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ABSTRACT

Defective post-transplantation thymopoiesis is associated with chronic graft-versus-host disease (GVHD), a
multiorgan pathology affecting up to 80% of patients after allogeneic hematopoietic stem cell transplanta-
tion (HSCT). Previous work demonstrated that the subset of T cells expressing 2 T cell receptors (TCRs) is
Key Words: predisposed to alloreactivity, driving selective and disproportionate activity in acute GVHD in both mouse models
Tcell and HSCT patients. Here we investigate a potential role for this pathogenic T cell subset in chronic GVHD (cGVHD).
Chronic graft-versus-host HSCT patients with cGVHD demonstrated increased numbers of dual TCR cells in circulation. These dual re-
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'(lj'ls:ﬁsreeceptor ceptor cells had an activated phenotype, indicating an active role in cGVHD. Notably, single-cell RNA sequencing
TCR identified the increased dual TCR cells in cGVHD as predominantly expressing Tbet, indicative of a
proinflammatory phenotype. These results identify dual TCR cells as specific mediators of pathogenic inflam-
mation underlying cGVHD and highlight Tbet-driven T cell function as a potential pathway for potential

therapeutic targeting.
© 2017 American Society for Blood and Marrow Transplantation.
INTRODUCTION T cell activity is primarily determined by specific recog-

Allogeneic hematopoietic stem cell transplantation (HSCT)
presents a medically relevant example of the double-edged
nature of T cell function. Post-allogeneic HSCT mortality is
driven by 3 main causes: malignancy relapse, graft-versus-host
disease (GVHD), and opportunistic infection [1,2]. Opportu-
nistic infection and malignant disease relapse represent, in
part, a failure of T cells to mediate protective immunity [3,4].
Conversely, GVHD is unwanted or misdirected T cell func-
tion that results in multiorgan immune-mediated damage [5,6].
Acute GVHD (aGVHD) is caused by a robust response of donor
T cells in the hematopoietic stem cell graft against recipient
alloantigens [6], while increasing evidence indicates that
chronic GVHD (cGVHD) represents a failure of effective self-
tolerance by the newly developed immune system [5-12]. It
is a goal in HSCT to differentiate T cells capable of mediating
effective post-transplantation protective immunity from those
promoting GVHD, with the aim of identifying specific mecha-
nisms driving pathology.
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nition of peptide antigens presented by MHC through the T cell
receptor [13]. Conventional o T cells express a single a§ T
cell receptor (TCR) heterodimer generated by recombina-
tion of germline-encoded variable (V), diversity, and joining
gene segments. This process enables formation of a diverse
TCR repertoire capable of highly specific responses to a wide
range of potential antigenic stimuli. Functionality of the non-
genetically encoded TCR proteins is ensured via positive and
negative selection during development in the thymus, which
ensures T cells bear a TCR capable of recognizing foreign an-
tigens presented by self-MHC while minimizing T cells with
unwanted reactivity by inducing apoptosis of thymocytes
bearing cross-reactive or autoreactive TCRs [14-19]. In HSCT,
the thymus is subject to extensive insult by pretransplantation
irradiation and chemotherapy conditioning regimens, which
combined with thymic GVHD and normal thymic involution
in older patients limit the efficacy of thymopoiesis in HSCT
patients [20]. This results in not only decreased T cell pro-
duction, but also in impaired elimination of autoreactive/
alloreactive cells that contribute to GVHD [7-20].

We have identified the ~10% of T cells naturally express-
ing 2 TCRs [21] as a subset uniquely predisposed to mediating
alloreactive responses, including aGVHD, in mouse models
and human HSCT patients [22]. Dual TCR cells are generated
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in normal physiology from simultaneous rearrangement of
both TCRa loci in CD4*CD8* double positive thymocytes as a
mechanism to maximize positive selection efficiency [23].
However, promotion of positive selection comes with the cost
of reduced stringency of thymic selection requirements for
dual receptor thymocytes; only 1 of the TCRs on a dual receptor
cell is required to mediate positive selection [24,25] and ex-
pression of a second receptor can mask TCRs that would
otherwise be eliminated by negative selection [26-28]. This
results in emergence of populations of dual TCR cells con-
taining unique TCRo clonotypes that would not be present
under more stringent selection [23]. The presence of these
unique TCRs does not appear to affect responses to foreign
antigens but is associated with increased frequency of cells
reactive against alloantigens and autoantigens [23,29]. These
reactivities underlie the potential for dual TCR T cells to ini-
tiate pathologic alloreactive and autoimmune responses
observed in patients and animal models [25,28,30,31].

We hypothesized that dual TCR cells could be a source of
potentially pathogenic T cells in cGVHD. To test this, we ex-
amined dual TCR cells in peripheral blood samples from
allogeneic HSCT patients with or without symptomatic
cGVHD. Using a previously utilized multiparameter flow
cytometry approach, we identified that dual TCR cells were
increased in patients with cGVHD compared with those in
healthy controls or allogeneic HSCT patients without cGVHD.
Dual TCR cells in cGVHD patients were disproportionately ac-
tivated, indicating participation in disease pathology. Utilizing
a cutting-edge single-cell sequencing approach, we con-
firmed the increased frequencies of dual TCR cells in patients
with cGVHD and identified expression of Tbet, a transcrip-
tion factor associated with proinflammatory Th1 and cytotoxic
T cell function, as a predominant population associated with
cGVHD. These findings support the idea of dual TCR cells as
a selectively pathogenic subset in transplantation and high-
light Tbet-mediated proinflammatory pathways as a potential
therapeutic target in cGVHD.

