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Solid organ transplant recipients are at high risk of severe disease from COVID-19. We 
assessed the immunogenicity of mRNA-1273 vaccine using a combination of antibody 
testing, surrogate neutralization assays, and T cell assays. Patients were immunized 
with two doses of vaccine and immunogenicity assessed after each dose using the 
above tests. CD4+ and CD8+ T cell responses were assessed in a subset using flow-
cytometry. A total of 127 patients were enrolled of which 110 provided serum at 
all time points. A positive anti-RBD antibody was seen in 5.0% after one dose and 
34.5% after two doses. Neutralizing antibody was present in 26.9%. Of note, 28.5% 
of patients with anti-RBD did not have neutralizing antibody. T cell responses in a sub-
cohort of 48 patients showed a positive CD4+ T cell response in 47.9%. Of note, in 
this sub-cohort, 46.2% of patients with a negative anti-RBD, still had a positive CD4+ 
T cell response. The vaccine was safe and well-tolerated. In summary, immunogenicity 
of mRNA-1273 COVID-19 vaccine was modest, but a subset of patients still develop 
neutralizing antibody and CD4+T- cell responses. Importantly polyfunctional CD4+T 
cell responses were observed in a significant portion who were antibody negative, 
further highlighting the importance of vaccination in this patient population.
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1  |  INTRODUC TION

Solid organ transplant (SOT) recipients are at high risk for com-
plications from infection with the coronavirus disease 2019 
(COVID-19).1,2 The use of exogenous immunosuppression in these 
patients hampers the response to most viral infections as well as 
diminishing the utility of preventative and therapeutic measures. 
Transplant patients may also have prolonged viral shedding poten-
tially leading to increased infectivity and variant development.3 
Public health strategies including the use of masks, physical distanc-
ing, testing of symptomatic individuals, contact tracing, and isolation 
have had variable success in preventing infections. In this context, 
multiple vaccine platforms have been investigated to try to impede 
the spread of COVID-19.4-6 While vaccines have proven extremely 
successful in the general population much less is known in immuno-
compromised patients.

The mRNA-1273 vaccine (Moderna), a lipid nanoparticle-
encapsulated mRNA-based vaccine encoding the perfusion stabilized 
full-length spike protein of the severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), was found to be highly effective and 
safe in a phase III, randomized, placebo-controlled trial involving 
30,420 immunocompetent volunteers.4 Similar results have been 
reported for another mRNA vaccine, BNT162b2 (Pfizer-BioNTech).5

However, in immunocompromised populations, including SOT 
recipients, humoral vaccine immune response appears to be di-
minished or even absent in some individuals.7 Poor response to the 
vaccine has been associated with the use of anti-metabolite immu-
nosuppression as well as other transplant-specific risk-factors.7,8 
Currently published studies in transplant recipients have used differ-
ent assays to measure humoral responses, but measurement of anti-
body against the receptor binding domain of the SARS-CoV-2 spike 
protein (anti-RBD) seems to be a relevant end-point. However, the 
neutralizing capacity of the antibody response is also important in 
that this measures the ability of detectable antibodies to block infec-
tion. Neutralizing antibody levels have recently been convincingly 
shown to be highly predictive of immune protection from symptom-
atic SARS-CoV-2 infection across multiple large studies.9 Another 
important aspect of the vaccine response is cellular immunity and 
specifically the CD4+ T cell response.10 There are limited data on 
both neutralizing antibody and T cell responses post-vaccine in SOT 
recipients. In this study, we performed a comprehensive assessment 
of antibody and cell-mediated immune responses to two doses of 
SARS-CoV-2 mRNA-1273 (Moderna) in SOT recipients.

2  |  METHODS

2.1  |  Patient population and study design

This was a prospective observational cohort study of SOT recipients 
recruited from a tertiary care transplant program, who were receiv-
ing the two scheduled doses of the mRNA-1273 vaccine (Moderna) 

