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Introduction: Responses to allogeneic human leukocyte antigen (HLA)

molecules limit the survival of transplanted organs. The changes in T-cell

alloreactivity that contribute to this process, however, are not fully understood.

We defined a set of donor reactive T-cell clones (DRTC) with the goal to elucidate

signatures of kidney allograft rejection.

Methods: DRTC were identified pretransplant using an anti-donor mixed

lymphocyte reaction assay: CFSE-diluting CD4+ and CD8+ DRTC were flow-

sorted, and the TCR sequences were ident ified using Adapt ive

Immunosequencing. DRTC were then tracked in post-transplant biopsies,

blood, and urine samples in a cohort of kidney transplant recipients.

Results: In patients with an abnormal biopsy, the majority of CD8+ DRTC found

within the allograft were detected in the circulating pre-transplant repertoire.

Circulating CD8+ DRTC were more abundant pre- and post-transplant in

patients that received non-lymphodepletional induction and developed an

abnormal biopsy when compared to stable patients. Additionally, DRTC were

detected as early as twoweeks post-transplant in the urine of some patients, with

some of these clones subsequently identified in follow-up kidney

biopsy samples.

Discussion: The findings of our study add to our understanding of T-cell

alloreactivity following kidney transplantation and provide evidence for the role

of pre-defined alloreactive T-cells in the development of allograft rejection.
KEYWORDS

kidney transplant rejection, alloreactivity, T-cell receptor sequencing, T-cell mediated
rejection, mechanisms of rejection
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1 Introduction

Organ transplantation remains the gold standard treatment

strategy for individuals with end-stage organ failure. Despite

improved immunosuppressive regimens, rejection is a significant

problem that limits long-term survival of allografts. T-cells play a

crucial role in immune responses that lead to acute and chronic

renal allograft rejection (1). Acute T-cell mediated rejection

(TCMR) is estimated to occur in up to 10% of patients (2–5), and

unsuccessful treatment inevitably leads to chronic rejection,

irreversible damage, and eventual graft failure (6, 7). The risk of

both acute TCMR and antibody mediated rejection (AMBR) form

the basis for human leukocyte antigen (HLA) matching to identify

high risk organ recipient and donor pairs (8, 9). While current

crossmatching methodologies can detect the presence of pre-

existing donor specific antibodies (DSA), there is no cellular

based assay currently in routine use that assesses T-cell

alloreactivity in the solid organ transplant setting.

To this end, we first established a methodology for alloreactive

T-cell repertoire clonal analysis by using a mixed lymphocyte

reaction (MLR) culture and a high-throughput sequencing

technology in a group of healthy patients (10). Since that time,

other groups have used similar technologies to anecdotally describe

mechanisms of T-cell alloreactivity in a variety of clinical settings

(11–15). Morris et al. concluded tolerance following combined

kidney and bone marrow transplant (CKBMT) was, at least in

part, mediated by deletion of alloreactive clones (11). The same

group showed that the alloimmune repertoire is highly specific to

the donor-recipient pair, and most alloreactive clones circulate at

relatively low frequencies (15). More recently, Aschauer et al.

described an infiltration of alloreactive clones into the allograft at

rejection that was distinct from that observed in the circulation (12),

concluding the two repertoires exhibit unique properties. Although

these investigations have been instrumental in improving our

understanding of the alloimmune response, they are limited by

the relatively small sample sizes. Furthermore, the results of

Aschauer et al. were impacted by the use of RNA templates as

opposed to DNA, which prevented their ability to accurately assess

changes in frequency of individual clones within the overall bulk

repertoire. Thus, the dynamics of circulating alloreactive T-cells

during kidney transplant rejection and their relationship to the

intragraft repertoire remains an underexplored area of organ

transplant immunology.

In th i s prospec t i ve s tudy , we ut i l i z ed Adapt ive

Immunosequencing (Adaptive Biotechnologies, Seattle, WA) to

comprehensively assess T-cell alloreactivity in a cohort of 54

kidney transplant recipients with the goal to identify signatures

associated with the development of rejection. Pre-transplant, donor

specific MLRs were performed, proliferating (CFSE-diluted) CD8+

and CD4+ recipient T-cells were sorted, and TCRb sequences were

identified by immunosequencing. The presence and frequency of

pre-identified sequences (i.e., DRTCs) was then serially monitored

in prospectively collected kidney, blood, and urine samples.

Collectively, the results suggest higher frequency, circulating
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subjects receiving non-lymphodepletional induction therapy.
2 Materials and methods

2.1 Study design

This was a single-center, non-randomized prospective

observational study performed at the Comprehensive Transplant

Center at Northwestern University Feinberg School of Medicine.