MATERIALS AND METHODS
Human Subjects

Peripheral blood leukocytes were collected from consenting healthy adult
volunteers during apheresis platelet donation at the San Diego Blood Bank.
WABCs were recovered from apheresis filters. Adult patients receiving allo-
geneic HSCT at University of California San Diego Moores Cancer Center were
recruited for participation and provided informed consent. Patients re-
ceived standard of care therapy, including pretransplantation conditioning
and granulocyte colony-stimulating factor-mobilized HSCs or bone marrow
as indicated (Table 1). Peripheral blood samples from HSCT patients (10 mL
to 30 mL) were collected by peripheral venipuncture at routine follow-up
visit or at admission for treatment of symptomatic cGVHD. cGVHD was as-
sessed using National Institutes of Health (NIH) diagnosing and staging criteria
[32]. All samples and data from healthy donors and HSCT patients were
deidentified and assigned a study-unique identifier, linking data and samples.
Leukocytes were collected by density-gradient centrifugation (Lymphoprep,
Stem Cell Technologies, Vancouver, BC) and stored at -80°C until analysis.
All collection, storage, and analysis of samples and patient data were per-
formed under the approval of the University of California San Diego human
studies institutional review board.

Flow Cytometry

Human peripheral blood T cells were labeled with Live/Dead Yellow vi-
ability dye (Thermo-Fisher Scientific, Waltham, MA) before labeling with
TruStain Fc block, anti-CD3 (HIT3a)-PE-Cy5, anti-CD4 (OKT4)-APC-Cy7, anti-
CD8 (HIT8a)-PerCP-Cy5.5, anti-CD45RA (HI100)-BV421, anti-CD45R0 (UCHL1)-
AF700, anti-TCRVa7.2 (3C10)-BV605 (Biolegend, San Diego, CA), anti-TCRVo24
(C15)-PE (Beckman Coulter, Brea, CA), anti-TCRVa12.1 (6D6.6)-FITC, anti-
TCRVo2 (F1) (Thermo-Fisher Scientific) labeled with AF647 (Molecular Probes,
Eugene, OR), and anti-TCRVo4 (5B2) and anti-TCRVo9 (2B2) [31] labeled with
Pacific Orange and AF594, respectively (Molecular Probes). Samples were
analyzed on a FACSCanto or LSR II instruments (BD Biosciences, San Jose,

CA), with FACSDiva software. Samples were run in batches containing both
control and experimental samples. Cutoffs for defining positive labeling were
determined using fluorescence minus-1 controls for surface labeling and
isotype controls for intracellular labeling. Data were analyzed using Flow]o
v10 (Tree Star, Ashland, OR).

Single-Cell TCR Clonotype and Transcription Factor Analysis

Human peripheral blood T cells were isolated using a FACS ARIA II cell
sorter into a 96-well PCR plate (Axygen, Corning, NY), directly into 11 uL
of 1x One-Step RT-PCR buffer (Qiagen, Hilden, Germany). Barcoded single-
cell libraries of TCRo, TCR3, and effector genes were generated by independent
nested PCR amplification of cDNA using HotStar TAQ (Qiagen) [33]. The nested
amplification protocol was modified from the original version, reducing the
reaction volumes by 50% and separating TCRo. and TCRB amplification to
improve efficiency. The final products were pooled, gel purified, and se-
quenced using 500 cycle v2 MiSeq reagents (Illumina, San Diego, CA).
Demultiplexing data for individual wells and counting effector gene tran-
scripts was performed using previously described algorithms [33]. TCR
sequence data were analyzed using MiTCR software [34].

Statistical Analysis

Data were analyzed using Prism 6 software (GraphPad). Nonparamet-
ric analyses were performed using Mann-Whitney test. Intrasample
comparisons of phenotype for single and dual TCR cells were performed using
ratio paired t-test. Frequencies of categorical data were compared using Fis-
her’s exact test.

RESULTS
Flow Cytometry Identified Increased Frequencies of Dual
TCR Cells in Patients with cGVHD

Given the ability of dual TCR T cells to selectively mediate
pathologic alloreactive and autoimmune responses in pa-
tients and animal models [25,28,30,31], we examined T cells
in peripheral blood samples from patients developing cGVHD
19 to 48 months after allogeneic HSCT (n=9), allogeneic HSCT
patients not developing cGVHD within a comparable post-
transplantation time period (n = 4), and age-matched healthy
controls (n =5) (Table 1). We utilized our previously described
approach of flow cytometry analysis for pair-wise TCRVo. ex-
pression [31]. Using antibodies recognizing TCRVa2, TCRVo4,
TCRVa7, TCRVa9, TCRVa12, and TCRVo24 enables examina-
tion of approximately 15% of the TCRa repertoire (Figure 1A)

Table 1
Patient Demographics

Patient Age, HSCT HSC HLA Days cGVHD
yr Conditioning Source Matching after Global
HSCT Severity

Score

3 65  RIC PBSC  10/10 568 Mild

4 72 RIC PBSC 10/10 1223 Mild

6 24  MAC BM 10/10 1294 Severe

7 30 MAC PBSC 5/10 278 None
12 51 MAC PBSC  10/10 917 Mild
13 52 RIC PBSC 10/10 2016 Present,

not scored

14 32  MAC PBSC  10/10 1015 Severe
15 74  RIC PBSC  10/10 762 Severe
16 54 MAC PBSC 10/10 346 None
17 65  RIC PBSC  10/10 759 Mild

18 66  RIC PBSC  10/10 1029 Severe
20 27  MAC PBSC  10/10 1160 None
21 67 RIC PBSC 10/10 1453 None
W75 52 n/a n/a n/a n/a n/a
W38 51 n/a n/a n/a n/a n/a
W49 64 n/a n/a n/a n/a n/a
W94 56 nfa n/a n/a n/a n/a
w83 61 n/a n/a n/a n/a n/a

HSC indicates hematopoietic stem cell; RIC, reduced-intensity condition-
ing; PBSC, mobilized peripheral blood stem cells; MAC, myeloablative
conditioning; BM, bone marrow; n/a, not available.

