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Background: Solid organ transplant recipients exhibit decreased antibody responses, 
mainly due to their weakened immune systems. However, data are limited on antibody 
responses after the primary series of coronavirus disease 2019 (COVID-19) vaccines 
among recipients of various solid organ transplant types. Thus, we compared the anti-
body responses after three COVID-19 vaccine doses between liver transplant (LT) and 
kidney transplant (KT) recipients. 
Methods: We prospectively enrolled solid organ transplant recipients who received 
three COVID-19 vaccine doses from June 2021 to February 2022 and measured S1-spe-
cific immunoglobulin G antibodies using an enzyme-linked immunosorbent assay. 
Results: Seventy-six LT and 17 KT recipients were included in the final analysis. KT 
recipients showed consistently lower antibody responses even after the third vaccine 
dose (86.2% vs. 52.9%, P=0.008) and lower antibody titers (median, 423.0 IU/mL [inter-
quartile range, 99.6–2,057 IU/mL] vs. 19.7 IU/mL [interquartile range, 6.9–339.4 IU/mL]; 
P=0.006) than were observed in LT recipients. Mycophenolic acid was a significant risk 
factor for a seropositive antibody response after the third vaccine dose in the multivari-
able analysis (odds ratio, 0.06; 95% confidence interval, 0.00–0.39; P=0.02). 
Conclusions: We found a weaker antibody response despite the completion of the pri-
mary series of COVID-19 vaccines in KT recipients than in LT recipients. Mycophenolic 
acid use in KT recipients might be the main contributor to this observation.
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INTRODUCTION

After the roll-out of coronavirus disease 2019 (COVID-19) 
vaccines, concerns emerged regarding their limited pro-
tective effect in solid organ transplant recipients, mainly 
due to those patients’ weakened immune response. In-
deed, two-dose COVID-19 vaccination showed weak an-
tibody responses in solid organ transplant recipients [1]. 
These immunological data were consistent with epide-
miological data that showed lower clinical effectiveness 
of COVID-19 vaccines in preventing infection, hospital-
ization, or death from severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) in solid organ transplant re-
cipients [2] than in the general population [3,4]. However, 
recent data on the immune response after the third dose 
of COVID-19 vaccines in solid organ transplant recipients 
showed increased antibody conversion. Thus, the Centers 
for Disease Control and Prevention recommended three-
dose COVID-19 mRNA vaccination as a primary series 
and a booster vaccination to stay up-to-date with the 
COVID-19 vaccine in moderately or severely immunocom-
promised individuals [5]. Interestingly, kidney transplant 
(KT) recipients showed prominently weaker antibody 
responses [6-10] compared to the unexpectedly high se-
roconversion rate in liver transplant (LT) recipients [1,8,11] 
after two-dose vaccination. However, there are limited 
data directly comparing antibody responses after the 
third dose of COVID-19 vaccines between LT and KT re-
cipients. Thus, we conducted a prospective cohort study 
investigating antibody responses induced by the second 
and third COVID-19 vaccine doses as the primary series 
in solid organ transplant recipients. 

METHODS

The study was conducted according to the guidelines of 
the Declaration of Helsinki and approved by the Institu-
tional Review Board of the Asan Medical Center (IRB No. 
2021-0746 and 2021-0170), with written informed con-
sent obtained from each patient.

Study Design, Specimen Collection, and Participant 
Enrollment 
This study was conducted at Asan Medical Center, a ter-
tiary referral hospital in Seoul, Korea, which performs over 
500 LT and 300 KT procedures per year. We prospectively 
enrolled healthy healthcare workers (HCWs) without pre-
vious SARS-CoV-2 infection who received three doses 
of the BNT162b2 vaccine from March to November 2021 
as a control group. We also enrolled LT and KT recipients 
who completed the primary series of the COVID-19 vac-
cines from June 2021 to February 2022. Patients with 
previous SARS-CoV-2 infections were excluded from the 
final analysis. This study was based partly on the cohort 
from our previous study [12]. In their regular outpatient 
visits at our center, study participants were asked wheth-
er they had previously experienced COVID-19 symptoms 
or infection. Blood samples were collected 2–3 weeks 
after the two- and three-dose vaccine series. Participants 
with SARS-CoV-2 infection during the study period were 
excluded from the final analysis.

