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Background. Immunocompromised individuals have been excluded from landmark studies of messenger RNA vaccina-
tions for severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2). In such patients, the response to vaccination 
may be blunted and may wane more quickly compared with immunocompetent patients. We studied the factors associated 
with decreased antibody response to SARS-CoV-2 vaccination and risk factors for subsequent breakthrough infections in 
liver transplant (LT) patients undergoing coronavirus disease 2019 vaccination with at least 2 doses of messenger RNA vac-
cine from April 28, 2021, to April 28, 2022. Methods. All LT recipients received at least 2 doses of the BNT162b2 (Pfizer 
BioNTech) vaccine 21 d apart. We measured the antibody response against the SARS-CoV-2 spike protein using the Roche 
Elecsys immunoassay to the receptor-binding domain of the SARS-CoV-2 spike protein, and the presence of neutralizing 
antibodies was measured by the surrogate virus neutralization test (cPass) before first and second doses of vaccination and 
also between 2 and 3 mo after the second dose of vaccination. Results. Ninety-three LT recipients who received 2 doses 
of BNT162b2 were included in the analysis. The mean time from LT was 110 ± 154 mo. After 2-dose vaccination, 38.7% of 
LT recipients (36/93) were vaccine nonresponders on the cPass assay compared with 20.4% (19/93) on the Roche S assay. 
On multivariable analysis, increased age and increased tacrolimus trough were found to be associated with poor neutral-
izing antibody response (P = 0.038 and 0.022, respectively). The use of antimetabolite therapy in conjunction with tacrolimus 
approached statistical significance (odds ratio 0.21; 95% confidence interval, 0.180-3.72; P = 0.062). Breakthrough infec-
tion occurred in 18 of 88 LT recipients (20.4%). Female gender was independently associated with breakthrough infections 
(P < 0.001). Conclusions. Among LT recipients, older age and higher tacrolimus trough levels were associated with 
poorer immune response to 2-dose SARS-CoV-2 vaccination. Further studies are needed to assess variables associated 
with breakthrough infections and, hence, who should be prioritized for booster vaccination.

(Transplantation Direct 2023;9: e1537; doi: 10.1097/TXD.0000000000001537.)
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In the initial clinical trials investigating the efficacy and 
safety of severe acute respiratory syndrome coronavirus 

type 2 (SARS-CoV-2) vaccines, various immunocompromised 
or immunosuppressed patient populations were excluded.1,2 
Immunocompromised patients are at greater risk of severe 
infection and death from coronavirus disease 2019 (COVID-
19) compared with those without existing chronic disease. 
Thus, despite the initial lack of data, vaccination of liver 
transplant (LT) recipients was recommended by professional 
societies.3,4 Since then, various studies to measure the immu-
nogenicity of the SARS-CoV-2 vaccination in LT recipients 
have been reported. Results from multiple centers have shown 
that LT recipients mount a reduced antibody response after a 
primary 2-dose vaccine series compared with immunocom-
petent patients.5-8 Nevertheless, compared with unvaccinated 
immunocompromised patients, vaccinated immunocompro-
mised people with breakthrough infections had a less severe 
disease course.9

Immunogenicity of the SARS-CoV-2 vaccines in most stud-
ies has been assessed by quantifying antibodies to the immune-
dominant viral spike protein. However, these assays do not 
differentiate between general binding antibodies and neutral-
izing antibodies,10 which are a subset of secreted antibodies 
that have been demonstrated to prevent SARS-CoV-2 viral 
entry into human cells.11-14 Currently, the gold-standard virus 
neutralization test requires live cells and viruses in a BSL3 
containment laboratory and results may require 2 to 4 d.15 
The cPass SARS-CoV-2 Neutralization Antibody Detection 
Kit (GenScript, NJ; cPass) is a novel surrogate virus neutraliza-
tion test that can assess the presence of circulating antibodies 
that block the interaction of receptor-binding domain (RBD)–
horseradish peroxidase with human angiotensin-converting 
enzyme 2   with high correlation to the gold-standard live-
cell plaque reduction neutralization test (PRNT).10 Therefore, 
cPass technology is complementary to antispike protein anti-
body tests, which do not measure neutralizing antibodies.

