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Introduction: The immune responses of kidney transplant recipients against
SARS-CoV-2 remains under studied.
Methods: In this prospective pilot study, we performed comprehensive immune
profiling using cellular, proteomic, and serologic assays on a cohort of 9 kidney
transplant recipients and 12 non-transplant individuals diagnosed with COVID-19.
Results: Our data show that in addition to having reduced SARS-CoV-2 specific
antibody levels, kidney transplant recipients exhibited significant cellular differences
including a decrease in naïve—but increase in effector T cells, a high number of
CD28+ CD4 effector memory T cells, and increased CD8 T memory stem cells
compared with non-transplant patients. Furthermore, transplant patients had lower
concentrations of serum cytokine MIP-1β as well as a less diverse T cell receptor
repertoire.
Conclusion:Overall, our results show that compared to non-transplant patients, kidney
transplant recipients with SARS-CoV-2 infection exhibit an immunophenotype that is
reminiscent of the immune signature observed in patients with severe COVID-19.
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1. Introduction

The SARS-CoV-2 pandemic has a disproportionate impact on solid organ transplant

(SOT) recipients. Compared to the general population, transplant patients are more

susceptible to SARS-CoV-2 and more likely to experience severe outcomes (1–3). Patient

characteristics such as age, comorbidities, and immunosuppressive regimen have been

associated with an increased risk of severe disease (4). However, the mechanisms
Abbreviations

COVID-19, coronavirus disease; HuCoV, human coronavirus disease; Ig, immunoglobulin; IS,
immunosuppression; IFNα, interferon alpha; IFNγ, interferon gamma; IL-2R, interleukin-2 receptor; IL-4,
interleukin-4; IL-13, interleukin-13; IL-18, interleukin 18; IP-10 (CXCL10), interferon gamma-induced
protein 10; KTx, kidney transplant patients; MCP-1 (CCL2), monocyte chemoattractant protein-1; MFI,
mean fluorescence intensity; MIP-1β, macrophage inflammatory protein; MMF, mycophenolate mofetil; NC,
nucleocapsid; Non-Tx, non-transplanted/non-immunosuppressed patients; RBD, spike receptor binding
domain; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SOT, solid organ transplants;
TSCM, T memory stem cells.

01 frontiersin.org

http://crossmark.crossref.org/dialog/?doi=10.3389/frtra.2023.1261023&domain=pdf&date_stamp=2020-03-12
https://doi.org/10.3389/frtra.2023.1261023
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/frtra.2023.1261023/full
https://www.frontiersin.org/articles/10.3389/frtra.2023.1261023/full
https://www.frontiersin.org/articles/10.3389/frtra.2023.1261023/full
https://www.frontiersin.org/journals/transplantation
https://doi.org/10.3389/frtra.2023.1261023
https://www.frontiersin.org/journals/transplantation
https://www.frontiersin.org/


Fenninger et al. 10.3389/frtra.2023.1261023
contributing to the increased risk in SOT patients remain unclear

(5), as early reports indicate that patients most severely affected

by SARS-CoV-2 exhibit an exaggerated inflammatory response

which may paradoxically benefit from immunomodulation (6, 7).

Outcomes of SOT patients with SARS-CoV-2 relative to none-

immunosuppressed individuals remain uncertain. Several studies

comparing SOT recipients and non-transplant patients with

SARS-CoV-2 infection suggest that adverse outcomes and

mortality are increased in SOT patients (8, 9). However, when

adjusting for comorbidities outcomes become more comparable

(5) and some smaller studies did not find any differences

between the two cohorts at all (10, 11).

Identification of distinct immune signatures of SOT patients

against SARS-CoV-2 offers mechanistic insights into the

dysregulated immunity of immunosuppressed individuals with

COVID-19. One study reported that compared to uninfected

transplant patients, SOT recipients with symptomatic COVID-19

had fewer lymphocytes including memory CD4 and CD8 T cells

as well as a lower number of anergic and senescent CD8 T cells

but a greater frequency of activated B cells (12). SOT recipients

on immunosuppression (IS) are found to be capable of forming

SARS-CoV-2-specific antibodies even in severe cases of disease

(13). Furthermore, several groups found that inflammatory

markers and IL-6 were similar in hospitalized patients of both

cohorts (14, 15) and correlated with disease severity (16).

Despite the availability of COVID vaccines, a significant number of

transplant patients remain unvaccinated (17). In this study, we set out

to better characterize this immune response in an unvaccinated patient

cohort through use of a multi-omics approach which encompasses

quantification of serum antibody levels and immunoglobulin

isotypes, cell subtype immunophenotying, serum cytokine profiling

and T cell receptor (TCR) sequencing in unvaccinated kidney

transplant recipients and non-immunosuppressed individuals

diagnosed with symptomatic COVID-19.
2. Material and methods

2.1. Study design

This was a prospective cohort study with a primary objective to

evaluate and compare the immunological characteristics between

kidney transplant recipients and non-transplant patients admitted to

the hospital with symptomatic COVID-19. The study was approved

by the institution’s institutional review board (#H20-01715).

Both kidney transplant and non-transplant patients received

standard care treatment for COVID-19, comprising supplemental

oxygen, high-flow nasal cannula support, mechanical ventilation,

antibiotics, antiviral agents, immunomodulating medications,

vasopressor support, and renal replacement therapy, as

determined by the primary care team.
2.2. Patient population

The study was performed at Vancouver General Hospital in

British Columbia, Canada. Patients were recruited at the time of
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a confirmed positive nucleic acid amplification (NAA) test, tested

by the British Columbia Centre for Disease Control (BCCDC),

between November 2020 and June 2021, and who were >18 years

old. Samples were collected on day of recruitment, and scheduled

for 7, 14, 28 and 90 days of follow-up, including both in-patient

and out-patient sample collection. Due to logistical difficulties of

sample collection during the pandemic, longitudinal sampling

was heterogenous. In this study we therefore decided to only

select the first time point for each patient to undergo testing and

compared the assay results of kidney transplant recipients to

nontransplant controls.
2.3. Sample/data collection

Whole blood was collected using BD VacutainerTM Plastic

Blood Collection Tubes with Sodium Heparin or EDTA (Fisher

Scientific). Sera for immunoglobulin assays and cytokine

immunoassay, PBMCs for flow cytometric analysis, and buffy

coats for DNA isolation for TCR sequencing were isolated and

frozen. Genomic DNA was isolated from frozen buffy coat using

the QIAsymphony DNA Mini Kit (Qiagen). Peripheral blood

mononuclear cells (PBMC) were isolated using Lymphoprep

(STEMCELL Technologies) and stored in liquid nitrogen for later

flow cytometric analysis.
2.4. COVID plus antibody assay (IgG)

Sera was run using the LabScreen TM COVID PLUS antibody

detection assay (ThermoFisher). Target proteins include: Full Spike

extracellular domain; Spike S1; Spike Receptor Binding Domain

(RBD); Spike S2; and Nucleocapsid (NC) protein. Additionally, the

kit incorporates Spike S1 fragments from six other coronaviruses,

(CoV-229E, HCoV-HKU1, HCoVNL63, HCoV-OC43, MERS-CoV

and SARS-CoV). Antibody detection on antigen coated

microparticles was performed per manufacturer’s protocol.