HLA matching refers to allele-level match for HLA-A, -B, -C, -DRB1, and -DQB1.
cGVHD severity was assessed using NIH criteria.
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Figure 1. Identification of dual TCR cells by flow cytometry. Dual TCR cells were identified in peripheral blood samples by pair-wise labeling with antibodies

recognizing TCRVo.2, TCRVo4, TCRVa7, TCRVa9, TCRVa12, and TCRVo24. (A) Representative sample demonstrating gating strategy. Singlet live CD3*CD4* or
CD8* cells were analyzed for TCR expression. TCRVa gating was determined using FMO controls (gray). Percentage of T cells expressing specified TCRVo in-
dicated. (B) Dual TCR cells were enumerated from total cells labeled with TCRVa mAbs using 15 pair-wise TCRVo combinations. (C) Dual TCR T cell frequency
was enumerated as the total number of dual TCR cells identified from the total number of TCRVa* cells. Total dual TCR T cell frequency was estimated as the
number of dual TCR cells compared with the potential number of dual TCR T cells based on TCRV«. labeling frequency using TCRVo.12 to normalize between
samples. (D) Correlation between total TCRVa*™ cells and measured dual TCR cells. Data shown are individual samples; healthy donors in open circles, allo-
geneic HSCT patients without cGVHD in grey circles, cGVHD patients in black circles. Correlation calculated by nonlinear regression. (E) Correlation between
2 independent readings of human peripheral blood flow cytometry data. Data shown are individual samples; healthy donors in open circles, allogeneic HSCT
patients without cGVHD in grey circles, cGVHD patients in black circles. Correlation calculated by nonlinear regression.

and identification of 15 pair-wise combinations of TCRVa. ex-
pression (Figure 1B). Using this flow cytometry approach, dual
TCR cell frequency was evaluated both as absolute number
of dual TCR cells among all cells labeled with anti-TCRVo. mAbs
and as a percentage of dual TCR cells potentially identifiable
(using the most consistently abundant TCRVo examined,
TCRVa12, to normalize between samples) (Figure 1C). These
analyses enabled normalization for differential use of TCRVo
gene segments between individuals. Although increased

frequencies of T cells expressing the 6 TCRVo segments that
we are capable of examining by flow cytometry increased the
absolute number of dual TCR cells identifiable, there was no
bias in the frequency of identifiable dual TCR cells caused by
use of these differential TCRVo (Figure 1D). Blinded inde-
pendent analysis of dual TCR T cell frequencies by 2 different
investigators demonstrated excellent correlation (Figure 1E),
indicating the robustness of this approach. Although the fre-
quency of dual TCR cells identifiable using the method is low,
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Figure 2. Dual TCR cells are increased in frequency and activated in pa-
tients with cGVHD. Dual TCR T cells were identified in peripheral blood
samples from healthy donors, allogeneic HSCT patients without cGVHD, and
allogeneic HSCT patients with symptomatic cGVHD using pair-wise label-
ing for TCRVo. (A) Frequency of peripheral blood T cells labeled with indicated
antibodies recognizing indicated TCRVo.. Data shown are individual pa-
tients. (B) Representative example of pair-wise labeling for the most frequent
TCRVa pairs, TCRVo2 and TCRVa12 from healthy donor and patient with
c¢GVHD. (C) Enumeration of dual TCR T cells identified by flow cytometry,
shown as dual TCR cell frequency in individual patients, compared by Mann-
Whitney test. Absolute dual TCR cell frequency estimated using equation
described in Figure 1C. Data shown are in individual patients compared by
Mann-Whitney test.

examination of large numbers of T cells (~1 x 10/sample) and
stringent gating strategies enable robust and consistent enu-
meration of dual TCR cells.

TCRVa use was similar between allogeneic HSCT patients
and healthy controls (Figure 2A). Dual TCR cells were readily
identifiable in both healthy controls and HSCT patients
(Figure 2B). Peripheral blood samples from healthy donors
demonstrated 8.8 +.8 dual TCR cells/10*> TCRVa' T cells
(mean + SEM), with an estimated frequency of 17.9 + 6.8% of
peripheral T cells (Figure 2C). These frequencies are consistent
with previous investigations of dual TCR T cells from our group
as well as others. HSCT patients with symptomatic cGVHD
had a 3-fold increase in dual TCR cells (26.5 + 5.6 cells/10°
TCRVo' T cells, P=.012; 58.1 + 12.4% P =.028). HSCT patients
without symptomatic cGVHD did not evidence a similar in-
crease in dual TCR cells (9.1 + 1.6 cells/10> TCRVa* T cells,
34.6 +15.1%). Dual TCR frequency was not significantly dif-
ferent between cGVHD disease severity groups (NIH mild/
moderate cGVHD, n=5, 30.5 + 9.6 dual TCR cells/103 TCRV o

T cells versus severe cGVHD, n =4, 21.4 + 4.5 dual TCR cells/10?
TCRVa' T cells, P=.397). Dual TCR cell frequency in patients
with cGVHD was not affected by pretransplantation condi-
tioning regimen (reduced-intensity conditioning, n =6,
24.4+79 dual TCR cells/10° TCRVo T cells versus myeloablative
conditioning, n = 3, 30.6 + 7.4 dual TCR cells/10° TCRVor* T cells,
P=.562).

