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The antibody and T cell responses after SARS-CoV-2 vaccination have not been formally
compared between kidney and liver transplant recipients. Using a multiplex assay, we
measured IgG levels against 4 epitopes of SARS-CoV-2 spike protein and nucleocapsid
(NC) antigen, SARS-CoV-2 variants, and common coronaviruses in serial blood samples
from 52 kidney and 50 liver transplant recipients undergoing mRNA SARS-CoV-2
vaccination. We quantified IFN-g/IL-2 T cells reactive against SARS-CoV-2 spike protein
by FluoroSpot. We used multivariable generalized linear models to adjust for the
differences in immunosuppression between groups. In liver transplant recipients, IgG
levels against every SARS-CoV-2 spike epitope increased significantly more than in kidney
transplant recipients (MFI: 19,617 vs 6,056; P<0.001), a difference that remained
significant after adjustments. Vaccine did not affect IgG levels against NC nor common
coronaviruses. Elicited antibodies recognized all variants tested but at significantly lower
strength than the original Wuhan strain. Anti-spike IFN-g-producing T cells increased
significantly more in liver than in kidney transplant recipients (IFN-g-producing T cells 28 vs
11 spots/5x105 cells), but this difference lost statistical significance after adjustments.
SARS-CoV-2 vaccine elicits a stronger antibody response in liver than in kidney transplant
recipients, a phenomenon that is not entirely explained by the different immunosuppression.
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INTRODUCTION

Since the beginning of vaccination programs against COVID-19,
several populations such as immunocompromised patients have
been considered as the priorities for immunization (1). Solid
organ transplant (SOT) recipients elicit reduced immunogenicity
to a number of vaccines, due to the inhibitory effects of
antirejection drugs on T cell activation, interaction with
antigen-presenting cells, and decreased B-cell memory
responses (2–4).

Current evidence indicates that the immunogenicity of
SARS-CoV-2 vaccine is also suboptimal in SOT recipients
(5–12). Previously identified risk factors for poor vaccine
immunogenicity include older age, shorter time from
transplantation, use of mycophenolate mofetil (MMF) and
belatacept (13), and worse allograft function (14–19).

However, a detailed understanding of the impact of anti-
rejection therapies on T cell and antibody response to SARS-
CoV-2 vaccine is still lacking. Another critical point to address is
whether differences in response rates across recipients of various
organ transplants depend on the various immunosuppressive
strategies or is linked to the organ per se. For instance, liver
transplant recipients have significantly higher serological
responses (16, 18) than kidney transplant recipients (20, 21),
but the two populations have not been clearly compared face-to-
face in studies evaluating both cellular and antibody responses.

To address these issues, we designed a prospective study
testing antibody response and viral-reactive T cells in kidney
and liver transplant recipients who received mRNA-based SARS-
CoV-2 vaccination. We used multiple regression analyses to
dissect the role of immunosuppression versus the kind of
transplanted organ in the immunological response to SARS-
CoV-2 vaccine. We also tested the antibody response against the
most relevant SARS-CoV-2 variants and common coronaviruses.
MATERIALS AND METHODS

Study Population
Our study included 52 consecutive consenting adult kidney
and 50 liver transplant recipients followed-up at the
University Hospital of Padua-Department of Surgery, Oncology
and Gastroenterology (Multivisceral Transplant Unit-
Gastroenterology and Kidney and Pancreas Transplantation
Unit) who received BNT162b2 (Comirnaty®) mRNA Covid-19
Vaccine between March and April 2021. At the time of
vaccination, all patients had a negative PCR swab test for SARS-
CoV-2. Blood samples were collected at three time points: before
1st dose (T0), before 2nd dose (T1; 3 weeks after the 1st dose) and
3 weeks after 2nd dose (T2).

Safety
All patients underwent vital sign measurement and physical
examination before vaccination and were then monitored for
immediate adverse events (AEs) up to 30 minutes after each
vaccination, including local and systemic adverse reactions. At 3
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months after the first vaccine administration, patients were asked
about AEs.

Participants were also encouraged to contact the transplant
center to report any possible infections, especially those who
developed respiratory symptoms.

Blood Collection, Serum Isolation
and Storage
Blood was collected in sterile tubes, allowed to clot, and then
centrifuged to separate the serum. Samples were aliquoted and
stored at -20°C until analyses. PBMCs were isolated from
separate tubes (containing EDTA) by density-gradient
centrifugation using Ficoll-Paque and stored in liquid nitrogen.

Anti-SARS-CoV-2 Antibody Measurement
Detection of SARS-CoV-2 specific IgG antibodies directed
against the full trimeric spike protein, the individual spike 1
(S1), spike 2 (S2), and receptor binding domains (RBD) of the
spike protein, and the nucleocapsid protein (NC) and Spike S1
fragments from six other coronaviruses, namely HCoV-229E,
HCoV-HKU1, HCoV-NL63, HCoV-OC43, MERS-CoV and
SARS-CoV-1 was performed with the One Lambda single-
antigen bead assay, [LABScreen™ COVID Plus ®, One
Lambda], as previously described (22). Plates were then
analyzed on a Luminex FLEXMAP 3D instrument (Luminex
Corp. Austin, TX). Thresholds for positivity of each antibody
were defined based on package insert.

Antibodies Against SARS-CoV-2 Variants
and Other Common Coronaviruses
Spike S1 and RBD fragments from various SARS-CoV-2 variants
(Sino Biologicals, Wayne, PA) with the amino acid substitutions
are listed in Supplementary Table 1 and schematically in
Figure 3A. Each variant was conjugated to separate beads that
are not overlapped with the beads on the existing LABScreen™

COVID Plus ® bead panel. The variant bead pool was spiked into
the LABScreen™ COVID Plus ® bead panel before the assay
was performed.

