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Background. Solid organ transplant (SOT) recipients are at risk for severe coronavirus disease 2019 (COVID-19), despite 
vaccination. Our study aimed to elucidate COVID-19 vaccine immunogenicity and evaluate adverse events such as 
hospitalization, rejection, and breakthrough infection in a SOT cohort.

Methods. We performed a prospective, observational study on 539 adult SOT recipients (age ≥18 years old) recruited from 7 
Canadian transplant centers. Demographics including transplant characteristics, vaccine types, and immunosuppression and events 
such as hospitalization, infection, and rejection were recorded. Follow ups occurred every 4–6 weeks postvaccination and at 6 and 12 
months from first dose. Serum was processed from whole blood to measure anti-receptor binding domain (RBD) antibodies of 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike protein to assess immunogenicity.

Results. The COVID-19 vaccines were found to be safe in SOT recipients with low rates of rejection requiring therapy (0.7%). 
Immunogenicity improved after the third vaccine dose, yet 21% developed no anti-RBD response. Factors such as older age, lung 
transplantation, chronic kidney disease, and shorter duration from transplant were associated with decreased immunogenicity. 
Patients with at least 3 doses were protected from hospitalization when experiencing breakthrough infections. Significantly 
increased anti-RBD levels were observed in patients who received 3 doses and had breakthrough infection.

Conclusions. Three or four doses of COVID-19 vaccines were safe, increased immunogenicity, and protected against severe 
disease requiring hospitalization. Infection paired with multiple vaccinations significantly increased anti-RBD response. 
However, SOT populations should continue to practice infection prevention measures, and they should be prioritized for SARS- 
CoV-2 pre-exposure prophylactics and early therapeutics.
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Severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV-2) infection in solid organ transplant (SOT) recipients is 
associated with increased risk of severe coronavirus disease 
2019 (COVID-19) and death [1–3]. Reduced humoral and 
T-cell responses after 2 doses of COVID-19 vaccines and break-
through infections with severe disease have been reported in 
SOT recipients [4–13]. The blunted response to vaccines im-
proves with administration of a third dose of SARS-CoV-2 
mRNA vaccine, although effectiveness varies depending on 
the study [14–20]. Older age, lung transplantation, and the 
use of certain immunosuppressive agents such as mycopheno-
late and belatacept have been associated with poor response to 
vaccines [4, 21–24].

The primary series for transplant recipients is 3 doses of 
mRNA vaccines followed by a booster (fourth dose). A positive 
humoral response after 3 doses of mRNA vaccine ranges from 
50% to 70%. The majority of these are single-center studies with 
limited follow up. Limited data are available on the immunoge-
nicity of booster vaccination in this population. In addition, the 
safety of mRNA vaccines including the potential for graft rejec-
tion in a large SOT cohort and factors associated with subopti-
mal vaccine response require further investigation. Moreover, 
the outcomes of breakthrough infection after vaccination 
have not been well documented.

In this study, we performed a longitudinal and observational 
multicenter Canadian study in adult SOT recipients who re-
ceived up to 4 doses of COVID-19 vaccines. We aimed to assess 
the safety of COVID-19 vaccination, determine antibody re-
sponse after each dose of vaccine, and identify factors associat-
ed with low response to vaccine. In addition, we looked at 
outcome of breakthrough infection after vaccination.

METHODS

Patient Enrollment and Study Design

This is a prospective, multicenter study of adult solid organ 
transplant recipients (age ≥18 years old) recruited from 7 
Canadian tertiary care transplant programs. Patients were en-
rolled in April 2021 and observed until May 2022. We excluded 
patients with known previous SARS-CoV-2 infection before vac-
cination, active cytomegalovirus (CMV) viremia at time of en-
rollment, use of rituximab in the past 6 months before 
enrollment, and those who received intravenous immunoglobu-
lin in the past 30 days. We excluded patients with CMV viremia 
because CMV can exert an immunosuppressive effect in solid or-
gan transplant recipients; moreover, CMV may impair response 
to vaccines in the elderly, where both T cell- and B cell-mediated 
effector functions can be affected [25, 26]. Patients were recruit-
ed after either their first, second, or third COVID-19 vaccine 
dose. Baseline demographics, transplant characteristics, vaccine 
types, and immunization dates were recorded. The follow-up pe-
riod was up to 12 months from first dose of vaccine.