Immunocompromised patients are at greater risk of severe 
disease and possibly reinfections during this long, drawn-
out COVID-19 pandemic. Although SARS-CoV-2–infected 
individuals may have detectable antibodies present for sev-
eral months after seroconversion, the temporal persistence 
of neutralizing antibodies has been shown to decline.10,16,17 
The immune response of LT recipients to a primary course of 
COVID-19 vaccination and its relation to immunosuppression 
use and breakthrough infections has yet to be well reported. 
In this study, we described the neutralizing antibody responses 
of LT patients to 2 doses of the BNT162b1 BioNTech vacci-
nation 21 d apart, using the cPass assay. We sought to identify 
the factors associated with antibody response to SARS-CoV-2 

vaccination and breakthrough infections in these vaccinated 
LT recipients.

MATERIALS AND METHODS

Study Design
From March 2021, vaccination of LT recipients was rec-

ommended by the Ministry of Health, Singapore. This study 
includes 100 consecutive post-LT patients followed up in a 
single-center LT unit from April 29, 2021, to April 28, 2022. 
LT recipients in this center followed an immunosuppression 
protocol as previously described.18 Inclusion criteria included 
the ability to provide informed consent. Exclusion criteria for 
this study included past or current infection with SARS-CoV-2 
at the time of screening, multiorgan transplant, age younger 
than 21 y, contraindications to SARS-CoV-2 vaccination, 
such as previous anaphylactic reactions to components of 
the SARS-CoV-2 vaccination or immediate (<1 mo) post-LT, 
recent acute graft rejection (<1 mo), and inability to provide 
informed consent. All participants signed a written informed 
consent. The study protocol was approved by the local insti-
tutional review board (DSRB 2012/00917).

Patient Information
Clinical data such as cause of liver disease before LT; 

presence of chronic diseases such as diabetes, hypertension, 
and hyperlipidemia; type and dose of immunosuppression; 
and trough levels of immunosuppressants were obtained 
from patient medical records. Symptoms following vaccina-
tion, including graft rejection and symptomatic SARS-CoV-2 
infection, if any, were collected. Breakthrough infection was 
defined as SARS-CoV-2 infection diagnosed at least 2 wk after 
the primary vaccination series (up to 3 doses of vaccination 
for post-LT recipients on immunosuppression).

Study Protocol
Blood samples were drawn from consenting patients at the 

baseline immediately before the first and second doses of vac-
cination, which were dosed 21 d apart and 8 to 12 wk after 
the second dose of vaccination. Data of liver tests, dosages of 
immunosuppression, and immunosuppression trough levels 
where available were collected at each study visit. At each study 
visit, patients were assessed for antibody response against the 
SARS-CoV-2 spike protein using the Elecsys (Roche, Basel, 
Switzerland) immunoassay to the RBD of the SARS-CoV-2 
spike protein, and the presence of neutralizing antibodies tar-
geting the viral spike protein RBD was measured by the cPass 
(Genscript, NJ) assay in the blood. During the study period 
from April 28, 2021, to April 28, 2022, the incidence of SARS-
CoV-2 infection in Singapore ranged from 0.73 to 4773 new 
cases/million.19 Notably, Singapore experienced a surge in the 
COVID-19 delta variant from September to December 2021 
and the in the omicron variant from January to March 2022.

Quantification of Antibodies to SARS-CoV-2 Spike 
Protein and Surrogate Virological Neutralization Test 
cPass

Serological testing for total antibodies specific to the 
RBD of the SARS-CoV-2 S protein (anti-S) was performed 
using the Elecsys Anti–SARS-CoV-2 S electrochemilumines-
cence immunoassay with the Cobas e601 analyzer (Roche 
Diagnostics), according to the manufacturer’s instruction. A 
test result of ≥0.8 U/mL was considered positive. Samples 
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with concentration >250 U/mL were diluted further (1:10, 
1:100, and 1:1000) within the measurement range of the 
assay (0.4–250 U/mL).

The development and validation of the cPass assay has 
been previously reported.10 Briefly, a biochemical measure-
ment of the amounts of neutralizing antibody present in the 
test sera was done by inhibition ELISA, in which the test sera 
were first preincubated with SARS-CoV-2 or SARS-CoV-2 
RBD–horseradish peroxidase and then added to angiotensin-
converting enzyme 2-coated plates. The cPass test achieves a 
99.93% specificity and 95% to 100% sensitivity when using 
a cutoff of >30% compared with a PRNT.10

Statistical Analysis
Statistical analysis was conducted using STATA (version 

16.1; StataCorp). Descriptive statistics were summarized as 
mean (SD) for continuous variables and as number of patients 
(percentage) in each group for categorical variables. Pearson 
chi-square statistic was used to assess the statistical sig-
nificance for categorical data, whereas continuous variables 
were compared by the t test if normally distributed or by the 
Mann-Whitney test if abnormally distributed. Logistic regres-
sion with a robust variance estimator was used to estimate 
the odds of positive seroconversion after 2 doses of COVID-
19 vaccination. Variables were checked for multicollinearity 
before multivariable regression was conducted with a robust 
variance estimator to assess factors associated with immuno-
genicity. A P value of <0.05 was considered statistically sig-
nificant for all analyses.

