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A B S T R A C T
In allogeneic stem cell transplant (Allo-SCT) recipients, the cell-mediated and humoral immunogenicity of the 3-
dose SARS-CoV-2 vaccination schedule has not been investigated in prospective studies. In a prospective cohort,
we recruited 122 Allo-SCT recipients since August 2021, when Ontario began offering a 3-dose vaccine schedule
for Allo-SCT recipients. We determined humoral and cell-mediated immunity and adverse effects of the 3-dose
SARS-COV-2 vaccination schedule in Allo-SCT recipients. In immunogenicity analysis (n = 95), the median (inter-
quartile range [IQR]) antibody titer against the receptor-binding domain (RBD) of the spike (S) protein after the
third dose (10,358.0 U/mL [IQR = 673.9-31,753.0]) was significantly higher than that after the first (10.2 U/mL
[IQR = 0.6-37.0]) and the second doses (125.6 U/mL [IQR = 2.8-1251.0]) (P < .0001). The haploidentical donor sta-
tus was an independent risk factor (adjusted odds ratio = 7.67, 95% confidence interval [CI], 1.86-31.60) for subop-
timal antibody response (anti-RBD < 100 U/mL). S-specific CD4+ and CD8+ T-cell responses were measured in a
subset of Allo-SCT recipients (n = 20) by flow cytometry. Most developed antigen-specific CD4+ (55%-80%) and
CD8+ T-cells (80%) after 2 doses of vaccine. Frequencies of CD4+ polyfunctional (P = .020) and IL-2 monofunctional
(P = .013) T-cells significantly increased after the third dose. Twenty-three episodes (23/301 doses [7.6%]) of new-
onset or worsening pre-existing graft-versus-host disease (GVHD) occurred, including 4 episodes after the third
dose. We observed 4 relapses (3.27%). Seven patients developed SARS-CoV-2 infection despite vaccination,
although none required hospitalization. In conclusion, the 3-dose SARS-CoV-2 vaccine schedule provided immu-
nity associated with a low risk of GVHD and other adverse effects. This prospective cohort showed that the third
dose of SARS-CoV-2 vaccine in allogeneic stem cell transplant recipients promoted better humoral and cellar
immune responses than after the initial series without increasing the risk of GVHD or severe adverse effects.

© 2022 Published by Elsevier Inc. on behalf of The American Society for Transplantation and Cellular Therapy.
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Coronavirus disease 2019 (COVID-19) is associated with up
to 30% mortality in allogeneic stem cell transplant (Allo-SCT)
recipients,1,2 and prevention of COVID-19 is urgently required
in this population. Vaccination against severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) has been shown to be a
successful preventative strategy in immunocompetent individ-
uals.3-5 More than 80% of Allo-SCT recipients who received two
doses of mRNA vaccines mounted anti- receptor-binding
domain (RBD) antibody response; still, titers tend to be lower
than in healthy individuals.6,7 Because of waning immunity, a
3-dose schedule has been recommended.8,9 Some retrospec-
tive studies in Allo-SCT recipients suggested a favorable anti-
body response after the 3-dose mRNA vaccine.10,11 However,
cell-mediated and humoral immunogenicity has not been
investigated in prospective studies. T-cell response is an
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essential determinant of the clinical outcome of COVID-19 and
underpins vaccine efficacy.12,13 Retrospective studies did not
investigate the role of essential variables such as donor type (i.
e., matched related, matched unrelated, haploidentical, mis-
matched unrelated donors), graft-versus-host disease (GVHD),
and immunosuppressive regimens after a 3-dose schedule.

The safety of the 3-dose schedule and the potential for off-
target responses, including exacerbation of pre-existing GVHD
and development of new-onset GVHD, require further investi-
gation. Some studies suggested increasing organ stage severity
and worsening of GVHD after SARS-CoV-2 vaccination.14 We
aimed to determine the immunogenicity and outcomes of the
3-dose SARS-CoV-2 vaccination schedule in Allo-SCT recipi-
ents. Simultaneously, we explored the risk of new-onset
GVHD or exacerbation of pre-existing GVHD.

METHODS
Study design and outcomes

This prospective cohort enrolled adult patients (age �18 years) who
received a SARS-CoV-2 vaccine series 3 months after undergoing allogeneic
stem cell transplantation at the Hans Messner Allogeneic Transplant Pro-
gram, Toronto, Canada. The vaccine was provided through the provincial vac-
cination campaign. Those who received at least 1 dose of the vaccine until
December 15, 2021, were included and followed up until February 14, 2022.
We excluded patients with previous COVID-19 diagnoses and individuals
with febrile illnesses within a week before vaccination. For the antibody anal-
ysis, we excluded patients who received the SARS-CoV-2 vaccine before
transplantation, patients who did not return for any anti-RBD antibody titer
by February 14, 2022, patients who received at least 1 dose of rituximab
within 6 months before the first dose of vaccine, and patients who received
intravenous immunoglobulin within 21 days before antibody testing. For cel-
lular immune response measurements, only patients who received vaccine
doses before transplantation were excluded.

