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Summary
Background Solid organ transplant recipients have attenuated immune responses to SARS-CoV-2 vaccines. In this
study, we report on immune responses to 3rd- (V3) and 4th- (V4) doses of heterologous and homologous vaccines in
a kidney transplant population.

Methods We undertook a single centre cohort study of 724 kidney transplant recipients prospectively screened for
serological responses following 3 primary doses of a SARS-CoV2 vaccine. 322 patients were sampled post-V4 for
anti-spike (anti-S), with 69 undergoing assessment of SARS-CoV-2 T-cell responses. All vaccine doses were received
post-transplant, only mRNA vaccines were used for V3 and V4 dosing. All participants had serological testing per-
formed post-V2 and at least once prior to their first dose of vaccine.

Findings 586/724 (80.9%) patients were infection-na€ıve post-V3; 141/2586 (24.1%) remained seronegative at 31 (21-
51) days post-V3. Timing of vaccination in relation to transplantation, OR: 0.28 (0.15-0.54), p=0.0001; immunosup-
pression burden, OR: 0.22 (0.13-0.37), p<0.0001, and a diagnosis of diabetes, OR: 0.49 (0.32-0.75), p=0.001,
remained independent risk factors for non-seroconversion. Seropositive patients post-V3 had greater anti-S if primed
with BNT162b2 compared with ChAdOx1, p=0.001.

Post-V4, 45/239 (18.8%) infection-na€ıve patients remained seronegative. De novo seroconversion post-V4 occurred
in 15/60 (25.0%) patients. There was no difference in anti-S post-V4 by vaccine combination, p=0.50. T-cell
responses were poor, with only 11/54 (20.4%) infection-naive patients having detectable T-cell responses post-V4,
with no difference seen by vaccine type.

Interpretation A significant proportion of transplant recipients remain seronegative following 3- and 4- doses of
SARS-CoV-2 vaccines, with poor T-cell responses, and are likely to have inadequate protection against infection. As
such alternative strategies are required to provide protection to this vulnerable group.
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Research in context

Evidence before this study

We searched PubMed from inception to 12th May 2022
for studies in English reporting responses to 3rd and
4th dose SARS-CoV-2 vaccine in kidney transplant recip-
ients (KTR) using the search terms “vaccine”, “kidney
transplant”, “immune response”, “SARS-CoV-2”, “Covid-
19”. There are currently a small number of published
studies investigating immune responses to fourth dose
SARS-CoV-2 vaccination in KTR with all but one study
limited to patients receiving mRNA vaccines. Results
from other studies show that a proportion (10-50%) of
patients with no detectable serological response after 3
doses of vaccination can seroconvert after a 4th but
they are unlikely to have significant anti-spike antibody
concentrations or possess neutralising capabilities.
There are no data available comparing heterologous
and homologous vaccine dosing schedules.

Added value of this study

This study is the first to report fourth dose SARS-CoV-2
vaccine immune responses in transplant recipients
receiving heterologous dosing schedules. We show that
24% and 19% of kidney transplant recipients without
prior natural infection, do not have any detectable spike
protein antibody in response to 3rd and 4th doses of
vaccine respectively. T cell responses are poor following
fourth dose vaccination regardless of prior infection sta-
tus. In contrast to three-dose vaccination, there was no
benefit of heterologous dosing schedule on either the
proportion or magnitude of serological responses.