RESULTS

Participant Baseline Characteristics
Ninety-three LT recipients were included in the analysis. 

Seven patients dropped out of the study before the second 
dose of vaccination and were thus not analyzed—6 withdrew 
because of inability to comply with multiple blood draws, 
whereas 1 patient transferred care to another hospital. All 
patients underwent 2 doses of the Pfizer BioNTech vaccina-
tion, and none of the patients had acute graft rejection or 
significant changes in liver function after immunization. The 
mean age of LT recipients was 55.5 ± 15.3 y, and the mean 
time from LT to first vaccination was 110 ± 154 mo. Most 
patients were of Chinese ethnicity, and the most common 
indication for LT was viral hepatitis (32.3%), followed by 
autoimmune disease (11.8%) and nonalcoholic fatty liver dis-
ease (8.60%). Almost three-quarters of the patients received 
deceased donor LT, and about a third had a history of hepa-
tocellular carcinoma. Approximately two-fifths of patients 
(41.9%) had hypertension, half of the patients (47.3%) had 
diabetes, and about a third of patients (30.1%) had dyslipi-
demia. The mean time from the second dose of vaccination 
to the time of serology draw was 65.2 ± 20.4 d. Calcineurin 
inhibitors (CNIs) were used as the backbone of the immu-
nosuppressive regimen in 92.5% of the patients. Everolimus 
was used in 11 patients (11.8%) and mostly in combination 
with reduced-dose CNIs (8/11; 72.7%). Forty-two percent 
of patients received mycophenolate mofetil or mycophe-
nolic acid. Approximately three-fifths of patients (59.3%) 
had received basiliximab for induction immunosuppression 
at the time of LT. Approximately two-fifths were on single 
immunosuppressant (40.2%) and double immunosuppressant 

(43.5%), respectively, and one-sixth of the patients (16.3%) 
were on triple immunosuppressant at the time of first dose of 
vaccination (Table 1).

Baseline Characteristics and Humoral Response 
Measured Using the cPass Assay After 2-dose 
Vaccination

In total, 38.7% of LT recipients (n = 36) had insufficient 
neutralizing antibody response, whereas 61.3% of recipi-
ents (n = 57) had sufficient neutralizing antibodies postvac-
cination as measured by the cPass assay. Ethnicity, history 
of hepatocellular carcinoma, and type of transplant were 
not significantly different between those who had sufficient 
neutralizing antibodies (vaccine responders) and those who 
did not (vaccine nonresponders). Vaccine responders were 
younger (53.9 ± 15.9 y versus 60.0 ± 13.1 y, P = 0.04) and were 
more likely to have had underlying hepatitis B or alcoholic 
liver disease compared with nonalcoholic fatty liver dis-
ease (P = 0.01; P = 0.02, respectively) or autoimmune disease 
(P = 0.001; P = 0.006, respectively). Additionally, they were 
significantly further out from transplant surgery compared 
with vaccine nonresponders (147 ± 159 versus 56.6 ± 51.2 mo, 
P < 0.001; Table 1). A smaller proportion of vaccine respond-
ers had hypertension, ischemic heart disease, or stroke (55.6% 
versus 33.3%, P = 0.03; 38.9% versus 8.77%, P < 0.001; 
11.1% versus 1.75%, P = 0.05) compared with nonrespond-
ers. The mean time from the second dose of vaccination to the 
time of blood draw was 65.2 ± 20.4 d, which was significantly 
different between both groups—70.0 ± 20.4 versus 57.9 ± 18.3 
d, P = 0.002, in vaccine responders and vaccine nonrespond-
ers, respectively. However, this is unlikely to be clinically 
significant, given that the peak of immunogenicity after the 
second dose of vaccination studied in LT patients is reached 
in the first month after 2-dose vaccination.20 There was a 
significantly lower proportion of patients on double and tri-
ple immunosuppressants in the vaccine responder compared 
with vaccine nonresponders (32.1% versus 61.1%, P = 0.006; 
5.36% versus 33.3%, P < 0.001). The mean tacrolimus trough 
level at first and second doses of vaccination was also signifi-
cantly lower in patients in vaccine responders compared with 
vaccine nonresponders (3.49 ± 1.63 versus 5.02 ± 2.11 ng/mL, 
P < 0.001; 3.46 ± 1.50 versus 5.24 ± 2.40, P < 0.001; Table 1).