28 days apart. We enrolled adult patients (aged ≥18 years) who had 
received an organ transplant (kidney, liver, heart, lung and pancreas, 
or combined organs), had a functioning allograft, and were planning 
to receive the mRNA-1273 vaccine series. Those who completed 
the two-dose SARS-CoV-2  mRNA-1273 vaccine series between 
March 2, 2021–April 8, 2021 were included and followed to 6 weeks 
after the second dose. Exclusion criteria were as follows: less than 
6-months post-transplant, previous confirmed COVID-19 infection, 
experienced a febrile illness within 1-week prior to vaccination, ac-
tive cytomegalovirus infection (defined as viral load of >1000 IU/mI 
or a lower viral load accompanied by compatible symptoms), receipt 
of intravenous immunoglobulin in the past 30 days or planning to 
receive intravenous immunoglobulin in the next 4 weeks. The local 
institutional research ethics board approved the study and all pa-
tients provided written informed consent. A subset of patients also 
provided consent for additional blood for T cell immunity studies. 
Blood samples were obtained before dose one (V0), 4 weeks after 
the first dose (V1) and within 4–6 weeks after the second dose of 
vaccine (V2) for testing. A group of transplant patients with natu-
ral COVID-19 infection who had given informed consent to provide 
convalescent serum was also used for a comparator.

2.2  |  Antibody responses

The primary outcome was a measure of IgG antibody against the 
receptor binding domain of the spike protein (anti-RBD). This was 
measured by semi-quantitative anti-spike serologic testing using the 
Roche Elecsys anti– SARS-CoV-2 S enzyme immunoassay.11 Testing 
was performed as per manufacturer's instructions in a certified bio-
chemistry testing laboratory. This assay has a lower limit of detection 
(LOD) of 0.4 U/ml and as per test instructions, a positive response 
is defined as ≥0.8 U/ml. Neutralizing antibodies were assessed via 
the SARS-CoV-2 Surrogate Virus Neutralization Test (SVNT) assay 
(GenScript), according to the manufacturer's specifications. This 
SVNT assay has received emergency use authorization from the 
FDA. This assay works by incubating serum with horseradish peroxi-
dase (HRP)-conjugated spike-RBD and then transferring the mixture 
to ACE2 coated wells. If neutralizing antibodies are present in the 
serum, the RBD-ACE2 interactions are blocked. The SVNT meas-
ures total neutralizing antibodies in sera. The assay was originally 
described by Tan et al.12 and has been used in several peer-reviewed 
studies to assess neutralizing antibodies outside of biosafety level 3 
(BSL3) facilities.13-15 According to the manufacturer's instructions, 
a positive is defined based on a neutralizing antibody threshold of 
30% neutralization/inhibition or greater. At this cut-off, the negative 
and positive percent agreement with conventional plaque reduction 
neutralization test (PRNT)50 and PRNT90 assays is approximately 
100%. The manufacturer reported sensitivity and specificity for the 
assay is 93.80% and 99.4% respectively. As per kit specifications, 
patients with neutralization below 30% were considered negative 
for neutralizing antibodies.
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2.3  |  Cell-mediated immunity assessment

In a subset of consenting participants, SARS-CoV-2  specific CD4+ 
and CD8+ T cell responses were assessed. Peripheral blood mono-
nuclear cells (PBMCs) were isolated, and cryopreserved in liquid 
nitrogen using a validated protocol to ensure high cell viability. A 
total of 106  PBMCs were rested for 2  h and incubated with over-
lapping peptides encompassing the full SARS-CoV-2  spike protein. 
Peptides consisted mainly of 15-mer sequences with 11 amino acid 
overlaps (PepTivator®, Miltenyi Biotec) and were included at a final 
concentration of 5 µg/mI per peptide, based on preliminary studies 
to determine optimal concentration. Cells were incubated overnight 
with peptides, a CD28/CD49d co-stimulatory antibody cocktail (BD 
Biosciences) and a protein transport inhibitor to prevent cytokine re-
lease (ThermoFisher Scientific). Intracellular cytokine staining (ICS) 
was used to measure the frequency of spike-specific T cells, as has 
been commonly done in other SARS-CoV-2 vaccine studies.16-19 The 
cytokine effectors used in this study were the principle Th1 effec-
tors, IFN-γ and IL-2, which have been used to evaluate SARS-CoV-2-
reactive T cells following immunization with mRNA-1273.10,20 PMA/
ionomycin was used as a positive control and cells treated with media 
alone were used as a negative (media) control. Following incuba-
tion at 37°C, cells were stained with a viability dye (Zombie Aqua, 
Biolegend), Fc blocked (BD Biosciences) and incubated with a surface 
marker antibody cocktail (CD3, CD4, CD8). Cells were then fixed, 
permeabilized, and incubated with an antibody cocktail to detect in-
tracellular markers (IFN-γ and IL-2). Table S1 lists the antibodies used 
in this study, their clones, suppliers, and associated fluorochromes. 
Flow cytometry was performed on an LSR II BGRV (BD Biosciences) 
at the SickKids-UHN Flow Cytometry Facility. A representative 
gating strategy is shown in Figure SA. As a robust, validated, yet 
conservative measure of vaccine-induced T cell responses, we spe-
cifically measured frequencies of CD4+ and CD8+ T cells that ex-
pressed two cytokines (IFN-γ and IL-2 positive). Polyfunctional T cells 
are commonly used to assess vaccine-induced immunogenicity.16-18 
The frequency of vaccine-antigen specific T cells was determined by 
subtracting the frequency of polyfunctional T cells in untreated com-
parators from the frequency in peptide-stimulated samples. A posi-
tive T cell response was defined as minimum of 3-standard deviations 
above the mean of the background, plus a minimal polyfunctional T 
cell frequency of 0.01%, which was set as the limit of quantitation 
(LOQ). A minimum number of 100,000  live, CD3+ T cells were re-
quired for samples to be included in the flow analysis. These con-
ditions and definitions were validated using samples from healthy 
controls (vaccinated and post-recovery from COVID-19), and repre-
sent a conservative measure of a positive T cell response to ensure 
robustness of the reported data.