Specimens were analyzed on a Luminex LABScan® 100

instrument (Luminex Corp. Austin, Tx.). Final analysis of MFI

(Mean Fluorescence Intensity) was performed using Microsoft Excel.
2.5. ImmunIQ assay (IgG, IgM, IgA)

Sera was also run on a quantitative mass spectrometry assay

that measures anti-SARS-CoV-2 IgG, IgA and IgM isotypes. Four

microliters of serum are diluted in buffer and added to RBD-

coated magnetic beads; following incubation and washing, bound

antibodies are eluted for reduction, alkylation and proteolytic

digestion with trypsin. Analysis is performed by high

performance liquid chromatography mass spectrometry

(Shimadzu LC 20AD LC system coupled to a SCIEX 5,500 triple

quadrupole mass spectrometer), where quantotypic and isotype-

specific human IgG, IgM and IgA sequences are detected, and

quantified via the inclusion of isotopically labeled internal

standard peptides for each isotype. The concentration of the
frontiersin.org
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internal standards was assigned against the ERM-DA470K certified

reference material, following our previously published approach

(18). Data was analyzed using Analyst (SCIEX v.1.6) and Skyline

(v.20.2).
2.6. Flow immune profiling cytometry
(immunophenotyping)

PBMCs were thawed and left overnight in RPMI media to

recover and then stained with Fixable Viability Stain 620 (BD

HorizonTM), and split for staining with three different panels.

These include: (1) the Dri Treg Panel (BD HorizonTM), (2) the

Dri Memory T-Cell Panel (BD HorizonTM), supplemented with

drop-in antibodies CD28, HLA DR, CD195, CD279 and CD38

(all BD PharmingenTM), and (3) a custom B cell panel consisting

of the antibodies IgM, CD3, CD24, CD19, HLA-DR, CD10, IgD,

CD38, CD138, CD27, IgG and CD20 (all BD PharmingenTM).

For the Dri Treg Panel the cells were fixed and permeabilized

using Cytofix/Cytoperm (BD). Data was acquired on a CytoFLEX

Flow Cytometer (Beckman Coulter) and analysed using Kaluza

(Beckman Coulter) and FlowJo (BD) and visualized using the

ggplot2 package of RStudio.
2.7. ProcartaPlex human cytokine
immunoassay

Patient sera was run using the InvitrogenTM ProcartaPlexTM

Human Cytokine Storm 21-plex Immunoassay (ThermoFisher).

Target cytokines included G-CSF (CSF-3), GM-CSF, IFN alpha,

IFN gamma, IL-1 beta, IL-2, IL-4, IL-5, IL-6, IL-8 (CXCL8), IL-

10, IL-12p70, IL-13, IL-17A (CTLA-8), IL-18, IP-10 (CXCL10),

MCP-1 (CCL2), MIP-1 α (CCL3), MIP-1 β (CCL4), TNF

alpha, TNF beta. Cytokine detection on magnetic microparticles

was performed as per manufacturer protocol and suggestions of

the Field Application Specialist. Briefly, the kit was allowed to

warm to room temperature. Supernatant samples were then

thawed and clarified by centrifugation at 10,000 g for 10 min. 3

vials of lyophilized standards were each reconstituted with 50 ul

of 1× Universal Assay Buffer, then pooled and topped up with

100 ul of Universal Assay Buffer to make a working 250 ul

standard containing all 21 proteins. A 1:4 serial dilution was

performed for a 7-pt standard curve with varying S1–S7

concentrations for each target and a background tube. Specimens

were analyzed on a Luminex LABScan® 100 instrument. Data

analysis was performed using ThermoFisher Lab App and Excel

2013.
2.8. TCRβ sequencing

CDR3 region of rearranged TCRβ genes were sequenced using

the immunoSEQ hsTCRB assay (Adaptive Biotechnologies, WA)

following manufacturer protocol. Briefly, PCR amplification of

the CDR3 region was performed using multiplex PCR with
Frontiers in Transplantation 03
V- and J-gene primers and universal adaptor sequences. Libraries

were sequenced on an Illumina MiSeq System (Illumina, CA)

and output files were transferred to Adaptive Biotechnologies for

TCRβ CDR3 sequence analysis using the immunoSEQ® 3.0

Analyzer (Adaptive Biotechnologies). A rearrangement was

defined as a particular nucleotide sequence considering CDR3 +

V region + J region. A template corresponded to a copy of a

specific rearrangement. Productive clonality was calculated for a

sample as 1 minus normalized Shannon’s entropy for all

productive (in-frame) rearrangements using the immunoSEQ®

3.0 Analyzer (Adaptive Biotechnologies). SARS-CoV-2 associated

TCRβ rearrangements were found in the ImmuneCODE database

using the immunoSEQ T-MAP COVID search tool (19) to

determine the bio-identity hits defined as the number of unique

rearrangements in the sample with a functional (CDR3 amino

acid + V Gene + J Gene) match in the reference library;

rearrangement hits defined as the number of unique

rearrangements in the sample with a base-by-base match in the

reference library, and total hits defined as the total number of

unique rearrangements in the sample with either a

rearrangement or bio-identity match in the reference library (19).
2.9. Data analysis