We obtained blood samples at the time of cohort entry and 4 to 6 weeks
after each vaccine dose for testing. A subset of patients also provided consent
for additional blood for T-cell immunity studies. The study was approved by
the institutional research ethics board, and all patients provided written
informed consent. The primary outcome was the proportion of patients with
a detectable level of the anti-SARS-CoV-2 spike (S) RBD antibodies. Secondary
outcomes included COVID-19 diagnosis, adverse effects after SARS-CoV-2
vaccination, and death. For all outcomes except for death, the closing date of
observation was February 14, 2022. The closing date for the outcome of death
was March 14, 2022.

Laboratory Methods
Anti-RBD binding antibodies were measured using the Roche Elecsys

anti�SARS-CoV-2 S enzyme immunoassay as per the manufacturer's instruc-
tions in a certified biochemistry laboratory.15 The assay has a lower limit of
quantitation of 0.4 U/mL and a positive response defined as >0.8 U/mL.
Figure 1. Study flo
We also ascertained the cellular-mediated immune response to the vac-
cine in a subset of patients after the second and third dose (n = 20). Cryopre-
served peripheral blood mononuclear cells were thawed, rested, and
incubated overnight with overlapping peptide pools corresponding to the
ancestral SARS-CoV-2 S protein. Antigen-specific CD4+ and CD8+ T cells were
measured using intracellular cytokine staining flow cytometry, as previously
described.16-18 S-specific CD4+ T cells were defined as monofunctional cells
producing only interferon-gamma (IFN-g) or interleukin-2, or polyfunctional
T-cells producing a combination of both simultaneously. In contrast, CD8+ T
cells were investigated in terms of total IFN-g expression. A representative
gating strategy for identifying S-specific CD4+ and CD8+ T-cells is provided in
Supplementary Figure S1.

Adverse effects and safety
We categorized the adverse events based on the Food and Drug Adminis-

tration toxicity grading scale for volunteers in vaccine trials as follows: grade
1 (no interference in daily activities), grade 2 (some interference in daily
activities), grade 3 (participants unable to perform daily activities), and grade
4 (potentially life-threatening).19 All patients remained under follow-up after
vaccination during the observation period. Additionally, study teammembers
contacted all participants every 1 to 2 weeks and reviewed patients' charts
for episodes of new-onset or worsening of pre-existing GVHD, COVID-19
diagnosis, hospitalization, or other adverse events until February 14, 2022.
Acute GVHD was graded according to the Keystone criteria, and chronic
GVHD (cGVHD) was defined as the National Institutes of Health Chronic
Graft-versus-Host Disease Consensus criteria.20,21 GVHD outcome (i.e., new-
onset or worsening of GVHD) was required to have occurred within 40 days
of receiving the latest vaccine dose to be included in study results.22 The labo-
ratory diagnosis of SARS-CoV-2 infection was made using reverse-transcrip-
tion polymerase chain reaction or rapid antigen test from the upper
respiratory tract specimens.

Statistical analysis
We used the Chi-square test, Fisher’s exact test, and the Mann-Whitney U

test in univariate analysis. We also used backward stepwise multivariate
logistic regression models to identify the independent risk factors for study
outcomes. A 2-sided Wilcoxon matched-pairs signed-rank test was used for
the T-cell analysis, with adjusted P values calculated using the Holm-�Síd�ak
correction for multiple comparisons. Furthermore, we determined the varia-
bles associated with the suboptimal vaccine immunogenicity status after the
third dose of vaccine, which was defined as an anti-RBD antibody titer less
than 100 U/mL.23 We considered P < .05 as the level of statistical signifi-
cance.

RESULTS
Overview of the cohort

A total of 131 Allo-SCT recipients were enrolled, and even-
tually, 122 were included in the analysis (Figure 1). Of these,
74 (60.7%) received 3 doses of SARS-CoV-2 vaccines. Baseline
characteristics of the cohort are provided in Table 1. The
median age was 57 (interquartile range [IQR] = 45-64) years.
w diagram.



Table 1
Baseline Characteristics of the Patients Who Met the Eligibility Criteria After
Exclusion

Variable N = 122 (%)

Age, median (IQR) 57 (45-64)

Male gender 60 (49.2)

Diagnosis

Acute myeloid leukemia 56 (45.9)

Myelodysplastic syndrome 14 (11.5)

Acute lymphoblastic leukemia 11 (9.0)

Myelofibrosis 8 (6.6)

Chronic myelomonocytic leukemia 7 (5.7)

Non-Hodgkin lymphoma 5 (4.1)

Mixed phenotype acute leukemia 4 (3.3)

Chronic myeloid leukemia 4 (3.3)

Hodgkin lymphoma 3 (2.5)

Aplastic anemia 3 (2.5)

Chronic lymphocytic leukemia 2 (1.6)

Others 5 (4.1)

Comorbidities

Diabetes mellitus 18 (14.8)

Hypertension 51 (41.8)