Kidney transplant recipients were enrolled between January 2018

and December 2019. Inclusion criteria included recipients greater

than 18 years of age undergoing living or deceased donor kidney

transplantation. Exclusion criteria included patients with life limiting

disease not of renal etiology, active malignancy (excluding non-

melanoma skin cancers), and serologic evidence of infection with

HIV or hepatitis B virus (i.e. HBVs-Ag positive). Induction therapy

was determined based on immunological risk, age, and history of

previous immunosuppression or malignancy, and included basiliximab

(Simulect), alemtuzumab (Campath), or steroids alone. Subjects

requiring ABO desensitization received a combination of rituximab,

IVIG, and/or plasmapheresis. Primary immunosuppression consisted

of a calcineurin inhibitor, anti-metabolite, and steroids if deemed

necessary. Enrolled subjects were followed for one year with sample

collections obtained at designated protocol visits. Clinical laboratory

values, post-transplant complications, and outcomes were assessed at 3

and 12 months post-transplant. Informed consent was obtained from

all subjects. The study protocol was approved by the Northwestern

Institutional Review Board (IRB number: STU00206157), and no

organs/tissues were procured from prisoners. Informed consent was

obtained from all subjects after the nature and possible consequences of

the study were explained.
2.2 Sample collection and processing

2.2.1 Blood
Blood samples were obtained from donors and recipients prior to

transplantation, and peripheral blood mononuclear cells (PBMCs)

were isolated using Ficoll-Hypaque gradient centrifugation. Donor

and recipient PBMCs were then used for a pre-transplant MLR

culture as described below. During the post-transplant period,

recipient blood samples were serially collected at 3-months, 6-

months, 12-months and any potential rejection episode(s).

Recipient PBMCs were isolated as above and frozen as cell pellets

at -80°C for DNA isolation and immunosequencing.
2.2.2 Urine
50 to 100milliliters of urine were collected from recipients at 2weeks

post-transplant (as a baseline post-transplant), 3-months, 6-months and

12-months post-transplant, and any possible rejection episode(s). Cell

components were isolated by centrifugation at 300g and were frozen as

cell pellets at -80°C for DNA isolation and immunosequencing.
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2.2.3 Allograft
Protocol allograft biopsies were acquired at the back-table

before implantation, 3-months and 12-months post-transplant, as

well as any potential rejection episode (i.e., “for-cause” biopsy). The

decision to perform a “for-cause” biopsy was left up to the treating

physician based upon clinical presentation and laboratory values. A

second pass biopsy was also obtained, which was frozen dry at -80°

C for DNA isolation and immunosequencing.
2.3 Definition of rejection

Patients were classified into three groups based upon biopsy

findings: acute rejection, borderline changes, and stable. All

pathology reports were interpreted by an attending pathologist at

Northwestern Memorial Hospital. Briefly, patients were categorized

as “acute rejection” if there was evidence of acute rejection on

biopsy (i.e., >Banff IA and/or antibody mediated rejection),

“borderline changes” if there were inflammatory changes on

biopsy that did not meet criteria for “acute rejection,” and

“stable” if there were no inflammatory changes evident on biopsy.

Stable patients and those with borderline changes were assigned a

diagnosis at both the 3-month and 12-month time points. Thus,

some patients that demonstrated no changes on 3-month biopsy

and later developed borderline changes were categorized as “stable”

at 3 months and “borderline changes” at 12 months. For patients

that rejected, samples from the first episode of rejection were used

for primary analyses.
Frontiers in Immunology 03
2.4 Pre-transplant MLR and sorting of
donor reactive T-cells

PBMCs were isolated from recipient and donor blood samples

obtained before transplantation as described above. Recipient

PBMCs were labeled with CFSE, and donor cells were labeled

with PKH26 and irradiated (3000 rad) as described previously

(16). The labeled recipient and irradiated donor cells were then

cultured in bulk in RPMI-1640 supplemented with 15% AB serum,

at 37°C, 5% CO2, and a concentration of 1x106 cells/mL

(Figure 1A). After 7 days of culture, cells were harvested and

labeled with anti-CD3, anti-CD4, and anti-CD8 monoclonal

antibodies (Beckman-Coulter, Miami, FL, or Becton-Dickinson

[BD], San Jose, CA). CD8+ and CD4+ donor reactive T-cells were

then sorted on FACSAria (BD, San Jose, CA) by gating on the CFSE

dim population (i.e., proliferating responder cells), after gating out

both CFSE high cells (i.e., recipient non-proliferating cells) and

residual PKH26+ donor stimulator cells. Phenotypic subset analysis

of the flow sorting panel and CD8+ and CD4+ donor reactive T-cells

are shown in Figure 1B. Flow-sorted T-cells were frozen as cell

pellets at -80°C for future DNA isolation and immunosequencing.
2.5 High-throughput TCR
repertoire sequencing

Adaptive Immunosequencing is a multiplex PCR-based

method that amplifies the CDR3 region of the TCRb chain using
FIGURE 1

Generation, sorting, and sequencing of DRTC. (A) CSFE-labeled recipient PBMCs were cultured in bulk with irradiated (3000rad) PKH26-labeled
donor PBMCs. (B) Cells were harvested, labeled with anti-CD3, anti-CD4, and anti-CD8 monoclonal antibodies and sorted for CD4+ and CD8+

subsets after gating on the CSFE-diluted cell population. (C) Adaptive immunosequencing was used to amplify and simultaneously sequence
rearranged TCRb sequences in a multiplex PCR.
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high-throughput sequencing technology with a PCR amplification

bias-control process, which ensures a quantitative read-out of the

immune repertoire. Since this technology utilizes genomic DNA, it

can identify the frequency of common and rare CDR3 sequences,

and these observed frequencies are highly representative of the

frequencies in the larger population of T-cells (10).