Immunologic Evaluation
The laboratory measurements for the SARS-CoV-2 
S1-specific immunoglobulin G (IgG) antibody were per-
formed using an in-house developed enzyme-linked im-
munosorbent assay, as described in our previous study 
[12]. IgG antibody titers are presented in IU/mL in accor-
dance with the World Health Organization international 
standards, qualified with reference pooled sera from the 
International Vaccine Institute (Seoul, Korea).

Definitions
The glomerular filtration rate (GFR) was divided into 
above and below 45 mL/min/1.73 m2 according to the 
Kidney Disease Improving Global Outcomes grade. High-
dose steroids were defined as the use of >20 mg of 
methylprednisolone for >10 days. The mammalian target 
of rapamycin (mTOR) inhibitor used as a maintenance 
immunosuppressive drug in this study’s participants was 
either everolimus or sirolimus. Heterologous three-dose 

HIGHLIGHTS

•	Kidney transplant recipients showed inadequate an-
tibody responses after the coronavirus disease 2019 
(COVID-19) primary series.

•	Mycophenolate use was a risk factor for a seronegative 
antibody response to COVID-19 vaccination.

•	Solid organ transplant recipients showed a heteroge-
neous distribution of antibody titers after COVID-19 
vaccination. 
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mRNA vaccination referred to the use of an mRNA vac-
cine (BNT161b2 or mRNA-1273) for the third dose after 
two doses of ChAdOx1 nCoV-19, and homologous three-
dose mRNA vaccination denoted the use of three mRNA 
vaccines as the primary series. 

Statistical Analysis
Categorical variables were analyzed using the chi-square 
test or the Fisher exact test. Continuous variables were 
analyzed with the Student t-test or the Mann-Whitney 
U-test according to the results of normality testing. A 
multiple logistic regression model was fitted to estimate 
the independent risk factors. Variables with P<0.10 in the 
univariable analysis were included in the multivariable 
analysis. P<0.05 were considered statistically significant. 
R ver. 4.2.1 (The R Foundation) was used for the statis-
tical analysis, and GraphPad Prism ver. 8.0 (GraphPad 
Software) was used to plot the results.

RESULTS

Study Participants
In total, 34 HCWs were enrolled in this study. Of the 89 
LT recipients and 22 KT recipients enrolled in this study, 
participants infected with SARS-CoV-2 before the third 
vaccine dose and those who did not receive the third vac-
cine dose after study enrollment were excluded. Overall, 
76 LT recipients and 17 KT recipients were included in the 
final analysis. Among the LT recipients, 13 (17%) received 
the third dose with an mRNA vaccine after two doses of 
ChAdOx1 nCoV-19. A flow diagram of study participants 
is shown in Fig. 1.

Participants’ Characteristics
Table 1 shows the clinical characteristics and immuno-
logical responses of the study participants according 
to the transplanted organ. The time interval after trans-
plant was similar between LT and KT recipients (2.5 vs. 
2.6 years, P=0.530). More KT recipients (23.5%) than LT 
recipients (3.9%) had histories of graft rejection within 1 
year (P=0.020), and the KT recipients also included high-
er proportions of participants who received rituximab 
(41.2% vs. 5.3%, P<0.001) and high-dose steroids (64.7% 
vs. 28.9%, P=0.010) than the LT recipients. The frequency 
of T cell immunosuppressive drug use, including basilix-
imab or anti-thymocyte globulin (ATG) use, was similar 
between LT (22.4%) and KT recipients (47.1%, P=0.080). 
Five LT (6.6%) and four (23.5%) KT recipients had im-
paired kidney function and a GFR <45 mL/min/1.73 m2 
(P=0.090). The most common immunosuppressants for 
maintenance after LT and KT were tacrolimus (92.1% and 
100%, respectively; P=0.520), followed by mycophenolic 
acid (53.9% and 88.2%, respectively; P=0.020). Low-dose 
steroids were more frequently maintained after KT (76.5%) 
than after LT (5.3%, P<0.001), and serum tacrolimus con-
centrations around the third vaccine dose were higher 
in KT recipients (median, 4.3 ng/mL; interquartile range 
[IQR], 2.1–6.5 ng/mL) than in LT recipients (median, 6.5 
ng/mL; IQR, 5.3–7.6 ng/mL; P=0.006). The median inter-
val between the second and third vaccine doses was 67 
days (IQR, 63–76 days) in LT recipients and 99 days (IQR, 
78–105 days in KT recipients) (Table 1). The baseline 
characteristics of the HCWs in this study are presented in 
Supplementary Table 1. The HCWs were all healthy volun-
teers. 