Liver diseases 10 (8.2)

Chronic kidney disease 13 (10.7)

Donor type

Matched related 34 (27.9)

Matched unrelated 54 (44.3)

Haploidentical 30 (24.6)

Mismatched unrelated donor 4 (3.3)

Conditioning

Myeloablative 57 (46.7)

Reduced-intensity 65 (53.3)

Previous history of allo-SCT 5 (4.1)

Interval between transplantation and enrollment

<6 months 37 (30.3)

6 months to 12 months 29 (23.8)

>12 to 24 months 25 (20.5)

>24 months 31 (25.4)

Numbers of pre-transplantation vaccination 15 (12.3)

One dose 2 (1.6)

Two doses 13 (10.7)

Numbers of post-transplantation vaccination

One dose 17 (13.9)

BNT162b2 (Pfizer-BioNTech) 15 (12.3)

mRNA-1273 (Moderna) 2 (1.6)

Two doses 31 (25.4)

BNT162b2 (Pfizer-BioNTech) 30 (24.6)

mRNA-1273 (Moderna) 0

Mixed 1 (0.8)

Three doses 74 (60.7)

BNT162b2 (Pfizer-BioNTech) 60 (49.2)

mRNA-1273 (Moderna) 8 (6.6)

Mixed 6 (4.9)

Transplant complications before
post-transplantation vaccine

Relapse 3 (2.5)

Acute GVHD 8 (6.6)

Chronic GVHD 34 (27.9)

Immunosuppressive agents at the time of enrollment 58 (47.5)

Corticosteroid 28 (23.0)

Non-steroid immunosuppressive agents 51 (41.8)

(continued)

Table 1 (Continued)

Variable N = 122 (%)

Cyclosporine 30 (24.6)

Mycophenolate 9 (7.4)

Azathioprine 4 (3.3)

Ruxolitinib/Itacitinib 6 (4.9)

Methotrexate 1 (0.8)

History of Rituximab 13 (10.7)

Within 6 months of 1st vaccine post-transplant 6 (4.9)

“Other” hematological disorders in were myeloid sarcoma, thalassemia, blastic
plasmacytoid dendritic cell neoplasm, paroxysmal nocturnal hemoglobinuria,
and autoimmune inflammatory disorder with undetermined cause. Eight
patients had active acute GVHD and were still on treatment (7 took oral ste-
roid and 1 took topical steroid) at the date of the first vaccine dose.
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Sixty-six patients (54.1%) were in the first year after transplan-
tation, and 58 (47.5%) were on immunosuppressive therapy at
enrollment. Matched unrelated donor (MUD) was the most
common stem cell donor type (44.3%) followed by the matched
related donor (MRD [27.9%]) and haploidentical donor (HD
[24.6%]). At the time of enrolment, 3 patients had a relapse of
underlying hematological diseases. The median intervals
between the date of transplantation and the date of the first
dose, second dose, and third dose were 185 days (IQR = 115-
524), 249 days (IQR = 160-681), and 459 days (IQR = 294-883),
respectively.

Antibody response to the SARS-CoV-2 vaccines
Of the 122 participants, 95 were included in the immuno-

genicity analysis (Figure 1). The median anti-RBD titer after
the first dose, second dose, and third dose was 10.2 U/mL
(IQR = 0.6-37.0), 125.6 U/mL (IQR = 2.8-1251.0), and
10,358.0 U/mL (IQR = 673.9-31,753.0), respectively. The
median antibody titer after the third dose was significantly
higher than that after the first dose (P < .0001) and the second
dose (P < .0001; Figure 2).

In the immunogenicity analysis, 64 patients received a
third dose SARS-CoV-2 mRNA vaccine (Table 2). A positive
response was observed in 57 (89.1%) patients. Vaccine immu-
nogenicity was suboptimal (anti-RBD antibody titer <100 U/
mL) in 12 (18.8%) patients. Chronic kidney disease (41.7%
Figure 2. Anti-RBD titers after each vaccine dose. Each dot represents an indi-
vidual patient. Horizontal line represents median values and IQR. The Mann-
Whitney U test was used for the analysis.



Table 2
Comparison of Allo-SCT Recipients Anti-RBD Antibody Titers After Three Doses of SARS-CoV-2 Vaccine*

Responder (n = 52) Suboptimal Responder (n = 12) P Valuey

Age median (IQR) 58 (49-64) 59 (47-66) .97

Sex male 29 (55.8) 5 (41.7) .52

Underlying hematological diseases

AML 26 (50.0) 9 (75) .26

MDS 6 (11.5) 0

CML 1 (1.9) 1 (8.3)

ALL 3 (5.8) 0

HL 0 1 (8.3)

NHL 1 (1.9) 0

MPAL 2 (3.8) 1 (8.3)