Since this was a discovery phase project, all samples totaling 768

(including pre-transplant MLRs), were sent for immunosequencing

in two batches. This was to eliminate any potential inter-assay

variability, despite our initial observation that the predominant

clones detected were similar between assays and over time in any

individual (10). Briefly, genomic DNA was extracted from samples

using the QIAamp DNA blood Mini kit (Qiagen) and amplified in a

bias-controlled multiplex PCR using forward and reverse primers

specific to CDR3 Vb and Jb region (17). The CDR3 region of

rearranged TCRb, which was defined based on IMGT/Junction

Analysis (18), was then sequenced (17) (Figure 1C). Raw sequence

data were preprocessed to remove errors in the primary sequence of

each read and to compress the data (19). Sequences were then

collapsed and filtered in order to identify and quantify the absolute

abundance of each unique TCRb CDR3 region for further analysis

as previously described (17, 20). Pairwise comparisons of

repertoire-wide clonal frequencies were performed as part of a

quality control process to ensure no material transfer or sample

swapping occurred during sample processing.
2.6 Serial monitoring of donor reactive
T-cell clones

DRTC were identified utilizing differential abundance analyses

generated for each subject as described previously (21) (Figure 2A).

In brief, each rearrangement with a combined total count of at least

5 is treated as a fixed number of “trials” (Bernoulli experiments) in a
Frontiers in Immunology 04
two-sided binomial test. The probability, p, of the observed

template counts in each sample is calculated under the null

hypothesis that these templates are evenly distributed between the

two samples, relative to their respective repertoire sizes (i.e., the

total productive template count of each sample). Rearrangements

that are more unequally distributed relative to this expected

proportion will result lower probabilities. A rearrangement is

considered differentially abundant if it satisfies two criteria: 1)

p < 0.01 after applying the Benjamini-Hochberg adjustment

procedure to control false discovery rate (FDR) (22); and 2) the

rearrangement has a frequency at least 2-fold higher in one sample

than in the other. In the context of DRTC, the proliferated CD8+ or

CD4+ sorted cell populations were compared against the

unstimulated, pre-transplant PBMC sample. DRTC were then

defined as clones that were significantly, and at least 2-fold, more

abundant in the MLR sort relative to the unstimulated pre-

transplant sample in order to identify those that may be most

biologically relevant (i.e., expand more readily post-transplant). As

shown in Figure 2A, DRTC meeting both significance and 2-fold

increase criteria for subject 20R are depicted as blue circles. DRTC

metrics used for analysis included the absolute number of DRTC,

the frequency of these clones within the entire T cell repertoire (i.e.,

depth), and proportion of all unique TCR clones detected that were

DRTC (i.e., breadth). The Morisita Index (MI) and Jaccard Index

(JI) were used to compare the similarities of the bulk repertoire

between two, independent samples. Both indices are scored 0-1,

with 0 being completely divergent repertoires and 1 being identical.
2.7 Statistical analyses

Demographic and clinical covariates were compared between study

groups using unpaired Student T-tests for continuous and Fisher’s

Exact Test for categorical variables. Mann-Whitney U-Test and
FIGURE 2

Defining DRTC Using Differential Abundance. DRTC were defined by comparing clone frequencies in the MLR sorted (A) CD4+ and (B) CD8+

samples against the unstimulated, pre-transplant sample. A representative experiment to define DRTC is depicted. TCRb sequences detected in the
MLR CD4+ or CD8+ sorted populations are plotted (Y-axis) against TCRb sequences identified in the unstimulated pre-transplant PBMC sample (X-
axis). DRTC were defined based upon criteria described in Materials and Methods. Blue circles denote DRTC. Grey circles are clones that did not
meet established criteria. Orange circles are clones that are significantly more abundant in the unstimulated, pre-transplant PBMC but are likely not
alloreactive as they were less frequent in the MLR sorted population compared to the unstimulated, pre-transplant PBMC sample. (C) Scatterplot
comparing the number of CD4+ and CD8+ DRTC generated in the pre-transplant MLR in a paired fashion (N=54; Wilcoxon Signed Rank Test).
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Kruskal-Wallis were used for nonparametric independent,

experimental samples, including comparisons of DRTC in patient

samples. Wilcoxon signed rank tests were used to compare paired

DRTC measurements over time. For all experimental DRTC metrics,

median values are reported with associated ranges. All statistical

analyses were performed in Prism (GraphPad) version 10.1.1., and

p values of <0.05 were considered statistically significant.
3 Results

3.1 Generation of DRTC in a cohort of
kidney transplant recipients

Of the 80 subjects enrolled into the study, 54 completed the

required study protocol visits and/or provided ample samples for

longitudinal tracking of donor reactive T-cell clones (DRTC). Basic

cohort demographic and clinical characteristics are shown in

Table 1, with individual subject data provided in Supplementary

Table S1. There was variability in terms of recipient age, sex, race,

etiology of disease, and immunological risk based on: degree of

HLAmismatch, presence of pre-operative donor-specific antibodies

(DSA), previous transplantation, and level of sensitization.

Approximately 67% of subjects received Campath for primary

induction therapy. These patients were younger and had lower

body mass index (BMI), but otherwise did not significantly differ

when compared to those that received non-lymphodepleting

induction therapy (i.e., Simulect or solumedrol) (Supplementary

Table S2). As described in Materials and Methods, differential

abundance analyses were performed for each patient to select

TCR sequences meeting criteria to be considered a DRTC

(Figures 2A, B). A median of 1,210 CD4+ and 577 CD8+ DRTC

were identified in the pre-transplant MLR (Figure 2C). At the

subject level, more CD4+ DRTC were generated than CD8+ DRTC.