Implications of all the available evidence

Repeated vaccinations will not result in immune
responses or protection from infection in all kidney
transplant recipients. However, there is a now a broad
spectrum of responses related to the diverse combina-
tion of prior infection and vaccine schedules used, base-
line immunosuppression and patient comorbidities. We
recommend a more personalised approach to the man-
agement of transplant recipients, initially using serologi-
cal screening to identify vaccine non-responders who
are most likely to be at risk of adverse outcomes follow-
ing infection.
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Introduction
There will now be significant heterogeneity in the
immune repertoire against COVID-19 in the popula-
tion, reflecting a combination of evolving vaccination
policies over the last 2 years and infection due to an
array of different variants.1 In the general population,
additional booster vaccinations have served to ensure
adequate protection against severe infection with the
emergence of the Omicron variant. The immune signa-
ture against COVID-19 in immunocompromised people
could be considered even more diverse than that of the
general population, with vaccine responses being addi-
tionally dependent upon the underlying condition and
treatment.2,3 Recognised as having attenuated immune
responses to COVID-19 vaccines, immunocompro-
mised people in the UK are now being offered their 5th
vaccine dose, coupled with eligibility for community
therapeutic interventions, including monoclonal anti-
body treatment, should they become infected.2,4

Some immunocompromised individuals will fail to
mount an immune response to vaccination, but there
remains no policy for the clinical testing of vaccine
responses in this or wider population, which is largely
due to the lack of a definition of an adequate response,
or correlate of protection. Herein we report on the
immune responses to 3rd- and 4th- doses of heterolo-
gous and homologous vaccines in a kidney transplant
population, to inform the immune landscape in this
severely immunosuppressed population prior to their
5th vaccine dose.
Methods

Study population
The study included 724 kidney transplant recipients,
under the care of the Imperial College Renal and Trans-
plant Centre, London. Patients were sampled at their
first routine clinic appointment after their 3rd- and 4th
vaccine. Patients had previously provided consent for
prospective follow up following 1st and 2nd vaccine
doses, as previously described.2 As such, all participants
had serological testing performed following 2- (V2), and
3- (V3) vaccines, and at least once prior to their 1st dose
of vaccine. An additional 322 patients were investigated
for immune responses following their 4th dose (V4).
All vaccines were received post-transplant, and sam-
pling occurred between September 2021 and April
2022. The study ‘The effect of COVID-19 on Renal and
Immunosuppressed patients’, sponsored by Imperial
College London, was approved by the Health Research
Authority, Research Ethics Committee (Reference: 20/
WA/0123).
Serological testing
Serum was tested for antibodies to nucleocapsid protein
(anti-NP) using the Abbott Architect SARS-CoV-2 IgG 2
step chemiluminescent immunoassay (CMIA) accord-
ing to manufacturer’s instructions. This is a non-quanti-
tative assay and samples were interpreted as positive or
negative with a threshold index value of 1.4. Spike pro-
tein antibodies (anti-S IgG) were detected using the
Abbott Architect SARS-CoV-2 IgG Quant II CMIA.
Anti-S antibody titres are quantitative with a threshold
value for positivity of 7.1 BAU/ml, to a maximum value
of 5680 BAU/ml.
www.thelancet.com Vol 53 Month , 2022
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Infection diagnosis
Infection was defined serologically or via confirmation
with RT-PCR or lateral flow testing. The detection of
anti-NP on current or historic samples, or the presence
of anti-S at baseline (pre-vaccine) or historic samples,
was required for the definition of prior infection by sero-
logical methods. Prior to December 2021, prior infec-
tion was determined by the presence of anti-NP or
receptor binding domain (RBD) antibodies, using an in-
house double binding antigen ELISA (Imperial Hybrid
DABA; Imperial College London, London, UK), which
detects total RBD antibodies.
T cell ELISpot
SARS-CoV-2 specific T-cell responses were detected using
the T-SPOT� Discovery SARS-CoV-2 (Oxford Immuno-
tec) according to the manufacturer’s instructions, and as
previously described.2 In brief, peripheral blood mononu-
clear cells (PBMCs) were isolated from whole blood sam-
ples with the addition of T-Cell SelectTM (Oxford
Immunotec) where indicated. 250,000 PBMCs were
plated into individual wells of a T-SPOT� Discovery
SARS-CoV-2 plate. The assay measures immune
responses to SARS-CoV-2 structural peptide pools; S1 pro-
tein, S2 protein, and positive PHA (phytohemagglutinin)
and negative controls. Cells were incubated and inter-
feron-g secreting T cells were detected. Spot forming units
(SFU) were detected using an automated plate reader
(Autoimmun Diagnostika). Infection-na€ıve, unvaccinated
participants were used to identify a threshold for a positive
response using mean +3 standard deviation SFU/106