Risk Factors for Vaccine Nonresponse After 2-Dose 
Vaccination

On univariate analysis, the presence of hypertension (odds 
ratio [OR]: 0.40; 95% confidence interval [CI], 0.169-0.947; 
P = 0.037) and ischemic heart disease (OR: 0.151; 95% CI, 
0.048-0.474; P = 0.001) was found to be associated with 
decreased odds of positive immunogenicity on the cPass test 
(Table S1, SDC, http://links.lww.com/TXD/A566). Similarly, 
LT recipients who were on double- or triple-maintenance 
immunosuppressants had decreased odds of positive cPass 
test results (OR: 0.301, 95% CI, 0.125-0.726; P = 0.007; 
OR: 0.113; 95% CI, 0.029-0.442; P = 0.002). A combination 
of CNIs and antimetabolites such as mycophenolic acid or 
mycophenolate mofetil (OR: 0.071; 95% CI, 0.026-0.197; 
P < 0.001) and a combination of CNI and prednisolone (OR: 
0.219; 95% CI, 0.068-0.701; P = 0.011) were also signifi-
cantly associated with nonresponse to the vaccine. However, 
this was not seen with a combination of CNI and everolimus. 
Lower tacrolimus trough levels at a cutoff of ≤5 ng/mL (OR: 

http://links.lww.com/TXD/A566
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TABLE 1.

Baseline characteristics of LT recipients and comparison of recipients with negative and positive SARS-CoV-2 S1/S2 IgG 
serology based on cPass immunoassay after 2 doses of the Pfizer BioNTech vaccination

Parameter All LT patients (n = 93) 
Vaccine nonresponders

(n = 36) 
Vaccine responders

(n = 57) P 

Biodata
 Age, mean (SD)

55.5 (15.3) 60.0 (13.1) 53.9 (15.9) 0.04*

Male gender, n (%) 61 (65.6) 22 (61.1) 39 (68.4) 0.47
Ethnicity, n (%)     
 Chinese 67 (72.0) 29 (80.6) 38 (66.7) 0.545
 Malay 11 (11.8) 3 (8.33) 8 (14.0)
 Indian 8 (8.60) 2 (5.56) 6 (10.5)
 Others 7 (7.53) 2 (5.56) 5 (8.77)
Background medical history    
 BMI, mean (SD) 25.7 (5.21) 26.1 (5.54) 25.8 (5.08) 0.88
 HbA1c, mean (SD) 6.19 (1.40) 6.27 (1.50) 6.20 (1.39) 0.53
 eGFR, mean (SD) 73.9 (31.2) 78.3 (32.9) 69.7 (29.3) 0.14
 HTN, n (%) 39 (41.9) 20 (55.6) 19 (33.3) 0.03*
 DM, n (%) 44 (47.3) 20 (55.6) 24 (42.1) 0.21
 HLD, n (%) 28 (30.1) 14 (38.9) 14 (24.6) 0.14
 IHD, n (%) 19 (20.4) 14 (38.9) 5 (8.77) <0.001*
 Stroke, n (%) 5 (5.38) 4 (11.1) 1 (1.75) 0.05*
Cause of liver disease, n (%)     
 NAFLD 8 (8.60) 7 (19.4) 1 (1.75) <0.001*
 ALD 7 (7.53) 1 (2.78) 6 (10.5)
 Hepatitis B 23 (24.7) 6 (16.7) 17 (29.8)
 Hepatitis C 7 (7.53) 2 (5.56) 5 (8.77)
 Autoimmunea 11 (11.8) 10 (27.8) 1 (1.75)
 Othersb 36 (38.7) 10 (27.8) 26 (45.6)
Presence of HCC, n (%) 19 (32.2) 9 (40.9) 10 (27.0) 0.27
DDLT, n (%) 68 (73.1) 26 (72.2) 42 (73.7) 0.88
Months after first transplantation, mean (SD) 110 (154) 56.6 (51.2) 147 (159) <0.001*
Induction immunosuppression, n (%)     
 Methylprednisolone 22 (40.7) 10 (45.5) 12 (37.5) 0.56
 Basiliximab 32 (59.3) 12 (54.5) 20 (62.5) 0.56
Immunosuppression     
 Tacrolimus, n (%) 86 (92.5) 35 (97.2) 51 (89.5) 0.17
 Antimetabolite, n (%) 39 (41.9) 28 (77.8) 11 (19.3) <0.001*
 Dose, mg, mean (SD) 767 (359) 849 (328) 550 (335) 0.008*
 Cellcept, n (%) 10 (10.8) 4 (11.1) 6 (10.5) 0.93
 Dose, mg, mean (SD) 790 (421) 1125 (250) 567 (363) 0.01*
 Myfortic, n (%) 29 (31.2) 24 (66.7) 5 (8.77) <0.001*
 Dose, mg, mean (SD) 830 (356) 855 (349) 720 (360) 0.22
 Prednisolone, n (%) 16 (17.2) 11 (30.6) 5 (8.77) 0.007*
 Dose, mg, mean (SD) 5.98 (2.91) 6.56 (3.01) 4.70 (2.49) 0.22
 Everolimus, n (%) 11 (11.8) 5 (13.9) 6 (10.5) 0.11
 Dose, mg, mean (SD) 2.61 (1.16) 3.10 (1.24) 2.21 (1.16) 0.11
Single immunosuppression regime, n (%) 37 (40.2) 2 (5.56) 35 (62.5) <0.001*
Double immunosuppression regime, n (%) 40 (43.5) 22 (61.1) 18 (32.1) 0.006*
Triple immunosuppression regime, n (%) 15 (16.3) 12 (33.3) 3 (5.36) <0.001*
Tacrolimus trough levels, ng/mL, mean (SD)     
 Day of first dose of vaccination 4.20 (1.98) 5.02 (2.11) 3.49 (1.63) 0.0006*
 Day of second dose of vaccination 4.20 (2.10) 5.24 (2.40) 3.46 (1.50) 0.0004*
No. of days from dose 1 to final serology collection, 