IFN-g/IL-2 FluoroSpot
PBMC were seeded at 500,000 cells/well in 96 well FluoroSpot
plates (Cellular Technology Ltd) with CTL-Test Media cell
culture medium containing 1% L-glutamine and anti-CD28
mAb (0.1 µg/ml). Test wells were performed in duplicate and
supplemented with 15-mer overlapping peptides covering the
immunedominant regions of the S glycoprotein (573 amino
acids) (PepTivator SARS-CoV-2 Prot S, Miltenyi Biotec), the
complete NC protein (102 peptides) (PepTivator SARS-CoV-2
Prot N, Miltenyi Biotec) and the complete M protein (53
peptides) (PepTivator SARS-CoV-2 Prot M, Miltenyi Biotec) at
a final concentration of 0.5 µg/ml. Negative control wells
contained 20% DMSO and lacked peptides while positive
control wells included CEF-MHC Class I Peptide Pool “Plus”.
The fluorophore conjugates used were CTL Red-690 and FITC-
520. Assays were incubated for 24 h at 37°C. The readout was
performed following the manufacturer’s instructions for the
April 2022 | Volume 13 | Article 853682
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Human IFN-g/IL-2 Double-Color FluoroSpot kit and spots were
counted using an automated ImmunoSpot Analyzer Professional
System (both from Cellular Technology Ltd.). To quantify
antigen-specific responses, spots of the negative control wells
were subtracted from the mean spots test wells, and the results
were expressed as IFN-g, IL-2, or dual-expressing-producing
spot forming units (SFUs) per 5 x 105 PBMCs.

Statistical Analyses
All data were analyzed using Stata 17.0 (2021, Stata Corp LP,
College Station, TX) and R version 4.1.1 (R Core Team, 2021.
https://www.R-project.org/). A two-sided P value < 0.05 was
regarded as statistically significant unless stated otherwise. We
compared baseline continuous variables between kidney and liver
transplant recipients using Mann-Whitney test for continuous
variables, and Fisher’s exact test for categorical variables. We used
generalized estimating equations to compare at each time point
the proportions of antibody vaccine responders, the MFI levels of
anti-RBD antibodies, and the spot counts of IFN-g FluoroSpot.
For the subset of patients taking tacrolimus, we used generalized
linear models to compare, at time point T2 only, MFI of anti-RBD
antibodies and spot counts of IFN-g FluoroSpot, before and after
adjusting for induction therapy (indicator variable), tacrolimus
levels, mycophenolate use (indicator variable), steroids (indicator
variable). In the above mentioned multiple regression models,
proportions of responders were fitted with a Bernoulli
distribution, MFI levels with gamma distribution (to
accommodate the non-normal distribution with long right tails
of antibody levels), and spot counts of IFN-g FluoroSpot with
zero-inflated negative binomial multivariable regression (23) (the
zero-inflated model accounted for excess zero counts). We used
the Huber/White/sandwich estimator of variance for all the
regression models. We used biplots and correlation plots from
principal component analysis to summarize the main relationship
between the variables in a visual manner, using the R package
FactoMineR and factoextra. The Stata and R code for all the
analyses is freely available at: https://github.com/UMaggiore/
COVID-19-Vaccines-Liver-Kidney-Tx.

Study Approval
The study was conducted in accordance with the Declaration of
Helsinki, and the protocol was approved by the Padua IRB.
Informed consent was obtained by all patients prior
to participation.
RESULTS

Study Population and Clinical Outcomes
The study included 102 consenting adult organ transplant
recipients (52 kidney and 50 liver transplant recipients) who
received a mRNA vaccine between March and April 2021
(Table 1). All subjects completed the two vaccination doses.
Two kidney transplant recipients and zero liver transplant
recipients had prior documented SARS-CoV-2 infection.

At vaccination, median time from transplantation was over
10 years, but the range was wide in both cohorts. Median age was
Frontiers in Immunology | www.frontiersin.org 3
60.8 years and kidney transplant recipients were significantly
younger than liver transplant recipients (1). Most kidney and all
liver recipients obtained the organs from deceased donors.

The maintenance immunosuppression regimens included
calcineurin inhibitors, mTOR inhibitors, MMF, and steroids.
The use of steroids and MMF was higher in kidney transplant
recipients (P<0.001 for both, Table 1). Unlike kidney
transplant recipients, no liver transplant recipients received
thymoglobulin induction, and a proportion of them received
no induction treatment.

Overall, the vaccine was well tolerated. The patients were
interviewed at the follow-up visit, three months after first vaccine
dose, and they reported no adverse events. During the 6 months
follow-up period after vaccination, 1 liver transplant recipient
developed SARS-CoV-2 infection.

Integrated Analysis of Anti-SARS-CoV-2
Vaccine Response
To identify the key elements of the immune response to SARS-
CoV-2 vaccine, we integrated the antibody and T cell results at T2
(3 weeks after the second vaccine administration) for all organ
transplant recipients using a principal component analysis (PCA).
Antibody levels against SARS-CoV-2 spike antigens (represented
by the orange arrows) were the main determinant of overall
variability of assay results. The contribution given to the overall
variability (depicted by the length of the arrows along the x-axis in
Figure 1A) was also related to the type of solid organ
transplantation (Figure 1A). PCA analysis further showed that
the first principal component was highly and equally correlated
with all anti-SARS-CoV-2 antibodies (Figure 1B). Therefore, we
used anti-receptor binding domain (RBD) antibody levels as
surrogate marker of all other anti-SARS-CoV-2 antibody
responses (including S, S1, and S2 epitopes) as these antibodies
have been associated with the highest viral neutralizing capacity
(24). Because PCA analysis also suggested that IgG anti-common
cold coronavirus responses were uncorrelated with anti-SARS-
CoV-2 responses (Figure 1A), we analyzed other anti-other
coronaviruses antibody responses independently of anti-SARS-
CoV-2 antibody responses. Finally, PCA suggested that T cell
responses projected on different dimensions compared to
antibody responses (Figure 1B). Therefore, we did not try to
search for joined patterns of antibody and T cell responses, and
we analyzed T cell response separately.

Anti-SARS-CoV-2 Vaccine
Antibody Response
Wemeasured total IgG levels against SARS-CoV-2 trimeric spike
(S), S1, S2, RBD, and nucleocapsid (NC) viral antigens at the
time of the first vaccine dose (before vaccination; T0), after the
first vaccine dose (at the time for the second vaccination; T1),
and at 3 weeks after the second vaccine dose (T2) (Figure 2A). In
response to vaccination, individual transplant recipients had
either no response or had increased antibody levels against
several epitopes of the spike protein. In contrast, anti-NC IgG
levels did not significantly change after vaccination, consistent
with the fact that this viral antigen is not included in the mRNA
vaccine (Figure 2A). Based on serologies present at T0, there
April 2022 | Volume 13 | Article 853682
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were five kidney and five liver transplant recipients with evidence
of previous immune responses to SARS-CoV-2. This allowed us
to separate visualization of longitudinal changes in antibody
strength in those with or without previous infection
(Supplementary Figures 1 A, B).