PBMC, as previously described.2 This resulted in a cut-off
for positivity of 40 SFU/106 PBMC.
Statistical analysis
Statistical analysis was conducted using Prism 9.3.1
(GraphPad Software Inc., San Diego, California). Unless
otherwise stated, all data are reported as median with
interquartile range (IQR). Where appropriate, Mann-Whit-
ney U and Kruskal-Wallis tests were used to assess the dif-
ference between 2 or >2 groups, with Dunn’s post-hoc
test to compare individual groups. For serological
responses post-V3, multivariable analysis was carried out
using multiple logistic regression using variables which
were found to be significant on univariable analysis,
p<0.05 . The univariable factors considered are shown in
Table 1. For serological and cellular responses post-V4,
given the smaller sample size, we considered all of the var-
iables shown in Table 2, and included all variables with a
p value of <0.15 in the multivariable model, as shown in
Supplemental Information, Table S2 and S5.
Role of funding source
The funders had no role in the study design, collection,
analysis, and interpretation of data, in the writing of the
www.thelancet.com Vol 53 Month , 2022
report, or in the decision to submit the paper for publi-
cation. All authors had full access to all the data in the
study and responsibility for the decision to submit for
publication.
Results
We assessed 724 kidney transplant recipients follow-
ing 3rd vaccine doses (V3); 586 (80.9%) were infec-
tion-na€ıve, with 138 (19.1%) having evidence of prior
infection (Figure S1). A further 322 patients were
sampled following a 4th vaccine dose; 239 (74.2%)
were infection-na€ıve, and 83 (25.8%) had evidence of
prior infection.
Serological responses in infection-naïve patients post-
V3 and V4
Following V3, 141 (24.1%) infection-na€ıve patients
remained seronegative at a median time of 31 (21-51)
days post-vaccination. De novo seroconversion post-V3
occurred in 138/279 (49.5%) patients who were sero-
negative post-V2, (Figure S2). Patients who were sero-
positive post-V3 were more likely to have received their
1st dose of vaccine more than one-year post-transplant
(p<0.001), be maintained on tacrolimus monotherapy
(p<0.001), primed (V1 and V2) with BNT162b2
(p=0.0086) and not have a diagnosis of diabetes
(p=0.005) (Table 1). Sampling of seropositive, infection-
na€ıve patients post-V3 occurred significantly later than
seronegative patients, at a median time of median 33
(21-53) and 24 (21-43) days respectively, p=0.007.

On multivariable analysis, timing of vaccination after
transplantation, OR: 0.28 (0.15-0.54), p=0.0001; immu-
nosuppression burden, OR: 0.22 (0.13-0.37), p<0.0001,
and a diagnosis of diabetes, OR: 0.49 (0.32-0.75),
p=0.001, remained independent risk factors for non-
seroconversion, (Table S1).

Following receipt of the vaccine combinations ChA-
dOx1(V1/2)-mRNA1273(V3), ChAdOx1(V1/2)-BNT162b2
(V3), BNT162b2(V1/2)-mRNA1273(V3) or all BNT162b2
(V1/2/3), the proportion of patients seropositive post-V3
was 15/31 (48.4%), 181/245 (73.9%), 18/25 (72.0%) and
231/285 (81.1%) respectively. Of the patients who
received BNT162b2 as V3, a significantly higher propor-
tion of those who received BNT162b2 compared with
ChAdOx1 for priming were seropositive, p=0.048. Of
the 445 seropositive patients post-V3, anti-S concentra-
tions in patients receiving ChAdOx1(V1/2)-mRNA1273
(V3), ChAdOx1(V1/2)-BNT162b2(V3), BNT162b2(V1/2)-
mRNA1273(V3) and BNT162b2(V1/2/3), were 319 (125-
3213), 518 (98-2049), 412 (106-841) and 1110 (246-
2969) BAU/ml respectively, with significantly higher
levels in those primed with BNT162b2 compared with
ChAdOx1, p=0.0011, (Figure 1A).