AA 1 (1.9) 0

CMML 6 (11.5) 0

MF 4 (7.7) 0

Others 2 (3.8) 0

Comorbidities

Chronic kidney disease 7 (13.5) 5 (41.7) .04

Liver disease 13 (25.0) 4 (33.3) .72

Diabetes mellitus 6 (11.5) 3 (25.0) .35

Type of transplant

Matched related donor 20 (38.5) 0 .01

Matched unrelated donor 22 (42.3) 6 (50.0) .75

Haploidentical donor 6 (11.5) 6 (50.0) .01

Mismatched unrelated donor 4 (7.7) 0 1.00

Patients in the 1st year post-transplant 22 (42.3) 5 (41.7) 1.00

MAC 11 (21.2) 2 (16.7) 1.00

RIC 11 (21.2) 3 (25.0) .75

Total body irradiation 10 (19.2) 4 (33.3) .44

rATG 34 (65.4) 8 (66.7) 1.00

PTCY 35 (67.3) 9 (75.0) .74

Immunosuppressive agents at enrollment 20 (38.5) 6 (50.0) .53

Corticosteroidz 12 (23.1) 4 (33.3) .48

Any one or more immunosuppressive agents 17 (32.7) 5 (41.7) .74

Cyclosporine 7 (13.5) 1 (8.3) 1.00

Mycophenolate 7 (13.5) 1 (8.3) 1.00

Azathioprine 2 (3.8) 0 1.00

Ruxolitinib / Itacitinib 2 (3.8) 2 (16.7) .16

Methotrexate 0 1 (8.3) .19

Acute GVHD at the first dose 2 (3.8) 1 (8.3) .47

Chronic GVHD at the first dose 18 (34.6) 5 (41.7) .74

Lymphocyte count, median (IQR) 1450 (1075-2250) 900 (675-1250) .03

Neutrophil count, median (IQR) 2800 (2200-4125) 2950 (2575-3425) .71

AA indicates aplastic anemia; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CML, chronic myeloid leukemia; CMML, chronic myelomonocytic
leukemia; HL, Hodgkin lymphoma; MAC, myeloablative conditioning; MDS, myelodysplastic syndrome; MF, myelofibrosis; MPAL, mixed phenotype acute leukemia;
NHL, non-Hodgkin lymphoma; rATG, rabbit anti-thymocyte globulin; RIC, reduced-intensity conditioning.
* All patients but 1 received mRNA vaccines. 1 patient received ChAdOx1 nCoV-19/AZD1222-ChAdOx1 nCoV-19/AZD1222-Pfizer-BioNTech BNT162b2.
y Univariable analysis.
z Median (IQR) prednisone dose in patients with suboptimal immune response [8.75 mg (6.875-11.25)] was not significantly different from other participants

[7.50 mg (5.00-14.3750), P = .806].
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versus 13.5%; P = .04), haploidentical donor status (50% versus
11.5%; P = .01), and median lymphocyte count at the third dose
(900.0 cells/mL [IQR = 675.0-1250.0] versus 1450.0 cells/mL
[IQR = 1075.0-2250.0], P = .03) were significantly associated
with a suboptimal antibody response after the third dose of
vaccine. Suboptimal response was not observed in MRD Allo-
SCT recipients. In addition, patients who were on immunosup-
pressive agents had significantly lower antibody titers (median
2400.0 U/mL, IQR = 127.0-9672.0) compared to patients
who were not on immunosuppressive therapy (median
22,974.0 U/mL, IQR = 3573.0-39,903.0 [P < .01]). In a multivari-
ate analysis including donor types, chronic kidney disease, and
lymphocyte count, only haploidentical donor source was iden-
tified as an independent risk factor for a suboptimal antibody
response (adjusted odds ratio [aOR] = 7.67; 95% confidence
interval [CI], 1.86-31.60; P < .01). Haploidentical donor status
was identified as a significant risk factor of suboptimal anti-
body response (aOR = 9.18, 95% CI, 1.74-48.4; P = .01) even
after adjusting for post-transplant cyclophosphamide (PTCY)
treatment (aOR = 0.63, 95% CI, 0.11-3.62; P = .60) and



Figure 3. Cell-mediated immune response in Allo-SCT recipients after 2 or 3
doses of mRNA vaccine. Proportions of polyfunctional, IFN-g monofunctional
and IL-2 monofunctional CD4+, and total IFN-g expressing CD8+ T-cells in Allo-
SCT recipients (n = 20 paired). Each dot represents a patient. Horizontal lines
denote the median for each group. A 2-sided Wilcoxon matched-pairs signed-
rank test with Holm-�Síd�ak correction for multiple comparisons was used.
Adjusted P values are shown above each respective comparison. The box at
the top shows the proportion of patients in each group with a positive T-cell
response, defined as a frequency equal to or exceeding 0.01%, as indicated by
the dashed horizontal line. Poly indicates polyfunctional; IFNg, interferon
gamma; IL2, interleukin 2.
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immunosuppressive therapy at enrollment (aOR =1.30, 95% CI,
0.32-5.27: P = .72).
Cell-Mediated Immunity
S-specific CD4+ and CD8+ T-cell responses were measured

in a subset of Allo-SCT recipients (n = 20; Figure 3). After 2
doses of vaccine, the frequency of Allo-SCT recipients with a
positive T-cell response (defined as a T-cell frequency �0.01%)
was 55% for polyfunctional CD4+ T-cells, 80% for IFN-g mono-
functional CD4+ T-cells, 60% for IL-2 monofunctional CD4+