2.4  |  Safety and adverse events

All patients were followed closely for the duration of the study. Safety 
assessments included monitoring through a participant-directed 

vaccine diary for local and systemic adverse events for 7 days after 
each injection. Adverse events were categorized by the Food and 
Drug Administration 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 
In addition, study team members contacted all participants every 
2 weeks by phone call and chart review for episodes of acute organ 
rejection, hospitalization, other adverse events, or COVID-19 infec-
tion for ≥60 days post first dose of vaccine or until May 21, 2021.

2.5  |  Statistical analysis

The immunogenicity analysis was performed in those who received 
both vaccine doses and returned for follow-up serum (per-protocol 
population). The safety analysis was performed in all patients who 
received the study vaccine regardless of whether they returned for 
follow-up serum. Demographics and safety analysis was performed 
using descriptive statistics. The primary outcome was vaccine immu-
nogenicity by assessment of pre- and post-second dose of vaccine 
anti-RBD titer. A positive anti-RBD response was defined as >0.8 U/
ml. Pre- and post-vaccination titers were compared using Wilcoxon 
rank-sum test (titers <0.4 were assigned a value of 0.2 for statisti-
cal analysis). The neutralization responses and T cell response were 
analyzed using descriptive statistics. Spearman's test was used to 
correlate anti-RBD titers and neutralization. For the purposes of 
quantitative statistical analysis for each of the assays, where re-
quired, values below threshold (e.g., LOD) were coded as thresh-
old/2. Univariate analyses were performed to determine significant 
factors affecting development of a positive anti-RBD titer using χ2 
or Fisher's exact test for categorical variables and Mann–Whitney 
U test for continuous variables. Anti-RBD titers (quantitative) be-
tween vaccinated and naturally infected transplant patients were 
compared using the Mann–Whitney U test. Statistical significance 
was defined as a p value < .05. All statistical analysis was done using 
SPSS version 29.0 (Chicago, Ill) and Prism GraphPad version 9.1.1.

3  |  RESULTS

3.1  |  Patient characteristics

A total of 127 solid organ transplant recipients were enrolled and 
received mRNA-1273 (Moderna) vaccine. Figure 1 shows the study 
flow diagram. Of these, 126 (99.2%) received both doses of the 
vaccine at the recommended 1-month interval. One patient devel-
oped COVID-19 infection after the first dose and so did not receive 
a second dose. Baseline characteristics of the cohort are shown in 
Table 1. The median age was 66.2 years (interquartile range 63.4–
70.6 years). Time from transplant was median 2.96 years (IQR 1.56–
6.31  years). Current immunosuppression consisted primarily of a 
combination of a calcineurin inhibitor (cyclosporine or tacrolimus), 
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prednisone, and an antiproliferative with 80/127 (63%) patients 
being on this triple regimen. A total of 97 participants (97/127, 
76.4%) were on a mycophenolic acid compound. A relatively even 
mix of different organ types was included (kidney, liver, lung, heart, 
and kidney-pancreas; Table 1). "Other" in the table denotes one par-
ticipant with a liver-kidney transplant and two participants with a 
pancreas transplant alone.