Following V4, 45/239 (18.8%) infection-na€ıve
patients remained seronegative after a median period of
3



Characteristics No seroconversion Seroconversion p value
N= 141 (%) N= 445 (%)

Gender Male 93 (66.0) 291 (65.4) 0.90

Female 48 (34.0) 154 (34.6)

Age at 1st vaccine Years (Median) 61 (51-68) 60 (49-67) 0.39

Ethnicity Caucasiana 73 (51.8) 221 (49.7) 0.66

Black 13 (9.2) 27 (6.1)

Indoasian 38 (27.0) 137 (30.8)

Other 17 (12.1) 60 (13.5)

Cause of ESKD Polycystic kidney disease 17 (12.1) 52 (11.7) 0.41

Glomerulonephritisa 41 (29.1) 146 (32.8)

Diabetic nephropathy 27 (19.1) 67 (15.1)

Urological 8 (5.7) 43 (9.7)

Unknown 30 (21.3) 93 (20.9)

Other 18 (12.8) 44 (9.9)

Number of transplants received 1 117 (83.0) 395 (88.8) 0.072

≥2 24 (17.0) 50 (11.2)

1st vaccine <1 year post- No 116 (82.3) 418 (93.9) <0.0001

Transplant Yes 25 (17.7) 27 (6.1)

Type of transplant Deceased Donor 83 (58.9) 240 (53.9) 0.07

Living Donora 49 (34.8) 193 (43.4)

Simultaneous Pancreas-Kidney 9 (6.4) 12 (2.7)

Induction agent Alemtuzumaba 76 (53.9) 325 (73.0) <0.0001

IL2 receptor antagonist 32 (22.7) 41 (9.2)

None 5 (3.5) 16 (3.6)

Unknown 28 (19.9) 63 (14.2)

Immunosuppression type CNI Monotherapya 29 (20.6) 244 (54.8) <0.0001

CNI/MMF (orAza) 57 (40.4) 99 (22.2)

CNI/MMF/Prednisolone 42 (29.8) 57 (12.8)

CNI/Prednisolone 9 (6.4) 42 (9.4)

MMF (or Aza)/Prednisolone 1 (0.7) 1 (0.2)

Other 3 (2.1) 2 (0.4)

Diabetes No 79 (56.0) 307 (69.0) 0.005

Yes 62 (44.0) 138 (31.0)

Priming vaccine type BNT162b22 61 (43.3) 249 (56.0) 0.0086

ChAdOx12 80 (56.7) 196 (44.0)

Time between 1st 2 vaccinations Days (median) 74 (63-78) 75 (67-78) 0.51

Time between 2nd -3rd vaccinations Days (median) 167 (145-189) 174 (156-189) 0.033

Time of serological test post-V3 Days (median) 24 (21-43) 33 (21-53) 0.007

Table 1: Clinical characteristics in 586 infection-naïve transplant recipients by serostatus following 3rd primary vaccine dose.
a Comparator. CNI (Calcineurin inhibitor); MMF (mycophenolate); Aza (Azathioprine).
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41 (25-64) days (Figure S2). De novo seroconversion
post-V4 occurred in 15/60 (25.0%) patients who were
seronegative post-V3. Clinical characteristics associ-
ated with lack of seroconversion post-V4 included
number of transplants received, immunosuppression
type, vaccine combination, and time between 3rd
and 4th doses (Table 2). On multivariable analysis
receiving ≥2 different classes of immunosuppression
medications, OR: 0.41(0.17-0.90), p=0.033 was asso-
ciated with non-seroconversion; whilst seropositivity
was more likely with shorter time intervals between
doses 3 and 4, OR: 0.99 (0.97-0.99), p=0.039,
(Table S2).
There was no difference in the proportion of patients
who were seropositive post-V4 following BNT162b2(V1-
4) compared with ChAdOx1(V1/2)-BNT162b2(V3/4), at
99/115 (86.1%) versus 73/89 (82.0%) respectively,
p=0.43 (Figure 1B). Serostatus post-V4 in the other vac-
cine combinations maybe found in the Supplemental
Information (Table S3). Of the 194 seropositive patients
post-V4, anti-S concentrations in patients receiving
ChAdOx1-BNT162b2, 678 (167-284) BAU/ml, were no
different compared with those patients who received
BNT162b2, 865 (179-3936) BAU/ml, p=0.50. Anti-S
concentrations for the other vaccine combinations are
shown in the Supplemental Information (Table S3).
www.thelancet.com Vol 53 Month , 2022