Statistical significance between the Non-Tx and the KTx group

for demographic and clinical variables were determined using a

Mann–Whitney U-test for numerical and a chi-squared test for

categorical variables. The statistical significance of the assay

results was calculated using a linear regression model in R (R

Foundation, Vienna). A result was considered statistically

significant if the p-value was ≤0.05. To determine the

importance of immune features between transplant and non-

transplant patients, a random forest analysis was performed

using the function RandomForest() from the R package

randomForest in classification mode and the mean gini decrease

and mean accuracy decrease were calculated. Mtry = 55 was

evaluated with the train() function from the caret package and

for imputation of the missing data the rfImpute() function was

used.
3. Results

Five immune monitoring assays were combined to

comprehensively characterize the immune phenotype of 21

unvaccinated patients diagnosed with SARS-CoV-2. 12 patients

were non-transplant patients not on immunosuppressive

medications (Non-Tx). The study included 9 kidney transplant

recipients maintained on immunosuppression (KTx) with a

median transplant time of approximately 4 years. 16.7% of the

Non-Tx cohort were female with a median age of 54.0 (Q1: 30.8,

Q3: 57.5) years compared to 55.6% and a median age of 65.0

(Q1: 62.0, Q3: 68.0) years in the KTx cohort. The median

number of days between the first SARS-CoV-2 positive NAA test

and the sample taken for our analysis was 13.0 (Q1: 6.5, Q3:
frontiersin.org
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TABLE 1 Demographics and clinical variables of study participants.

Not transplanted (N = 12) Transplanted (N = 9) Total (N = 21) p value
Sex 0.061

F 2 (16.7%) 5 (55.6%) 7 (33.3%)

M 10 (83.3%) 4 (44.4%) 14 (66.7%)

Blood type 0.986

Missing data 2 0 2

A 3 (30.0%) 2 (22.2%) 5 (26.3%)

AB 1 (10.0%) 1 (11.1%) 2 (10.5%)

B 3 (30.0%) 3 (33.3%) 6 (31.6%)

O 3 (30.0%) 3 (33.3%) 6 (31.6%)

Age 0.026

Median 54.0 65.0 57.0

Q1,Q3 30.8, 57.5 62.0, 68.0 44.0, 65.0

Days post transplant

Missing data 12 0 12

Median NA 1,452.0 NA

Q1,Q3 NA 1,048.0, 1,793.0 NA

Days post PCR+ 0.226

Median 13.0 20.0 15.0

Q1,Q3 6.5, 17.0 7.0, 46.0 7.0, 21.0

WBC 0.286

Missing data 2 1 3

Median 7.7 5.1 6.9

Q1,Q3 6.1, 10.9 3.2, 8.6 3.8, 10.9

Lymphocytes 0.929

Missing data 2 1 3

Median 1.7 1.5 1.6

Q1,Q3 1.5, 2.2 0.9, 2.9 1.2, 2.4

Monocytes 0.689

Missing data 2 1 3

Median 0.6 0.5 0.5

Q1,Q3 0.3, 0.7 0.4, 0.8 0.4, 0.7

Fenninger et al. 10.3389/frtra.2023.1261023
17.0) in the Non-Tx group vs. 20.0 (Q1: 7.0, Q3: 46.0) in the KTx

cohort (Table 1). Complete blood count variables such as white

blood cell-, lymphocyte- and monocyte count did not show a

significant difference between the two groups (Figure 1). Due to
FIGURE 1

CBC with differential quantifying lymphocytes, monocytes and white blood c
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limited sample availability, some patients (n = 7) were not able to

be run on all 5 assays (Supplementary Figure S1). While the

immune phenotype between the two groups was vastly different,

patients from both groups experienced mild to moderate disease
ells.
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FIGURE 2

Reactivity of serum antibodies to SARS-CoV-2 proteins determined using a luminex based assay.

Fenninger et al. 10.3389/frtra.2023.1261023
and none of the patients progressed to require mechanic ventilation

or experienced death after their immunophenotype testing.
3.1. SARS-CoV-2 serology, antibody
quantification and immunoglobulin
subclass dynamics

Semi-quantitative multiplexed analysis of IgG serum antibodies

specific to SARS-CoV-2 proteins, other endemic and novel human

coronaviruses were assessed. The KTx group produced significantly

lower levels of SARS-CoV-2-specific antibodies (SARS-CoV-2-

Nucleocapsid, SARS-CoV-2 Spike, SARS-CoV-2 Spike RBD,

SARS-CoV-2 Spike S1 or SARS-CoV-2 Spike S2, Figure 2) while

antibodies against other coronaviruses were similar in MFI levels

between the two groups (Supplementary Figure S2). To further

characterize the humoral response, we performed an in-house
FIGURE 3

Isotypes levels of SARS-CoV-2 specific antibodies as determined by the immu
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ImmunIQ assay which quantitatively detects anti-SARS-CoV-2

IgG, IgA, and IgM isotypes by using the RBD domain from the

spike protein as the capture antigen. Using this assay, IgG

antibody levels were significantly lower- and IgM antibodies

mildly reduced in the KTx cohort compared to the Non-Tx

group. In contrast, IgA antibodies showed no significant

difference between the two groups (Figure 3).
3.2. Cellular immunophenotyping of key
immune cell subsets

Immune cell phenotyping from whole blood was performed

using PBMCs with panels specific for T regulatory, T memory

and B cells. The overall CD4 and CD8 T cell as well as B cell

frequencies were not significantly different between the KTx and

Non-Tx cohort (Supplementary Figure S3). However, CD4
nIQ assay.
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FIGURE 4

Lymphocytesubpopulation frequenciesasdeterminedbyflowcytometry. (A) Subpopulation frequenciesofCD4Tcells. (B) Subpopulation frequenciesofCD8T
cells. (C) Frequencies of CD28+ CD4/CD8 effector memory T cells. (D) Frequencies of HLA-DR+CD38+ CD8+ T cells. (E) Frequencies of regulatory T cells.
(F) MFI of HLA-DR on naïve B cells. Eff: Effector; Tcm: T central memory; Teff mem: T effector memory; Tscm: T memory stem; Treg: regulatory T.