As previously observed by us, and others, there were DRTC

newly detected in the MLR stimulated samples when compared to

the unstimulated pre-transplant PBMC (10, 15). Thus, we assessed

the absolute number and frequency of DRTC in the unstimulated,

pre-transplant PBMC samples to acquire a pre-transplant baseline

for each subject. Interestingly, the number of CD4+ DRTC present

in the pre-transplant PBMC was positively correlated with their

frequency, but this was not seen with CD8+ DRTC (Supplementary

Figures S1A, B). Some subjects had very few CD8+ DRTC identified

in the pre-transplant sample, but these DRTC were present at

disproportionately high frequencies (Supplementary Figure S1B),

suggesting the presence of low numbers and high frequency, cross-

reactive memory CD8 T cells in some patients (23).
3.2 Circulating DRTC are differentially
impacted by induction therapy

In order to assess the impact of induction therapy on circulating

DRTC, patients were stratified into lymphodepleting (i.e., Campath)
Frontiers in Immunology 05
and non-lymphodepleting (i.e., Simulect and Solumedrol) groups,

after which DRTC were tracked in the pre-transplant to 3-month

post-transplant PBMC samples. Bulk T-cell repertoire metrics are

shown in Supplementary Figure S2. Overall T-cell Fraction and the

number of unique clonotypes significantly decreased in the Campath

group (Supplementary Figures S2A, C), whereas in the Non-

Campath group only T-cell Fraction significantly decreased

(Supplementary Figures S2B, D). The Morisita Index (MI) and

Jaccard Index (JI) were utilized to evaluate the similarity of the

bulk repertoire between samples. The MI considers both the number

of shared clones and their frequency, whereas the JI takes into

account only the number of shared clones irrespective of their

abundance. We found both MI and JI were significantly greater in

subjects that did not receive Campath when compared to those

receiving Campath (Supplementary Figures S2E, F).
TABLE 1 Demographic and clinical characteristics of enrolled subjects.

KTx Recipient (N=54)

Age (years) 47.6 ± 13.9

White; N (%) 40 (74.1%)

Other; N (%) 14 (25.9%)

Hispanic; N (%) 10 (18.5%)

Male; N (%) 35 (64.8%)

Body-Mass Index (kg/m2) 29.1 ± 5.7

Prior Transplant; N (%) 6 (11.1%)

Pre-operative Dialysis; N (%) 29 (53.7%)

Deceased Donor; N (%) 6 (11.1%)

Donor Age (years) 42.6 ± 13.8

Male Donor; N (%) 31 (57.4%)

Pre-operative DSA; N (%) 7 (13.0%)

ABO Incompatible; N (%) 1 (1.9%)

Campath; N (%) 34 (63.0%)

Simulect; N (%) 18 (33.3%)

Solumedrol; N (%) 2 (3.7%)

Rituxan; N (%) 8 (14.8%)

TPE/IVIG; N (%) 2 (3.7%)

Documented DGF; N (%) 6 (11.1%)

Dialysis at 12 months; N (%) 0 (0%)

Graft failure; N (%) 0 (0%)

Pathological Findings; N (%)

Acute Rejection 9 (16.7%)

Borderline Changes (3 mo) 14 (25.9%)

Borderline Changes (12 mo) 17 (31.5%)

No rejection/Stable 14 (25.9%)
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More specific to our pre-defined alloreactive repertoire, the

absolute number and frequency of CD8+ DRTC and the absolute

number of CD4+ DRTC decreased in patients receiving Campath

(Figure 3, left panel). Interestingly though, in spite of the decrease in

absolute number of DRTC, the proportion of unique clonotypes

identified as CD8+ DRTC increased while CD4+ DRTC did not

significantly change (Figure 3, left panel). In the Non-Campath

group, the absolute number of CD8+ DRTC and frequency of CD4+

DRTC decreased, while the number of CD4+ DRTC and frequency

of CD8+ DRTC was not significantly different (Figure 3, right

panel). Both CD4+ and CD8+ DRTC constituted a smaller

proportion of all unique clonotypes in the post-transplant

samples compared to pre-transplant in subjects that underwent

non-lymphodepletional induction (Figure 3, right panel).
Frontiers in Immunology 06
3.3 Increased presence of pre-transplant
circulating CD8+ DRTC is associated with
acute rejection in subjects receiving non-
lymphodepletional induction

Due to the relative stability of the repertoire from pre- to post-

transplant in the Non-Campath group (Supplementary Figure S2),

we looked for potential signatures of rejection in this group.

Additionally, due to the substantial lymphodepletion observed in

subjects that received Campath induction, all remaining analyses

were performed only on subjects that did not receive Campath.

Given acute TCMR is associated with infiltration of alloreactive T

cells into the allograft, we first examined DRTC in biopsy samples to

determine the ability of our methodology to identify rejection.
FIGURE 3

Dynamics of the circulating alloreactive repertoire from pre-transplant to 3 months post-transplant. The absolute number of DRTC, the proportion
of all clonotypes (i.e., breadth), and proportion of all T-cells (i.e., frequency/depth) was evaluated in the pre-transplant (Pre-Tx) and ~3-month
posttransplant (Post-Tx) PBMC samples to assess the impact of induction therapy on DRTC. Left Panel) Scatterplots comparing (A, B) the absolute
number, (C, D) the proportion of all clonotypes, and the (E, F) the frequency of CD4+ and CD8+ DRTC in subjects that received Campath (Campath
Pre-Tx N=34, Post-Tx N=30; Wilcoxon Signed Rank Test). Right Panel) Scatterplots comparing (A, B) the absolute number, (C, D) the proportion of
all clonotypes, and the (E, F) the frequency of CD4+ and CD8+ DRTC in subjects that did not receive Campath (Non-Campath Pre-Tx N=20, Post-
Tx N=18; Wilcoxon Signed Rank Test).
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When compared to subjects that had a normal biopsy at 3 months