Characteristics No seroconversion Seroconversion p value
N= 45 (%) N= 194 (%)

Gender Male 27 (60.0) 122 (62.9) 0.72

Female 18 (40.0) 72 (37.1)

Age at 1st vaccine Years (Median) 58 (50-66) 61 (53-68) 0.22

Ethnicity Caucasian 28 (62.2) 121 (62.4) 0.48

Black 5 (11.1) 10 (5.2)

Indoasian 8 (17.8) 42 (21.6)

Other 4 (8.9) 21 (10.8)

Cause of ESKD Polycystic kidney disease 5 (11.1) 28 (14.4) 0.78

Glomerulonephritis 17 (37.8) 66 (34.0)

Diabetic nephropathy 4 (8.9) 26 (13.4)

Urological 4 (8.9) 20 (10.3)

Unknown 8 (17.8) 36 (18.6)

Other 7 (15.6) 18 (9.3)

Number of transplants received 1 32 (71.1) 168 (86.6) 0.014

≥2 13 (28.9) 26 (13.4)

1st vaccine <1 year post-transplant No 39 (86.7) 183 (94.3) 0.07

Yes 6 (13.3) 11 (5.7)

Type of transplant Deceased Donor 25 (55.6) 92 (47.4) 0.45

Living Donor 17 (37.8) 93 (47.9)

Simultaneous Pancreas-Kidney 3 (6.7) 9 (4.6)

Induction agent Alemtuzumaba 25 (55.6) 123 (63.4) 0.049

IL2 receptor antagonist 12 (26.7) 25 (12.9)

None 0 13 (6.7)

Unknown 8 (17.8) 33 (17.0)

Immunosuppression type CNI Monotherapya 9 (20.0) 88 (45.4) <0.0001

CNI/MMF (orAza) 11 (24.4) 64 (33.0)

CNI/MMF/Prednisolone 21 (46.7) 20 (10.3)

CNI/Prednisolone 3 (6.7) 19 (9.8)

MMF (or Aza)/Prednisolone - 1 (0.5)

Other 1 (2.2) 2 (1.0)

Diabetes No 30 (66.7) 136 (70.1) 0.65

Yes 15 (33.3) 58 (29.9)

Vaccine type BNT162b2 20 (44.4) 111 (57.2) 0.12

ChAdOx1 25 (55.6) 83 (42.8)

Vaccine combination BNT162b2/ mRNA-1273 1 (2.2) - 0.001

BNT162b2/ mRNA-1273/ 3 (6.7) 12 (6.4)

BNT162b2 16 (35.6) 99 (52.9)

BNT162b2 5 (11.1) 2 (1.1)

ChAdOx1/mRNA-1273 4 (8.9) 8 (4.3)

ChAdOx1/mRNA-1273/ BNT162b2 16 (35.6) 73 (37.6)

ChAdOx1/ BNT162b2

Time between 1st and 2nd vaccinations Days (median) 71 (63-77) 75 (65-78) 0.21

Time between 2nd and 3rd vaccinations Days (median) 160 (142-189) 167 (153-184) 0.41

