more heterogeneous, with indi-
viduals from all groups (transplantation recipients and healthy
controls), showing a robust RBD and S1 IgG response but low
to no IgA, IgM, and IgG S2 responses. Cluster 3 contained only
allo-HCT recipients with low antibody response (almost all
patients from the 3 to 6 months and 6 to 12 months groups
and some patients from the >12 months group), including low
IgG RBD and S1 titers. We confirmed that patients in the >12
months post-allo-HCT group clustered mostly with healthy
controls based on their humoral antibody response to the
SARS-CoV-2 vaccine by a principal component analysis
(Figure 3B).

We used a multivariate linear regression predicting the
sum S1 value at T2, adjusted for age, sex, and preinfection sta-
tus, to evaluate factors affecting vaccine efficacy and further
confirmed allo-HCT as a risk factor for impaired humoral
immune response to the SARS-CoV-2 vaccine (Figure 3C). The
allo-HCT recipients had a significantly lower antibody
response than the healthy controls, with greater differences in
the 3 to 6 months and 6 to 12 months post-allo-HCT groups
(coefficient = -1.24 [95% CI, -1.57 to -0.91; P < .001] and -1.13
[95% CI, -1.54 to -0,71; P < .001], respectively) than in the >12
months group (coefficient = -0.37; 95% Cl, -0.65 to -0.09;
P =.010). In addition, preinfection led to a more potent anti-
body response at T2 (coefficient = 0.66; 95% CI, 0.26 to 1.06;
P =.001). Age and sex were significant in the univariate analy-
ses but not in the multivariate analysis, owing to the imbal-
anced distributions of age and sex between the patients and
the healthy controls (Figure 3C, Table 1).

Risk Factors Associated with Impaired Humoral Immune
Responses to the SARS-CoV-2 Vaccine in Allo-HCT Recipients
Within the allo-HCT cohort, we further evaluated the
associations of age, sex, preinfection, conditioning regimen
intensity (reduced intensity versus myeloablative), chronic
GVHD, IST, and relapse to identify distinct risk factors for
impaired humoral immunity after vaccination. In the applied
multivariate regression model, we grouped patients at 3 to 6
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Figure 2. Differences in antibody responses between the allo-HCT recipients and healthy controls. (A) Dynamics of binding IgG response against the SARS-CoV-2 anti-
gens RBD and S1, represented as SOC values, in allo-HCT recipients stratified by time between transplantation and vaccination (dark blue, 3 to 6 months; yellow, 6 to
12 months; light blue, >12 months) and healthy controls (gray). Preinfected individuals are represented by triangles and dashed lines. (B-E) Boxplots showing sum
S1 reactivity in allo-HCT recipients stratified by time between transplantation and vaccination (dark blue, 3 to 6 months;
months) and healthy controls (gray) at different time points: (B) T1, 1 month post-first dose; (C) T2, 1 month post-second dose; (D) T3, 3 months post-second dose;
and (E) T4, 6 months post-second dose. The dashed line corresponds to a sum S1 of 17. Preinfected individuals are represented by triangles. Results from the Wilcoxon
test used to compare each group to the other groups are shown. *P < .05; **P < .01; ***P < .001. (F) Longitudinal sum S1 response since the second dose and decline
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months; light blue, >12 months; gray, healthy controls). Preinfected individuals are represented by triangles and dashed lines. The solid line corresponds to the esti-

yellow, 6 to 12 months; light blue, >12
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Figure 3. Humoral immunity to the SARS-CoV-2 vaccine improves over time after allo-HCT. (A) Heatmap of SARS-CoV-2 seroprofiles (IgG, IgA, and IgM SOC values
against 4 SARS-CoV-2 antigens: RBD, S1, S2, and N) at T2 in allo-HCT recipients (dark blue, 3 to 6 months; yellow, 6 to 12 months; light blue, >12 months) and healthy
controls (gray), and their preinfection status (black, yes; light gray, no). Patients are grouped in rows in 3 different clusters, and antibody responses are displayed in
columns. (B) Principal component analysis (PCA) of SARS-CoV-2 seroprofiles (IgG, IgA, and IgM SOC values against 4 SARS-CoV-2 antigens: RBD, S1, S2, and N) at T2 of
allo-HCT recipients (dark blue, 3 to 6 months; yellow, 6 to 12 months; light blue, >12 months) and healthy controls (gray), and their preinfection status (black, yes;
light gray, no). Each subfigure highlights one of the clusters previously defined in the heatmap—cluster 1 (top), cluster 2 (middle) and cluster 3 (bottom)—and patients
not belonging to the cluster of interest are shown in light gray. (C) Results from univariable (light blue) and multivariable (black) linear regression predicting log10 of

the sum S1 value at T2 in allo-HCT recipients and healthy controls.