mean (SD)
88.9 (19.3) 82.6 (17.0) 93.1 (19.7) 0.004*

No. of days from dose 1 to final serology collection, 
mean (SD)

65.2 (20.4) 57.9 (18.3) 70.0 (20.4) 0.002*

For all categorical variables, the chi-square statistic was used. Continuous variables were compared using the t test if normally distributed or the Mann-Whitney test if nonnormally distributed. P < 0.05 
was considered statistically significant for all analyses.
aAutoimmune disease includes autoimmune hepatitis, primary biliary cirrhosis, and primary sclerosing cirrhosis.
bOther causes include drug-induced liver injury, Wilson’s syndrome, Budd-Chiari syndrome, hepatic artery thrombosis, acute liver failure, and cryptogenic liver cirrhosis.
ALD, alcoholic liver disease; BMI, body mass index; DDLT, deceased donor liver transplantation; DM, type II diabetes; eGFR, estimated glomerular filtration rate; HbA1c, glycated hemoglobin; HCC, 
hepatocellular carcinoma; HLD, hyperlipidemia; HTN, hypertension; IHD, ischemic heart disease; LT, liver transplant; NAFLD, nonalcoholic fatty liver disease; SARS-CoV-2, severe acute respiratory 
syndrome coronavirus type 2.
*Statistically significant.
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4.88; 95% CI, 1.80-13.2; P = 0.002) and antimetabolite daily 
dose equivalent of ≤500 mg/d of mycophenolate mofetil (OR: 
5.52; 95% CI, 1.17-26.03; P = 0.020) were significantly asso-
ciated with positive neutralizing antibodies (Table S1, SDC, 
http://links.lww.com/TXD/A566). However, this association 
was not observed with either prednisolone or everolimus use. 
Additionally, patients who were >5 y from transplant surgery 
were 7.69 times (95% CI, 2.99-19.82; P < 0.001) as likely to 
develop vaccine response on cPass after 2 doses of vaccina-
tion as compared with patients ≤5 y from transplant surgery 
(Table S1, SDC, http://links.lww.com/TXD/A566). On multi-
variable analysis, the variables associated with negative cPass 
results after 2 doses of vaccination were increased age and 
increased tacrolimus trough levels. The use of antimetabolite 
therapy in conjunction with tacrolimus approached statisti-
cal significance (OR: 0.21; 95% CI, 0.042-1.08; P = 0.062; 
Table 2).

Differences in Roche Antispike Serology and cPass 
Assay Results After 2-Dose Vaccination

At baseline, all patients had a negative SARS-CoV-2 
N-protein IgG serology test. Only three-fifths of patients 
(57/93; 61.3%) developed antibody responses to 2 doses of 
the Pfizer BioNTech vaccination as measured by the cPass 
assay, with a cutoff of 30% inhibition.10 The mean cPass 
level was 50% ± 35.2% after the second dose of vaccination. 
Comparatively, in the Roche S antibody measurement, four-
fifths of patients (74/93; 79.6%) developed positive serology 
to 2 doses of vaccination, and mean antibody titers after the 
second dose was 597 ± 1084 U/mL (Table 3).