While baseline (T0) MFI levels of anti-RBD IgG did not differ
between kidney and liver transplant recipients, by T2 antibodies
increased significantly more in liver than in kidney transplant
recipients (MFI increase: -14037 [95% CI: -9999 to -18076;
P<0.001]; Figure 2B). Therefore, at T2, mean MFI of anti-RBD
IgG was more than three times higher in liver compared to kidney
transplant recipients (MFI 19617 vs 6056; P<0.001) (Figure 2B).

Based on the manufacturer cutoff, we next defined patients
with antibody levels for anti-RBD IgG (MFI: 8800) as
“responders”. Consistent with the MFI data (Figure 2B), the
percentage of responders increased significantly less in kidney
than in liver transplant recipients at both T1 and T2 (Figure 2C).
Frontiers in Immunology | www.frontiersin.org 4
Similar trends were seen for S, S1, and S2 epitopes (data not
shown). In summary, kidney transplant recipients had an
inferior serologic response compared to liver transplant
recipients (38.0% vs 89.6% at T2) (Figure 2C). These trends
did not change when we limited analysis to only patients who
were non-responders at T0 (no prior immunization and no
serological evidence of previous infection; data not shown).
Additional sensitivity analyses of the subgroup of patients on
MMF, including MMF dose and those including the variable
mTORi did not change our findings.

Crude and Adjusted Analyses of
Post-Vaccine Antibody Responses
Against SARS-CoV-2 Variants
Since liver transplant recipients were receiving lower
immunosuppression compared to kidney transplant recipients,
we repeated the analyses by adjusting these comparisons for
TABLE 1 | Study population’s characteristics.

Overall (n=102) SOT Type P value

Kidney (n=52) Liver (n=50)

Age at time of the first dose (yrs) 102 60.7 ± 9.9 52 57.5 ± 10.8 50 64.0 ± 7.7 0.001
Gender (% M) 71 (69.6%) 34 (65.4%) 37 (74.0%) 0.393
Previous COVID-19 2 (2.0%) 2 (3.8%) 0 0.495
Months elapsed since transplantation 102 125.6 ± 154.1 52 110.5 ± 79.0 50 141.4 ± 204.9 0.959
BMI (Kg/m2) 77 25.2 ± 4.6 52 24.6 ± 4.1 25 26.3 ± 5.4 0.140
Donor type (% Living) 9 (8.8%) 9 (17.3%) 0 0.003
Induction therapy
No Induction 39 (38.2%) 9 (17.3%) 30 (60.0%) <0.001
ATG 30 (29.4%) 30 (57.7%) 0
Basiliximab 33 (32.4%) 13 (25.0%) 20 (40.0%)

Tacrolimus 84 (82.4%) 46 (88.5%) 38 (76.0%) 0.123
Cyclosporine 13 (12.7%) 6 (11.5%) 7 (14.0%) 0.773
mTOR-inhibitors 24 (23.5%) 9 (17.3%) 15 (30.0%) 0.164
MMF 57 (55.9%) 41 (78.8%) 16 (32.0%) <0.001
Steroids 43 (42.2%) 40 (76.9%) 3 (6.0%) <0.001
Tacrolimus trough levels (ng/mL) 84 5.2 ± 2.0 46 6.2 ± 1.4 38 3.9 ± 1.8 <0.001
Cyclosporine trough levels (ng/mL) 14 111.1 ± 116.9 6 80.0 ± 9.7 8 134.4 ± 154.4 1.000
mTOR-inhibitors trough levels (ng/mL) 9 4.1 ± 1.2 7 3.7 ± 0.9 2 5.6 ± 0.6 0.111
MMF dosage (mg/day) 58 834.3 ± 556.4 42 741.2 ± 298.1 16 1078.8 ± 919.5 0.349
History of treatment for rejection 5 (4.9%) 0 5 (10.0%) 0.025
Cause of ESKD
Glomerular disease 9 (17.3%) 9 (17.3%) 0
ADPKD 15 (28.8%) 15 (28.8%) 0
Other Congenital/Pyelonephritis/Interstitial nephritis 6 (11.5%) 6 (11.5%) 0
Nephroangiosclerosis 4 (7.7%) 4 (7.7%) 0
Systemic vasculitis 1 (1.9%) 1 (1.9%) 0
Other 17 (32.7%) 17 (32.7%) 0

Cause of liver failure
Alcoholic cirrhosis 11 (22.0%) 0 11 (22.0%)
HBV +/- HDV cirrhosis 12 (24.0%) 0 12 (24.0%)
HCV cirrhosis 14 (28.0%) 0 14 (28.0%)
HBV + HCV cirrhosis 2 (4.0%) 0 2 (4.0%)
Alcoholic + HCV and/or HBV +/- HDV 3 (6.0%) 0 3 (6.0%)
PBC or PSC 5 (10.0%) 0 5 (10.0%)
Cryptogenic or dysmetabolic cirrhosis 3 (6.0%) 0 3 (6.0%)

Previous cancer 37 (36.3%) 18 (34.6%) 19 (38.0%) 0.837
Autoimmune disease 1 (1.0%) 0 1 (2.0%) 0.490
April 2022 | Volume 13 | Article
Continuous data are reported as number of nonmissing variables, mean ± SD; categorical data are reported as number of nonmissing variables and percentages. SOT, solid organ
transplant; ATG, anti-thymocyte globulin; MMF, mycophenolate mofetil; ESKD, end stage kidney disease; ADPKD, autosomal dominant polycystic kidney disease; HBV, hepatitis B virus;
HDV, hepatitis D virus; HCV, hepatitis C virus; PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis.
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induction and maintenance immunosuppression (tacrolimus
levels, mycophenolate use, and steroid use). This analysis was
an attempt at estimating to what extent the difference in MFI at
T2 would have changed had the two groups received the same
amount and type of immunosuppression. Since adjustments for
tacrolimus levels can be performed only within individuals on
tacrolimus therapy, we focused only on patients on tacrolimus (n
= 84). Besides Ig anti-RBD, we carried out the same analysis on
the antibodies against each of several other variants of SARS-
CoV-2 (Figure 3A). Elicited antibodies recognized all variants
tested, but at lower strength when compared with the original
Wuhan strain (Figure 3B). The analyses showed that, although
adjustment for immunosuppression attenuated the differences in
MFI at T2 between kidney and liver transplant recipients, the
Frontiers in Immunology | www.frontiersin.org 5
difference remained substantial for virtually any SARS-CoV-2
variant (Figure 3B).