Patients completed a vaccine diary describing local and sys-
temic side effects after each vaccine. In addition, study team 
members performed a chart review for rejection and hospital-
ization episodes as well as the development of SARS-CoV-2 
infection.

Whole blood was collected for anti-SARS-CoV-2 spike (S) 
receptor binding domain (RBD) antibodies 4–6 weeks after 
each vaccination and 4–6 weeks after documented 
SARS-CoV-2 infection. Evusheld (tixagevimab and cilgavi-
mab), a long-acting antibody combination, was approved and 
marketed in Canada on April 19, 2022 for prevention of 
COVID-19. The results of anti-RBD in this study are not affect-
ed by Evusheld, because the collection of all anti-RBD postvac-
cinations occurred before April 7, 2022.

Patient Consent Statement

The patient’s written consent was obtained from all partici-
pates. The design was approved by the institutional ethics of 
each study site, and all institutions followed a shared protocol.

Antibody Responses

Whole blood was collected in a single red-top BD Vacutainer 
tube and allowed to clot for 30 minutes before processing. 
Blood tubes were centrifuged (2000 relative centrifugal force 
for 10 minutes at room temperature) and serum was collected 
with a pipette. Serum aliquots were cryopreserved at −80°C 
for batch processing. Total anti-SARS-CoV-2 spike RBD 
antibodies in sera were measured using the Roche Elecsys 
anti-SARS-CoV-2 S electrochemiluminescence immunoassay 
according to the manufacturer’s instructions [27]. The lower 
limit of detection (nonreactive) and medical decision point (re-
active) is defined by the product manufacturer at 0.4 U/mL and 
≥0.8 U/mL, respectively. When RBD values were >250 U/mL, 
the laboratory performed an on-board dilution using the man-
ufacturer recommended diluent. If the value was >2500 U/mL, 
they performed a manual dilution and load onto the instru-
ment. Results were multiplied by the dilution factor to obtain 
the corrected final value. Results were accepted if they fell with-
in the linear range of the assay. All testing was performed at a 
central laboratory at the University Health Network, Toronto.

Statistical Analysis

Each center entered data into a central REDCap form. Statistics 
were calculated with SPSS statistical package (Chicago, IL) ver-
sion 24 and data were plotted using Graph Pad Prism 9.4.1 (San 
Diego, CA). Categorical variables were summarized as percent-
ages. Continuous variables were summarized as median and in-
terquartile range (IQR). The primary outcome was the 
proportion of patients with a positive anti-RBD response after 
the third vaccine dose. A positive anti-RBD response was de-
fined as ≥0.8 U/mL. Vaccination titers were compared using 
nonparametric Kruskal-Wallis test and Mann-Whitney U test 
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(titers <0.4 were given a value of 0.2 for statistical analyses). 
Logistic regression analysis was performed to identify indepen-
dent variables associated with a positive anti-RBD ≥0.8 U/mL. 
Variables with P < .05 in the univariate analysis were used in 
the multivariate analysis. A P < .05 was considered statistically 
significant.

RESULTS

Patient Characteristics

In total, 539 SOT recipients were enrolled. Two were excluded 
from final analysis (1 had infection before first vaccine and 1 
had vaccination before transplant). Baseline characteristics 
are summarized in Table 1. The median age was 57 years 
(IQR, 46–65) and 13.8% were within the first year of transplant. 
Kidney transplant (48%) was the most common organ trans-
plant, followed by liver (22.3%), lung (14.9%), heart (10.8%), 
and multiorgan (3.9%). The most common vaccine received 
for the primary series was monovalent BNT162b2 
(Pfizer-BioNTech) followed by monovalent mRNA-1273 
(Moderna) and ChAdOx1 nCoV-19/AZD1222 (AstraZeneca) 
vaccines (Figure 1).