post-transplant, those with rejection/borderline rejection (non-

stable) had an increased number of both CD4+ and CD8+ DRTC

present within the allograft (Figures 4A, B). In non-stable patients,

CD4+ DRTC made up 0.9% of all clonotypes and represented 0.7%

of all T cells, whereas CD8+ DRTC made up 0.5% of all clonotypes

and represented 1.6% of all T cells. In stable subjects, CD4+ DRTC

made up 0.6% of all clonotypes and represented 0.5% of all T cells,

and CD8+ DRTC made up 0.3% of all clonotypes and represented

0.6% of all T cells.
Frontiers in Immunology 07
Next, we investigated changes in circulating DRTC that

were correlated with rejection and how they compared with

graft infiltrating DRTC. In the unstimulated, pre-transplant

PBMC samples, there was both an increased number and

frequency of CD8+ DRTC in patients that subsequently developed

an abnormal biopsy (Figures 4C, D). An increased number and

frequency of CD8+ DRTC was also seen in the paired PBMC sample

obtained at rejection (Figures 4E, F). However, there were no

statistically significant differences between stable and non-stable

patients when evaluating circulating CD4+ DRTC in the pre- or
FIGURE 4

Allograft and circulating DRTC metrics associated with development of an abnormal biopsy in subjects that received non-lymphodepletional
induction. DRTC were detected in pre-transplant PBMC, post-transplant allografts, and biopsy-paired post-transplant PBMC samples in order to
identify T-cell changes in subjects that developed rejection/borderline rejection. (A, B) Scatterplots comparing the number of graft-infiltrating CD4+

and CD8+ DRTC in subjects that developed an abnormal biopsy versus those that had a normal biopsy at 3 months post-transplant (Stable N=7,
Non-Stable N=9; Mann Whitney U test). Scatterplots comparing the (C) absolute number and (D) frequency of CD8+ DRTC in the unstimulated, pre-
transplant PBMC between subjects that would subsequently develop an abnormal biopsy and those that remained stable at 3-months post-
transplant (Stable N=11, Non-Stable N=9; Mann Whitney U test). (E, F) Scatterplots comparing the number and absolute frequency of CD8+ DRTC in
the biopsy-paired, post-transplant PBMC sample (Stable N=10, Non-Stable N=8; Mann Whitney U test).
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post-transplant periods (Supplementary Figure S3). We hypothesize

this may be due to deletion of clones and/or an increase in the

number of regulatory CD4+ T cells in the stable group. Among

those with rejection, patients that had greater numbers of both

CD4+ and CD8+ peripheral blood DRTC in the pre-transplant

period tended to have greater numbers of DRTC in the post-

transplant period (Supplementary Figure S4). This was in keeping

with the data shown in Supplementary Figure S2. There were no

clinical parameters that were associated with the increase in DRTC

among those patients with rejection. However, the two patients with

Banff 1A rejection at 3 months (Subject 62R, 30R) had the two

highest frequencies of peripheral blood CD8+ DRTC in both the pre

and post-transplant PBMC samples. Additionally, subject 62R had

the greatest frequency of CD8+ DRTC in the pre-transplant

peripheral blood and developed acute rejection at 2 weeks

post-transplant.

To better understand the relationship of DRTC in the peripheral

blood versus in the allograft, we evaluated the proportion of allograft

infiltrating DRTC against those in the unstimulated, pre-transplant

and post-transplant PBMC samples. This enabled us to categorize

allograft-specific DRTC into four groups: i) those identified only in

the unstimulated pre-transplant PBMC sample, ii) those identified in

both the pre-transplant PBMC sample and paired PBMC sample at

the time of rejection, iii) those identified newly in the paired PBMC

sample at rejection (i.e., not detectable pre-transplant), and iv) those

identified only in the kidney (i.e., exist at such a low frequency they
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were not detected in either PBMC sample) (Figures 5A, B). When all

CD8+ DRTC present in the rejecting allograft was considered to be

100%, 87.5% of these clones were detected in the pre-transplant

PBMC, and 59% in both the pre-transplant and paired PBMC sample

at the time of rejection (Figure 5B). We also observed approximately

1% of allograft infiltrating CD8+ DRTC had likely expanded in the

post-transplant period and were newly detected in the post-

transplant PBMC. Lastly, ~10% of allograft infiltrating CD8+

DRTC were identified only in the kidney and not in either PBMC

sample. In the CD4+ subset, 50% of allograft infiltrating CD4+ DRTC

were detected in the pre-transplant PBMC sample with a significant

decrease in this proportion in the paired, post-transplant PBMC

(Figure 5A). Approximately 10% of allograft infiltrating CD4+ DRTC

were newly detected in the post-transplant state, and 40% of allograft

infiltrating CD4+ DRTC were detected only in the kidney.