months and 6 to 12 months post-allo-HCT together, because
they showed similarly low sum S1 levels in the previous
analysis (Figure 3C). Reduced predicted neutralizing titers
(sum S1) at T2 were significantly associated with (1) whether
patients had been vaccinated at 3 to 12 months post-allo-
HCT (coefficient = -0.66; 95% CI, -1.06 to -0.25; P = .002); (2)

age >65 years (coefficient = -0.59; 95% CI, -1.11 to -0.07;
P =.030); (3) IST (coefficient = -0.44; 95% (I, -0.84 to -0.04;
P =.033); and (4) whether patients had relapse of the under-
lying disease (coefficient = -0.55; 95% CI, -0.98 to -0.12;
P =.014) (Figure 4A). Again, preinfection resulted in signifi-
cantly  higher  predicted neutralization at T2
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Figure 4. Risk factors associated with impaired immune response to the SARS-CoV-2 vaccine. (A) Results from univariable (light blue) and multivariable (dark blue)
linear regression predicting log10 of the sum S1 value at T2 in allo-HCT recipients. (B) Boxplots showing sum S1 reactivity in allo-HCT recipients from the >12 months
group at T1, T2, T3, and T4 stratified by immunosuppressive treatment (no, clear; yes, shaded) and chronic GVHD (none/mild, black; moderate/severe, red). (C) Repar-
titioning of patients receiving prophylactic, therapeutic, or no immunosuppressive treatment with no (gray shaded), mild (blue shaded), or moderate/severe (red
shaded) chronic GVHD. (D) Heatmap of SARS-CoV-2 seroprofiles (IgG, IgA, and IgM SOC values against 4 SARS-CoV-2 antigens: RBD, S1, S2, and N) at T2 in allo-HCT
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GVHD (shades of light gray to black: 0, 1, 2, and >2). Patients are grouped in rows, and antibody responses are displayed in columns.

(coefficient = 0.78; 95% CI, 0.21 to 1.35; P =.009). Sex, condi- of chronic GVHD had no influence on humoral immune
tioning regimen intensity, and, unexpectedly, the presence responses to the vaccine.
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Intrigued by the indistinct association of chronic GVHD
with humoral vaccine response, we further explored the influ-
ence of chronic GVHD and IST on antibody response. Regard-
less of whether patients had no/mild or moderate/severe
chronic GVHD, it was systemic IST that had a long-term impact
on the humoral immune response (Figure 4B). This lack of a
statistically significant impact of chronic GVHD on humoral
immune reactivity may be explained by the heterogeneity
within this small subgroup with moderate/severe chronic
GVHD (n = 26) and the clinical condition itself, as well as its
systemic and/or topical treatments (Figure 4C and D, Supple-
mentary Table S2). Systemic treatments varied substantially,
with 15 patients receiving systemic steroids, 34 receiving cal-
cineurin inhibitors, and 20 receiving ruxolitinib. Sixteen
patients received combination IST, and 35 received only sin-
gle-agent IST.

Characteristics of Low Responders to the SARS-CoV-2 Vaccine
Characterizing low responders who do not reach the neu-
tralization threshold of 17 after vaccination is of utmost
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clinical importance. We identified a total of 38 low responders
in our cohort, including 17 patients in the 3 to 6 months post-
allo-HCT group, 8 patients in the 6 to 12 months group, and 13
patients in the >12 months group. Overall, a high proportion
of patients in the 3 to 12 months post-allo-HCT group were on
IST (75%), and the proportion of low responders in this group
was consistently high, whether patients were on IST or not
(70% off IST, 60% on IST). In contrast, only 28% of the patients
in the >12 months post-allo-HCR were on IST, and the low res-
ponders constituted a higher proportion of those on IST (35%)
versus those not on IST (16%) (Figure 5A). Adding an interac-
tion term between the variables “group” and “IST” did not
improve our multivariate linear regression and was not signifi-
cant (P = .42). By assessing age categories, we observed consis-
tent patterns: the proportion of low responders was higher in
patients under IST regardless of their age and also was gener-
ally higher in older patients (Figure 5B). We vaccinated low
responders with a third dose and evaluated the response at
approximately 1 month after this third dose (median, 36 days;
IQR, 31 to 37 days) in 23 patients, including 7 who died, 1 who
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Figure 5. Characteristics of low vaccine responders. (A) Mosaic plot displaying the proportion of responders (NT 50>250, light gray) and low responders (NT 50<250,
dark gray) at T2 in the 3 to 12 months and >12 months post-allo-HCT groups (x-axis), with or without IST (y-axis). (B) Mosaic plot displaying the proportion of res-
ponders (NT 50>250, light gray) and low responders (NT 50<250, dark gray) at T2 in the subgroups of patients age <45 years, 45 to 65 years, and >65 years (x-axis)
with or without IST (y-axis). (C) Mosaic plot displaying the proportion of responders (NT 50>250, light green) and low responders (NT 50<250, dark green) (y-axis)
after the third vaccine dose in the 3 to 12 months and >12 months post-allo-HCT groups (x-axis).
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was lost to follow-up, 1 who was excluded owing to receipt of
a booster vaccination 3 months after the second vaccination, 1
who refused to receive a booster injection, and 5 for whom
booster titers were not yet available. For these 23 patients, the
third dose was given approximately 6 months after the second
dose (median, 197 days; IQR, 138 to 221 days). We docu-
mented an increased humoral response in a fraction of
patients; 47% (9 of 19) of the 3 to 12 months post-allo-HCT
recipients and 25% (1 of 4) of the >12 months post-allo-HCT
recipients developed a humoral immune response and became
responders (sum S1>17) after the third dose (Figure 5C). Of
those patients who still did not respond to the third dose, 46%
(6 of 13) were on IST at the time of the injection, compared
with only 20% (2 of 10) of the third dose responders.