Antibody Responses
Fig. 2 presents the antibody responses of the study par-
ticipants after the second and third doses of COVID-19 

111 Solid organ transplant recipients

76 Liver transplant recipients

8 Did not receive third dose vaccine
5 Drop out

13 Heterologous
mRNA vaccine after
two-dose ChAdOx1
nCoV-19

63 Homologous three-dose
mRNA vaccine

89 Liver transplant recipients 22 Kidney transplant recipients

5 Were infected before booster
vaccination

17 Homologous three-dose
mRNA vaccine

17 Kidney transplant recipients

Fig. 1. Schematic diagram of the study par-
ticipants.
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vaccines. HCWs showed a 100% seropositive antibody 
response both after the primary series and the boost-
er vaccination, and the median antibody titer after the 
booster dose was 4,586 IU/mL (IQR, 3,300–7,028 IU/mL). 
HCWs showed higher seropositivity and antibody titers 
than solid organ transplant recipients (both P<0.05) (Fig. 
2A). A significant difference was found in the seropositive 
antibody response between LT and KT recipients after the 
second (78.7% vs. 41.2%, P=0.005) and third (86.2% vs. 
52.9%, P=0.008) vaccine doses. Furthermore, the median 

SARS-CoV-2 S1-specific IgG antibody titers were signifi-
cantly higher in LT recipients than in KT recipients after 
the second vaccines (41.7 IU/mL [IQR, 12.1–451.7 IU/mL] 
vs. 9.0 IU/mL [IQR, 2.8–54.3 IU/mL]; P=0.003) and third 
(423.0 IU/mL [IQR, 99.6–2,057 IU/mL] vs. 19.7 IU/mL [IQR, 
6.9–339.4 IU/mL]; P=0.006).

Among LT recipients, heterologous third mRNA vac-
cine doses induced comparable seropositivity (76.9% vs. 
88.5%, P=0.280) and antibody titers (284.0 IU/mL [IQR, 
133.8–2,057.0 IU/mL] vs. 455.3 IU/mL [IQR, 99.0–2,256.0 

Table 1. Clinical characteristics and immunological responses of the liver and kidney transplant recipients in this study

Variable
Homologous or heterologous 

three-dose mRNA vaccine in LT 
recipients (n=76)

Homologous three-dose 
mRNA vaccine in KT 

recipients (n=17)
P-value

Age (yr) 55.8 (49.3–59.9) 50.1 (42.8–53.8) 0.010
Male sex 50 (65.8) 9 (52.9) 0.470
GFR (mL/min/1.73 m2) 0.090
   ≥30 & <45 5 (6.6) 4 (23.5)
   ≥45 71 (93.4) 13 (76.5)
Year from transplant 2.5 (1.0–8.2) 2.6 (0.7–6.2) 0.530
Rejection history within 1 yr 3 (3.9) 4 (23.5) 0.020
ABO-incompatible transplant 17 (22.4) 4 (23.5) >0.990
Rituximab use within 1 yr 4 (5.3) 7 (41.2) <0.001
High-dose steroid use within 1 yra) 22 (28.9) 11 (64.7) 0.010
Basiliximab or anti-thymocyte globulin use within 1 yr 17 (22.4) 8 (47.1) 0.080
   Basiliximab 17 (22.4) 6 (35.3) 0.090
   Anti-thymocyte globulin 0 2 (11.8) 0.032
Immunosuppressant
   Tacrolimus 70 (92.1) 17 (100.0) 0.520
   Cyclosporine 2 (2.6) 0 >0.990
   Steroid 4 (5.3) 13 (76.5) <0.001
   Mycophenolic acid 41 (53.9) 15 (88.2) 0.020
   mTOR inhibitor 11 (14.5) 4 (23.5) 0.580
Tacrolimus serum concentration (ng/mL) 4.3 (2.1–6.5) 6.5 (5.3–7.6) 0.006
Vaccination regimen 0.150
   Heterologous mRNA booster vaccination after two-dose ChAdOx1 nCoV-19 13 (17.1) 0
   Homologous booster vaccination with mRNA vaccine 63 (82.9) 17 (100)
Booster vaccine >0.990
   mRNA-1273 17 (22.4) 4 (23.5)
   BNT162b2 59 (77.6) 13 (76.5)
Interval between second and third dose (day) 67 (63.0–76.0) 99 (78.0–105.0) <0.001
Interval between third dose and blood sampling (day) 18 (14.0–29.0) 33 (30.0–47.0) 0.001
Antibody titer after booster dose (IU/mL) 423 (99.6–2,057) 19 (6.9–339.4) 0.006