Dual TCR Cells Are Selectively Activated in cGVHD

The use of multiparameter (13-color) flow cytometry
enables phenotypic examination of dual TCR cells and com-
parison of their phenotype with that of other cells in the same
sample. Dual TCR cells did not evidence any difference in total
TCR expression as measured by CD3 expression (Figure 3A,B).
Dual TCR cells were also equally likely to have a naive
(CD45RA") phenotype as the T cell population in general
(41.1+7.1% and 38.8 + 5.9% respectively, P=.311) (Figure 3C,D).
However, dual receptor cells were much more likely to be ac-
tivated than all TCRVo. mAb* cells in patients with cGVHD,
as evidenced by expression of CD69 (24.3 + 10.0% of dual TCR
cells compared with 8.1 +4.6% al TCRVa* cells, P=.004)
(Figure 3E,F).
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Figure 3. Phenotypic examination of dual TCR cells in patients with cGVHD.
Phenotype of dual TCR T cells identified by pair-wise TCRVo. mAb labeling
was compared with all TCRVa* cells in samples. (A) Representative example
of CD3 expression by all TCRVa* cells and dual TCR cells. (B) Comparison
of CD3 expression by all TCRVar* cells and dual TCR cells in samples from
healthy donors, allogeneic HSCT patients without cGVHD, and patients with
symptomatic cGVHD. Data shown are mean + SEM of percentage of CD3 mean
fluorescence intensity (mfi) of dual TCR cells compared with CD3 mfi of all
TCRVo" cells. (C) Representative example of CD45RA expression by all TCRVor*
cells and dual TCR cells. (D) Comparison of CD45RA expression by all TCRVor®
cells and dual TCR cells in samples from patients with symptomatic cGVHD.
Data shown are individual samples with groups linked by line. Data com-
pared using ratio paired t-test. (E) Representative example of CD69 expression
by all TCRVa* cells and dual TCR cells identified by pair-wise labeling.
(F) Comparison of CD69 expression by all TCRVa* cells and dual TCR cells
in patients with symptomatic cGVHD. Data shown are individual samples
with groups linked by line. Data compared using ratio paired t-test.
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Single-Cell RNA Sequencing Confirms Increased Dual TCR
Cells in cGVHD

Identification of dual TCR T cells by flow cytometry is crit-
ically restricted by a paucity of available reagents. This
significantly limits our ability to examine the entire potential
dual TCR repertoire. Furthermore, the flow cytometry ap-
proach does not unambiguously identify T cells expressing a
single TCR, as it would be expected that a number of cells
express secondary TCRs that cannot be measured by available
reagents. To overcome this, we adopted a single-cell barcoded
PCR strategy that enables identification of TCRo/ clonotypes
combined with selected transcription factor/effector gene ex-
pression by multiplexed next-generation DNA sequencing [33]
and MiTCR gene rearrangement analysis software [34]. In-
dividual T cells (176/sample) from healthy donors (n =4) and
HSCT patients with symptomatic severe cGVHD (n =4, Pa-
tients 6, 14, 15, and 18) were isolated by flow cytometry into
96-well plates for single-cell analysis. A stringent cutoff of
10° TCR sequence reads was applied to minimize the possi-
bility for cross-contamination resulting in false-positive TCR
sequences for a given well. Using this cutoff, we identified
in-frame TCRP rearrangements in 75.0% and TCRo. in 70.0%
of sorted wells (Figure 4A). Further refinement of the data was
performed by eliminating cells with 2 in-frame TCRf tran-
scripts to avoid the possibility for having sorted 2 cells into
a single well as well as eliminating TCRo transcripts paired
with more than 1 TCRP from a given patient to minimize the
possibility for cross-contamination resulting in false-positive
identification of dual TCR cells. Wells with 2 TCRa tran-
scripts demonstrated a range of ratios between the transcripts
(Figure 4B). Together, these analyses confidently identified
TCRoB clonotypes in 49.6% of wells tested.

Using the single-cell sequencing strategy, we identified
TCRof clonotypes from 429 T cells from healthy donors and
422 T cells from patients with cGVHD (Figure 5A). Two in-
frame TCRo: transcripts were identified in 68 (18.8%) of cells
from healthy donors, consistent with other reports as well
as the estimate from our flow cytometry data (Figure 2C).
Single-cell TCR sequencing of peripheral blood T cells from
4 patients with severe cGVHD (NIH grading criteria) dem-
onstrated a significantly higher percentage of cells with 2 in-
frame TCRo transcripts (23.4%, P=.019) compared with
healthy controls. The frequency of dual TCR cells identified
in these patients was comparable to that estimated by flow

A B
2 100, 0 107 %00 eg
c © ° (]
sa S | oope @
© = Y
o 0
s 3 3 o
< S 504 & 051 @
S 3 =
% g % Py {
(7]
F i |
X 0 0
= TCRPB TCRa TCRap H.C. cGVHD

Figure 4. Identification of TCR clonotypes by single-cell RNA sequencing.
Peripheral blood T cells from allogeneic HSCT patients with symptomatic
cGVHD and age-matched healthy controls were analyzed by single-cell
barcoded sequencing for TCRo and TCRP. (A) Efficiency of identifying TCRp,
TCRa, and paired TCRof clonotypes using analysis criteria. Data are indi-
vidual patient samples with group means shown. (B) Comparison of ratio
of TCRa. read counts for dual TCR cells from healthy donors and cGVHD pa-
tients. Data shown are individual dual TCR cells from 4 samples in each group,
with group means indicated.

cytometry for these 4 samples (21.9%). There was no differ-
ence in the relative read counts of paired TCRo transcripts
in dual receptor cells from patients with cGVHD (.52 +.03,
mean + SEM) compared with dual receptor cells from healthy
controls (.48 +.03, P=.248) (Figure 4B). These data validate
the data from the flow cytometry approach and enable spe-
cific examination of the TCR repertoires of dual receptor cells.