Time between 3rd and 4th vaccinations Days (median) 116 (95-130) 98 (92-112) 0.005

Time of serological test post-V4 Days (median) 38 (28-53) 42 (23-66) 0.66

Table 2: Clinical characteristics in 239 infection-naïve transplant recipients by serostatus following 4th vaccine dose.
a Comparator. CNI (Calcineurin inhibitor); MMF (mycophenolate); Aza (Azathioprine).
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There was a significant difference in anti-S con-
centration in seropositive patients post-V4 in relation
to which vaccine dose led to seroconversion. The
median anti-S post-V4 in infection-na€ıve patients
who seroconverted post-V2 was 1561 (567-5211)
BAU/ml, which was significantly higher than the
www.thelancet.com Vol 53 Month , 2022
median concentration of 379 (101-851) BAU/ml in
patients who had seroconverted post-V3, p<0.0001,
(Figure 1C). This was in turn significantly greater
compared with those patients who only serocon-
verted post-V4, with a median anti-S of 19 (9.7-48)
BAU/ml, p=0.0013 (Figure 1C).
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Figure 1. Serological responses to 3rd and 4th dose vaccination.
(A) Anti-S concentrations post-V3 in infection-naïve patients receiving ChAdOx12-mRNA1273, ChAdOx12-BNT162b2, BNT162b22-

mRNA1273 and BNT162b23, were 319 (125-3213), 518 (98-2049), 412 (106-841) and 1110 (246-2969) BAU/ml respectively. Signifi-
cantly higher concentrations were seen with BNT162b2 as V3 following priming with BNT162b2 compared with ChAdOx1, p=0.0011
(B) Anti-S concentrations post-V4 in infection-naïve patients receiving ChAdOx12-mRNA1273-BNT162b2, ChAdOx12-BNT162b22,
BNT162b22-mRNA1273-BNT162b2 and BNT162b24, were no different between groups. (C) Anti-S concentrations post-V4 by dose of
vaccine seroconverted. +++, -++, and -+ denote seroconversion post V2, V3 and V4 respectively. The median anti-S in infection-
naïve patients post-V4 in those seroconverting post V2-, V3- or V4- were 1561 (567-5211), (101-851) and 19 (9.7-48) BAU/ml respec-
tively. (D) Anti-S concentrations post 2nd-, 3rd- and 4th vaccinations by infection exposure Anti-S concentrations were greater in
patients with prior infection (568 (54-2237) post-V2, 3791 (1142-5680) post-V3 and 3993 (835-5680) BAU/ml post-V4) compared
with infection-naïve patients (9.2 (7.1-173) post-V2, 295 (9.1-1611) post-V3 or 437 (26-2211) BAU/ml post-V4). There was no differ-
ence between post-V2 concentrations in patients with prior infection compared with infection naïve individuals post-V3, p=0.06 or
post-V4, p=0.99.
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In those patients who responded post-V2, anti-S was
significantly higher post-V3, with concentrations of 148
(30-617) and 1401 (472-3213) BAU/ml respectively,
p<0.0001. However, no differences were seen post-V4,
1561 (567-5211) BAU/ml, compared with post-V3,
p=0.17 (Figure S3).
Comparison of anti-S concentrations by vaccination
and infection status
Of 138 patients with prior infection, 6/138 (4.3%)
remained seronegative post-V3 at a median time of 34
(21-48) days. Five of 6 patients had infection confirmed
via RT-PCR testing, with the remaining patient having
positive serology pre-vaccination. At a median time of
36 (21-59) days post-V4, 4/83 (4.8%) patients with prior
infection remained seronegative, all 4 patients had
infection diagnosed via RT-PCR testing.