3.2  |  Vaccine immunogenicity by anti-
RBD antibody

The primary outcome was incidence of positive serologic response 
based on measurement of anti-RBD antibody. Normalized anti-RBD 
levels pre-vaccine, after the first dose, and after the second dose 
are shown in Figure 2. After dose one, the response rate was 6/121 
(5.0%). After two doses the response rate was 38/110 (34.5%) (no 
detectable response in 72/110 [65.5%]) and median antibody titer 
was 0.2 U/ml (IQR 0.2–2.10). In just those with a response (n = 38), 
the median antibody titer was 15.07 U/ml (IQR 1.68–214.2). We 
then analyzed factors associated with a positive anti-RBD response 
(Table 2). The use of mycophenolate was associated with a signifi-
cantly diminished response (64/72 [88.9%] seronegative patients 
were on mycophenolate versus 18/38 [47.4%] seropositive patients, 
p < .001). Liver transplant recipients were more likely to have a posi-
tive response (p = .002).

We also compared anti-RBD response in vaccinated patients 
with convalescent antibody response (>14  days post-infection) 
in transplant patients with natural COVID-19 infection (n  =  40) 
(Figure 2). Demographics of this cohort were similar to the vaccine 
cohort in terms of type of transplant, age, and immunosuppres-
sion (Table S2). The median time post COVID-19 diagnosis at which 
blood collection was performed was 36.5  days (IQR 33.0–48.5) 
(Table S3). In this cohort 36/40 (90.0%) had a positive convales-
cent anti-RBD titer. The median overall titer was 73.5 U/mI (IQR 
6.0–226.5) and the median titer in the anti-RBD-positive natural 
infection patients was 123.2 U/ml (IQR 13.9–229 U/ml). The rate 
of positivity was higher with natural infection versus vaccine (90% 
vs. 34.5% respectively, p < .001). In addition, the level of anti-RBD 
was also higher in natural infection versus vaccine both in the 
whole cohort (73.5 vs. 0.2  U/mI, p  <  .001) and in the subgroup 
of those that were positive (123.2 U/mI vs. 18.9 U/mI; p =  .049, 
respectively).

3.3  |  Vaccine immunogenicity by 
neutralizing antibody

The presence of neutralizing antibody using the validated surrogate 
virus neutralization test (SVNT) was determined for all vaccine pa-
tients. The neutralizing antibody results are shown in Figure 3 and 
Figure SD. We found that after the first dose 7/119 (5.9%) had positive 

F I G U R E  1  Study flow [Color figure can 
be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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neutralization antibody and after the second dose, this increased to 
29/108 (26.9%). There was no detectable neutralizing antibody in 
79/108 (73.1%) patients. In those with positive neutralization post-
second dose, the median level of percent inhibition was 51.7% (IQR 
39.9–92.4%). Quantitative anti-RBD levels were highly correlated 
with percent neutralizing antibodies (Figure SB; Spearman r: 0.77, 
p < .001). However, several patients with positive anti-RBD had neg-
ative neutralization (28.5% of positive anti-RBD patients were nega-
tive by neutralization). These patients typically had very low levels of 
anti-RBD detected (median 1.83 U/ml, range 1.19–20.9 U/ml).

3.4  |  Cell-mediated vaccine immunogenicity

A summary of SARS-CoV-2  specific CD4+ and CD8+ T cell re-
sponses are shown in Figure  4. Representative cytokine plots for 
a “higher” and “lower” responding patient are shown in Figure SC. 
Using pre-specified and validated definitions for a positive versus 
negative cellular immune response (based on polyfunctional IFN-γ 
and IL-2 producing T cells; see Methods), we observed the following: 
4/40 (10.0%) had a positive CD4+ T cell response after the first dose 

of vaccine, and 23/48 (47.9%) had a positive CD4+ T cell response 
after the second dose of vaccine. In those with a positive response 
the median number of polyfunctional CD4+ T cells was 300 cells/106 
CD4+ T cells (range 182– 1420 cells/106). By univariate analysis, only 
female gender was found to be significantly associated with a posi-
tive CD4+ T cell response (Table S4). CD8+ T cell responses were 
generally not-detected in response to vaccination (Figure 4).