Fenninger et al. 10.3389/frtra.2023.1261023
effector and effector memory T cells were significantly increased in

the KTx patients while CD4 naïve T cell frequencies were reduced

(Figure 4A). We observed a similar pattern in the CD8 T cell

subset in which effector T cell frequencies were also significantly

increased while naïve T cell frequencies were reduced. In contrast

to the CD4 T cells, in the CD8 T cell subset T memory stem

(TSCM) cells were also increased in frequency in the KTx

cohort (Figure 4B). Patients in the KTx cohort showed loss of

CD28 expression as observed by the strong reduction of CD28+
Frontiers in Transplantation 06
T cells, particularly in the effector memory subset of both

CD4 and CD8 T cells (Figure 4C). Furthermore, frequencies

HLA-DR + CD38 + cells within the CD8 T cell population

were mildly increased in the KTx cohort (Figure 4D)

while Tregs showed a decreasing trend (Figure 4E). Lastly, while

B cell population were comparable between the two groups

(Supplementary Figure S4), HLA-DR expression levels were

significantly upregulated in, among others, naïve B cells in the

KTx cohort (Figure 4F).
frontiersin.org
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FIGURE 5

Serum-cytokine levels using the proCartaPlex luminex panel.
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3.3. Serum cytokines profiling

21 cytokines commonly associated with the previously

described COVID-19 ‘cytokine storm’ phenomenon (20–23) were

evaluated using the ProCartaPlex Luminex panel. Serum
FIGURE 6

TRBV gene usage and productive clonality as determined by immunosequenc
Productive clonality of the TCR repertoire.
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cytokines of the two patient groups were similar except for MIP-

1β (CCL4) levels which were reduced in sera of KTx patients

(Figure 5, Supplementary Figure S5), while Non-Tx patients

had levels similar to reference values reported from healthy

subjects (24).
ing. (A) Usage of TRBV gene families. (B) Usage of TRBJ gene families. (C)
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3.4. T-Cell receptor sequencing for T-cell
repertoire

Peripheral T cell repertoire profiling was performed for human

TCRβ on the two cohorts. No significant differences in the number

of rearrangements or total template counts were identified

(Supplementary Figure S6). We explored the usage of V and J

gene segments and found a decrease in usage for most segments,

except for TRBV28-1 and TRBJ02-01 amongst the KTx group.

(Figures 6A,B). The KTx cohort showed a higher productive

clonality, signifying a repertoire dominated by fewer

rearrangements compared to a more polyclonal repertoire in

patients without a transplant (Figure 6C). When examining
FIGURE 7

Volcano plot of TRBV—and TRBJ gene combination frequencies coefficient e
decreased in KTx.
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combined VJ gene usage we did not find any combinations that

were significantly upregulated, while several were decreased in

the KTx cohort (blue dots in Figure 7). We also compared the

number of SARS-CoV-2-specific TCRs using the immunoSEQ T-

MAP COVID database (19) and did not find a significant

difference in the bio-identity, rearrangement, and total hits

between the two cohorts (Supplementary Figure S7).
3.5. Random forest

Finally, we used the data from all five different assays to train a

random forest classifier. The most prominent features were
stimates of transplanted vs. non-transplanted patients. Blue = significantly
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FIGURE 8

(A) Multi-way importance plot depicting the most important features of the random forest classifier. (B) MDS plot using the features of the random forest
classifier.

Fenninger et al. 10.3389/frtra.2023.1261023
CD28 + of CD4 T EM cells (immunophenotyping), TRBJ2-6 (TCR

sequencing), TRBV6-9 (TCR sequencing), productive clonality

(TCR sequencing), CD8 TSCM cells (immunophenotyping),

SARS-CoV-2 Spike S1 (antibody) (Figure 8A).

A Multidimensional Scaling plot showed clear separation of the

two cohorts suggesting it could potentially also be used as a

classifier (Figure 8B).
4. Discussion

Solid organ transplant recipients represented a particularly

vulnerable group during the SARS-CoV-2 pandemic, with

multiple epidemiologic studies showing higher incidence rates of

infection (25, 26) and increased transmission rates of the virus

(27, 28) within this population. However, there is still

controversy as to whether clinical outcomes differ between

transplanted patients and the general population after adjusting

for baseline comorbidities (5, 10, 11). We previously published a

case report of a kidney transplant recipient whose SARS-CoV-2

infection in the first week post-transplantation did not

significantly impair the patient’s ability to mount a protective

immune response (18). Here, we present, using a multi-omics

approach, insights into the immune response of

immunosuppressed renal transplant patients to COVID-19

infection.

Serological investigation using semi-quantitative IgG SARS-

CoV-2 specific antibody targets revealed significantly lower

SARS-CoV-2 spike protein specific IgG concentrations in the

KTx cohort. Although median days post-positive test for the

KTx cohort was 35 days vs. 12 days for the non-transplanted
Frontiers in Transplantation 09
cohort in our study, a previously published IgG kinetics

suggests that SARS-CoV-2 IgG levels increase in the immediate

post-infection period, peaking approximately 3–7 weeks post

infection and persisting for∼8 weeks (29). Thus, we would

predict even higher IgG levels for the non-transplanted cohort

if they had been measured at a median time period of 35 days

post-transplant, which would further magnify differences in

the anti-SARS-CoV-2 IgG responses between the two cohorts.

The diminished humoral response in KTx patients might be

related to the preferential suppression of IgM/IgG production

from B cells/plasma cells by mycophenolate mofetil (MMF)

(30, 31) and tacrolimus (32). Isotype-specific immunoglobulin

tested also showed diminished isotype-specific SARS-CoV-2

antibody levels, particularly IgG antibodies in KTx patients,

confirming observations from the semi-quantitative Luminex

assay. While SARS-CoV-2 specific IgM antibodies were also

lower in the KTx cohort, this was not statistically significant.

IgA levels were comparable between cohorts, likely due to IgA

being a mucous membrane secreted immunoglobulin and

peripheral blood samples were used for this study to monitor

systemically secreted immunoglobulins. Both cohorts had been

exposed to endemic coronaviruses, as demonstrated by similar,

low-level detection of non-SARS antibodies in both groups.

Cytokine levels of all tested cytokine targets were similar

between the two cohorts except for MIP-1β (CCL4), which was

reduced in the KTx cohort. Previous studies have showed that

SARS-CoV-2-reactive CD8+ T cells have a reduced capacity to

secrete effector cytokines (specifically CCL4) (33) and reduced

plasma levels of MIP-1β (CCL4) have been correlated with

poor SARS-CoV-2 patient survival (34). Increased MCP-1

(CCL2) levels which have also been associated with
frontiersin.org
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unfavourable outcomes (35) were observed in our KTx cohort

although the difference between the two groups was not

statistically significant.

Compared with Non-Tx individuals, transplant recipients

showed a general increase in effector T cell subsets and a

decrease in naïve T cell subsets, while effector memory T cells

were only increased in the CD4 subset. T memory stem (TSCM)

cells were reduced in KTx patients in the CD4 T subsets but

were present at a significantly higher frequency in the CD8 T cell

subset. TSCM cells have the ability to self-renew and can

reconstitute the full diversity of effector and memory T cell

subsets (36). In particular, CD8 TSCM are detected early after

antigenic challenge (i.e., vaccine) when effector T cells dominate

the immune response (37). In our KTx cohort we observed the

simultaneous increase of effector T cells with CD8 TSCM cells.