Plausible reasons for the poor humoral immune responses
were observed in the majority of the 38 low responders. Ten
low responders were vaccinated early after allo-HCT, most of
them while still receiving prophylactic IST. Fifteen patients
were on therapeutic IST, including 10 for treatment of moder-
ate/severe chronic GVHD, 8 of whom were receiving ruxoliti-
nib. Eight low responders were under treatment for relapse of
their underlying disease (Supplementary Table S3).

Immune Reconstitution Patterns after Allo-HCT Correlate
with Serologic Profiling

Regeneration of the adaptive immune system takes weeks
to months following allo-HCT. Initially, adoptively cotrans-
ferred mature lymphocytes expand, but over time (weeks to
months) nascent donor hematopoietic stem cell (HSC)-derived
T and B cells develop Figure 6.A displays the dynamics of the
recovery of total B cells, recent thymic emigrants, and naive
and memory CD4" and CD8* T cells in the blood, demonstrat-
ing that reconstitution of the adaptive immune system after
allo-HCT requires years rather than months, with the majority
of patients achieving normal levels of B and T cells only beyond
12 months post-HCT. Antibody response to the SARS-CoV-2
vaccine was significantly correlated with higher B cell counts
in the blood (Figure 6B, upper left panel), as well as with
higher levels of recent thymic emigrants, naive CD4" and naive
CDS8" cells, and memory CD4" cells.

DISCUSSION

Infections are a major cause of death in allo-HCT recipients,
and several studies have confirmed an increased risk of mor-
bidity and mortality for COVID-19 in these patients [3,15-18].
Accordingly, this vulnerable population has been granted pri-
oritized access to SARS-CoV-2 vaccines after their approval. In
this population of allo-HCT recipients the efficacy of vaccina-
tions in general is often insufficient, inconsistent, and unpre-
dictable, however [19,20]. In addition to immunosuppressive
agents, GVHD can cause severe immune dysfunction, in partic-
ular B lymphopenia with hypogammaglobulinemia that can
persist for years [21].

Our study adds valuable information to recently published
reports. We analyzed longitudinal antibody responses after SARS-
CoV-2 vaccination in a relatively large allo-HCT cohort (n = 110),
revealing both antibody peaks and their significant temporal
decline over 6 months postvaccination. We examined and
adjusted for various transplantation-related factors, including
conditioning regimen intensity, chronic GVHD, IST, and relapse.

Patients age >65 years and those early post-transplanta-
tion were the subgroups at the greatest risk of failing to
respond sufficiently to 2 vaccine doses, but IST also had an
impact on immune function. The lower rate of seroconversion
to SARS-CoV-2 and other vaccines in elderly patients is

consistent with previous reports [22]. Likewise, detrimental
effects of IST on immune responses to the SARS-CoV-2 vaccine
have been described in solid organ transplant recipients [8].
The patients in our study were given IST either because they
were early post-HCT (prophylactic IST) or because they were
suffering from GVHD (therapeutic IST). Whether a third
booster dose of the vaccine can overcome low responses
remains to be elucidated in the coming months, but early
experiences (including our own observations) indicate that
low responders can benefit from a third dose and subsequently
become good responders.