Antibody Response Against Other
Coronaviruses
To determine if the differences in antibody levels was specific to
vaccine induced antibodies, we measured antibody levels against
other coronaviruses over the course of vaccination. There was no
difference in antibody levels between kidney and liver transplant
recipients measured at any time point (Figure 3C).

T Cell Responses
We measured anti-S protein IFN-g and IL-2 T cell responses
at the same time points of antibody assessment. Similar to the
A B

FIGURE 1 | Principal component analysis (PCA) of all the assays after second vaccination. (A) Analysis included antibodies against anti-SARS-CoV-2, anti-SARS-
CoV-2 variants, and common coronaviruses, and IFN-g and IL-2 T cell responses. The axes represent the two variables, among all those generated by PCA, that
ranked first in terms of proportion of assay variability. The variables are represented by arrows; blue arrows = Fluorospot assays, orange arrows = anti-SARS-CoV-2
serological assays, yellow = serological assays for other coronaviruses. The angle between arrows represents the correlation between assays: assays with the same
direction have a correlation coefficient of 1, those with opposite directions have a correlation coefficient of -1. Those that are perpendicular to each other have a
correlation coefficient of 0. The patients are represented by data points with individual point size proportional to the quality of representation in the bi-dimensional
plot. The plot is based on data after two vaccinations only (T2). The categorical variable type-of-solid-organ-transplantation (i.e. kidney vs liver) is added to the plot as
a supplementary variable to visualize how the pattern of correlated variables and cloud of data points are distributed between types of solid organ transplantation.
The colored ellipses represent the 95% confidence ellipses of the scatter around overall assay mean of each group (liver = blue or kidney = red). (B) Correlation
between the five principal components extracted from PCA and the original variables (assays: T cell reactivity and IgG against SARS-CoV2 antigens and variants and
other coronaviruses, including common coronaviruses: HCoV229E-S1, HCoVHKU1-S1, HCoVNL63S-S1, HCoVOC43-S1). As shown by the legend in the rightmost
column, the correlation is represented by a color gradient as follows: blue for positive correlation, red for negative correlation, and white for no correlation. The
correlation coefficient is represented by a circle, the diameter of which is proportional to the strength of the correlation. The variability explained by the principal
components Dim.1 to Dim.5 was 67.7, 8.7, 5.6, 3.8, and 3.5%, respectively (not shown).
April 2022 | Volume 13 | Article 853682
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anti-S antibody results, we found that both kidney and liver
transplant recipients had similarly few viral reactive T cells pre-
vaccine (Figure 4A). However, after vaccination, IFN-g
producing cells did not increase in kidney transplant recipients
(T1 vs T0, P=0.51; T2 vs T0, P=0.59), whereas they increased
after the first dose in liver transplant recipients (T1 vs T0,
P=0.010; T2 vs T0, P=0.017). Accordingly, at both T1 and T2
the number of viral reactive T cells was higher in liver compared
to kidney transplant recipients (at T1, 25.6 vs 10.8 [P=0.025]; at
T2, 27.9 vs 10.9 [P=0.021]; Figure 4B). After adjustment for
immunosuppression in the subset of patients on tacrolimus, viral
reactive T cells were still numerically higher in liver transplant
recipients although the difference was no longer statistically
significant (P=0.31; Supplementary Figure 2).

We next compared IFN-g producing T cells between patients
who were antibody responders and non-responders at T2 (anti-
RBD IgG MFI >8800). At T2, antibody responders had a
significantly greater increase in IFN-g producing T cells than
non-responders (26.2 vs 9.3; P=0.010) (Figure 4C).

We detected very few IL-2-producing or IL-2/IFN-g double
producing T cells in response to S protein either before or serially
after vaccination (Supplementary Figure 3). While there is no
statistical difference between the organs, there were more
subjects with IL-2+ IFN-g+ cells among the liver compared
with kidney transplant recipients.

We found virtually no IFN-g+ and IL-2+ T cells in response
to M and NC proteins (not shown). Results did not change when
Frontiers in Immunology | www.frontiersin.org 6
we analyzed only patients who were non-responders at T0 (no
prior immunization; data not shown).
DISCUSSION

To the best or our knowledge, no study has formally compared
anti-SARS-CoV-2 vaccine responses between kidney and liver
transplant recipients, but comparisons across separate studies
indicate that the rates of response are higher in liver transplant
recipients (10, 16, 25). Consistent with previous studies, we
found that liver transplant recipients have higher antibody
responses against SARS-CoV-2 S antigen upon vaccination
than kidney transplant recipients. This was associated with the
more common use of thymoglobulin induction, higher use of
MMF, the higher blood trough levels of tacrolimus in kidney
transplant recipients. However, differences in antibody response
persisted also after adjusting for all these factors, suggesting that
there is an independent effect of the transplanted graft on the
antibody response. Intriguingly, kidney transplant recipients had
lower seroconversion despite being younger than liver transplant
recipients. As younger age has been associated with higher
response rates than older age (26, 27), the difference in
seroconversion might have been even more pronounced if
patients in the two groups had similar age.

With the limitations of a relatively small sample size, our
data support the hypothesis that poor kidney function (either
A

B C

FIGURE 2 | Anti-viral IgG levels in kidney and liver transplant recipients after SARS-CoV-2 vaccination. Serum samples were collected at the time of the first (T0)
and the second (T1) mRNA SARS-CoV-2 vaccine administration, and at 3 weeks after the second dose (T2). (A) Serological response of individual subjects against
each of the tested viral antigens. Level considered positive is indicated by dotted horizontal lines for each antibody specificity. (B) Levels of IgG anti-RBD in kidney
(blue) and liver (red) kidney transplant recipients at each time point. (C) Analyses shown in panel B were repeated after stratifying patients based on anti-RBD antibody
response (MFI threshold for positivity: 8880). Horizontal lines represent 95 percent confidence intervals. *P < 0.05, **P < 0.01. MFI, Mean Fluorescence Intensity.
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pre-transplant, while patients are on dialysis or after transplant)
might affect the immune response to vaccination. In particular,
data indicate that uremia associates with increased T cell
exhaustion (28) and low response to vaccines (29), which
could, at least partially, explain, the impaired serological
responses to SARS-CoV-2 vaccines in kidney transplant
recipients, as well as in patients with kidney failure (30, 31).
Frontiers in Immunology | www.frontiersin.org 7
Consistent with this hypothesis, response to SARS-CoV-2
vaccine in patients with liver failure is not significantly
impaired (32).