Only a modest overlap was observed between the anti-RBD an-
tibody, neutralizing antibody, and CD4+ T cell response. In the 23/48 
patients with a positive CD4+ response, 11/23 (47.8%) also had a pos-
itive anti-RBD response. Importantly, several patients with a negative 
anti-RBD response still had a positive CD4+ T cell response: of the 
26/48 (54.2%) who had negative anti-RBD response, 12/26 (46.2%) 
still had a positive CD4+ T cell response. For example, the two pa-
tients in Figure SC both had negative anti-RBD but clear positive poly-
functional CD4-T cell responses to vaccine. Another way of analyzing 
this is to assess how many patients had either an anti-RBD antibody 
or a T cell response: this yielded a 33/48 (68.8%) total composite re-
sponse rate. Similarly, in those with a positive neutralizing antibody, 
57.1% also had a positive CD4+ T cell response.

3.5  |  Vaccine safety and other outcomes

Safety analysis was completed for all participants out to the end of 
the study period for 108/127 (85%) patients who completed the 

TA B L E  1  Baseline characteristics of study participants

Characteristic All (n = 127)

Age, median (IQR) 66.2 (63.4–70.6)

Male gender, n (%) 88 (69.3)

Time from transplantation to first dose of 
vaccination (years), median (IQR)

2.96 (1.56–6.31)

Within 1 year of transplantation, n (%) 12 (9.45)

Rejection in preceding 3 months, n (%) 3 (2.36)

Anti-thymocyte globulin in the preceding 
6 months

0

Type of transplant (%)

Lung 33 (26)

Kidney 30 (23.6)

Kidney-pancreas 28 (22.04)

Heart 18 (14.2)

Liver 15 (11.8)

Other 3 (2.36)

Immunosuppressiona 

Prednisone (%) 102 (80.3)

Prednisone daily dose, mg; median (IQR) 5 (5–5)

Calcineurin inhibitor (%) 122 (96.1)

Tacrolimus 92 (72.4)

Tacrolimus trough level, ng/ml (IQR) 7.5 (5.8–9.5)

Cyclosporine 30 (23.6)

Mycophenolate mofetil/ mycophenolate 
sodium (%)

96 (75.6)

Azathioprine (%) 11 (8.66)

Sirolimus (%) 11 (8.66)

aNo patient received Rituximab or Belatacept.

F I G U R E  2  Antibody titer in transplant recipients pre-/
post-immunization with each dose of mRNA-1273 (Moderna) 
COVID-19 vaccine and convalescent titers of transplant recipients 
after COVID infection. Horizontal lines represent median and 
interquartile range. Dotted red line represents positive cut-
off value of assay at 0.8 U/mI [Color figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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vaccine diary after both doses of vaccine. Overall, the vaccines 
were well-tolerated. This is shown in Figure 5. Local events were 
most common and included pain and swelling at the injection site. 
Systemic events included fatigue, myalgia, and headache. There 
were no recorded episodes of organ rejection up to 6 weeks after 
the second vaccine dose. Two participants (2/127, 1.57%) devel-
oped COVID-19 infection, one after the first dose and another 
patient after two doses who died due to complications related to 
COVID-19. The latter patient was a lung transplant recipient who 
contracted COVID-19 within a week of the second dose of vaccine 
(negative anti-RBD and neutralizing antibody post-first vaccine 
dose). Eight participants (8/127, 6.3%) were hospitalized for any 
reason during the study period. Reason for hospitalization included: 
COVID-19 infection (n = 2), elective surgery (n = 1), acute cholangitis 
(n = 1), exacerbation of chronic allograft lung dysfunction not due to 
COVID-19 (n = 2), chemotherapy for multiple myeloma (n = 1), renal 
calculi and hydronephrosis in transplant graft (n = 1). No hospitaliza-
tions were directly as a result of vaccination.

4  |  DISCUSSION

We performed a study of solid organ transplant recipients receiving 
two doses of Moderna mRNA vaccine. The main findings of the study 
were as follows: (a) in the primary analysis, the immunogenicity as 
measured by anti-RBD was 5.0% after the first dose and 34.5% after 
the second dose; (b) many patients developed neutralizing antibody, 
primarily after the second dose (26.9%). However, a significant sub-
set of anti-RBD positive patients did not show significant neutraliza-
tion (28.5%); (c) the vaccine did elicit positive SARS-CoV-2 specific 
CD4+ T cell responses in a significant portion of the evaluated co-
hort (47.9%). Specifically, there were several patients, who although 
they did not have detectable anti-RBD, they still had detectable and 
often robust T cell responses (46.2%; discussed more below). Finally, 
we showed that the vaccine was relatively well-tolerated.