We have previously used deep sequencing of mouse TCRo
repertoires to demonstrate that dual receptor T cells contain
a unique repertoire of TCRs that are not present among T cells
with a single receptor [23]. The TCR repertoire of dual re-
ceptor cells from patients with cGVHD demonstrated broad
use of TRBV and TRAV segments with clonal distribution fre-
quencies comparable to dual TCR cells from healthy donors
(Figure 5B). Dual TCR T cells from both healthy donors and
patients with cGVHD had decreased relative breadth of clonal
distribution compared with single TCR T cells, though this
is possibly attributable to the relatively limited number of
dual TCR clones identified. TCRs from dual receptor cells did
not demonstrate structural abnormalities in the CDR3a or
CDR3, with CDR3 lengths comparable to single TCR cells from
cGVHD patients as well as single or dual TCR cells from healthy
donors (Figure 5C). Similarly, TCRs from dual receptor cells
did not demonstrate preferential use of basic (R, H, K), acidic
(D, E), small (G, A), nucleophilic (S, T, C), hydrophobic (V, L,
I, M, P), aromatic (F, Y, W), or amide (N, Q) amino acids in
the CDR3a or CDR3 regions (Figure 5D). The single-cell se-
quence data provide additional confidence in our observation
of increased dual TCR T cell frequencies in HSCT patients with
c¢GVHD by flow cytometry and unambiguously identify TCRo3
clonotypes from dual receptor cells for examination of their
activity in cGVHD.

Dual TCR Cells in cGVHD Are Proinflammatory

A key benefit of the multiplexed single-cell sequencing ap-
proach is the ability to link TCR clonotypes with phenotype.
Using the described multiplex phenotype PCR primers [33]
we examined expression of 14 key transcription factors and
effector molecules. However, T cells were not restimulated
ex vivo, which limited information from cytokine and effec-
tor molecule analysis. Therefore, we focused phenotypic
analysis on transcription factors capable of differentiating
T cell functional subsets, including RUNX1, RUNX3, TBX21, RORC,
GATA3, BCL6, and FOXP3 [35]. The nested PCR approach used
for single-cell library construction provides qualitative but
not quantitative analysis of gene expression. Read count cutoff
values for positive gene expression were determined by anal-
ysis of read count distribution. CD4* (RUNX1*) and CD8*
(RUNX1") dual TCRT cells from patients with cGVHD (Figure 6A)
demonstrated frequent expression of TBX21 (Tbet), a pro-
moting factor for proinflammatory Th1 CD4* and cytotoxic
CD8" T cell function [36]. TBX21-expressing cells were sig-
nificantly more common in both single TCR (59.8% CD4" cells,
17.6% CD8* cells) and dual TCR cells (70.0% CD4" cells, 18.8%
CD8* cells) from patients with cGVHD compared with healthy
donors (50.4% CD4* cells, P=.009, 8.5% CD8" cells, P=.054),
indicating involvement of these cells in cGVHD (Figure 6B).
GATA3 and BCL6 were also commonly expressed by dual TCR
cells. No difference in expression of these factors was ob-
served between T cells from patients with cGVHD and healthy
controls. Few FOXP3* CD4* regulatory T cells (Tregs) were ob-
served in patients with cGVHD (1.4%), though, the number
of cells identified was not statistically different from healthy
donors (3.8%, P=.261).
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Figure 5. Single-cell sequencing identifies increased dual TCR cells in patients with cGVHD. Peripheral blood T cells from allogeneic HSCT patients with symp-
tomatic cGVHD and age-matched healthy controls were analyzed by single-cell barcoded sequencing for TCRo and TCRp. (A) Single-cell sequencing identified
increased frequencies of peripheral blood T cells expressing 2 TCRs in patients with cGVHD as compared with healthy donors. Data shown as the number
and percentage of T cells with 2 TCRs among all cells with identifiable TCRo3 clonotypes. Data are compared by Fisher’s exact test. Dual TCR cell frequencies
for both groups were comparable to estimates from flow cytometry analyses. (B) Comparison of TRBV and TRAV gene segment use by single and dual TCR
cells from healthy donors and cGVHD patients. Data are shown as cumulative distribution of gene segment use by TCR clonotypes within each group.
(C) CDR3B and CDR3o. amino acid length by single and dual TCR cells from healthy donors and cGVHD patients. Data are shown as relative frequency for CDR3
amino acid length by TCR clonotypes within each group. (D) CDR3f and CDR3o amino acid use by single and dual TCR cells from healthy donors and cGVHD
patients. Data are shown as relative of amino acids present in CDR3 regions of TCR clonotypes within each group.

Comparison of transcription factor expression by single
TCR and dual TCR cells did not identify specific variances, sug-
gesting differences in function associated with cGVHD.
However, dual TCR T cells in patients with active cGVHD were
significantly more likely to express at least 1 of the effector
function-driving TBX21, GATA3, or BCL6 compared with single
TCR cells (92.5% of dual TCR CD4" cells compared with 76.6%
of single TCR CD4* cells, P=.034; 81.2% of dual TCR CD8"* cells
versus 67.6% of single TCR CD8" cells, P=.371). A similar dif-
ference was not observed when comparing dual TCR and
single TCR cells from healthy donors (76.0% of dual TCR CD4*
cells compared with 74.6% of single TCR CD4" cells, 62.5% of
dual TCR CD8" cells versus 78.2% of single TCR CD8" cells).

These results are in line with our observation of selective ac-
tivation of dual TCR T cells as evidenced by CD69 expression
(Figure 3E) and suggest that dual TCR T cells are selective me-
diators of disease.