Individual data from patients with acute rejection who had

multiple paired samples are shown in Supplementary Figures S5-

S7. Of note, the DRTC identified in the allograft in subjects with acute

rejection exhibited similar dynamics in the circulation, providing

additional support for the ability of the pre-transplant MLR to

identify the most biologically relevant clones within the alloreactive

repertoire (Supplementary Figures S5-S7). In some subjects with

rejection, there was a broad infiltration of DRTC into the allograft

with a concomitant decrease in their circulating frequency

(Supplementary Figure S5), whereas in others there was expansion

of a small number of clones (Supplementary Figures S6, S7).
FIGURE 5

Evaluating the relationship of DRTC found within the allograft to those in the circulation in subjects that received non-lymphodepletional induction
and developed an abnormal biopsy. In order to determine if DRTC found within the allograft could be also detected in the circulation (i.e., PBMC
sample), the proportion of allograft clones that were identified i) in the pre-transplant (Pre-Tx) PBMC ii) in both Pre-Tx and paired, post-transplant
(Post-Tx) PBMC, iii) newly in the Post-Tx period and iv) only in the kidney and never in the periphery was evaluated. Scatterplots assessing this
proportion for (A) CD4+ and (B) CD8+ DRTC are shown (N=9). A proportion of 1.0 would suggest all DRTC found in the allograft at rejection were
also detected at a particular time point. The majority of DRTC were found in either the Pre- or Post-Tx PBMC samples. However, there was a
significant decrease in the proportion of CD4+ and CD8+ allograft DRTC that were present in the Pre-Tx PBMC AND were also found in the Post-Tx
sample (Pre-Tx N=9, Post-Tx N=8; Wilcoxon Signed Rank Test).
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3.4 DRTC can be detected in urinary
samples as early as two weeks
post-transplant

Given other groups have suggested that urinary T-cells overlap

with those found within the kidney during rejection (24, 25), we

evaluated the presence of DRTC in urine samples obtained serially

post-transplant to determine if alloreactive clones migrated to the

graft, even as early as 2 weeks post-transplant. In those subjects that

did not receive Campath and subsequently developed an abnormal

biopsy, 2-week CD8+ and CD4+ urinary DRTC were elevated

(Figures 6A, B). We then tracked these 2-week urinary clones into

the post-transplant period and found that some of these clones were
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identified in subsequent allograft biopsies performed at 3 months

post-transplant or at the time of rejection/borderline rejection

(Figures 6C, D). Overlapping CD8+ DRTC sequences found both

in the 2-week urine and kidney biopsy samples obtained in two

subjects that developed rejection (Subjects 20R, 27R) are shown in

Supplementary Tables S3-S5.
4 Discussion

Limited studies have leveraged high-throughput TCR repertoire

analyses of alloreactive T-cells in order to elucidate the dynamics of

T-cell reactivity in the context of allograft rejection (11–13, 26). In
FIGURE 6

Assessment of DRTC in 2-week urine samples and tracking of these clones in post-transplant allograft biopsies. DRTC were detected in 2-week
urine samples to determine if early infiltration of allografts by DRTC was associated with subsequent development of rejection/borderline rejection.
(A, B) Scatterplots comparing the number of CD4+ and CD8+ DRTC detected in 2-week urine samples in subjects that received non-
lymphodepletional induction therapy (Stable N=9, Non-Stable N=5; Mann-Whitney U Test). Subject 62R was removed from this analysis given
rejection occurred at 2 weeks post-transplant. The presence of those same 2-week urine DRTC was then assessed in post-transplant allograft
biopsies obtained at 3-months post-transplant or at rejection. (C, D) Scatterplots showing the number of CD4+ and CD8+ DRTC detected in 2-week
urine samples that were also identified in follow-up kidney transplant biopsies. Overlapping CD8+ TCR sequences found in both the 2-week urine
sample and follow-up kidney biopsy in subjects with acute rejection are shown in Supplementary Tables S3-5.
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this study, we utilized Adaptive Immunosequencing by Adaptive

Biotechnologies to identify and characterize circulating donor

reactive T-cell clones (DRTC) prior to kidney transplantation and

then monitored their presence over time in the allograft, blood and

urine in a cohort of kidney transplant recipients. Overall, we observed

variable numbers of DRTC generated pre-transplant across

individuals. The type of induction therapy had a differential impact

on not only overall T-cell repertoire metrics, but also on the

alloreactive repertoire. In subjects that received Campath, an

increase in the number of peripheral blood unique clonotypes that

were identified as CD8+ DRTC was increased in the post-operative

state. This probably occurred as reconstitution after Campath is

mediated largely by homeostatic proliferation of regulatory and

memory T- lymphocytes as opposed to thymopoiesis (27, 28),

resulting in a skewing of the repertoire towards a memory

phenotype. Additionally, repopulation of the circulating repertoire

after Campath induction is slow but CD8+ cells re-emerge faster than

their CD4+ counterparts (27). Similar results have been observed in a

cohort of patients receiving anti-thymocyte globulin (ATG) (26). In

patients that received non-lymphodepletional induction, an amplified

presence of circulating CD8+ DRTC in both the pre-transplant and

post-transplant blood samples was associated with an abnormal

biopsy. Importantly, we show the majority of CD8+ DRTC

observed in the allograft at the time of rejection were of high

enough frequency to be reliably detected in the unstimulated, pre-

transplant PBMC sample. Finally, some DRTC were identified in the

urine as early as 2 weeks post-transplant and were subsequently

identified in the allograft at the time of rejection or 3 months post-

transplant, providing evidence that alloreactive clones likely migrate

to the graft in the early post-transplant period. Altogether, our results

provide mechanistic insight to the development of kidney transplant

rejection in subjects receiving non-lymphodepletional induction

therapy and suggest monitoring of circulating CD8+ DRTC over

time may be a surrogate for ongoing allograft inflammation.