In total, 93 patients had valid cPass and Roche S antibody 

results after a 2-dose Pfizer BioNTech vaccination. Of these 

93 patients, 76 (81.7%) had concordance between the cPass 
and Roche S assay, in which 57 patients were positive in both 
cPass and Roche S results and 19 had both negative cPass and 
Roche S results. The remaining 17 of 93 patients (18.3%) had 
discordant results from the 2 tests, in which all 17 patients 
had positive Roche S antibodies despite negative cPass results 
(Table S2, SDC, http://links.lww.com/TXD/A566).

Vaccine Response to 3-Dose SARS-CoV-2 
Vaccination and Breakthrough Infections

Of the 93 patients included in the study, 88 patients have 
since completed 3 doses of SARS-CoV-2 vaccination, but only 
69 patients at the time of writing have been tested for serologi-
cal response after 3 doses of vaccination. Of these 69 patients, 
34 patients had no vaccine response following the second dose 
of SARS-CoV-2 vaccination. Thirteen of 34 patients (38.2%) 
developed vaccine response measured by a cPass assay after 3 
doses of SARS-CoV-2 vaccination (Table 4).

A total of 24 patients were diagnosed to have SARS-CoV-2 
infection via polymerase chain reaction from nasopharyngeal 
swabs during a mean study period of 12 mo, of whom 18 
patients had a breakthrough infection. In total, a fifth of 18 of 
88 patients (20.4%) who received 3 doses of vaccination had 
breakthrough infections.

The baseline characteristics of patients with and without 
breakthrough infections were largely comparable. Of the 88 
patients who were included in the final analysis, patients with 
breakthrough infections were further out from transplant 
(141 ± 102 versus 89.5 ± 69.1 mo, P = 0.06) post-LT, although 
not statistically significant. Notably, there were no significant 
differences in terms of immunosuppression use and trough 
levels between the 2 groups. Additionally, the time from the 

TABLE 2.

Adjusted regression analysis for factors associated with positive seroconversion

Parameter Multivariable OR 95% CI P 

Age 0.93 0.867-0.996 0.038a

CNI monotherapy 5.10 0.615-42.2 0.13
CNI + antimetabolite 0.21 0.042-1.08 0.062
CNI + prednisolone 0.82 0.180-3.72 0.80
Time from transplant to first dose of vaccination 1.00 0.991-1.02 0.53
Tacrolimus trough 0.57 0.358-0.922 0.022a

HTN 0.85 0.162-4.46 0.85
IHD 0.29 0.062-1.38 0.12
NAFLD 0.43 0.076-2.38 0.33

aP < 0.05 was considered statistically significant for all analyses.
CI, confidence interval; CNI, calcineurin inhibitor; HTN, hypertension; IHD, ischemic heart disease; NAFLD, nonalcoholic fatty liver disease; OR, odds ratio.

TABLE 3.

Serological response after first and second doses of the Pfizer BioNTech vaccination

  cPass Roche S

Pre–dose 1 Post–dose 1 Post–dose 2 Pre–dose 1 Post–dose 1 Post–dose 2 

No. of serum samples available for analysis, N 100 97 93 99 98 93
Seropositive, n/N (%) 0/100

(0.00%)
22/97

(22.7%)
57/93

(61.3%)
0/99

(0.00%)
39/98

(39.8%)
74/93

(79.6%)
Antibody level, mean (SD) 1.92

(5.79)
14.8
(18.2)

50.0
(35.2)

0.402
(0.0235)

10.3
(23.5)

597
(1084)

P < 0.05 was considered statistically significant for all analyses. Units of measurement for antibody levels for cPass and Roche S immunoassay were % and U/mL respectively.
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third dose of vaccination to the time of serological assess-
ment was not significantly different between the 2 groups: 
68.8 ± 32.3 versus 71.6 ± 28.5 d, P = 0.996 (Table S3, SDC, 
http://links.lww.com/TXD/A566).

Of the 88 patients who completed 3 doses of vaccination, 
serology levels were checked after the third dose of vaccina-
tion for 69 patients and 64 patients using cPass and Roche 
S, respectively. There were no significant differences found in 
the cPass and Roche S levels in both groups: 65.1 ± 37.5 ver-
sus 85.6 ± 24.7%, P = 0.132; 7178.25 ± 12 386.19 versus 14 
521.02 ± 26 311.81 U/mL, P = 0.056, respectively (Table 4).