T-cells, and 80% for total IFN-g expressing CD8+ T-cells. After
the third dose, Allo-SCT recipients had a detectable S-specific
polyfunctional CD4+ T-cell response (55%), IFN-g monofunc-
tional CD4+ T-cell response (85%), IL-2 monofunctional CD4+ T-
cell response (85%), and CD8+ T-cell response, which was
defined as total IFN-g expression (75%). These proportions
were largely unchanged, except for IL-2 monofunctional CD4+

T-cells, which expanded by 25 percentage points after the
third dose. A statistically significant increase in the frequency
of polyfunctional CD4+ T-cells (median frequency 251.9 versus
455 CD4+ T-cells per 106 CD4+ T-cells, P = .020) and IL-2 mono-
functional CD4+ T-cells (646.4 versus 1165.6 CD4+ T-cells per
106 CD4+ T-cells, P = .013) was measured after the third dose.
We also observed a trend toward an increase in the frequency
of IFN-g monofunctional CD4+ T-cells after the third dose,
but this did not reach statistical significance (356.3 versus
401.1 CD4+ T-cells per 106 CD4+ T-cells, P = .064). No differen-
ces in the frequency of S-specific total IFN-g expressing
CD8+ T-cells were measured between second and third doses
(758.0 versus 717.9 CD8+ T-cells per 106 CD8+ T-cells, P = .68).
Safety analysis
In total, 122 patients received 301 vaccine doses through

the public health program (296 doses of mRNA vaccines [265
BNT162b2, Pfizer-BioNTech, and 31 mRNA-1273, Moderna],
and 5 ChAdOx1 nCoV-19/AZD1222 vaccines) (Figure 1,
Table 1). Of the 5 doses of ChAdOx1 nCoV-19/AZD1222 vac-
cines, 2 were excluded from the immunogenicity analysis due
to receiving intravenous immunoglobulin after vaccination.
The other 3 doses of ChAdOx1 nCoV-19/AZD1222 were part of
a 3-dose vaccination schedule in 2 patients who developed
optimal antibody response.

The most common adverse effects were local tenderness
(>60% after each dose) and fatigue (�14% after each dose).
There were no grade 4 adverse effects except for a patient who
developed Guillain-Barr�e syndrome four months after the sec-
ond dose (Figure 4 and Table 3). This patient also received
other vaccines one month before the diagnosis of Guillain-
Barr�e syndrome and did not receive the 3rd dose of the SARS-
CoV-2 vaccine.

During the study period, 23 episodes (23/301 doses, 7.6%)
of new-onset or worsening GVHD occurred in 22 patients (i.e.,
11 MRD, 8 MUD, 2 HD, and 1 mismatched unrelated donor).
Only 4 of these episodes occurred after the third dose (i.e., 1
new-onset GVHD and 3 worsening of pre-existing GVHD). We
observed 4 patients who developed relapse of underlying
hematological disorders (acute myeloid leukemia [n = 2], non-
Hodgkin’s lymphoma [n = 1], and myeloid sarcoma [n = 1]),
(Tables 4 and 5).

In total, 7 patients developed SARS-CoV-2 infection, which
was confirmed by reverse-transcription polymerase chain
reaction test (n = 6) or rapid antigen test (n = 1). Of these, 6
patients were diagnosed after the third dose, 4 patients were
60 years or older, and only 2 required treatment with sotrovi-
mab. No one developed severe disease requiring hospitaliza-
tion (Table 4).

Three patients died during the observation period because
of relapse of underlying disease (myelofibrosis [n = 1]), poly-
microbial pneumonia on the background of lung cGVHD
(n = 1), and progressive pulmonary cGVHD after the first dose
(n = 1). The last patient did not develop respiratory failure until
2 months after the second dose. This patient did not receive
the third dose.

DISCUSSION
Our study is the first prospective cohort evaluating the

immunogenicity of 3-dose SARS-CoV-2 vaccine schedule in
Allo-SCT recipients. We obtained 4 novel findings. First, we
showed humoral anti-RBD responses generated by a majority
(89.1%) of Allo-SCT recipients after 3 doses of SARS-CoV-2 vac-
cine. Second, we identified haploidentical donor status as an
independent risk factor for a suboptimal antibody response.
Third, we demonstrated the safety of SARS-CoV-2 vaccination
in Allo-SCT recipients after a 3-dose schedule. Last, 3 doses of
the SARS-CoV-2 vaccine in Allo-SCT recipients resulted in
robust T-cell responses that may reduce the severity of COVID-
19 in those with breakthrough infections.