In our pre-transplant MLR, we found that more CD4+ DRTC

were generated than CD8+ DRTC. Additionally, in the unstimulated,

pre-transplant PBMC sample the number of CD4+ DRTC identified

was correlated with their frequency, but this was not true of the CD8+

subset. We believe these findings are probably due to highly antigenic

HLA-mismatched pairs in some individuals and/or varying numbers

of cross-reactive T-cells. This is in agreement with previous studies

which have shown greater diversity of the alloreactive CD4+

compartment as opposed to the CD8+ (29), likely due to

dominance of the CD8+ compartment by a small subset of highly

frequent clones (15). Future studies should continue to leverage the

power of deep sequencing technology to understand these nuances in

specific HLA-mismatches and how they relate to rejection.

One of our main findings was that CD8+ DRTC were more

abundant in the pre-and post-transplant peripheral blood of patients

that received non-lymphodepleting induction therapy and

subsequently developed an abnormal biopsy. Furthermore, we

showed infiltration of these same clones into the allograft at the

time of biopsy. To date, this has not been reported by other groups

using similar approaches. Alackar et al. showed expansion of the TCR

repertoire in the peripheral blood and allograft of patients that

developed TCMR at the time of rejection, but did not specify if
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these clones were donor reactive (30). Similarly, in a cohort of kidney

transplant recipients, TCR repertoire analysis was unable to detect a

difference in the percentage of donor reactive clonotypes (i.e.,

breadth) within the peripheral blood of patients with rejection (12)

but may have been limited by small sample size and the use of RNA

templates. Alloreactive T cells are compartmentalized into both naïve

and memory cell phenotypes, with memory cells arising from

previous exposure to alloantigens (i.e., cross-reactivity) (31, 32).

Regardless of origin, it has been shown that a high frequency of

pre-existing memory T cells is associated with allograft rejection and

failure (33–36) as measured by interferon-gamma (IFN-gamma)

ELISPOT. This has been primarily shown in subjects that received

non-lymphodepletional induction (33, 34). In our study, the number

of CD8+ DRTC present in the pre-transplant PBMC did not

necessarily correlate with their frequency. For example, in subject

62R (Supplementary Figure S7) there were only 46 CD8+ DRTC

detected in the pre-transplant PBMC, but they made up a larger

percentage of the bulk T-cell repertoire than any other subject that

received non-lymphodepleting induction. At first rejection (~2 weeks

post-transplant), the frequency of CD8+ DRTC increased further

despite the contraction of 3 clones in the periphery (Supplementary

Figure S7). In other subjects, there were more CD8+ DRTC detected

in the unstimulated pre-transplant PBMC, but they made up a

smaller proportion of the bulk T-cell repertoire. In such subjects

(Subject 20R, Supplementary Figure S5), as DRTC migrated from the

circulation into the allograft, there was an accompanying decline in

the number and frequency of DRTC in the peripheral circulation,

suggesting a broad infiltration of alloreactive clones rather than

expansion of a few dominant clones. CD8+ DRTC in Subject 20R

may also have been less antigenic and/or of a naïve phenotype, and

thus, did not demonstrate the robust response expected of highly

antigenic, alloreactive memory T cells (37), such as that observed in

Subject 62R. Given these findings, it is necessary to consider both

absolute number and frequency of clones when evaluating T-cell

alloreactivity over time in transplant recipients, as mechanisms of

rejection may vary across individuals. Critically, genomic DNA

should be utilized for monitoring the dynamics of specific

alloreactive clones as it provides more accurate estimation of clonal

presence compared to RNA (12). No such differences were observed

in the peripheral blood CD4+ DRTC when comparing stable and

non-stable patients. We believe this may be due tomigration of CD4+

DRTC into the allograft in non-stable patients, and/or deletion of

clones or expansion of regulatory T cells in stable subjects. In fact, the

number of detectable CD4+ DRTC actually increased in a number of

stable patients (Supplementary Figure S3).

Similar to other studies, we observed an infiltration of CD4+ and

CD8+ DRTC into the allograft at the time of rejection which, overall,

constituted a small proportion of the intragraft repertoire (12, 24).

In order to more thoroughly understand the relationship of

these allograft DRTC with the circulating repertoire, we tracked

graft infiltrating DRTC that could also be detected in both pre and

post-transplant PBMC samples. As shown in Figure 5, the majority of

CD8+ DRTC detected in the rejecting kidney biopsies were also

identified in the pre-transplant PBMC samples, with a smaller

proportion of allograft infiltrating CD4+ DRTC identified pre-

transplant. We also found a significantly lower proportion of
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allograft infiltrating CD4+ and CD8+ DRTC that were detected in

both the pre-transplant and paired PBMC samples obtained at

rejection. Because of the increased presence of these clones in

the pre-transplant sample, this observation is most likely a result of

either i) migration of clones into the allograft with little to no

recirculation, ii) selective expansion of highly alloreactive clones in

the periphery with contraction of less reactive DRTC, and/or iii)

deletion of a large number of clones. Equally intriguing is the fact that

a substantial proportion of CD4+ DRTC were not detectable in either

PBMC sample. We hypothesize this was due to some graft-infiltrating

CD4+ DRTC existing at low frequencies in the periphery or residing

in secondary lymph node organs, and they are only detectable once

they have migrated to the allograft and undergo expansion (38). This

distinction between CD8+ and CD4+ subsets could also suggest a

differential role of T-cell subsets in the development of allograft

rejection. Our group, and others, have discussed the potential bias of

identifying high frequency, memory T cells through the use of our

TCR sequencing approach (10, 15). However, the direct relationship

of these circulating lymphocytes with those found in the allograft at

rejection has not been thoroughly evaluated until now. We did not

perform further analyses between the shared and non-shared clones

in this study, but cluster and/or motif analyses of these clones may

elucidate a set of epitopes important for the development of rejection

and lend strength to the use of this technology as a biomarker.