Antireceptor Binding Domain Response After Vaccination

Of the 537 participants, anti-RBD was available after first, sec-
ond, third, and fourth dose in 225, 504, 449, and 83 SOT recip-
ients, respectively. The percentage of patients positive after 
each dose was as follows, respectively: 39%, 80.2%, 95.9%, 

and 100% in liver; 18.7%, 53%, 81.2%, and 92.9% in kidney; 
10.7%, 55.3%, 83.7%, and 85.7% in heart; and 3.7%, 23.9%, 
43.3%, and 46.2% in lung transplant recipients (Figure 2). 
The median anti-RBD titers after first, second, third, and fourth 
dose were 0.2 U/mL (IQR, 0.2–0.2), 2.08 U/mL (IQR, 0.2– 
223.9), 909.4 U/mL (IQR, 6.16–6784), and 2800 U/mL (IQR, 
50.75–17 735), respectively, P < .001 (Figure 3). Because our 
main analysis was based on the primary series of 3 doses, we an-
alyzed factors associated with positive anti-RBD after third 
dose of vaccine (Table 2).

Older age, shorter time from transplantation, chronic kidney 
disease defined as estimated glomerular filtration rate <30, and 
having a lung transplant were associated with a negative 
anti-RBD in the multivariate analysis. Liver transplantation 
was associated with a positive response. We did not include im-
munosuppressive drugs in our analysis to avoid collinearity be-
cause more lung and kidney transplant patients were on 
mycophenolate compared to liver transplant (lung 80%, kidney 
79.6% to 36, 7% liver; P < .001). However, within each organ 
group, treatment with mycophenolate was associated with low-
er rate of positive anti-RBD after third dose of vaccine (myco-
phenolate vs no mycophenolate: kidney, 133 of 172 [77.3%] vs 
45 of 48 [93.8%], P = .010; lungs, 24 of 56 [42.9%] vs 5 of 11 
[45.5%], P = 1; heart, 29 of 37 [78.4%] vs 12 of 12 [100%], P  
= .173; and liver, 34 of 37 [92%] vs 60 of 61 [98.4%], P = .294).

Severe Acute Respiratory Syndrome Coronavirus 2 Infection After 
Vaccination

During the study period, 96 of 537 (17.9%) participants devel-
oped SARS-CoV-2 infection. Diagnosis of COVID-19 occurred 
after receiving 1 (n = 2, 2%), 2 (n = 11, 11.5%), 3 (n = 66, 68.8%), 
or 4 (n = 17 17.7%) doses vaccines. Early therapy was adminis-
tered in 50: sotrovimab in 43 and remdesivir in 7. Twenty-seven 
did not receive early therapy and 19 had missing information for 
early therapy. Eighteen required hospitalization, 2 of whom died 
of COVID-19. The 2 individuals who died, both lung transplant 
recipients, received 2 and 3 doses of vaccine, respectively, before 
infection. All infections occurred from December 2021 to May 
2022 at which time the Omicron variant predominated [28]. 
Using a Kaplan-Meier survival analysis, with time period be-
tween the third and fourth dose of vaccine, the cumulative pro-
portion of getting infection was 4% at 90 days, 13% at 120 days, 
35.3% at 181 days, and 65.5% at 199 days.

Solid organ transplant recipients with fewer than 3 doses of 
vaccine before infection had increased hospitalization or death 
(≤2 vaccines, 5 of 11 [45.5%] vs ≥3 vaccine doses, 13 of 79 
[15.5%]; P = .039). In addition, the median anti-RBD level after 
the third vaccine (n = 79) was lower in those infected and re-
quiring hospitalization (hospitalized, 0.2 U/mL [IQR, 0.2– 
121.875] vs not hospitalized, 1500.30 U/mL [IQR, 11.785– 
7685]; P = <.001). Anti-RBD was assessed in 23 patients after 
COVID-19; the antibody response was significantly greater 

Table 1. Patient Characteristics

Characteristics All (n = 537)

Age, median in years (IQR) 57 (46–65)

Male sex, n (%) 323 (60.1)