Values are presented as median (interquartile range) or number (%).
LT, liver transplant; KT, kidney transplant; GFR, glomerular filtration rate; mTOR, mammalian target of rapamycin. 
a)>20 mg of methylprednisolone for >10 days. 
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IU/mL]; P=0.670) to those of the homologous third mRNA 
vaccine doses (Fig. 2B).

Risk Factors Associated with Seropositivity and Higher 
Antibody Titer
Table 2 presents the risk factors for a seropositive an-
tibody response after the third vaccine dose. A >3-year 
interval from transplantation (odds ratio [OR], 6.43; 95% 
confidence interval [CI], 1.64–42.9; P=0.020), rituximab 
(OR, 0.24; 95% CI, 0.06–0.97; P=0.040) and basiliximab 
or ATG use (OR, 0.19; 95% CI, 0.06–0.59; P=0.004) within 
1 year were associated with a seropositive antibody re-
sponse after the third vaccine dose in univariable anal-
ysis. Moreover, steroid use (OR, 0.26; 95% CI, 0.08–0.86; 
P=0.030) and mycophenolic acid use (OR, 0.06; 95% CI, 
0.00–0.35; P=0.010) as maintenance immunosuppressive 
drugs showed associations with antibody seroconversion 
in the univariable analysis. However, mycophenolic acid 
(OR, 0.06; 95% CI, 0.00–0.39; P=0.020) was the only sig-
nificant risk factor for a seronegative antibody response 
(Table 2). Furthermore, mycophenolic acid use (OR, 0.35; 
95% CI, 0.14–0.91; P=0.030) and a >3-year posttransplan-
tation interval (OR, 7.15; 95% CI, 2.28–22.40; P=0.001) 

were significant risk factors for low antibody titers after 
the third vaccine dose in the multivariable analysis (Sup-
plementary Table 2).

DISCUSSION

In this prospective cohort study investigating antibody 
responses in solid organ transplant recipients, we found 
that KT recipients showed consistently weaker antibody 
responses after two- and three-dose COVID-19 vacci-
nation series that LT recipients. The antibody responses 
after the heterologous and homologous third doses of 
primary series vaccines in LT recipients were comparable. 
The use of mycophenolic acid as a maintenance immu-
nosuppressive drug was an independent risk factor for 
negative antibody responses after the third vaccine dose. 
These findings are significant in terms of the booster vac-
cination policy and the prioritization of pre-exposure pro-
phylaxis such as tixagevimab or cilgavimab in transplant 
recipients.

There are three important findings. First, the weak an-
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tibody response even after the third dose of the COVID-19 
vaccine in KT recipients than in LT recipients might be 
partially explained by the different clinical characteristics 
of LT and KT recipients in our cohort. KT recipients were 
more likely to maintain steroid and mycophenolic acid 
use after transplantation. Mycophenolic acid use was 
also a significant risk factor influencing seropositivity 
after the third vaccine dose in the multivariable analysis. 
Mycophenolic acid use has been traditionally considered 
a risk factor for a decreased antibody response because 
it counteracts B cell proliferation and differentiation [13], 
and immunological data on antibody response elicited 
by the COVID-19 vaccine have supported this hypothesis 
[14,15], including our results in this study. However, the 
use of rituximab, another strong B cell immunosuppres-
sant, within 1 year was not significantly associated with 
antibody seropositivity after the third vaccine dose in the 

multivariable analysis. Although assessing the short-
term effects of rituximab on antibody response is difficult, 
all the participants in our study received the third vac-
cine dose at least 6 months after rituximab use. Second, 
we investigated the risk factors influencing seropositive 
antibody responses after the third vaccine dose in trans-
plant recipients. In our study, impaired kidney function 
with a GFR between 30 and 45 mL/min/1.73 m2 was not 
a significant predictor of seropositive antibody response 
in our study. Considering that patients with a GFR >30 
mL/min/1.73 m2 or those on dialysis showed a gener-
ally comparable antibody response to participants with 
normal kidney function in a previous study [16], impaired 
kidney function does not appear to significantly affect the 
antibody response than that of immunosuppressants. 