The measurement of T cell responses and neutralizing antibody 
are unique aspects of our study and provide important insight into 
how transplant patients respond to COVID-19 vaccine. One of the 

No. (%) antiRBD response at 2 doses
Univariate 
p valueNegative = 72 Positive = 38

Age (years) 65.9 (IQR 63.4–70.1) 67.8 (54.3–71.8) .273

Time since transplant (years, IQR) 2.83 (1.49–5.82) 2.63 (1.37– 6.89) .941

Gender

Female 21 (29.2) 14 (36.8) .29

Male 51 (70.8) 24 (63.2)

Transplant organ

Lung 17 (23.6) 12 (31.6) .657

Kidney 20 (27.8) 8 (21.1) .366

Kidney-pancreas 18 (25.0) 7 (18.4) .641

Heart 14 (19.4) 2 (5.26) .16

Liver 3 (4.17) 8 (21.1) .002

Immunosuppression

Prednisone 59 (81.9) 29 (76.3) .084

Prednisone daily dose; mg, 
median (IQR)

5 (5–5) 5 (5–5) .432

Calcineurin inhibitor 71 (98.6) 36 (94.7) .554

Tacrolimus 57 (79.1) 26 (68.4) .213

Tacrolimus trough; ng/mI, 
median (IQR)

7.7 (6.4– 9.9) 6.2 (5–8.9) .039

Cyclosporine 15 (20.8) 11 (28.9) .341

Cyclosporine trough; ng/ml, 
median (IQR)

152 (117–241) 154 (128–286) .637

Mycophenolate mofetil/ 
mycophenolate sodium

64 (88.9) 18 (47.4) <.001

Mycophenolate daily dose; mg, 
median (IQR)

720 (360–1440) 0 (0–720) <.001

Azathioprine 3 (4.17) 8 (21.1) .018

Sirolimus 6 (8.33) 4 (10.5) .496

Bold denotes variables with p-values <.05

TA B L E  2  Factors associated with 
anti-RBD response after two doses of 
mRNA-1273 (Moderna) COVID-19 vaccine
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major concerns in transplant patients has been low immunogenicity 
of vaccines as measured by routine antibody testing. However, it is 
completely unknown how this translates into vaccine efficacy. A key 
finding of ours is that a SARS-CoV-2 specific CD4+ T cell response 
was observed in close to 50% of patients, and critically almost half 
of patients who did not have an antibody response still had evidence 
of a T cell response, which was polyfunctional and often quite ro-
bust (e.g., Figure SC). The less robust CD8+ T cell response observed 
in our study is consistent with the literature in both transplant and 
non-transplant populations, that is, CD8+ responses are weaker than 
CD4+ responses to vaccination.10,21,22  This may be the nature of 
mRNA vaccination and immunosuppression may amplify this differ-
ence in transplant patients. We used a conservative and clear defini-
tion of positive that required both polyfunctionality and a threshold 
level of cells. Based on these data, it may be invalid for patients to be 
labeled as vaccine “non-responders” in the absence of T cell data. It 
also suggests that transplant patients should be strongly encouraged 
to still receive vaccine despite data showing poor immunogenicity by 
antibody testing alone. The CD4+ T cell responses we observed are 
in the same frequency range as has been reported in healthy volun-
teers.18,23 It was also encouraging that many patients had evidence 
of neutralizing antibody. Neutralization levels have recently been ro-
bustly shown to be highly predictive of immune protection in immu-
nocompetent cohorts.9 Of note, though, is that approximately 28.5% 
of patients in our study with a positive anti-RBD response did not 
have neutralizing antibody. These patients typically had very low lev-
els of anti-RBD detected (median 1.83 U/ml, range 1.19–20.9 U/mI).