Interestingly, in a biological setting of impaired humoral

response (hematological malignancies), CD8 T cells have been

shown to compensate for impaired humoral immunity in Covid-

19 patients (38), presenting a possible mechanism by which the

KTx patients have an altered B cell response while still retaining

the higher frequency CD8 effector and CD8 TSCM subsets.

KTx patients also demonstrated an almost complete loss of

CD28+ T cells, particularly in CD4 EM T cells. CD28 is a co-

stimulatory molecule that binds to a B7 molecule on antigen-

presenting-cells, along with the TCR interacting with a cognate

antigen presented by the MHC complex. Repeated stimulation

due to chronic clinical conditions lead to the downregulation of

CD28 and eventually renders a cell anergic (39). End-stage renal

disease (ESRD) and solid organ transplants have both been

associated with an increase of CD28- T cells (and therefore a

decrease of CD28+ T cells) (40) which could account for the loss

of CD28+ T cells in our data. Furthermore, several pathologic

conditions such as viral infections are also known to cause CD28

downregulation. A synergistic effect on CD28 downregulation

between a history of ESRD/immunosuppression and SARS-CoV-

2 infection is possible but we could not directly interrogate this

effect in this study as this would require an uninfected control

group. Nevertheless, the accumulation of CD28- senescent T cells

has been associated with higher morbidity and mortality in

COVID-19 patients (41).

The immunophenotyping data showed that KTx patients

expressed more HLA-DR on B cells, particularly naïve B cells.

This suggests that despite producing less SARS-CoV-2 specific

antibodies, naïve B cells of KTx patient appear to be capable of

presenting more antigen. Despite classically known as inefficient

antigen presenters, B cells have shown to act as antigen

presenting cells and activate CD4 and CD8 T cells (42) and

could thereby contribute to the increased cellular immunity in

the KTx cohort.

The TCR repertoire of the KTx patient showed a decreased usage

of most V and J segments but did not correspond with any reports in

the literature about VJ usage during COVID infection. The KTx

patients also demonstrated an elevated TCR productive clonality

(high abundance of restricted clones), but a less diverse TCR

repertoire, a phenotype that fits with their highly differentiated T

cells. Since this phenomenon has been documented previously in
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patients with chronic kidney disease (43) the increased clonality

has most likely developed in the KTx patients during their CKD.

The number of SARS-CoV-2 specific TCRs did not differ

significantly between the two cohorts, suggesting that transplant

patients maintained on immunosuppression were able to mount a

COVID-specific T cell response comparable to that generated by

non-immunosuppressed individuals. Given the lack of HLA typing

data in the Non-Tx cohort, our TCR repertoire analysis was not

able to account for the impact of HLA restriction to SARS-CoV-2

as recently performed by another group (44).

The random forest analysis demonstrates that the

measured features can potentially be used to distinguish the

two cohorts and that the key features for the classification

were derived from the immunophenotyping and the TCR

sequencing data. These initial results warrant additional

validation in a prospective larger cohort, to confirm the

random forest classifier.

Overall, our results show that compared to Non-Tx individuals,

kidney transplant recipients with a SARS-CoV-2 infection

mounted a limited humoral immune response, which appeared

to be compensated with a robust cellular response. They also

appeared to exhibit an immunophenotype that is reminiscent of

more severe COVID-19 patients, reflected in the decreased naïve

—but increased effector T cells, the accumulation of CD28-

senescent T cells, and a cytokine profile of increased MCP-1

(CCL2)/ reduced concentration of MIP-1β (CCL4), even though

characterization by their symptoms using the WHO classification

suggested otherwise. One limitation of our study is that it only

reflects the profiles of surviving non-ICU patients. Even though

no patients in our cohort died after enrollment, our study did

not recruit patients presenting with severe disease requiring ICU

support from the outset, which might have introduced a survival

bias.

Further confirmation of these findings in a larger, prospective

cohort as well as in other organ transplant cohorts, could better

define the use and clinical utility of immune monitoring in

guiding clinical management in immunosuppressed individuals

with COVID-19 (45).
Data availability statement

The TCR sequencing data of this study are publicly available

and can be found here: https://doi.org/10.21417/FF2023FT.
Ethics statement

The studies involving humans were approved by UBC

Clinical Research Ethics Board. The studies were conducted in

accordance with the local legislation and institutional

requirements. The participants provided their written

informed consent to participate in this study. The publication

of anonymized patient-level data was approved by UBC

Clinical Research Ethics Board.
frontiersin.org

https://doi.org/10.21417/FF2023FT
https://doi.org/10.3389/frtra.2023.1261023
https://www.frontiersin.org/journals/transplantation
https://www.frontiersin.org/


Fenninger et al. 10.3389/frtra.2023.1261023
Author contributions

FF: Conceptualization, Data curation, Formal Analysis,

Visualization, Writing – original draft, Writing – review & editing.

KS: Conceptualization, Project administration, Resources,

Supervision, Writing – review & editing. VW: Methodology, Writing

– review & editing. PW: Methodology, Writing – review & editing.

MLD: Methodology, Writing – review & editing. MW: Methodology,

Writing – review & editing. VB: Methodology, Writing – review &

editing. KD: Methodology, Writing – review & editing. OG: Formal

Analysis, Writing – review & editing. LT: Formal Analysis, Writing –

review & editing. EY: Resources, Writing – review & editing. PK:

Resources, Writing – review & editing. MK: Resources, Writing –

review & editing. JL: Funding acquisition, Project administration,

Resources, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article.

This work was supported by funding to JL from the Vancouver

Coastal Health Research Institute 2020 COVID-19 Research fund,

and to MLD from the Michael Smith Foundation for Health

Research (16353; 2020-1199) and the Canadian Foundation for

Innovation (40962).
Acknowledgments

We are indebted to the patient whose samples were used for
this study. We thank Cameron Houchmand, Gurvir Thind and
the members of the BC Provincial Immunology laboratory for
their assistance. We also thank BCCDC Public Health Laboratory
staff involved in SARS CoV-2 antibody testing.
Conflict of interest

The 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.
Frontiers in Transplantation 11
The author(s) declared that they were an editorial board

member of Frontiers, at the time of submission. This had no

impact on the peer review process and the final decision.
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.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/frtra.2023.