Regarding immunogenicity, the antibody titer after the
third dose was significantly higher than after the first and sec-
ond doses (Figure 2). This finding could suggest that the third
dose provides a booster effect that establishes robust humoral
immunity against SARS-CoV-2 in Allo-SCT recipients. Previous
studies have evaluated the immunogenicity of mRNA vaccines
in Allo-SCT recipients who received up to 2 doses.6,7,24-28

Some of these studies showed that the antibody titer in Allo-
SCT recipients was significantly lower than in healthy
controls.6,7,28 The time-dependent waning of vaccine efficacy
after an initial vaccination series has been a concern even in
the general population.29 In these contexts, the third dose
could be an essential solution for these concerns in Allo-SCT
settings.

In the present study, haploidentical recipients were more
likely to develop a suboptimal antibody response after the
third dose of a SARS-CoV-2 vaccine (Table 2). This association
remained statistically significant after adjusting for other



Figure 4. Local and systemic adverse effects of vaccines. *Data are unavailable for 2 patients, because of death. Gastrointestinal symptoms include nausea, vomiting
and diarrhea. Others include shortness of breath, rash, dizziness, night sweats, and Guillain-Barr�e syndrome.
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variables such as PTCY. This finding might be secondary to
delayed immune reconstitution in haploidentical recipients
compared to other sources of transplantation.30,31 Unlike MUD
and mismatched unrelated donor, haploidentical recipients
routinely received PTCY and a higher dose of anti-thymocyte
globulin (4.5 g/kg versus 2 g/kg). They receive a more pro-
longed immunosuppressive therapy than other sources of
transplantation, which might be associated with the subopti-
mal antibody response. It should be noted that the cutoff of
100 U/mL is arbitrary, and individuals whose immune
responses were not included in the “suboptimal” category did
not necessarily have protective levels of anti-SARS-CoV-2 anti-
bodies. Further studies with a longer duration of follow-up
and assessment of neutralizing antibody levels are required to
determine vaccine effectiveness in haploidentical Allo-SCT
recipients.

This study provides evidence regarding the safety of a 3-
dose SARS-CoV-2 vaccination schedule in an Allo-SCT setting.
Nineteen patients (15.6%) experienced new-onset or worsen-
ing pre-existing GVHD after the first and second dose (Table 4).
This frequency (15.6%) was slightly higher than those in the
previous studies (range 10%-13.2%).22,26 In addition, the inci-
dence of GVHD after the third dose (5.4%) remained lower
than in the first and second doses (9.0% and 7.6%, respectively)
(Table 4). This finding was reassuring because some previous
studies have suggested that a higher incidence of GVHD may
occur with increasing the number of SARS-CoV-2 vaccine
doses.14 Notably, 10 of 34 (29.4%) patients with active cGVHD
experienced worsening of cGVHD after the vaccination. This
finding suggests careful consideration of vaccination in
patients with existing cGVHD and supports the results of a
similar study.14

SARS-CoV-2 infection was not associated with hospitaliza-
tion or mortality in our cohort. This finding supports previous
studies that demonstrated the safety of a 2-dose SARS-CoV-2
vaccination schedule in Allo-SCT patients.32 Four of 7 patients



Table 3
Adverse Effects of Vaccines

First Dose (N = 122) Second Dose (N = 105) Third dose (N = 74)

Tenderness 85 (70.0%) 81 (77.0%) 46 (62.0%)

�Grade 2 4 4 2

�Grade 3 0 0 0

Erythema 0 0 0

�Grade 2 0 0 0

�Grade 3 0 0 0

Swelling 0 0 0

�Grade 2 0 0 0

�Grade 3 0 0 0

Fever 1 (0.8%) 3 (2.9%) 2 (2.7%)

�Grade2 0 0 1

�Grade3 0 0 0

Chills 1 (0.8%) 2 (1.9%) 2 (2.7%)

�Grade 2 0 0 0

�Grade 3 0 0 0

Myalgia 5 (4.1%) 3 (2.9%) 3 (4.1%)

�Grade 2 3 2 2

�Grade 3 2 2 0

Fatigue 17 (14.0%) 21 (20.0%) 12 (14.0%)

�Grade 2 7 9 5

�Grade 3 5 3 2

Arthralgia 2 (1.6%) 3 (2.9%) 3 (4.1%)

�Grade 2 2 2 3

�Grade 3 1 2 0

Headache 2 (1.6%) 3 (2.9%) 2 (2.7%)

�Grade 2 1 1 1

�Grade 3 0 1 0

Gastrointestinal symptoms 2 (1.6%) 5 (4.8%) 1 (1.4%)

�Grade 2 1 4 1

�Grade 3 0 1 0

Others 2 (1.6%) 5 (4.8%) 1 (1.4%)

�Grade 2 0 3 0

�Grade 3 0 2 0

Gastrointestinal symptoms include nausea, vomiting and diarrhea. Others include shortness of breath, rash, dizziness, night sweats, and Guillain-Barr�e syndrome.
Data are unavailable for 2 patients, due to death.
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with COVID-19 breakthrough were 60 years or older, and only
3 of 7 required outpatient therapy. The variant of concern was
Omicron (B.1.1.529) in four patients with COVID-19 break-
through, as the dominant SARS-CoV-2 strain in Ontario during
Table 4
Study Outcomes