Type of Transplant, n (%) 
Kidney 
Liver 
Lung 
Heart 
Kidney-pancreas or kidney-islet 
Others

258 (48) 
120 (22.3) 
80 (14.9) 
58 (10.8) 
15 (2.8) 
6 (1.1)

Time From Transplant to First Dose of Vaccine in 
Years, Median (IQR)

4 (1–11)

Within 1 year of transplant, n (%) 74 (13.8)

Rejection in preceding 3 months, n (%) 10 (1.9)

CKD eGFR <30, n (%) 68 (12.7)

Immunosuppression, n (%) 
Prednisone 
Tacrolimus 
Cyclosporin 
Mycophenolate 
Azathioprine 
Sirolimus

352 (65.8) 
443 (83) 
44 (8.2) 

369 (68.8) 
45 (8.4) 
46 (8.6)

Vaccine Brand by Dose (%) 
1st BNT162b2/mRNA-1273/AZD1222 
2nd BNT162b2/mRNA-1273/AZD1222 
3rd BNT162b2/mRNA-1273/AZD1222

438/83/16 (81.6/15.5/3) 
445/80/12 (82.9/14.9/ 

2.2) 
368/102/0 (77.6/21.5/0)

Abbreviations: CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; IQR, 
interquartile range.
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compared to vaccinated patients without infection after dose 3 
with a median titer of 11 225 U/mL (IQR, 7813–62 170) postin-
fection versus 909.4 U/mL (IQR, 6.16–6784) postthird dose 
without infection, P < .001 (Figure 3).

Safety Analysis

The most common reported side effects were local tenderness 
(>60% after each dose), followed by fatigue (16%–25%), myalgia 
(8%–27%), and headache (6%–11%) (Figure 4). The majority 
(>90%) were able to continue with their usual daily activities.

Neurological adverse effects reported included paresthesia in 
the leg (n = 1) and burning pain from herpetic whitlow (n = 1) 
(after first dose), acute transient quadriparesis (n = 1) and Bell’s 
palsy ([BP] n = 1) treated with steroids (after second dose), and 
seizure (n = 1) 1 month after third dose. Other recorded events 
possibly related to vaccine include 1 kidney transplant recipient 
developing thrombocytopenia, anemia, and epistaxis after the 
first dose of BNT162b2 and 1 heart transplant recipient devel-
oping pulmonary infiltrates requiring treatment with steroids 
after the second dose of vaccine.

Vaccine 1 (537) Vaccine 2 (537)

Vaccine 3 (474) Vaccine 4 (168)

BNT162b2 (Pfizer -BioNTech)

ChAdox1 nCoV-19/AZD1222 (AstraZeneca)

mRNA-1273 (Moderna)

Unknown

Figure 1. Type of vaccine received with each dose.

Liver Kidney Heart Lung 
0

50

100

P
er

ce
n

ta
g

e
p

o
si

ti
ve

an
t-

R
B

D

Post 1st dose

Post 2nd dose

Post 3rd dose

Post 4th dose

Figure 2. Percentage positive anti-receptor binding domain (RBD) after each dose of vaccine.

4 • OFID • Kabbani et al



During the study period, 6 patients developed a biopsy- 
proven acute rejection episode (Table 3). One heart transplant 
recipient had mild cellular rejection, 27 days after his first vac-
cine dose. Another heart transplant recipient, in his first year 
posttransplant, had treated moderate cellular rejection before 
his first vaccine dose and developed another episode of moder-
ate cellular rejection requiring treatment after his second dose. 
Two liver transplant recipients had rejection after second vac-
cine dose (1 mild cellular rejection 3 months postvaccine, 1 
chronic ductopenic rejection >2 months postvaccination re-
quiring increase in immunosuppression). Two kidney trans-
plant recipients developed acute humoral rejection after 
second dose of vaccines requiring treatment.