1261023/full#supplementary-material

SUPPLEMENTARY FIGURE S1

Assays used for the different patients.

SUPPLEMENTARY FIGURE S2

Reactivity of serum antibodies to other (non-SARS-CoV2) human
coronavirus proteins determined using a Luminex based assay.

SUPPLEMENTARY FIGURE S3

Lymphocyte population frequencies as determined by flow cytometry. (A)
Frequencies of T cells. (B) Frequencies of CD4 and CD8 T cells. (C)
Frequencies of B cells.

SUPPLEMENTARY FIGURE S4

B cell subpopulation frequencies as determined by flow cytometry. ASCs:
Antibody-secreting cells.

SUPPLEMENTARY FIGURE S5

Heatmap showing the difference in serum cytokine levels measured using
the ProCartaPlex Luminex panel in the KTx cohort compared to the Non-
Tx cohort as a reference. * p < =0.05.

SUPPLEMENTARY FIGURE S6

Number of unique rearrangements and total templates as determined by
TCR sequencing.

SUPPLEMENTARY FIGURE S7

Number of SARS-CoV-2 specific TCR bio-identity-, rearrangement- and
total hits in the immunoSEQ T-MAP COVID database.
References
1. Webb GJ, Marjot T, Cook JA, Aloman C, Armstrong MJ, Brenner EJ, et al.
Outcomes following SARS-CoV-2 infection in liver transplant recipients: an
international registry study. Lancet Gastroenterol Hepatol. (2020) 5(11):1008–16.
doi: 10.1016/S2468-1253(20)30271-5

2. Williamson EJ, Walker AJ, Bhaskaran K, Bacon S, Bates C, Morton CE, et al.
Factors associated with COVID-19-related death using OpenSAFELY. Nature.
(2020) 584(7821):430–6. doi: 10.1038/s41586-020-2521-4

3. Bossini N, Alberici F, Delbarba E, Valerio F, Manenti C, Possenti S, et al.
Kidney transplant patients with SARS-CoV-2 infection: the brescia renal COVID
task force experience. Am J Transplant. (2020) 20(11):3019–29. doi: 10.1111/ajt.
16176
4. Kates OS, Haydel BM, Florman SS, Rana MM, Chaudhry ZS, Ramesh MS, et al.
Coronavirus disease 2019 in solid organ transplant: a multicenter cohort study. Clin
Infect Dis. (2021) 73(11):e4090–99. doi: 10.1093/cid/ciaa1097

5. Chavarot N, Gueguen J, Bonnet G, Jdidou M, Trimaille A, Burger C, et al.
COVID-19 severity in kidney transplant recipients is similar to nontransplant
patients with similar comorbidities. Am J Transplant. (2021) 21(3):1285–94. doi: 10.
1111/ajt.16416

6. Conti P, Ronconi G, Caraffa A, Gallenga C, Ross R, Frydas I, et al. Induction of
pro-inflammatory cytokines (IL-1 and IL-6) and lung inflammation by coronavirus-19
(COVI-19 or SARS-CoV-2): anti-inflammatory strategies. J Biol Regul Homeost
Agents. (2020) 34(2):327–31. doi: 10.23812/CONTI-E
frontiersin.org

https://www.frontiersin.org/articles/10.3389/frtra.2023.1261023/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/frtra.2023.1261023/full#supplementary-material
https://doi.org/10.1016/S2468-1253(20)30271-5
https://doi.org/10.1038/s41586-020-2521-4
https://doi.org/10.1111/ajt.16176
https://doi.org/10.1111/ajt.16176
https://doi.org/10.1093/cid/ciaa1097
https://doi.org/10.1111/ajt.16416
https://doi.org/10.1111/ajt.16416
https://doi.org/10.23812/CONTI-E
https://doi.org/10.3389/frtra.2023.1261023
https://www.frontiersin.org/journals/transplantation
https://www.frontiersin.org/


Fenninger et al. 10.3389/frtra.2023.1261023
7. Risitano AM, Mastellos DC, Huber-Lang M, Yancopoulou D, Garlanda C, Ciceri
F, et al. Complement as a target in COVID-19? Nat Rev Immunol. (2020) 20(6):343–4.
doi: 10.1038/s41577-020-0320-7

8. Elias M, Pievani D, Randoux C, Louis K, Denis B, Delion A, et al. COVID-19
infection in kidney transplant recipients: disease incidence and clinical outcomes.
J Am Soc Nephrol. (2020) 31(10):2413–23. doi: 10.1681/ASN.2020050639

9. Caillard S, Chavarot N, Francois H, Matignon M, Greze C, Kamar N, et al. Is
COVID-19 infection more severe in kidney transplant recipients? Am J Transplant.
(2021) 21(3):1295–303. doi: 10.1111/ajt.16424

10. Chaudhry ZS, Williams JD, Vahia A, Fadel R, Parraga Acosta T, Prashar R, et al.
Clinical characteristics and outcomes of COVID-19 in solid organ transplant
recipients: a cohort study. Am J Transplant. (2020) 20(11):3051–60. doi: 10.1111/ajt.
16188

11. Monfared A, Akhondzadeh L, Mousazadeh M, Jafari A, Khosravi M, Lebadi M,
et al. COVID-19 in renal transplant recipients and general population: a comparative
study of clinical, laboratory, and radiological features, severity, and outcome. Virol J.
(2021) 18(1):243. doi: 10.1186/s12985-021-01713-x

12. Hartzell S, Bin S, Benedetti C, Haverly M, Gallon L, Zaza G, et al. Evidence of
potent humoral immune activity in COVID-19-infected kidney transplant recipients.
Am J Transplant. (2020) 20(11):3149–61. doi: 10.1111/ajt.16261

13. Fung M, Chiu CY, DeVoe C, Doernberg SB, Schwartz BS, Langelier C, et al.
Clinical outcomes and serologic response in solid organ transplant recipients with
COVID-19: a case series from the United States. Am J Transplant. (2020) 20
(11):3225–33. doi: 10.1111/ajt.16079

14. Avery RK, Chiang TPY, Marr KA, Brennan DC, Sait AS, Garibaldi BT, et al.
Inpatient COVID-19 outcomes in solid organ transplant recipients compared to
non-solid organ transplant patients: a retrospective cohort. Am J Transplant. (2021)
21(7):2498–508. doi: 10.1111/ajt.16431