DISCUSSION

The pathogenic link between altered post-HSCT
thymopoiesis and development of systemic inflammatory
disease characterizing cGVHD led us to investigate the potential
involvement of the subset of T cells naturally coexpressing 2
TCRs. Dual TCR cells have been shown to selectively mediate
alloreactive responses and initiate the earliest phases of aGVHD
[23,25,31]. Using both a previously described multiparameter
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Figure 6. Dual TCR cells in cGVHD are preferentially activated with a proinflammatory phenotype. Expression of lineage-directing transcription factors and
effector molecules by peripheral blood T cells from allogeneic HSCT patients with symptomatic cGVHD and age-matched healthy controls were linked to TCRo3
clonotypes, including dual TCR cells, by barcoded sequence analysis. (A) Expression of lineage-directing transcription factors by single and dual TCR cells iden-
tified from single-cell sequencing. Red denotes detected expression above threshold. (B) Comparison of gene expression by single TCR and dual TCR cells from
healthy donors and cGVHD patients. Data indicate percentage of RUNX1* (CD4*) and RUNX1- (CD8) cells expressing indicated gene. Data between groups

compared by Fisher’s exact test.

flow cytometry assay as well as a single-cell sequencing ap-
proach, we provided proof of concept that dual TCR T cells
are selectively increased and active in patients with cGVHD.
Although the number of subjects in this study is small, lim-
iting the ability to draw larger conclusions regarding the
magnitude of the role of dual TCR cells in pathogenesis and
the potential utility for measurement of these cells as a prog-
nostic biomarker, the single-cell DNA sequencing approach
provided significant novel information. The single-cell anal-
ysis performed in this study has identified over 400 o TCR
(and 0B TCR) clonotypes associated with cGVHD for further
functional investigation. Importantly, the single-cell sequenc-
ing approach provided a method to not only unambiguously
identify single TCR and dual TCR cells and provide additional
confidence in the results from the flow cytometry-based
studies, but also to link TCR clonotypes to effector function.
This is an important area for investigation, as the mecha-
nisms driving cGVHD pathology remain enigmatic.
Single-cell sequencing enabled focused examination of sus-
pected pathogenic cells, permitting separation of population-
specific signal from background bulk population noise. Our
analysis of transcription factors associated with driving T cell
effector phenotypes demonstrated a predominance of CD4‘Th1
and CD8'Tbet' cells. This is consistent with other observations

of cGVHD driven by proinflammatory T cells [37]. We also
observed frequent expression of GATA3 and BCL6, though the
relationship to function is not directly evident, as they have
multiple effects on T cell function. GATA3 is associated with
driving CD4'Th2 responses, but is also involved in T cell ho-
meostasis and Th9 differentiation [38]. BCL6 is associated with
differentiation of follicular helper T cells, which have re-
cently been identified as having a role in antibody-mediated
cGVHD [39,40], and is also associated with multiple other
effects, including CD8* T cell proliferative burst and promot-
ing memory T cell development [41-43]. The pleiotropic
functions of BCL6 likely obfuscate any differences in follicu-
lar helper T cells between single and dual TCR cells in our
patients. Further study with additional phenotypic or gene
expression markers would possibly identify these differences.
Regardless, it is likely that multiple T cell effector subsets con-
tribute both independently and synergistically to multimodal
cGVHD pathology. An overarching feature may be defective
post-transplantation Treg production and function, which
enable immune dysregulation and subsequent cGVHD patho-
genesis [44,45]. To this end, we observed decreased frequencies
of CD4'FOXP3* cells in patients with cGVHD compared with
that observed in healthy controls, though the low numbers
of cells precluded statistical confidence in the data. Future
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focused examinations of post-transplantation Treg TCR rep-
ertoires using the single-cell approach could be insightful in
evaluating changes in the Treg TCR repertoire associated with
cGVHD.

Increases in dual TCR cell frequency associated with symp-
tomatic cGVHD observed in allogeneic HSCT patients must
result from either expansion of donor cells transferred as
part of the hematopoietic stem cell allograft or from T
cells derived from post-transplantation thymopoiesis. Our
previous examinations indicated that allogeneic HSCT pa-
tients did not evidence expansion of donor dual TCR cells
peritransplantation (90 days) in the absence of GVHD [31].
Here, patients developing cGVHD were 9 to 67 months after
transplantation, a period where thymic production of new
T cells would be expected [20]. These data suggest that the
dual TCR cells associated with cGVHD may have arose from
post-transplantation thymopoiesis rather than expansion of
donor cells, though it is impossible to definitively determine
the origin of these cells. It has become increasingly evident
that cGVHD is a consequence of defects in thymic regener-
ation of the T cell repertoire after transplantation. We propose
that dual TCR T cell production could be a mechanism linking
qualitatively defective thymopoiesis and cGVHD. Dual TCR thy-
mocytes have an advantage during positive selection in the
thymus [23], which could combine with defective post-
transplantation negative selection to generate a specific subset
of cells with high risk for the types of immune responses
driving cGVHD [7-12]. A direct link between thymic dysfunc-
tion and cGVHD pathogenesis in human subjects has proven
elusive because of the substantial heterogeneity of the T cell
compartment. Longitudinal analyses of post-HSCT T cell rep-
ertoire formation will be essential to truly understand the
origin and natural progression of pathogenic cells in cGVHD.
Our data presented here indicate dual TCR T cells may be a
specific and useful marker to examine effects of HSCT on the
generation of T cells with increased pathogenic potential.

ACKNOWLEDGMENTS

The authors thank Arnold Han (Columbia University) for
assistance with the single-cell sequencing assay. The authors
also thank to Amy Guzdar, Michelle Padilla, and Marissa
Weigand for assistance in patient recruitment and collec-
tion of clinical samples and data and Kristen Jepsen at the
UCSD Institute for Genomic Medicine for assistance in per-
forming Next-Generation Sequencing. Thanks to John Chang,
Ananda Goldrath, and Stephen Hedrick for helpful comments.