First Dose(N = 122)

GVHD 11 (9.0%)

New onset of acute GVHD 1 (0.8%)

New onset of chronic GVHD 5 (4.1%)

Worsening of pre-existing acute GVHD 1 (0.8%)

Worsening of pre-existing chronic GVHD 4 (3.3%)

Relapse 2 (1.6%)

COVID-19 1 (0.8%)

Breakthrough 1 (0.8%)

14-day all-cause hospitalization 0

14-day all-cause ICU admission/mechanical ventilation 0

30-day all-cause death 0

Death, all-cause in the cohort 1 (0.8%)

ICU indicates intensive care unit.
this study.33 The interval between transplantation and the
third dose of SARS-CoV-2 vaccine in patients with break-
through infection was relatively longer than in patients
Second Dose(N = 105) Third Dose(N = 74) Total(N = 301)

8 (7.6)% 4 (5.4%) 23 (7.6%)

1 (1.0%) 0 2 (0.7%)

4 (3.8%) 1 (1.4%) 10 (3.3%)

1 (1.0%) 0 2 (0.7%)

2 (1.9%) 3 (4.1%) 9 (3.0%)

1 (1.05) 1 (1.4%) 4 (1.3%)

0 6 (8.15) 7 (2.3%)

0 6 (8.1%) 7 (2.3%)

0 0 0

0 0 0

0 0 0

2 (1.9%) 0 3 (1.0%)



Table 5
Patients With New-Onset GVHD or Worsening of Pre-Existing GVHD After Vaccination

No. Age Gender Underlying
HD

Donor
Type

Days from
Transplantation

Active GVHD Before
Vaccination

Time From Vaccination Worsening or
New-onset
of GVHD

GVHD
type

Intervention

1 44 F MDS MUD 172 No 9 days after the 2rd dose New aGVHD Prednisone 1 mg/kg/d was started.

2 64 F AML MUD 122 cGVHD (eye, mouth, liver,
and skin)

17 days after the 1st dose Worse cGVHD Prednisone was increased from 0.25 to 0.5 mg/kg/d.

3 71 M AML MUD 133 No 35 days after the 1st dose New cGVHD Prednisone 0.5 mg/kg/d was started.

4 23 M AML MRD 153 No 2 days after the 2nd dose New cGVHD Prednisone 0.5 mg/kg/d was started.

5 23 M AML MRD 272 cGVHD (liver) 36 days after the 3rd dose Worse cGVHD Prednisone was increased from 0.025 to 0.10 mg/kg/d.

6 60 M MF MRD 111 cGHVD (liver) 10 days after the 1st dose Worse cGVHD Prednisone 0.5 mg/kg/day and azathioprine 50 mg/d
were started.

7 58 F CMML MUD 112 No 7 days after the 1st dose New aGVHD Prednisone 1 mg/kg/d was started.

8 52 F AML MRD 164 No 33 days after the 2nd dose New cGVHD Prednisone 0.15 mg/kg/d was started.

9 50 F MF HD 203 No 24 days after the 2nd dose New cGVHD Cyclosporine was increased from 100 to 150 mg/d.

10 37 F MDS MRD 125 No 27 days after the 1st dose New cGVHD Prednisone 0.5 mg/kg/d was started.

11 28 F AA MUD 198 aGVHD (skin) 5 days after the 2nd dose Worse aGVHD Prednisone 1 mg/kg/d was started.

12 56 F AML MUD 277 cGVHD (liver) 13 days after the 2nd dose Worse cGVHD Prednisone was increased from 0.08 to 0.16 mg/kg/d.

13 56 F AML MRD 205 cGVHD (lung, liver, and skin) 22 days after the 1st dose Worse cGVHD Prednisone was increased to 1 mg/kg/d.

14 65 F MF MMUD 237 cGVHD (eye, lung, and liver) 5 days after the 3rd dose Worse cGVHD Prednisone 0.5 mg/kg/d was started.

15 45 F PNH HD 241 No 19 days after the 1st dose New cGVHD Azathioprine 50 mg/d was started.

16 62 M AML MRD 2484 cGVHD (eye, mouth, and lung) 15 days after the 3rd dose Worse cGVHD Prednisone was increased from 0.25 to 0.5 mg/kg/d.

17 68 F AML MRD 2017 cGVHD (eye, mouth, skin,
and lung)

36 days after the 1st dose Worse cGVHD Prednisone 1 mg/kg/d was started.

18 64 M AML MUD 114 aGVHD (liver and skin) 13 days after the 1st dose Worse aGVHD Prednisone 1 mg/kg/d and cyclosporine 100 mg/day
were started.

19 58 F MPAL MRD 134 aGVHD (gut) 17 days after the 1st dose New cGVHD Prednisone was increased from 0.125 to 0.5 mg/kg/day.

20 63 M CMML MRD 162 No 15 days after the 1st dose New cGVHD Prednisone 1 mg/kg/d was started.