Importantly, due to this higher proportion of graft infiltrating CD8+

DRTC that exist in the unstimulated, pre-transplant PBMC, tracking

changes in the CD8+ subset may be a more reliable marker for

underlying allograft inflammation as opposed to CD4+ DRTC.

Notably, these findings are in contrast to previous work. Aschauer

et al. compared the similarity of the intragraft and circulating

repertoire obtained at the time of biopsy and concluded that i) the

clonal composition of the allograft was not reflected by the circulating

repertoire at the time of biopsy and ii) the two repertoires exhibited

distinct properties at rejection (12). However, there were limitations

in that study including the lack of a comparison between the pre-

transplant circulating repertoire and that of the allograft, and also that

alloreactive clone analyses were only performed in two kidney biopsy

samples with rejection.

Lastly, DRTC could be detected in urine samples as early as

two weeks post-transplant, and in some individuals these DRTC

were subsequently identified in the allograft at rejection. Although

we did not perform allograft biopsies at 2 weeks post-transplant,

we hypothesize the 2-week urinary clones represent a small subset

of clones that migrated to the graft early in the post-transplant

period, acquired a new, tissue specific phenotype, and predisposed

to subsequent rejection. There is scarce prior human data, but

Schenk et al. showed memory CD8+ T cells migrate into murine

cardiac allografts as early as 24 hours of reperfusion, produce IFN-

gamma, and result in downstream recruitment of primed effector

T cells (39). Novel methodologies, including the use of combined

single cell transcriptomics, could help further elucidate this to

better understand the changes in phenotype of graft-infiltrating

alloreactive clones over time (24). This would enable the

development of strategies aimed at the early infiltration of CD8+

alloreactive clones with the goal to decrease the risk of

future rejection.
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There are key limitations to this study. First, we are limited by the

small number and proportion of patients experiencing acute TCMR.

Along with this, there are missing data points for some post-

transplant samples due to the nature of prospectively collecting

specimens, but we believe there were ample samples to draw

meaningful conclusions. Next, given this was a discovery phase

project, the study was not powered to assess the effect of changes

in maintenance immunosuppressive regimens or treatment strategies

on the alloreactive repertoire over time. We also did not perform in

depth analyses of DRTC in subjects that received Campath given the

profound lymphodepletion observed. Our cohort had a wide

variation in degree of HLA mismatch, which may have an effect on

DRTC generation across specific donor/recipient pairs. We cannot

comment on the impact of other disease states on DRTC detection as

not many patients had samples collected during episodes of CMV or

BK viremia, BK nephropathy, or urinary tract infections. The mean

time to rejection in our study was ~4 months, and as a result primary

comparisons were performed with stable patients at 3-months. This

was to control for T-cell recovery and/or expansion that occurs over

time. There was variation in the number of DRTC detected across

patients and sample types, further emphasizing the need for

additional studies in larger cohorts. Finally, we did not report

phenotypic data and can only hypothesize as to the potential role

of naïve and/or memory DRTC in the development of rejection.

Follow-up investigations will need to include either in-depth flow

cytometric analyses or combined single cell transcriptomics to

address this limitation (24). Notable strengths of the study include

the prospective collection of samples (~650), comprehensive profiling

of DRTC in longitudinally collected specimen types, and the use of

genomic DNA allowing for exact quantification of individual clones.

In summary, high throughput TCR repertoire analysis at the

DNA level was used to characterize DRTC pre-transplant, which

were then prospectively monitored over time in a large cohort of

kidney transplant recipients. As expected, non-lymphodepletional

induction had little impact on both the bulk and pre-defined

alloreactive repertoire. There was a predominance of circulating

CD8+ alloreactive clones pre-transplant that persisted into the post-

transplant state and primarily made up those CD8+ DRTC found

within the allograft in those subjects that developed an abnormal

biopsy, including acute rejection. Lastly, we show the alloreactive

clones potentially home into the allograft as early as 2-weeks post-

transplant, some of which are subsequently found within the allograft

at later time points. The results of our study also pose an interesting

question about the importance of peripheral blood versus allograft-

infiltrating alloreactive clones in predicting clinical outcomes of

rejection in transplant recipients. It is likely both are critical when

taken in the correct clinical context. For example, identification of

individuals with high frequencies of peripheral blood alloreactive

clones in the pre-transplant period may suggest a greater risk of

acute rejection (i.e., subject 62R in our cohort). In contrast, allograft-

infiltrating clones may provide a means by which to assess treatment

response when combined with traditional histopathological

examination. A recent study by Shi et al. used a novel single cell

technology to study alloreactivity in kidney transplant recipients

experiencing rejection episodes (24). The group showed expanded

clones persisted within the allograft in treatment refractory rejection,
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and some of these changed their phenotype and likely their function.

Additional investigations should be undertaken to further define both

the circulating and allograft specific alloreactive repertories as this

could have substantial implications for prediction and treatment of

acute rejection in transplant recipients.
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