On multivariable analysis, only female gender was indepen-
dently associated with breakthrough infection (Table 5). Age, 
number of immunosuppression, degree of renal impairment, 
and use of antimetabolite were not associated with the pres-
ence of breakthrough infections.

DISCUSSION

In this study, we assessed the antibody response after 2 
doses of BNT162b1 Pfizer/BioNTech vaccine 21 d apart in 
LT recipients, where humoral response was measured by 
both cPass assay (GenScript) and Roche S. We found that 
approximately three-fifths of LT recipients had sufficient 
neutralizing antibodies after 2-dose vaccination. Using the 
Roche S immunoassay, this proportion was higher—whereby 
approximately four-fifths of the patients had positive immu-
nogenicity to 2-dose BNT162b1 Pfizer/BioNTech vaccina-
tion (Figure 1). This could reflect differences in the accuracy 
of each test, although the gold-standard live-cell PRNT was 
not done in this study. Here, we found that increased age 
and increased tacrolimus trough levels were associated with 

insufficient neutralizing antibodies after 2 doses of vaccina-
tion. Concurrent use of antimetabolite and tacrolimus was 
also independently associated with negative immunogenic-
ity, with a trend toward significance. Breakthrough infections 
were common, occurring in about 20% of the LT recipients 
in this study. However, none of the patients in this study had 
severe infection or required supplemental oxygenation or 
intensive care unit stay.

Previous studies have largely quantified immunogenicity to 
SARS-CoV-2 vaccination based on antibodies to the RBD of 
the spike protein.5-7,21,22 However, these cannot differentiate 
between general binding antibodies and neutralizing antibod-
ies, a subset of secreted antibodies that prevents SARS-CoV-2 
viral entry into human cells.11-14 Conversely, the cPass assay is 
a surrogate virus-neutralizing antibody test with a high cor-
relation to the gold-standard live-cell PRNT.10 To our best 
knowledge, this is the first study in LT recipients that uses 
cPass technology to assess antibody response after 2-dose vac-
cination. As compared with the Roche S antibody, for which 
seropositivity was seen in 79.6% of our patients, only 61.3% 
of patients had sufficient neutralizing antibodies based on 
cPass. These findings could suggest that using antispike anti-
body serology alone may be insufficient to guide the decision-
making process for vaccination in LT patients.

Existing studies have shown that age, higher doses of ster-
oids, triple immunosuppression, use of antimetabolite ther-
apy, and poorer renal function are associated with negative 
serology in post–solid organ transplant patients.6,22,23 Older 
age has also been described as an important predictor of 
vaccine immune response and rate of waning after a 2-dose 
series of BNT162b2.24 Our study, which measured neutraliz-
ing antibodies, reported results in keeping with these findings, 
where increased age and use of concurrent antimetabolite 
were associated with insufficient neutralizing antibodies on 
multivariable analysis. Moreover, our study also found that 
higher trough tacrolimus levels were associated with insuf-
ficient neutralizing antibodies. The cutoff tacrolimus trough 
level associated with improved vaccine response on univariate 
analysis was <5 ng/mL. This may have wider clinical implica-
tions and suggests that physicians may consider decreasing 
net immunosuppression to as low a dose as possible before 
initiation of vaccination to achieve improved immunogenicity 
to the vaccine.

There remains a scarcity of data regarding breakthrough 
infections in LT recipients. In a smaller subset of patients 
(n = 59), we found that neither measures of immunogenic-
ity nor number of immunosuppressant uses were associated 
with breakthrough infections. Surprisingly, there were also 
no significant associations between antimetabolite use, age, 
and comorbidities such as diabetes with breakthrough infec-
tions. This could be in part contributed by the small number 
of patients who had valid after the third dose of SARS-CoV-2 
vaccination, which limited statistical power. The only variable 
that predicted breakthrough infection was the female gender. 
Indeed, there are existing studies that found similar findings, 
where the majority of patients with breakthrough infections 
were female, although the mechanism behind this is presently 
still unclear.25,26 An important consideration is that patients 
with breakthrough infections had serology measurements of 
cPass levels at a mean of 2 mo after the third dose of vac-
cination but tested positive for SARS-CoV-2 infection at >4 
mo after the third dose of vaccination. Serology assessment 

TABLE 4.