Driven by the results of the PCA analysis, we decided to use
anti-RBD IgG responses as a surrogate of the other antibodies.
These antibodies have been used by most prior publications
(8, 33), which allows us to put our data in the prospective of the
A

B

C

FIGURE 3 | Antibody responses against the SARS-CoV-2 variants and non-SARS-CoV-2 coronaviruses. (A) Schematic of the SARS-CoV-2 S1 region with N
terminal domain (NTD) and receptor binding domain (RBD) indicated. Vertical drop downs list the location and amino acid changes from each variant conjugated to
the beads. (B) Crude and adjusted levels of IgG anti-RBD in various SARS-CoV-2 variants in kidney (blue) and liver (red) kidney transplant recipients on tacrolimus at
T2. Adjusted analysis was adjusted for induction, blood tacrolimus levels, mycophenolate use, and steroid use. Horizontal lines represent 95 percent confidence
intervals. n.s., not significant; *P < 0.05, **P < 0.01. (C) Antibody strength directed against the S1 region of non-SARS-CoV-2 coronaviruses. MFI thresholds for
positivity: HCoV229ES1: 11,636; HCoVHKU1S1: 6,161; HCoVNL63SS1: 6,392; HCoVOC43S1: 4,888; MERSCoVS1: 27; SARSCoV1: 58.
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available literature. However, our study contains additional
granular information on the IgG levels against multiple
epitopes in the S protein. These data indicate that, although
post-vaccine anti-spike protein IgG levels were lower in
transplant patients than what has been previously reported in
the general population, transplant recipients have no selective
impairment in the response against multiple defined epitopes of
the viral protein.
Frontiers in Immunology | www.frontiersin.org 8
Our study also tested the vaccine induced serological
responses of organ transplant recipients against multiple
variants of the SARS-CoV-2. While direct comparisons across
different epitopes is not possible due to the potential for different
numbers of antigen molecules of the Luminex beads used for
testing, our data indicate that transplant recipients showing a
serological response to the Wuhan variant of the virus also
produce antibodies against the other virus variants.
A

B

C

FIGURE 4 | Anti-spike IFN-g+ T cell responses in kidney and liver transplant recipients after SARS-CoV-2 vaccination. (A) Anti-spike IFN-g+ T cell spots of individual
subjects (natural logarithmic scale). (B) Number of spots of anti-S IFN-g FluoroSpot in kidney (blue) and liver (red) transplant recipients at each time point. (C) Analyses
shown in panel B were repeated after stratifying patients based on anti-RBD antibody response (MFI threshold for positivity: 8880) (kidney and liver transplant recipients
have been pooled together for this analysis). Horizontal lines represent 95 percent confidence intervals n.s., not significant; *P < 0.05, **P < 0.01.
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Importantly, all the tested variants include changes in the
sequence of the RBD portion of S protein (Figure 3A) which
may affect their antigenic properties. This finding is important,
especially considering the growing number of variants that are
emerging. Intriguingly, liver transplant recipients had higher IgG
levels against many of these variants than kidney transplant
recipients even after statistical adjustments. Further studies are
needed to confirm this potentially relevant finding.

We also used Luminex to test antibody responses against
common coronaviruses and, as predicted, we found that these
responses were not affected by vaccination, supporting the
specificity of our assays.

We found a relationship between anti-SARS-CoV-2 antibody
formation and T cell responses, as documented by the fact that
patients with antibody seroconversion (responders) had also
higher levels of IFN-g producing T cells at T2 (Figure 4C).
These data confirm and expand previous findings by others (34,
35). However, we also noticed patients with serological
conversion that did not have detectable anti-SARS-CoV-2 IFN-
g T cell responses. This is consistent with the notion that anti-
SARS-CoV-2 antibody production is, at least in part, T cell-
independent (36).

Intriguingly, anti-SARS-CoV-2 IFN-g T cell responses were
more affected by immunosuppression than the anti-SARS-CoV-
2 antibody formation. The significantly higher IFN-g T responses
in liver compared to kidney transplant recipients was no longer
present after adjustments for immunosuppression. Although T
cells are thought to represent the major contributors to IFN-g
production in response to SARS-CoV-2 antigens (37), the
FluoroSpot assay does not allow discrimination of whether
other cell subsets, including NK cells, are implicated in this
response. The impact of the kind of transplanted graft on these
cells might be minor, while they could be significantly affected
by immunosuppression.

Contrary to prior studies (33, 38), we found limited numbers
of anti-SARS-CoV-2 IL-2+ T cells in both kidney and liver
transplant recipients. The fact that T cell response in these
patients was predominantly IFN-g+ might be due the fact that,
at variance from prior studies, ours focused on early time-points,
which could be dominated by IFN-g T cell responses.

Our assays do not provide information on the specific T cell
epitopes eliciting immune responses or HLA restriction nor on
the T cell killing capacity. However, testing peptides with HLA
restrictions would limit power of the study as the number of
patients with shared HLA is limited.

We also acknowledge that, despite our multivariable analyses
(including induction therapy and ongoing chronic
immunosuppression), our results could be biased by
confounders that we could not take into account. However,
time post-transplant (which is correlated with overall exposure
to immunosuppression) was similar between groups, suggesting
that different immunosuppression levels between the two cohorts
were not responsible for the differences in vaccine responses.

Finally, our study did not include a cohort of healthy
controls. However, the literature is very clear in indicating that
over 95% of healthy individuals have an effective Ab response
Frontiers in Immunology | www.frontiersin.org 9
to SARS-CoV2 vaccine (39–42). Therefore, it is reasonable to
assume that the transplanted individuals included in our study
had a significantly lower response regardless from the
transplanted organs.