Comparing all (seronegative and seropositive) anti-S
concentrations following each vaccine, patients with a
history of SARS-CoV-2 infection had significantly
higher anti-S compared with infection-na€ıve patients
(Figure 1D). Post-V2 anti-S was 568 (54-2237) and 9.2
(7.1-173) BAU/ml in those with a history of SARS-CoV-2
infection compared with infection-na€ıve patients respec-
tively, p<0.0001. Post-V3 concentrations in infection
exposed were 3791 (1142-5680) BAU/ml compared with
295 (9.1-1611) BAU/ml in infection-na€ıve patients,
p<0.0001; whilst post-V4 concentrations were 3993
(835-5680) and 437 (26-2211) BAU/ml respectively,
p<0.0001 (Figure 1D). There was no difference between
post-V2 concentrations in patients with prior exposure
www.thelancet.com Vol 53 Month , 2022



Figure 2. Cellular responses to 4th dose vaccination.
(A) T-cell responses were greater in infection-naïve individu-

als who were seropositive post-V4, 10 (2-34) SFU/106 PBMC,
compared with those who were seronegative, 1 (0-8) SFU/106
PBMC. (B) There was no difference in the magnitude of cellular
responses between those patients who were primed with ChA-
dOx12 compared with BNT162b22, with a median 9 (1-65) and 6
(2-19) SFU/106 PBMC respectively, p=0.72. (C) T-cell responses

Articles
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compared with infection-na€ıve individuals post-V3,
p=0.06 or post-V4, p=0.99.
Cellular responses post-V4
Fifty-four infection-na€ıve patients were assessed for T-
cell responses post-V4. T-cell responses were detectable
in only 11/54 (20.4%) of patients sampled at 38 (27-55)
days post-V4. Clinical characteristics associated with T-
cell response included younger age and being of non-
Caucasian background (Table S4). On multivariable
analysis, increasing age, OR: 0.88 (0.77-0.97), p=0.026
and Caucasian ethnicity, OR: 0.03 (0.00-0.33), p=0.08,
remained independent factors associated with no detect-
able T-cell responses (Table S5). Patients who failed to
seroconvert had significantly lower T cell responses
than those with a detectable serological response post-
V4 (Figure 2A). There was no difference in T cell
responses between infection na€ıve patients receiving
difference vaccine combinations (Figure 2B).

Fifteen of 83 (18.1%) infection-exposed individuals
underwent T-cell assessment post-V4; 8/15 (53.3%)
patients had detectable T-cell responses, which was pro-
portionately higher than infection-na€ıve individuals
post-V4, p=0.012. Overall T-cell responses were greater
in infection exposed compared with infection-na€ıve
individuals, with a median SFU/106 PBMC of 92 (8-
212) and 6 (2-26) respectively, p=0.0098 (Figure 2C).
Discussion
This study shows that 24% and 19% of kidney trans-
plant recipients do not have any detectable spike protein
antibody in response to 3rd and 4th doses of vaccine
respectively. For those patients who seroconvert after 3
or 4 doses, antibody concentrations remain lower than
those patients who responded after 2 doses. Following
3rd dose vaccination, timing of first vaccination after
transplantation, immunosuppression burden, and a
diagnosis of diabetes, were independent risk factors for
non-seroconversion. Following 4th dose vaccination,
receiving ≥2 different classes of immunosuppression
medications was associated with non-seroconversion;
whilst seropositivity was more likely with shorter time
intervals between doses 3 and 4. Furthermore, T-cell
responses are poor post-V4, which is compatible with
the universal use of calcineurin inhibitors in this group
of KTRs and the majority of solid organ transplant recip-
ients across the globe. The use of such agents together
with other potent immunosuppressants in transplant
recipients, probably also explains the weak T-cell
were greater in infection exposed compared with infection-
naïve individuals, with a median SFU/106 PBMC of 92 (8-212)
and 6 (2-26) respectively, p=0.0098.

*For purposes of data representation, values of 0 were
replaced by 1.
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responses to natural infection. Therefore, for solid
organ transplant recipients, routine clinical testing for
anti-S response will help identify those with no
response, who maybe at highest risk of an adverse out-
come if infected.