DISCUSSION

We performed a multicenter observational study assessing the 
anti-RBD response and safety of COVID-19 vaccination in a 
large multicenter cohort of transplant recipients and described 
the severity of illness with breakthrough infections. The main 
findings of the study include the following: (1) a 79% rate of 
anti-RBD response after the primary vaccine series; (2) factors 
associated with low anti-RBD response include older age, lung 
transplantation, chronic kidney disease, and shorter duration 
from transplant; (3) having at least 3 doses of vaccine was pro-
tective against hospitalizations in patients with breakthrough 
COVID-19; (4) hybrid immunity (vaccination followed by in-
fection) seemed to provide the most robust humoral response; 
and (5) vaccines were generally safe in SOT with low rate of re-
jection (0.7%) requiring therapy in our cohort.

Similar to other studies that examined the side effects of 
COVID-19 vaccines in SOT, we mainly found local side effects 
at the site of injection and, less commonly, systemic reactions 
such as fever, fatigue, myalgia, and arthralgia [5, 8, 14, 16, 29, 
30]. We had no cases of myocarditis postvaccination; however, 
there were several neurologic side effects, including BP and 
herpetic whitlow that have been described in other cohorts 
[8, 31, 32]. In the general population, Tamaki et al [32] found 
BP at higher rates in patients with COVID-19, and this inci-
dence exceeds the reported incidence of BP in those who re-
ceived a COVID-19 vaccine. We had 4 (0.7%) patients with 
acute graft rejection requiring therapy in our cohort. This is 
similar to baseline rejection rates in the transplant population. 
Although rejection has been rarely documented after vaccina-
tion in studies of SOT recipients, a few case reports have de-
scribed acute cellular and antibody rejection in kidney and 
heart transplant like ours [8, 29, 33, 34, 35]. Similar to other re-
spiratory viruses (eg, influenza), the rate of rejection 
post-COVID-19 seems to exceed cases that have been reported 
postvaccines [1, 36, 37].

Our findings related to anti-RBD response and risk factors 
related to response are generally in agreement with other stud-
ies. Studies measuring antibody responses after 3 vaccine doses 
all showed improvement after the third dose; however, the re-
sponse varied according to type of transplant. Lung transplants 
had the poorest response and liver transplant had the most ro-
bust response [17, 18, 23, 38, 39]. The liver has better immune 
tolerance in general, with a low incidence of rejection, which is 
in sharp contrast to other solid organ transplants and hence 
generally requires less immunosuppressive medications. 
Similar to others, we found a poor response with shorter time 
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Table 2. Univariate and Multivariate Analysis of Factors Associated With Anti-RBD Positivity After Third Dose of Vaccine

Characteristics

No. (%) Anti-RBD Response 
After 3 Doses Multivariate Analysis

Negative 
94

Positive 
355 P Value aOR 95% CI P Value

Age, median years 60 57 .04 0.968 .948–.988 .002

Time Tx to first dose vaccine (median years) 2 5 <.001 1.069 1.025–1.114 .002

Sex male 56 (60) 218 (61.4) .788 … … …

Organ 
-Lung 
-Heart 
-Liver 
-Kidney 
-Others

38 (40.4) 
8 (8.5) 
4 (4.3) 

41 (43.6) 
3 (3.2)

29 (8.2) 
41 (11.5) 
94 (26.5) 
177 (49.9) 
14 (3.9)

<.001 0.173 
5.924

.092–.325 
2.024–17.341

<.001

Retransplant 8 (8.5) 23 (6.5) .490 … … …

Vaccine Type 
BNT162b2 
mRNA-1273

68 (72.3) 
26 (27.7

282 (79.4) 
73 (20.6)

.140 … … …

CKD with GFR <30 19 (20) 27 (7.6) <.001 .402 .190–.852 .017

Other immunosuppressive condition 3 (3.2) 13 (13.7) 1 … … …

Abbreviations: aOR, adjusted odds ratio; CI, confidence interval; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; RBD, receptor binding domain; Tx, treatment.
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Figure 4. Percentage of patients with adverse effects of vaccination after each vaccine dose.