In summary, the anti-SARS-CoV-2 IgG production
in response to mRNA vaccine is impaired in kidney transplant
recipients more than in liver transplant recipients. This difference
is largely explained by the higher immunosuppression levels in
kidney transplant recipients, but it is also independently affected
by the kind of transplanted organ (or failure or the native organs).
Understanding the mechanisms responsible for these differences
may allow unraveling new strategies to increase post-vaccine
antibody production in poorly responsive individuals.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The study was conducted in accordance with the Declaration of
Helsinki, and the protocol was approved by the Padua IRB.
Informed consent was obtained by all patients prior to
participation. The patients/participants provided their written
informed consent to participate in this study.
AUTHOR CONTRIBUTIONS

LF, FPR, PB, GZ, JM, and PC designed the study. LF, FPR, and
PB collected the samples and clinical information. DB processed
the clinical samples. JL and YK performed the antibody analyses
by Luminex. SH performed the FluoroSpot assays. UM analyzed
the data and helped writing the manuscript. JSM and PC
wrote the first draft of the manuscript. All authors contributed
to the article and approved the submitted version.
FUNDING

This work was funded in part by Thermo Fisher Scientific/One
Lambda, Inc. (to JM). PC has been supported by the NIH grant
R01 AI132949. The funders were not involved in the study
design, collection, analysis, interpretation of data, the writing
of this article or the decision to submit it for publication.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2022.853682/
full#supplementary-material
April 2022 | Volume 13 | Article 853682

https://www.frontiersin.org/articles/10.3389/fimmu.2022.853682/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.853682/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Furian et al. COVID-19 Vaccine in Transplantation
REFERENCES
1. Woodle ES, Gebel HM, Montgomery RA, Maltzman JS. SARS-CoV-2

Vacc ina t ion , Immune Responses , and Ant ibody Tes t ing in
Immunosuppressed Populations: Tip of the Iceberg. Transplantation (2021)
105(9):1911–3. doi: 10.1097/TP.0000000000003859

2. Kumar D, Blumberg EA, Danziger-Isakov L, Kotton CN, Halasa NB, Ison
MG, et al. Influenza Vaccination in the Organ Transplant Recipient: Review
and Summary Recommendations. Am J Transpl (2011) 11(10):2020–30.
doi: 10.1111/j.1600-6143.2011.03753.x

3. Lindemann M, Zaslavskaya M, Fiedler M, Wilde B, Heinemann FM, Heinold
A, et al. Humoral and Cellular Responses to a Single Dose of Fendrix in Renal
Transplant Recipients With Non-Response to Previous Hepatitis B
Vaccination. Scand J Immunol (2017) 85(1):51–7. doi: 10.1111/sji.12497

4. Friedrich P, Sattler A, Muller K, Nienen M, Reinke P, Babel N. Comparing
Humoral and Cellular Immune Response Against HBV Vaccine in Kidney
Transplant Patients. Am J Transpl (2015) 15(12):3157–65. doi: 10.1111/
ajt.13380

5. Thuluvath PJ, Robarts P, Chauhan M. Analysis of Antibody Responses After
COVID-19 Vaccination in Liver Transplant Recipients and Those With
Chronic Liver Diseases. J Hepatol (2021) 75(6):1434–9. doi: 10.1016/
j.jhep.2021.08.008

6. Werbel WA, Boyarsky BJ, Ou MT, Massie AB, Tobian AAR, Garonzik-Wang
JM, et al. Safety and Immunogenicity of a Third Dose of SARS-CoV-2
Vaccine in Solid Organ Transplant Recipients: A Case Series. Ann Intern
Med (2021) 174(9):1330–2. doi: 10.7326/L21-0282

7. Boyarsky BJ, Werbel WA, Avery RK, Tobian AAR, Massie AB, Segev DL, et al.
Antibody Response to 2-Dose SARS-CoV-2 mRNA Vaccine Series in Solid
Organ Transplant Recipients. JAMA (2021) 325(21):2204–6. doi: 10.1001/
jama.2021.7489

8. Boyarsky BJ, Werbel WA, Avery RK, Tobian AAR, Massie AB, Segev DL, et al.
Immunogenicity of a Single Dose of SARS-CoV-2 Messenger RNA Vaccine in
Solid Organ Transplant Recipients. JAMA (2021) 325(17):1784–6.
doi: 10.1001/jama.2021.4385

9. Yi SG, Knight RJ, Graviss EA, Moore LW, Nguyen DT, Ghobrial RM, et al.
Kidney Transplant Recipients Rarely Show an Early Antibody Response
Following the First COVID-19 Vaccine Administration. Transplantation
(2021) 105(7):e72–e3. doi: 10.1097/TP.0000000000003764

10. Grupper A, Katchman H. Reduced Humoral Response to mRNA SARS-CoV-
2 BNT162b2 Vaccine in Kidney Transplant Recipients Without Prior
Exposure to the Virus: Not Alarming, But Should be Taken Gravely. Am J
Transpl (2021) 21(8):2909. doi: 10.1111/ajt.16710

11. Marinaki S, Adamopoulos S, Degiannis D, Roussos S, Pavlopoulou ID,
Hatzakis A, et al. Immunogenicity of SARS-CoV-2 BNT162b2 Vaccine in
Solid Organ Transplant Recipients. Am J Transpl (2021) 21(8):2913–5.
doi: 10.1111/ajt.16607

12. Benotmane I, Gautier-Vargas G, Cognard N, Olagne J, Heibel F, Braun-Parvez
L, et al. Weak Anti-SARS-CoV-2 Antibody Response After the First Injection
of an mRNA COVID-19 Vaccine in Kidney Transplant Recipients. Kidney Int
(2021) 99(6):1487–9. doi: 10.1016/j.kint.2021.03.014

13. Terrec F, Jouve T, Malvezzi P, Janbon B, Naciri Bennani H, Rostaing L, et al.
Belatacept Use After Kidney Transplantation and Its Effects on Risk of
Infection and COVID-19 Vaccine Response. J Clin Med (2021) 10(21):1–28.
doi: 10.3390/jcm10215159

14. D'Offizi G, Agrati C, Visco-Comandini U, Castilletti C, Puro V, Piccolo P,
et al. Coordinated Cellular and Humoral Immune Responses After Two-Dose
SARS-CoV2 mRNA Vaccination in Liver Transplant Recipients. Liver Int
(2021) 42(1):180–6. doi: 10.1111/liv.15089

15. Guarino M, Cossiga V, Esposito I, Furno A, Morisco F. Effectiveness of
SARS-CoV-2 Vaccination in Liver Transplanted Patients: The Debate Is
Open! J Hepatol (2021) 76(1):237–9. doi: 10.1016/j.jhep.2021.07.034

16. Rabinowich L, Grupper A, Baruch R, Ben-Yehoyada M, Halperin T, Turner D,
et al. Low Immunogenicity to SARS-CoV-2 Vaccination Among Liver Transplant
Recipients. J Hepatol (2021) 75(2):435–8. doi: 10.1016/j.jhep.2021.04.020