Comparison of serological response between immunoas-
says in patients with breakthrough COVID-19 infection 
after the third dose of the Pfizer BioNTech vaccination

Post–dose 3 
COVID-19 negative

(n = 55) 
COVID-19 positive

(n = 14) P 

cPass seropositivea 39 (70.9) 13 (92.9) 0.089
Antibody level (%) 65.1 (37.5) 85.6 (24.7) 0.132
Roche S seropositivea 49 (98.0)b 14 (100.0) 0.594
Antibody level (U/mL) 7178(12 386) 14 521(26 311) 0.056

P < 0.05 was considered statistically significant for all analyses.
aMean (SD); units of measurement for antibody levels for cPass and Roche S immunoassay were 
% and U/mL, respectively.
bOnly n = 50 patients who were COVID-19 negative had valid Roche S serologies.
COVID-19, coronavirus disease 2019.

TABLE 5.

Adjusted regression analysis for factors associated with 
breakthrough infection

Parameter Multivariate OR 95% CI P 

Age 0.965 0.907-1.03 0.265
Female gender 7.36 1.66-32.7 0.009
eGFR 1.01 0.968-1.05 0.689
Use of antimetabolite 0.165 0.0257-1.05 0.057
No. of immunosuppressants    
 Double 3.72 0.625-22.2 0.149
 Triple 0.201 0.050-8.01 0.384

P < 0.05 was considered statistically significant for all analyses.
CI, confidence interval; eGFR, estimated glomerular filtration rate; OR, odds ratio.
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of immunogenicity was also not performed at the time of 
infection. This is an important limitation, as even if SARS-
CoV-2–infected individuals may have detectable antibodies 
present for several months after seroconversion, the tempo-
ral persistence of neutralizing antibodies has been shown to 
decline.10,16,17 Our results may also suggest that measurement 
of antibody levels postvaccination may not directly correlate 
with the chance of breakthrough infection, which differs from 
studies performed in the general population.27,28 Other fac-
tors such as the intensity of epidemiological exposures, indi-
vidual T-cell responses, or innate immune responses may have 
contributed to the differences between those who had break-
through infections and those who did not.

Strengths and Limitations
The strength of this study is the utilization of cPass tech-

nology as a measure of vaccine response in LT recipients. The 
application of cPass technology is more specific to neutral-
izing antibodies, thereby allowing for more robust results in 
the quantification of immunogenicity to SARS-CoV-2 com-
pared with the use of Roche S antibody alone. This study 
also provides preliminary data demonstrating that tacrolimus 
trough level is independently associated with decreased vac-
cine response, which may guide the implementation of clinical 
strategies aimed at risk mitigation. Additionally, breakthrough 
infections were found to be common postvaccination among 
LT recipients and occurred at a mean of 4 mo postvaccination 
despite reasonable antibody levels in more than half of our 
patients. More studies with larger sample sizes and longer lon-
gitudinal assessments are warranted to confirm these findings.

Notwithstanding, the study findings should be interpreted 
in the context of its limitations. Firstly, we only included LT 
recipients, which does not reflect immunogenicity among other 
solid organ transplant recipients who are known to have a 
lower postvaccination response; nor does it allow comparison 
with immunocompetent individuals. Secondly, our study has 
a small sample size and a limited follow-up period. Thirdly, 
all our patients received 2 doses of the Pfizer BioNTech vac-
cination, and we did not assess the immunogenicity of other 
SARS-CoV-2 vaccinations. Furthermore, because this was a 
cohort study spanning 1 y, during which there were frequent 

changes in hospital protocols pertaining to immunocompro-
mised patients with COVID-19 infection, there was substan-
tial heterogeneity pertaining to the treatment patients received 
after breakthrough infections. Finally, although our study uses 
the cPass technology to assess neutralizing antibodies, we did 
not measure T-cell response, which is also essential in mount-
ing an immune response to SARS-CoV-2 infection. Moreover, 
although the cPass technology has good specificity and sensi-
tivity, it could still underestimate the patients who truly have 
neutralizing antibodies.29 Nevertheless, this study reveals 
important insights into the predictors of vaccine response using 
more specific antibodies to spike protein and highlights that 
LT recipients have a suboptimal response to 2-dose vaccina-
tion. This calls for the prioritization of LT recipients in their 
receipt of a 3-dose primary vaccination series and probably for 
a fourth dose of messenger RNA vaccine as recommended by 
current guidelines.4

CONCLUSION

At present, effective measures to improve immunogenic-
ity to the SARS-CoV-2 vaccine in post-LT patients remain 
unknown and are urgently needed. Results from our study 
support current recommendations to persist with vaccination 
in this population until better vaccines can be developed. We 
recommend that a decrease in net immunosuppression to aug-
ment immunogenic response must be considered, and empha-
sis must be placed on practicing personal protective measures 
while in the midst of completing their primary 3-dose vaccina-
tion series or 4-dose full vaccination schedule.
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