Unexpectedly, chronic GVHD per se was not associated
with lower antibody levels in our patient cohort. Chronic
GVHD is a very heterogeneous condition affecting only a single
organ or several organs. Depending on the number and type of
involved organs, treatment can be topical or may require sin-
gle-agent or combined systemic IST. Moreover, “subclinical”
GVHD of the bone marrow and lymphoid tissues can result in
severe lymphopenia and immune dysfunction [21,23,24]. In
this present study, the cohort subgroups of chronic GVHD
were too small to allow for statistical analyses; however, we
observed a substantial proportion of low responders to the
vaccine were patients with chronic GVHD on systemic IST,
including calcineurin inhibitors, steroids, and novel agents,
such as ruxolitinib. Recent phase 3 studies demonstrated the
efficacy of the STAT1/2 inhibitor for chronic GVHD [25].
Impaired responses to BTN162b2 under treatment with ruxoli-
tinib also have been observed in patients who did not undergo
allo-HCT, confirming the highly immunosuppressive effect of
this agent [26].

Finally, in this study, patients treated for relapse of their
underlying disease had poor humoral immune responses. This
finding is again consistent with observations by others, in which
patients with hematologic disorders receiving systemic cyto-
toxic or immune modulatory treatment developed only low to
no serologic responses to the vaccine [26].

Our findings are in line with low anti-SARS-CoV-2 antibody
response observed in a recently published study on patients with
cancer, including hematologic malignancies [27]. In this report,
positive anti-S IgG titers were measurable in 94% of healthy con-
trols but in only 18% of patients with hematologic cancer after a
single vaccine inoculum. Similarly, Herishanu et al [28]. reported
an antibody response rate of 39.5% after 2 doses of BNT162b in
patients with chronic lymphocytic leukemia and significant
decreases in antibody titers by 6 months postvaccination in
patients and healthy controls [28]. The first experiences with
BNT162b in allo-HCT recipients from a single center were pub-
lished only recently; 47 of 57 (75%) evaluated recipients dis-
played a positive serology at 7 to 14 days after the second dose
[29]. In this study, longer time since allo-HCT, female sex, and a
higher number of CD19* cells were associated with positive
humoral responses, whereas age, GVHD, and intensity of IST did
not correlate with humoral immune responses [29]. Of note, in
this study, exacerbations of GVHD were observed in 3 of 66 allo-
HCT recipients following vaccination.

In a large cohort of patients (n = 885) with hematologic
malignancies in Lithuania that included 122 allo-HCT recipi-
ents, allo-HCT recipients were among those with the highest
levels of antibody titers against SARS-CoV-2 following
BNT162b vaccination, compared with patients treated with
Bruton kinase inhibitors, ruxolitinib, venetoclax, or anti-CD20
antibody therapy [26]. Consistent with our observations, the
Lithuanian study found low antibody responses in the few
patients evaluated early post-allo-HCT (<6 months, n = 5; 6 to
12 months, n=13).
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Figure 6. Immune reconstitution patterns correlate with vaccine antibody response. (A) Boxplots showing the level of immune reconstitution in allo-HCT recipients
stratified by the time between transplantation and vaccination (dark blue, 3 to 6 months; yellow, 6 to 12 months; light blue, >12 months). The gray shaded areas cor-
respond to normal ranges for each cell subpopulation. (B) Correlation of immune reconstitution and sum S1 values at T2 in allo-HCT recipients stratified by the time
between transplantation and vaccination (dark blue, 3 to 6 months; yellow, 6 to 12 months; light blue, >12 months).

Our study is limited by its single-center character and its con-
trol group of healthy individuals that differed significantly in age
and sex from our patient cohort, which might have hindered
detection of the recently described influence of sex on vaccine effi-
cacy [30]. Furthermore, owing to the lack of an established assay
to measure T cell responses to the SARS-CoV-2 vaccine at our cen-
ter, we were not able to analyze cellular immunity. Emerging data
on quantification of SARS-CoV-2-specific T cells and corresponding
cytokine production on exposure to specific peptides in vitro

stress the importance and role of T cell-mediated immunity
against SARS-CoV-2, but also reveal a wide heterogeneity in the
magnitude of such T cell responses. Hence, ultimately both
humoral and cellular immunity should be integrated into assess-
ments that define the correlates of protection necessary to evalu-
ate current vaccine strategies [31—34].

In conclusion, in the light of breakthrough infections in vac-
cinated individuals, systematic analyses of immune responses
to the SARS-CoV-2 vaccines and their temporal dynamics are
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urgently needed to guide treatment decisions during this pan-
demic. Our results highlight the importance of identifying
those at highest risk with longitudinal antibody assessment
and also elucidate the rapid decline of vaccine efficacy not
only in high risk patients, but also in healthy individuals.
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