21 53 F AML MUD 183 No 12 days after the 2nd dose New cGVHD Prednisone 0.5 mg/kg/d was started.

22 56 F MDS MRD 751 cGVHD (eye, mouth, liver,
and skin)

33 days after the 3rd dose New cGVHD Prednisone 0.125 mg/kg/d was started.

23 46 F AML MRD 280 cGVHD (eye, mouth, and lung) 38 days after the 2nd dose Worse cGVHD Prednisone 1 mg/kg/d was started.

aGVHD indicates acute graft-versus-host disease; HD, haploidentical donor; MMUD, mismatched unrelated donor; PNH, paroxysmal nocturnal hemoglobinuria
Patients no. 4 and no. 5 are the same patient. Six events (No. 2, No. 5, No. 9, No. 12, No. 16, and No. 19) occurred during tapering of immunosuppressive agents.
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without a breakthrough (541 days [IQR = 418-561] versus
411 days [IQR = 280-851]; P = .395).

Overall, the incidence of adverse effects after each dose of
the SARS-CoV-2 vaccine in this study (Figure 4, Table 3) was
comparable to those previously reported in the general popu-
lation and Allo-SCT settings.3,4,6,22,27,34 Thus the safety of a
three-dose schedule of SARS-CoV-2 vaccination in the Allo-
SCT setting appears to be similar to the general
population.3,4,34

T-cell immunity is less commonly analyzed in vaccine
immunogenicity studies. A strength of our study is paired T-
cell data in Allo-SCT recipients after the second and third dose
of SARS-CoV-2 vaccines. A study evaluating T-cells responses
in 17 Allo-SCT patients found a CD4+ T-cell response in 29.4%
of patients after 1 dose and 70.6% of patients after 2 doses,
whereas a CD8+ T-cell response was seen in 17.6% after 1 dose
and 52.3% after 2 doses.35 These results are similar to our find-
ings. We showed a positive CD4+ T-cell response in 55% to 80%
of Allo-SCT recipients (varying based on functionality) and a
positive CD8+ T-cell response in 80% of patients. A larger study
looking at T-cell responses in 45 Allo-SCT recipients immu-
nized with 2 doses of BNT162b2 mRNA vaccine13 found similar
response rates and preferential induction of polyfunctional
CD4+ T-cell responses. Other studies looking at T-cell
responses after 2 doses have found comparatively lower T-cell
response rates.26,36,37 This may be explained, at least in part,
by using different T-cell assays and differences in cohort dem-
ographics. To our knowledge, ours is the first prospective
cohort to measure SARS-CoV-2 S-specific CD4+ and CD8+ T-
cells responses in Allo-SCT after both the second and third
dose of COVID-19 vaccine for a paired analysis. Our study
showed that although the proportion of patients with positive
T-cells does not vary much between second and third doses—
except IL-2 monofunctional CD4+ T-cells—we saw an increase
in antigen-specific cell-mediated immunity after the third
dose, notably IL-2 monofunctional and polyfunctional CD4+ T-
cells. This finding suggests that 3 doses of vaccine in Allo-SCT
result in robust T-cell responses that may mitigate severe
COVID-19 in those with breakthrough infections.

Our study has several limitations. First, our study objectives
did not include comparing the immune response to vaccines
between Allo-SCT patients and a nontransplant control group.
Similarly, we were not able to compare vaccinated versus
unvaccinated Allo-SCT recipients because SARS-CoV-2 vacci-
nation was universally recommended. Hence, statistical calcu-
lation of the association between vaccination and GVHD
events was impossible because of the lack of an unvaccinated
control group. Some of the new-onset or worsening GVHD
events in the present study might be associated with factors
unrelated to vaccination (e.g., flare of GVHD while tapering
immunosuppressive agents). These limitations were also pres-
ent in similar studies demonstrating the safety of a 2-dose
schedule.22,26,32 Second, we started study enrollment in the
middle of August 2021, when guidelines recommended the 3-
dose schedule. Most of the participants had already received 2
doses of SARS-CoV-2 vaccines before enrollment. Thus the
number of blood samples that were obtained after the first
and the second dose was smaller than that after the third dose.
Third, although the median (IQR) prednisone dose in patients
with suboptimal immune response was not significantly dif-
ferent from others, this finding should be cautiously inter-
preted because most patients were on minimal doses of
steroids. Fourth, we did not determine donor vaccination sta-
tus, which may have augmented some of the responses. Never-
theless, increasing the antibody titers after the third dose
supports the hypothesis that a 3-dose schedule may overcome
the waning of immunity over time.

In conclusion, the third dose of the COVID-19 vaccination
appears to establish a stronger immunity against SARS-CoV-2
than after the initial series in the Allo-SCT setting. In addition,
adverse events after each dose were primarily mild and tolera-
ble, although new-onset or worsening of GVHD should be
carefully monitored. Our findings will encourage Allo-SCT
recipients to receive the three doses of SARS-CoV-2 vaccines.
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