Financial disclosure: This work was funded by NIH grant
KO08AI085039 (GPM), American Society of Hematology Junior
Faculty Scholar Award (GPM), and the UC San Diego Clinical
and Translational Research Institute Grant UL1TR001442 (RS).

Conflict of interest statement: There are no conflicts of in-
terest to report.

Authorship statement: A.B. and G.P.M. designed and per-
formed experiments. N.G., E.D.B., and G.P.M. managed patient
recruitment, sample collection and processing, clinical record
collection, and analyzed clinical data. R.S. performed com-
putational analysis of single-cell sequencing data. A.B. and
G.P.M. analyzed data and wrote the manuscript.

REFERENCES
1. Gooley TA, Chien JW, Pergam SA, et al. Reduced mortality after allogeneic
hematopoietic-cell transplantation. N Engl ] Med. 2010;363:2091-2101.
2. Pidala ], Anasetti C, Jim H. Quality of life after allogeneic hematopoietic
cell transplantation. Blood. 2009;114:7-19.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

1859

. Servais S, Lengline E, Porcher R, et al. Long-term immune reconstitution

and infection burden after mismatched hematopoietic stem cell
transplantation. Biol Blood Marrow Transplant. 2014;20:507-517.

. Bui JD, Schreiber RD. Cancer immunosurveillance, immunoediting and

inflammation: independent or interdependent processes? Curr Opin
Immunol. 2007;19:203-208.

. Baird K, Pavletic SZ. Chronic graft versus host disease. Curr Opin Hematol.

2006;13:426-435.

. Shlomchik WD. Graft-versus-host disease. Nat Rev Immunol. 2007;7:340-

352.

. Teshima T, Reddy P, Liu C, et al. Impaired thymic negative selection

causes autoimmune graft-versus-host disease. Blood. 2003;102:429-435.

. Sakoda Y, Hashimoto D, Asakura S, et al. Donor-derived thymic-

dependent T cells cause chronic graft-versus-host disease. Blood.
2007;109:1756-1764.

. Zhang Y, Hexner E, Frank D, Emerson SG. CD4* T cells generated de novo

from donor hemopoietic stem cells mediate the evolution from acute
to chronic graft-versus-host disease. ] Immunol. 2007;179:3305-
3314.

Rangarajan H, Yassai M, Subramanian H, et al. Emergence of T cells that
recognize nonpolymorphic antigens during graft-versus-host disease.
Blood. 2012;119:6354-6364.

Wau T, Young JS, Johnson H, et al. Thymic damage, impaired negative
selection, and development of chronic graft-versus-host disease caused
by donor CD4* and CD8* T cells. ] Immunol. 2013;191:488-499.
Dertschnig S, Hauri-Hohl MM, Vollmer M, et al. Impaired thymic
expression of tissue-restricted antigens licenses the de novo generation
of autoreactive CD4* T cells in acute GVHD. Blood. 2015;125:2720-2723.
Rudolph MG, Stanfield RL, Wilson IA. How TCRs bind MHCs, peptides,
and coreceptors. Annu Rev Immunol. 2006;24:419-466.

Klein L, Kyewski B, Allen PM, Hogquist KA. Positive and negative selection
of the T cell repertoire: what thymocytes see (and don’t see). Nat Rev
Immunol. 2014;14:377-391.

Kisielow P, Bluthmann H, Staerz UD, et al. Tolerance in T-cell-receptor
transgenic mice involves deletion of nonmature CD4*8" thymocytes.
Nature. 1988;333:742-746.

Finkel TH, Cambier JC, Kubo RT, et al. The thymus has two functionally
distinct populations of immature a3* T cells: one population is deleted
by ligation of a8 TCR. Cell. 1989;58:1047-1054.

Huseby ES, White J, Crawford F, et al. How the T cell repertoire becomes
peptide and MHC specific. Cell. 2005;122:247-260.

McDonald BD, Bunker JJ, Erickson SA, et al. Crossreactive a8 T cell
receptors are the predominant targets of thymocyte negative selection.
Immunity. 2015;43:859-869.

Morris GP, Allen PM. How the TCR balances sensitivity and specificity
for the recognition of self and pathogens. Nat Immunol. 2012;13:121-
128.

Krenger W, Blazar BR, Hollander GA. Thymic T-cell development in
allogeneic stem cell transplantation. Blood. 2011;117:6768-6776.
Padovan E, Casorati G, Dellabona P, et al. Expression of two T cell receptor
o chains: dual receptor T cells. Science. 1993;262:422-424.
Balakrishnan A, Morris GP. The highly alloreactive nature of dual TCR
T cells. Curr Opin Organ Transplant. 2016;21:22-28.

Ni PP, Solomon B, Hsieh CS, et al. The ability to rearrange dual TCRs
enhances positive selection, leading to increased allo- and autoreactive
T cell repertoires. ] Immunol. 2014;193:1778-1786.

He X, Janeway CA Jr, Levine M, et al. Dual receptor T cells extend the
immune repertoire for foreign antigens. Nat Immunol. 2002;3:127-
134.

Morris GP, Allen PM. Cutting edge: highly alloreactive dual TCR T cells
play a dominant role in graft-versus-host disease. | Immunol.
2009;182:6639-6643.

Hardardottir F, Baron JL, Janeway CA Jr. T cells with two functional
antigen-specific receptors. Proc Natl Acad Sci USA. 1995;92:354-358.
Sarukhan A, Garcia C, Lanoue A, von Boehmer H. Allelic inclusion of
T cell receptor o genes poses an autoimmune hazard due to low-level
expression of autospecific receptors. Immunity. 1998;8:563-570.