Table 3. Rejection Episodes Postvaccination

Organ
Within 1st Year of 

Transplant
Previous Rejection in the 

Past 12 Months

Time (Days) 
Last Vaccine to 

Rejection
Number of Vaccine Doses- 

Type of Vaccine Type of Rejection
Therapy of 
Rejection

Heart No No 27 1- BNT162b2 Mild ACR No

Heart Yes Yes 44 2- BNT162b2 Moderate ACR Yes

Kidney No No 90 2- BNT162b2 AMR Yes

Kidney Yes Yes 70 2- BNT162b2 AMR Yes

Liver No No 123 2- BNT162b2 Mild ACR No

Liver No No 77 2- BNT162b2 Chronic ductopenic 
rejection

Yes

Abbreviations: ACR, acute cellular rejection; AMR, antibody-mediated rejection.
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from transplantation. This is likely a result of more profound 
immunosuppression early posttransplant and higher chance 
of graft dysfunction and rejection, and this been described in 
other studies. Older age is associated with immune senescence 
and decreased humoral and cellular response to vaccines [40]. 
Finally, we found humoral response to be much higher postin-
fection compared with vaccination [8, 41]. This is consistent 
with studies of hybrid immunity. A novel aspect of our study 
was to examine the first booster (or fourth dose) of vaccine, 
which significantly increased antibody levels and decreased 
breakthrough infections [42, 43].

In our cohort, breakthrough infection with severe disease re-
quiring hospitalization was more common in patients who had 
2 or fewer doses of vaccine. In a large US National COVID 
Cohort, comparing people with and without immune dysfunc-
tion, SOT had the highest rate of breakthrough infections [44]. 
Data on the severity of illness after vaccination in SOT are var-
iable. Hall et al [45] found that disease severity in medically at-
tended SOT who had breakthrough infection after 1 or 2 doses 
of vaccination was similar to unvaccinated SOT recipients. In a 
large SOT cohort of patients who received 2 doses of vaccine, 
breakthrough was seen in 3.34% with 53% developing severe 
disease [46]. Hamm et al [47] found that receiving 3 vaccine 
doses decreased the risk of hospital admission by 58%. Kwon 
et al [48] found that vaccine efficacy against COVID-19 hospi-
talization was substantially higher after 3 mRNA vaccine doses 
(77%) than after 2 doses (29%). We also found lower antibody 
in those who were hospitalized with COVID-19. In a recent 
study with patients infected with SARS-CoV-2, low antispike 
antibody levels correlated with poor outcomes in COVID-19 
breakthrough hospitalizations [49]. Because there is no thresh-
old currently that predicts protection in the general population, 
and multiple antibody assays with different ranges and limit of 
detection are used in different studies, we did not calculate a 
threshold of protection.

Strengths of our study include a multicenter approach that 
allowed for a large cohort and analysis of a variety of solid or-
gan transplants. Patients were prospectively followed for 1 year, 
which allowed us to conduct detailed safety analyses including 
for allograft rejection as well as at the incidence and nature of 
breakthrough infections.

Our study has some limitations. We did not assess the devel-
opment of neutralizing antibodies or cell-mediated immunity 
induced by vaccination. Although we assessed the rate of rejec-
tion postvaccination, we did not systematically measure anti- 
human leukocyte antigen (HLA) antibodies in our cohort. 
However, rejection as an outcome is more robust than the sur-
rogate of HLA antibodies, which in any case would not detect 
cellular rejection. Finally, data on outpatient treatment of 
COVID-19 with monoclonal antibodies or antivirals was lack-
ing on some patients and could have influenced the outcome of 
COVID-19.

CONCLUSIONS

In summary, in our large SOT cohort, the primary series of 
COVID-19 vaccine was safe, increased anti-RBD response, 
and offered protection against severe COVID-19 requiring hos-
pitalization compared to 1 or 2 doses of vaccine. Booster doses 
provided additional anti-RBD humoral immunity. However, 
with waning immunity and emergence of highly transmissible 
variants and poor neutralization versus Omicron even with a 
fourth dose [50], transplant recipients should continue to prac-
tice infection prevention measures, and they should be priori-
tized for pre-exposure monoclonal antibodies and early 
therapies for SARS-CoV-2 infection.
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