15. Miarons M, Larrosa-García M, García-García S, Los-Arcos I, Moreso F,
Berastegui C, et al. COVID-19 in solid organ transplantation: a matched
retrospective cohort study and evaluation of immunosuppression management.
Transplantation. (2021) 105(1):138–50. doi: 10.1097/TP.0000000000003460

16. Benotmane I, Perrin P, Vargas GG, Bassand X, Keller N, Lavaux T, et al.
Biomarkers of cytokine release syndrome predict disease severity and mortality
from COVID-19 in kidney transplant recipients. Transplantation. (2021) 105
(1):158–69. doi: 10.1097/TP.0000000000003480

17. Mathieu E, Ritchie H, Ortiz-Ospina E, Roser M, Hasell J, Appel C, et al. A global
database of COVID-19 vaccinations. Nat Hum Behav. (2021) 5(7):947–53. doi: 10.
1038/s41562-021-01122-8

18. Sherwood KR, Nicholl DDM, Fenninger F, Wu V, Wong P, Benedicto V, et al.
Comprehensive immune profiling of a kidney transplant recipient with peri-operative
SARS-CoV-2 infection: a case report. Front Immunol. (2021) 12:753558. doi: 10.3389/
fimmu.2021.753558

19. Snyder TM, Gittelman RM, Klinger M, May DH, Osborne EJ, Taniguchi R, et al.
Magnitude and dynamics of the T-cell response to SARS-CoV-2 infection at both
individual and population levels. medRxiv. (2020). doi: 10.1101/2020.07.31.20165647

20. 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

21. Mudd PA, Crawford JC, Turner JS, Souquette A, Reynolds D, Bender D, et al.
Distinct inflammatory profiles distinguish COVID-19 from influenza with limited
contributions from cytokine storm. Sci Adv. (2020) 6(50):eabe3024. doi: 10.1126/
sciadv.abe3024

22. Liu J, Li S, Liu J, Liang B, Wang X, Wang H, et al. Longitudinal characteristics
of lymphocyte responses and cytokine profiles in the peripheral blood of SARS-
CoV-2 infected patients. EBioMedicine. (2020) 55:102763. doi: 10.1016/j.ebiom.
2020.102763

23. Benotmane I, Gautier-Vargas G, Wendling MJ, Perrin P, Velay A, Bassand X,
et al. In-depth virological assessment of kidney transplant recipients with COVID-
19. Am J Transplant. (2020) 20(11):3162–72. doi: 10.1111/ajt.16251

24. Biancotto A, Wank A, Perl S, Cook W, Olnes MJ, Dagur PK, et al. Correction:
baseline levels and temporal stability of 27 multiplexed Serum cytokine concentrations
in healthy subjects. PLoS One. (2015) 10(7):e0132870. doi: 10.1371/journal.pone.
0132870

25. Ravanan R, Callaghan CJ, Mumford L, Ushiro-Lumb I, Thorburn D, Casey J,
et al. SARS-CoV-2 infection and early mortality of waitlisted and solid organ
transplant recipients in England: a national cohort study. Am J Transplant. (2020)
20(11):3008–18. doi: 10.1111/ajt.16247
Frontiers in Transplantation 12
26. Colmenero J, Rodríguez-Perálvarez M, Salcedo M, Arias-Milla A, Muñoz-
Serrano A, Graus J, et al. Epidemiological pattern, incidence, and outcomes of
COVID-19 in liver transplant patients. J Hepatol. (2021) 74(1):148–55. doi: 10.1016/
j.jhep.2020.07.040

27. Fang FC, Benson CA, Del Rio C, Edwards KM, Fowler VG, Fredricks DN, et al.
COVID-19-lessons learned and questions remaining. Clin Infect Dis. (2021) 72
(12):2225–40. doi: 10.1093/cid/ciaa1654

28. Gaston DC, Malinis M, Osborn R, Peaper DR, Landry M, Juthani-Mehta M,
et al. Clinical implications of SARS-CoV-2 cycle threshold values in solid organ
transplant recipients. Am J Transplant. (2021) 21(3):1304–11. doi: 10.1111/ajt.16357

29. Post N, Eddy D, Huntley C, van Schalkwyk MCI, Shrotri M, Leeman D, et al.
Antibody response to SARS-CoV-2 infection in humans: a systematic review. PLoS
One. (2020) 15(12):e0244126. doi: 10.1371/journal.pone.0244126

30. Stumpf J, Siepmann T, Schwöbel J, Glombig G, Paliege A, Steglich A, et al.
MMF/MPA is the main mediator of a delayed humoral response with reduced
antibody decline in kidney transplant recipients after SARS-CoV-2 mRNA
vaccination. Front Med (Lausanne). (2022) 9:928542. doi: 10.3389/fmed.2022.928542

31. Karnell JL, Karnell FG, Stephens GL, Rajan B, Morehouse C, Li Y, et al.
Mycophenolic acid differentially impacts B cell function depending on the stage of
differentiation. The Journal of Immunology. (2011) 187(7):3603–12. doi: 10.4049/
jimmunol.1003319

32. Wallin EF, Hill DL, Linterman MA, Wood KJ. The calcineurin inhibitor
tacrolimus specifically suppresses human T follicular helper cells. Front Immunol.
(2018) 9:1184. doi: 10.3389/fimmu.2018.01184

33. Kusnadi A, Ramírez-Suástegui C, Fajardo V, Chee SJ, Meckiff BJ, Simon H, et al.
Severely ill patients with COVID-19 display impaired exhaustion features in SARS-CoV-
2–reactive CD8 + T cells. Sci Immunol. (2021) 6(55):eabe4782. doi: 10.1126/sciimmunol.
abe4782

34. Cillo AR, Somasundaram A, Shan F, Cardello C, Workman CJ, Kitsios GD, et al.
People critically ill with COVID-19 exhibit peripheral immune profiles predictive of
mortality and reflective of SARS-CoV-2 lung viral burden. Cell Rep Med. (2021) 2
(12):100476. doi: 10.1016/j.xcrm.2021.100476

35. Sierra B, Pérez AB, Aguirre E, Bracho C, Valdés O, Jimenez N, et al. Association
of early nasopharyngeal immune markers with COVID-19 clinical outcome: predictive
value of CCL2/MCP-1. Open Forum Infect Dis. (2020) 7(10):ofaa407. doi: 10.1093/
ofid/ofaa407