In a study of 80  liver transplant recipients, vaccinated with 
Pfizer-BioNTech COVID vaccine, the response rate was 47.5% using 

an S1/S2 chemiluminescent assay. Age, triple immunosuppression, 
and mycophenolate use were associated with poor response.24 In a 
study of 136 kidney transplant recipients receiving Pfizer-BioNTech, 
response rate was 37.5% using the same assay. Similar risk factors 
were associated with poor response.8 In a study of 168 lung trans-
plant recipients, again receiving the Pfizer-BioNTech vaccine, re-
sponse rates were only 18% after two doses (and 4% after one dose) 
based on measurement of spike IgG antibody.25 Age and use of anti-
proliferative agents and mTOR immunosuppression were associated 
with poor response. Finally, Boyarsky et al. assessed response to 
either Moderna or Pfizer-BioNTech in a cohort of 658 transplant re-
cipients of varying organ types, using the enzyme immunoassay for 
IgG against S1.7 The response rate after two doses was 54%.7 Again 
use of antimetabolite immunosuppression was associated with poor 

F I G U R E  3  Surrogate Vaccine Neutralization Assay results in 
transplant recipients pre-/post-immunization with each dose of 
mRNA-1273 (Moderna) COVID-19 vaccine [Color figure can be 
viewed at wileyonlinelibrary.com]

F I G U R E  4  Cell-mediated immune response in transplant 
recipients pre-/post-immunization with each dose of mRNA-1273 
(Moderna) COVID-19 vaccine. Horizontal lines represent median 
and range. Dotted line is the limit of quantitation (LOQ; 0.01% or 
100 per 106 cells). (A) Polyfunctional CD4+ T cell response. (B) 
Polyfunctional CD8+ T cell response [Color figure can be viewed at 
wileyonlinelibrary.com]
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F I G U R E  5  Local and systemic adverse 
effects within 7 days of mRNA-1273 
COVID-19 vaccine in organ transplant 
recipients after the first and second doses 
(n = 108) [Color figure can be viewed at 
wileyonlinelibrary.com]
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response. None of the mentioned studies assessed neutralizing an-
tibody and none assessed cellular immune responses. Our findings 
related to anti-RBD response and risk factors related to response 
are generally in agreement with this. However, an interesting finding 
in our study was that overall anti-RBD responses with vaccination 
were significantly lower post-vaccine versus post-natural COVID-19 
infection. This is contrary with what has been generally reported in 
immunocompetent patients where vaccines generally elicit stronger 
antibody responses.9,26,27

Our study had several limitations. First, we did not have a 
control group of immunocompetent patients. However, immune 
responses have been extensively studied in immunocompetent 
people and have been consistently shown to be >95% after two 
doses of either of the available mRNA vaccines.20,28 Second, we 
did not assess cellular immune responses in the entire cohort. 
This type of testing requires substantially more volume of blood 
collection than with serology and not all patients were willing. In 
addition, cell mediated testing is significantly more labor intensive 
and time consuming compared with serology. We feel, however, 
that the results we obtained would unlikely be changed substan-
tially with further samples from this cohort. The relatively older 
median age of our cohort may also have contributed to the lower 
immune response. We acknowledge that the antibody response 
in the infected cohort may be slightly biased toward a subgroup 
that survived the infection. Finally, we did not do HLA alloanti-
body testing. However, no episodes of acute rejection occurred in 
the follow-up period. The main strengths of our study are indeed 
the assessment of cellular immune responses and, also the assess-
ment of neutralizing antibody using a validated surrogate assay as 
outlined above. In addition, we were able to compare anti-RBD 
responses to transplant patients with natural COVID-19 infection, 
another unique feature of our study.

In summary, we assessed Moderna vaccine responses in a co-
hort of solid organ transplant recipients. We show that the vaccine 
response rate by anti-RBD was 34.5% and 26.9% had evidence of 
neutralizing antibodies. However, we also show that a significant 
number of patients had a positive SARS-CoV-2 specific CD4+ T cell 
response often in the absence of a detectable antibody response. 
The latter highlights the importance of vaccinating all transplant re-
cipients and not assuming poor immunogenicity based on antibody 
response alone. Despite vaccination or antibody status, we encour-
age ongoing vigilance from SOT recipients, who are still at risk for 
breakthrough COVID-19 infection, in particular in the context of the 
circulating variants of concern including Alpha and Delta variants. 
Our data also suggest that it is likely these patients could still benefit 
from further strategies to enhance immunogenicity; such as booster 
dose regimens to provide additional antigen or reduction of immu-
nosuppression around the time of vaccination (i.e., mycophenolate 
dose reduction). These strategies should be balanced with the risk of 
organ rejection and require further assessment as part of a clinical 
study. A subset of participants from this cohort are currently en-
rolled in a double-blind, randomized controlled trial of a third dose 
of Moderna vaccine versus placebo.
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