17. Strauss AT, Hallett AM, Boyarsky BJ, Ou MT, Werbel WA, Avery RK, et al.
Antibody Response to Severe Acute Respiratory Syndrome-Coronavirus-2
Messenger RNA Vaccines in Liver Transplant Recipients. Liver Transpl (2021)
27(12):1852–6. doi: 10.1002/lt.26273
Frontiers in Immunology | www.frontiersin.org 10
18. Rashidi-Alavijeh J, Frey A, Passenberg M, Korth J, Zmudzinski J, Anastasiou
OE, et al. Humoral Response to SARS-Cov-2 Vaccination in Liver Transplant
Recipients-A Single-Center Experience. Vaccines (Basel) (2021) 9(7):1–8.
doi: 10.3390/vaccines9070738

19. Ruether DF, Schaub GM, Duengelhoef PM, Haag F, Brehm TT, Fathi A, et al.
SARS-CoV2-Specific Humoral and T-Cell Immune Response After Second
Vaccination in Liver Cirrhosis and Transplant Patients. Clin Gastroenterol
Hepatol (2021) 20(1):162–72. doi: 10.1016/j.cgh.2021.09.003

20. Caillard S, Thaunat O. COVID-19 Vaccination in Kidney Transplant
Recipients. Nat Rev Nephrol (2021) 17(12):785–7. doi: 10.1038/s41581-021-
00491-7

21. Prendecki M, Thomson T, Clarke CL, Martin P, Gleeson S, De Aguiar RC, et al.
Imperial Renal C-vsgicwtOSC. Immunological Responses to SARS-CoV-2
Vaccines in Kidney Transplant Recipients. Lancet (2021) 398(10310):1482–4.
doi: 10.1016/S0140-6736(21)02096-1

22. Bray RA, Lee JH, Brescia P, Kumar D, Nong T, Shih R, et al. Development and
Validation of a Multiplex, Bead-Based Assay to Detect Antibodies Directed
Against SARS-CoV-2 Proteins. Transplantation (2021) 105(1):79–89.
doi: 10.1097/TP.0000000000003524

23. Periwal SB, Spagna K, Shahabi V, Quiroz J, Shroff KE. Statistical Evaluation
for Detection of Peptide Specific Interferon-Gamma Secreting T-Cells
Induced by HIV Vaccine Determined by ELISPOT Assay. J Immunol
Methods (2005) 305(2):128–34. doi: 10.1016/j.jim.2005.03.010

24. Min L, Sun Q. Antibodies and Vaccines Target RBD of SARS-CoV-2. Front
Mol Biosci (2021) 8:671633. doi: 10.3389/fmolb.2021.671633

25. Boyarsky BJ, Chiang TP, Teles AT, Greenberg RS, Krach MR, Ou MT, et al.
Antibody Kinetics and Durability in SARS-CoV-2 mRNA Vaccinated Solid
Organ Transplant Recipients. Transplantation (2021) 105(10):e137–8.
doi: 10.1097/TP.0000000000003863

26. Collier DA, Ferreira I, Kotagiri P, Datir RP, Lim EY, Touizer E, et al. Age-
Related Immune Response Heterogeneity to SARS-CoV-2 Vaccine
BNT162b2. Nature (2021) 596(7872):417–22. doi: 10.1038/s41586-021-
03739-1

27. Muller L, Andree M, Moskorz W, Drexler I, Walotka L, Grothmann R, et al.
Age-Dependent Immune Response to the Biontech/Pfizer BNT162b2
Coronavirus Disease 2019 Vaccination. Clin Infect Dis (2021) 73(11):2065–
72. doi: 10.1093/cid/ciab381

28. Hartzell S, Bin S, Cantarelli C, Haverly M, Manrique J, Angeletti A, et al.
Kidney Failure Associates With T Cell Exhaustion and Imbalanced Follicular
Helper T Cells. Front Immunol (2020) 11:583702. doi: 10.3389/
fimmu.2020.583702

29. Speer C, Goth D, Benning L, Buylaert M, Schaier M, Grenz J, et al. Early
Humoral Responses of Hemodialysis Patients After COVID-19 Vaccination
With BNT162b2. Clin J Am Soc Nephrol (2021) 16(7):1073–82. doi: 10.2215/
CJN.03700321

30. Krueger KM, Ison MG, Ghossein C. Practical Guide to Vaccination in All
Stages of CKD, Including Patients Treated by Dialysis or Kidney
Transplantation. Am J Kidney Dis (2020) 75(3):417–25. doi: 10.1053/
j.ajkd.2019.06.014

31. Anand S, Montez-Rath ME, Han J, Garcia P, Cadden L, Hunsader P, et al.
Antibody Response to COVID-19 Vaccination in Patients Receiving Dialysis.
J Am Soc Nephrol (2021) 32(10):2435–8. doi: 10.1681/ASN.2021050611

32. Calleri A, Saracco M, Pittaluga F, Cavallo R, Romagnoli R, Martini S.
Seroconversion After Coronavirus Disease 2019 Vaccination in Patients
Awaiting Liver Transplantation: Fact or Fancy? Liver Transpl (2021) 28
(2):180–7. doi: 10.1002/lt.26312

33. Hall VG, Ferreira VH, Ku T, Ierullo M, Majchrzak-Kita B, Chaparro C, et al.
Randomized Trial of a Third Dose of mRNA-1273 Vaccine in Transplant
Recipients. N Engl J Med (2021) 385(13):1244–6. doi: 10.1056/NEJMc2111462

34. Angyal A, Longet S, Moore SC, Payne RP, Harding A, Tipton T, et al. T-Cell
and Antibody Responses to First BNT162b2 Vaccine Dose in Previously
Infected and SARS-CoV-2-Naive UK Health-Care Workers: A Multicentre
Prospective Cohort Study. Lancet Microbe (2022) 3(1):e21–31. doi: 10.1016/
S2666-5247(21)00275-5