Furthermore, the T cell-immunosuppressive drugs 
used for desensitization in ABO-incompatible transplants 

Table 2. Risk factors associated with seropositivity 3 weeks after COVID-19 mRNA vaccination in solid organ transplant recipients

Variable
Univariable analysis Multivariable analysisa)

OR (95% CI) P-value Adjusted OR (95% CI) P-value
Age ≥60 yr 0.81 (0.24–3.25) 0.75 - -
Male sex 1.20 (0.39–3.53) 0.75 - -
GFR (mL/min/1.73 m2)
   ≥30 & <45 0.48 (0.11–2.46) 0.33 - -
   45≤ Reference Reference - -
Years from transplant
   ≤3 Reference Reference Reference Reference
   >3 6.43 (1.64–42.9) 0.02 4.18 (0.66–36.73) 0.15
ABO-incompatible transplant 0.81 (0.24–3.25) 0.75 - -
Rituximab use within 1 yr 0.24 (0.06–0.97) 0.04 1.19 (0.16–10.57) 0.87
High-dose steroid use within 1 yr 0.36 (0.12–1.06) 0.07 1.37 (0.28–7.39) 0.70
Basiliximab or anti-thymocyte globulin use within 1 yr 0.19 (0.06–0.59) 0.004 0.56 (0.10–2.92) 0.49
Maintenance immunosuppressant 
   Tacrolimus serum concentration ≥8 ng/mL 1.02 (0.22–7.24) 0.98 - -
   Steroid 0.26 (0.08–0.86) 0.03 0.37 (0.07–1.98) 0.24
   Mycophenolic acid 0.06 (0.00–0.35) 0.01 0.06 (0.00–0.39) 0.02
   mTOR inhibitor 1.88 (0.45-12.84) 0.44 - -
Vaccination regimen
   Heterologous booster Reference Reference - -
   Homologous booster 1.18 (0.24–4.49) 0.82 - -
Booster vaccine
   mRNA-1273 Reference Reference - -
   BNT162b2 2.80 (0.87–8.80) 0.08 3.45 (0.72–17.69) 0.12
Interval between second and third doses >3 mo 1.29 (0.06-10.88) 0.83 - -

COVID-19, coronavirus disease 2019; OR, odds ratio; CI, confidence interval; GFR, glomerular filtration rate; mTOR, mammalian target of rapamycin. 
a)Tjur’s R2=0.30.
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or T cell-mediated rejection therapy at our center did not 
significantly affect seropositive antibody response in 
transplant recipients. Basiliximab is a T cell-nondepleting 
agent, unlike ATG, a T cell-depleting agent, and it was pre-
sumed that the number of patients who received ATG was 
too small to evaluate the effect of T cell immunosuppres-
sants on antibody responses [17]. Finally, as shown in Fig. 
2, the S1-specific IgG antibody titers of the solid organ 
transplant recipients after receiving the COVID-19 vaccine 
showed a much more heterogeneous distribution than 
that of the HCWs. The different immune statuses due to 
various doses and duration of immunosuppressive agents 
might partially explain this phenomenon. These heterolo-
gous immune responses in transplant recipients may ne-
cessitate a more individualized approach by developing a 
surrogate marker of immune responses against COVID-19 
to recommend additional vaccine doses in transplant re-
cipients in the future. 

There are several limitations to our study. First, the 
relatively small sample size of KT recipients may limit 
further interpretation of our results. Moreover, the number 
of participants who received strong immunosuppressive 
therapy within 1 year was too small to adequately eval-
uate the effect on the antibody response. Second, the 
lack of cell-mediated immune responses and neutralizing 
antibody assays against SARS-CoV-2 or its variants may 
limit the completeness of our understanding of immune 
responses after COVID-19 vaccination in transplant recip-
ients. Despite these limitations, we found a weaker anti-
body response even after the third dose of the COVID-19 
vaccine in KT recipients compared to that in LT recipients, 
and more use of mycophenolic acid in KT recipients ap-
pears to be the main risk factor for decreased antibody 
responses. 
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