Previous studies have reported on immune
responses to 4 doses of mRNA-based vaccines in trans-
plant recipients with similar findings that patients with
no detectable anti-S response post-V3 can seroconvert
post-V4 in 10-50% of cases, but they are unlikely to have
significant anti-spike concentrations or possess neutral-
ising capabilities.5−9 This is in contrast to the general
population in whom there is evidence for booster doses
of vaccination leading to enhanced immunological
responses and protection from infection.10 Our data
also analyse comparative V4 data in transplant recipi-
ents receiving heterologous vaccines. Given evidence
suggesting that heterologous vaccination dosing may
result in at least equivocal, if not enhanced, serological
and cellular responses in both the general population
and transplant recipients post-V3, comparing vaccina-
tion schedules is an important consideration.11,12 After
V4, we found no immune advantage of heterologous
versus homologous vaccinations. However, we recog-
nise that the ELISpot assay we utilise uses IFN-g as the
sole read out for T-cell reactivity, underestimating T-cell
responses overall, and we do not report on antibody
neutralising capabilities.13,14

Limitations of our study include the cross-sectional,
non-randomised design including patients from a sin-
gle centre which may not be representative of the wider
population of KTR. Of specific relevance is our use of a
steroid sparing immunosuppression protocol, with ste-
roids only being introduced to treat rejection, should it
occur. Therefore, patients receiving triple immunosup-
pression are a surrogate for those who have experienced
rejection in our population. As tacrolimus monotherapy
use was associated with seroconversion post vaccina-
tion, it maybe that our data underestimate serological
responses in other solid organ transplant populations.
Furthermore, data on other clinical factors such as renal
function, body mass index, immunosuppression levels,
are not available for this study, and may further influ-
ence immunological responses to vaccines in this popu-
lation. In addition, T cell responses following V4 were
only measured in a subset of patients. We are also
unable to make any conclusions regarding vaccine effi-
cacy against infection or disease, however anti-S IgG is
acknowledged to be a surrogate for clinically relevant
outcomes.

Consistent with this immunogenicity data, real
world vaccine efficacy has been shown to be inferior
in immunocompromised people, who have been at
highest risk of breakthrough infections and severe
disease, in the pre-Omicron era.15−17 So, what does
this mean for the strategic forward planning to pro-
tect transplant recipients? The data shown in this
study suggest that a proportion of transplant recipi-
ents who have not responded to the first 4 vaccines,
are unlikely to develop meaningful protection with a
fifth. Whilst for other immunocompromised people,
mostly those on B-cell directed therapies, robust
SARS-CoV-2 T-cell responses have been demon-
strated in the absence of antibodies, for solid organ
transplant patients who are commonly maintained
on both B-cell and T-cell inhibiting agents, this will
not necessarily be the case.3,18 With treatment
options also limited in this group, related to relative
contraindications and drug interactions, alternative
strategies are required to provide protection to this
vulnerable group. Modulating immunosuppression
regimens at time of vaccination has been shown to
be effective in patients being treated for inflamma-
tory conditions, however this strategy may be of
greater risk and consequences in transplant recipi-
ents at risk of rejection.19,20 Novel vaccine platforms
such as those designed to induce mucosal immunity,
or altered antigen sequences, targeting current var-
iants or incorporating conserved epitopes beyond the
spike region may also be of benefit. However, pre-
exposure prophylaxis with passive immunity from
neutralising monoclonal antibodies whilst they
remain effective against the current dominant vari-
ant, is likely to currently be the best option in those
with impaired responses.21

In summary, we have shown that repeated vaccina-
tions will not adequately protect all transplant recipi-
ents. However, there is a spectrum of immune
responses in patients in relation to vaccination and
infection. It will disadvantage many immunocompro-
mised people if they are managed as a uniform cohort
irrespective of underlying disease, treatment or infec-
tion status. We recommend developing a more person-
alised approach to their management, starting with
antibody screening which is widely available clinically to
identify the vaccine non-responders who are likely to be
the most immune suppressed and at risk of an adverse
outcome with infection.
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