Ji Q, Perchellet A, Goverman JM. Viral infection triggers central nervous
system autoimmunity via activation of CD8* T cells expressing dual TCRs.
Nat Immunol. 2010;11:628-634.

Kekalainen E, Hanninen A, Maksimow M, Arstila TP. T cells expressing
two different T cell receptors form a heterogeneous population
containing autoreactive clones. Mol Immunol. 2010;48:211-218.
Elliott JI, Altmann DM. Dual T cell receptor o chain T cells in
autoimmunity. ] Exp Med. 1995;182:953-959.

Morris GP, Uy GL, Donermeyer D, Dipersio JF, Allen PM. Dual receptor
T cells mediate pathologic alloreactivity in patients with acute graft-
versus-host disease. Sci Transl Med. 2013;5:188ra174.

Jagasia MH, Greinix HT, Arora M, et al. National Institutes of Health
consensus development project on criteria for clinical trials in chronic
graft-versus-host disease: I. The 2014 diagnosis and staging working
group report. Biol Blood Marrow Transplant. 2015;21:389-401.

Han A, Glanville ], Hansmann L, Davis MM. Linking T-cell receptor
sequence to functional phenotype at the single-cell level. Nat Biotechnol.
2014;32:684-692.


http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0010
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0010
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0015
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0015
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0020
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0020
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0020
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0025
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0025
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0025
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0030
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0030
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0035
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0035
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0040
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0040
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0045
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0045
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0045
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0050
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0050
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0050
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0050
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0055
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0055
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0055
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0060
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0060
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0060
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0065
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0065
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0065
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0070
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0070
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0075
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0075
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0075
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0080
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0080
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0080
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0085
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0085
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0085
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0090
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0090
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0095
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0095
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0095
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0100
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0100
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0100
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0105
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0105
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0110
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0110
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0115
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0115
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0120
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0120
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0120
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0125
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0125
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0125
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0130
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0130
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0130
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0135
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0135
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0140
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0140
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0140
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0145
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0145
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0145
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0150
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0150
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0150
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0155
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0155
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0160
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0160
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0160
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0165
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0165
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0165
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0165
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0170
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0170
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0170

1860

34.

35.

36.

37.

38.

39.

Bolotin DA, Shugay M, Mamedov IZ, et al. MiTCR: software for
T-cell receptor sequencing data analysis. Nat Methods. 2013;10:813-
814.

Heng TS, Painter MW, Immunological Genome Project Consortium. The
Immunological Genome Project: networks of gene expression in immune
cells. Nat Immunol. 2008;9:1091-1094.

Lazarevic V, Glimcher LH, Lord GM. T-bet: a bridge between innate and
adaptive immunity. Nat Rev Immunol. 2013;13:777-789.

Imanguli MM, Swaim WD, League SC, et al. Increased T-bet* cytotoxic
effectors and type I interferon-mediated processes in chronic
graft-versus-host disease of the oral mucosa. Blood. 2009;113:3620-
3630.

Wan YY. GATA3: a master of many trades in immune regulation. Trends
Immunol. 2014;35:233-242.

Flynn R, Du ], Veenstra RG, et al. Increased T follicular helper cells and
germinal center B cells are required for cGVHD and bronchiolitis
obliterans. Blood. 2014;123:3988-3998.

40.

41.

42.

43.

44,

45.

A. Balakrishnan et al. / Biol Blood Marrow Transplant 23 (2017) 1852-1860

Forcade E, Kim HT, Cutler C, et al. Circulating T follicular helper cells
with increased function during chronic graft-versus-host disease. Blood.
2016;127:2489-2497.

Im SJ, Hashimoto M, Gerner MY, et al. Defining CD8* T cells that provide
the proliferative burst after PD-1 therapy. Nature. 2016;537:417-421.
Oestreich KJ, Weinmann AS. Master regulators or lineage-specifying?
Changing views on CD4* T cell transcription factors. Nat Rev Immunol.
2012;12:799-804.

Kaech SM, Cui W. Transcriptional control of effector and memory CD8*
T cell differentiation. Nat Rev Immunol. 2012;12:749-761.

Matsuoka K, Kim HT, McDonough S, et al. Altered regulatory T cell
homeostasis in patients with CD4* lymphopenia following allogeneic
hematopoietic stem cell transplantation. J Clin Invest. 2010;120:1479-
1493.

Imanguli MM, Cowen EW, Rose ], et al. Comparative analysis of FoxP3
regulatory T cells in the target tissues and blood in chronic graft versus
host disease. Leukemia. 2014;28:2016-2027.


http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0175
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0175
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0175
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0180
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0180
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0180
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0185
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0185
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0190
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0190
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0190
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0190
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0195
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0195
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0200
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0200
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0200
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0205
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0205
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0205
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0210
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0210
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0215
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0215
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0215
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0220
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0220
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0225
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0225
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0225
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0225
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0230
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0230
http://refhub.elsevier.com/S1083-8791(17)30607-9/sr0230

	 Proinflammatory Dual Receptor T Cells in Chronic Graft-versus-Host Disease
	 Introduction
	 Materials and Methods
	 Human Subjects
	 Flow Cytometry
	 Single-Cell TCR Clonotype and Transcription Factor Analysis
	 Statistical Analysis

	 Results
	 Flow Cytometry Identified Increased Frequencies of Dual TCR Cells in Patients with cGVHD
	 Dual TCR Cells Are Selectively Activated in cGVHD
	 Single-Cell RNA Sequencing Confirms Increased Dual TCR Cells in cGVHD
	 Dual TCR Cells in cGVHD Are Proinflammatory

	 Discussion
	 Acknowledgments
	 References