36. Gattinoni L, Speiser DE, Lichterfeld M, Bonini C. T memory stem cells in health
and disease. Nat Med. (2017) 23(1):18–27. doi: 10.1038/nm.4241

37. Marraco SA F, Soneson C, Cagnon L, Gannon PO, Allard M, Abed Maillard S,
et al. Long-lasting stem cell-like memory CD8+ T cells with a naïve-like profile upon
yellow fever vaccination. Sci Transl Med. (2015) 7(282):282ra48. doi: 10.1126/
scitranslmed.aaa3700

38. Bange EM, Han NA, Wileyto P, Kim JY, Gouma S, Robinson J, et al. CD8 T cells
compensate for impaired humoral immunity in COVID-19 patients with hematologic
cancer. Res Sq. (2021). doi: 10.21203/rs.3.rs-162289/v1

39. Esensten JH, Helou YA, Chopra G, Weiss A, Bluestone JA. CD28 costimulation:
from mechanism to therapy. Immunity. (2016) 44(5):973–88. doi: 10.1016/j.immuni.
2016.04.020

40. Mou D, Espinosa J, Lo DJ, Kirk AD. CD28 negative T cells: is their loss our gain?
Am J Transplant. (2014) 14(11):2460–6. doi: 10.1111/ajt.12937

41. Coleman MJ, Zimmerly KM, Yang XO. Accumulation of CD28null senescent T-
cells is associated with poorer outcomes in COVID19 patients. Biomolecules. (2021)
11:1425. doi: 10.3390/biom11101425

42. Rastogi I, Jeon D, Moseman JE, Muralidhar A, Potluri HK, McNeel DG. Role of
B cells as antigen presenting cells. Front Immunol. (2022) 13:954936. doi: 10.3389/
fimmu.2022.954936

43. Crawford DC, Bailey JNC, Miskimen K, Miron P, McCauley JL, Sedor JR, et al.
Somatic T-cell receptor diversity in a chronic kidney disease PatientPopulation linked
to electronic health records. AMIA Jt Summits Transl Sci Proc. (2018) 2017:63–71.

44. Fu J, Rust D, Fang Z, Jiao W, Lagana S, Batal I, et al. T cell repertoire profiling in
allografts and native tissues in recipients with COVID-19 after solid organ
transplantation: insight into T cell-mediated allograft protection from viral
infection. Front Immunol. (2022) 13:1056703. doi: 10.3389/fimmu.2022.1056703

45. Andersen KM, Bates BA, Rashidi ES, Olex AL, Mannon RB, Patel RC, et al. Long-
term use of immunosuppressive medicines and in-hospital COVID-19 outcomes: a
retrospective cohort study using data from the national COVID cohort collaborative.
Lancet Rheumatol. (2022) 4(1):e33–41. doi: 10.1016/S2665-9913(21)00325-8
frontiersin.org

https://doi.org/10.1038/s41577-020-0320-7
https://doi.org/10.1681/ASN.2020050639
https://doi.org/10.1111/ajt.16424
https://doi.org/10.1111/ajt.16188
https://doi.org/10.1111/ajt.16188
https://doi.org/10.1186/s12985-021-01713-x
https://doi.org/10.1111/ajt.16261
https://doi.org/10.1111/ajt.16079
https://doi.org/10.1111/ajt.16431
https://doi.org/10.1097/TP.0000000000003460
https://doi.org/10.1097/TP.0000000000003480
https://doi.org/10.1038/s41562-021-01122-8
https://doi.org/10.1038/s41562-021-01122-8
https://doi.org/10.3389/fimmu.2021.753558
https://doi.org/10.3389/fimmu.2021.753558
https://doi.org/10.1101/2020.07.31.20165647
https://doi.org/10.1038/s41586-020-2550-z
https://doi.org/10.1126/sciadv.abe3024
https://doi.org/10.1126/sciadv.abe3024
https://doi.org/10.1016/j.ebiom.2020.102763
https://doi.org/10.1016/j.ebiom.2020.102763
https://doi.org/10.1111/ajt.16251
https://doi.org/10.1371/journal.pone.0132870
https://doi.org/10.1371/journal.pone.0132870
https://doi.org/10.1111/ajt.16247
https://doi.org/10.1016/j.jhep.2020.07.040
https://doi.org/10.1016/j.jhep.2020.07.040
https://doi.org/10.1093/cid/ciaa1654
https://doi.org/10.1111/ajt.16357
https://doi.org/10.1371/journal.pone.0244126
https://doi.org/10.3389/fmed.2022.928542
https://doi.org/10.4049/jimmunol.1003319
https://doi.org/10.4049/jimmunol.1003319
https://doi.org/10.3389/fimmu.2018.01184
https://doi.org/10.1126/sciimmunol.abe4782
https://doi.org/10.1126/sciimmunol.abe4782
https://doi.org/10.1016/j.xcrm.2021.100476
https://doi.org/10.1093/ofid/ofaa407
https://doi.org/10.1093/ofid/ofaa407
https://doi.org/10.1038/nm.4241
https://doi.org/10.1126/scitranslmed.aaa3700
https://doi.org/10.1126/scitranslmed.aaa3700
https://doi.org/10.21203/rs.3.rs-162289/v1
https://doi.org/10.1016/j.immuni.2016.04.020
https://doi.org/10.1016/j.immuni.2016.04.020
https://doi.org/10.1111/ajt.12937
https://doi.org/10.3390/biom11101425
https://doi.org/10.3389/fimmu.2022.954936
https://doi.org/10.3389/fimmu.2022.954936
https://doi.org/10.3389/fimmu.2022.1056703
https://doi.org/10.1016/S2665-9913(21)00325-8
https://doi.org/10.3389/frtra.2023.1261023
https://www.frontiersin.org/journals/transplantation
https://www.frontiersin.org/

	Comprehensive immune profiling of SARS-CoV-2 infected kidney transplant patients
	Introduction
	Material and methods
	Study design
	Patient population
	Sample/data collection
	COVID plus antibody assay (IgG)
	ImmunIQ assay (IgG, IgM, IgA)
	Flow immune profiling cytometry (immunophenotyping)
	ProcartaPlex human cytokine immunoassay
	TCRβ sequencing
	Data analysis

	Results
	SARS-CoV-2 serology, antibody quantification and immunoglobulin subclass dynamics
	Cellular immunophenotyping of key immune cell subsets
	Serum cytokines profiling
	T-Cell receptor sequencing for T-cell repertoire
	Random forest

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