35. MakWA, Koeleman JGM, van der Vliet M, Keuren F, Ong DSY. SARS-CoV-2
Antibody and T Cell Responses One Year After COVID-19 and the Booster
Effect of Vaccination: A Prospective Cohort Study. J Infect (2022) 84(2):171–8.
doi: 10.1016/j.jinf.2021.12.003
April 2022 | Volume 13 | Article 853682

https://doi.org/10.1097/TP.0000000000003859
https://doi.org/10.1111/j.1600-6143.2011.03753.x
https://doi.org/10.1111/sji.12497
https://doi.org/10.1111/ajt.13380
https://doi.org/10.1111/ajt.13380
https://doi.org/10.1016/j.jhep.2021.08.008
https://doi.org/10.1016/j.jhep.2021.08.008
https://doi.org/10.7326/L21-0282
https://doi.org/10.1001/jama.2021.7489
https://doi.org/10.1001/jama.2021.7489
https://doi.org/10.1001/jama.2021.4385
https://doi.org/10.1097/TP.0000000000003764
https://doi.org/10.1111/ajt.16710
https://doi.org/10.1111/ajt.16607
https://doi.org/10.1016/j.kint.2021.03.014
https://doi.org/10.3390/jcm10215159
https://doi.org/10.1111/liv.15089
https://doi.org/10.1016/j.jhep.2021.07.034
https://doi.org/10.1016/j.jhep.2021.04.020
https://doi.org/10.1002/lt.26273
https://doi.org/10.3390/vaccines9070738
https://doi.org/10.1016/j.cgh.2021.09.003
https://doi.org/10.1038/s41581-021-00491-7
https://doi.org/10.1038/s41581-021-00491-7
https://doi.org/10.1016/S0140-6736(21)02096-1
https://doi.org/10.1097/TP.0000000000003524
https://doi.org/10.1016/j.jim.2005.03.010
https://doi.org/10.3389/fmolb.2021.671633
https://doi.org/10.1097/TP.0000000000003863
https://doi.org/10.1038/s41586-021-03739-1
https://doi.org/10.1038/s41586-021-03739-1
https://doi.org/10.1093/cid/ciab381
https://doi.org/10.3389/fimmu.2020.583702
https://doi.org/10.3389/fimmu.2020.583702
https://doi.org/10.2215/CJN.03700321
https://doi.org/10.2215/CJN.03700321
https://doi.org/10.1053/j.ajkd.2019.06.014
https://doi.org/10.1053/j.ajkd.2019.06.014
https://doi.org/10.1681/ASN.2021050611
https://doi.org/10.1002/lt.26312
https://doi.org/10.1056/NEJMc2111462
https://doi.org/10.1016/S2666-5247(21)00275-5
https://doi.org/10.1016/S2666-5247(21)00275-5
https://doi.org/10.1016/j.jinf.2021.12.003
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Furian et al. COVID-19 Vaccine in Transplantation
36. Woodruff MC, Ramonell RP, Nguyen DC, Cashman KS, Saini AS, Haddad
NS, et al. Extrafollicular B Cell Responses Correlate With Neutralizing
Antibodies and Morbidity in COVID-19. Nat Immunol (2020) 21(12):1506–
16. doi: 10.1038/s41590-020-00814-z

37. Le Bert N, Tan AT, Kunasegaran K, Tham CYL, Hafezi M, Chia A, et al.
SARS-CoV-2-Specific T Cell Immunity in Cases of COVID-19 and SARS, and
Uninfected Controls. Nature (2020) 584(7821):457–62. doi: 10.1038/s41586-
020-2550-z

38. Fava A, Donadeu L, Sabe N, Pernin V, Gonzalez-Costello J, Llado L, et al.
SARS-CoV-2-Specific Serological and Functional T Cell Immune Responses
During Acute and Early COVID-19 Convalescence in Solid Organ Transplant
Patients. Am J Transpl (2021) 21(8):2749–61. doi: 10.1111/ajt.16570

39. Ebinger JE, Fert-Bober J, Printsev I, Wu M, Sun N, Prostko JC, et al. Antibody
Responses to the BNT162b2 mRNA Vaccine in Individuals Previously
Infected With SARS-CoV-2. Nat Med (2021) 27(6):981–4. doi: 10.1038/
s41591-021-01325-6

40. Steensels D, Pierlet N, Penders J, Mesotten D, Heylen L. Comparison of
SARS-CoV-2 Antibody Response Following Vaccination With BNT162b2
and mRNA-1273. JAMA (2021) 326(15):1533–5. doi: 10.1001/jama.
2021.15125

41. Hirotsu Y, Amemiya K, Sugiura H, Shinohara M, Takatori M, Mochizuki H,
et al. Robust Antibody Responses to the BNT162b2 mRNA Vaccine Occur
Within a Week After the First Dose in Previously Infected Individuals and
After the Second Dose in Uninfected Individuals. Front Immunol (2021)
12:722766. doi: 10.3389/fimmu.2021.722766
Frontiers in Immunology | www.frontiersin.org 11
42. El Sahly HM, Baden LR, Essink B, Doblecki-Lewis S, Martin JM, Anderson EJ,
et al. Efficacy of the mRNA-1273 SARS-CoV-2 Vaccine at Completion of Blinded
Phase. N Engl J Med (2021) 385(19):1774–85. doi: 10.1056/NEJMoa2113017

Conflict of Interest: JM has received research support and honoraria from
Thermo Fisher Scientific/One Lambda, Inc.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Furian, Russo, Zaza, Burra, Hartzell, Bizzaro, Di Bello, Di Bella,
Nuzzolese, Agnolon, Florman, Rana, Lee, Kim, Maggiore, Maltzman and Cravedi.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
April 2022 | Volume 13 | Article 853682

https://doi.org/10.1038/s41590-020-00814-z
https://doi.org/10.1038/s41586-020-2550-z
https://doi.org/10.1038/s41586-020-2550-z
https://doi.org/10.1111/ajt.16570
https://doi.org/10.1038/s41591-021-01325-6
https://doi.org/10.1038/s41591-021-01325-6
https://doi.org/10.1001/jama.2021.15125
https://doi.org/10.1001/jama.2021.15125
https://doi.org/10.3389/fimmu.2021.722766
https://doi.org/10.1056/NEJMoa2113017
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Differences in Humoral and Cellular Vaccine Responses to SARS-CoV-2 in Kidney and Liver Transplant Recipients
	Introduction
	Materials and Methods
	Study Population
	Safety
	Blood Collection, Serum Isolation and Storage
	Anti-SARS-CoV-2 Antibody Measurement
	Antibodies Against SARS-CoV-2 Variants and Other Common Coronaviruses
	IFN-&gamma;/IL-2 FluoroSpot
	Statistical Analyses
	Study Approval

	Results
	Study Population and Clinical Outcomes
	Integrated Analysis of Anti-SARS-CoV-2 Vaccine Response
	Anti-SARS-CoV-2 Vaccine Antibody Response
	Crude and Adjusted Analyses of Post-Vaccine Antibody Responses Against SARS-CoV-2 Variants
	Antibody Response Against Other Coronaviruses
	T Cell Responses

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


