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The critical balance between intended and adverse effects in allogeneic
hematopoietic stem cell transplantation (alloHSCT) depends on the fate of
individual donor T-cells. To this end, we tracked ofT-cell clonotypes during
stem cell mobilization treatment with granulocyte-colony stimulating factor
(G-CSF) in healthy donors and for six months during immune reconstitution
after transfer to transplant recipients. More than 250 offT-cell clonotypes were
tracked from donor to recipient. These clonotypes consisted almost exclusively of
CD8" effector memory T cells (CD8TEM), which exhibited a different
transcriptional signature with enhanced effector and cytotoxic functions
compared to other CD8TEM. Importantly, these distinct and persisting
clonotypes could already be delineated in the donor. We confirmed these
phenotypes on the protein level and their potential for selection from the graft.
Thus, we identified a transcriptional signature associated with persistence and
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expansion of donor T-cell clonotypes after alloHSCT that may be exploited for
personalized graft manipulation strategies in future studies.
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Introduction

Allogeneic hematopoietic stem cell transplantation (alloHSCT) is
the standard of care with curative intent for various malignant and non-
malignant hematological diseases (1, 2). In adult transplantation, stem
cell grafts from peripheral blood (PB) of healthy donors after treatment
with granulocyte-colony stimulating factor (G-CSF) are routinely used
and currently the most prevalent graft source (1-3). Besides the
mobilization of CD34" hematopoietic stem cells into the periphery,
G-CSF has direct effects on other immune cells (4-7) and leads to an
increase in various immune cell types including several T-cell subsets
such as CD8" T-cells and regulatory T-cells (8-11). Clinical studies
showed that transferred T-cells are critical for the success of alloHSCT
as transplantations with T-cell depleted grafts have an inferior outcome
(12, 13). Transplanted donor T-cells are pivotal in early immune
protection and initial Graft-versus-Tumor effects (GvT), but on the
downside, they may also cause Graft-versus-Host Disease (GvHD) (13,
14). GvHD is a possibly fatal complication that is mediated by
alloreactive donor T-cells attacking host tissue. Together with
immunosuppressive strategies, partial T-cell depletion in vivo by anti-
thymocyte globulin (ATG), anti-lymphocyte globulin or attenuation of
alloreactive T-cells by post-HSCT cyclophosphamide is used to reduce
GvHD. However, this approach is limited as it thwarts essential GvT
effects. Thus, finding the right balance of beneficial and adverse effects
remains challenging. Development of strategies to optimize donor T-
cells with anti-tumor activity are ongoing. Some of these strategies to
optimize anti-tumor activity involve selective depletion of T-cells: The
majority of human T-cells express the affT-cell receptor (TCR) which
endows these T-cells with the ability to recognize peptide antigens
presented on HLA class I and II molecules. T-cells are largely separated
into antigen experienced memory and naive T-cells. Mouse studies
show that transferred naive T-cells are primarily responsible for GvHD,
with memory T-cells causing only mild to no GvHD (15-21). Targeted
depletion of naive o3T-cells has been tested in clinical trials and
resulted in very low incidences of severe acute GvHD or any grade of
chronic GvHD, with no apparent increased risk of relapse or non-
relapse mortality (22, 23).

In the context of these ongoing efforts and with the goal of further
identifying persisting T-cell subsets and their associated phenotypes,
we analyzed the fate of donor ofiT-cell clonotypes and their
transcriptional dynamics during G-CSF mobilization and in the
posttransplant follow-up after alloHSCT. We used single-cell RNA
sequencing (scRNAseq) enabling longitudinal analysis of
transcriptional patterns of T-cell populations with unprecedented
granularity. The integration of paired o and B chain TCR information
on the single cell level furthermore makes it possible to assign exact
clonal identity to single T-cells. In the context of alloHSCT, this
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means that for the first time we can track healthy donor T-cell
clonotypes long-term after transfer to the transplant recipient and
link distinct transcriptional attributes with clonal dynamics and
persistence of T-cells.

Methods
Study design and approval

We designed our study to analyze peripheral blood lymphocytes of
paired donor and recipient samples. We included five alloHSCT
patients between December 2018 and May 2019 who received PB
grafts from related donors at the Charite Universititsmedizin Berlin.
Patients were only included if the respective donors could be included
as well. Blood samples were collected from donors before G-CSF
mobilization and on the day of apheresis. Recipient samples were
collected on days +90 and +180 post transplantation. This study was
approved by the local ethics committee of Charite Universitdtsmedizin
Berlin (EA1/272/16) and all individuals gave informed consent.

Sample preparation

PBMC were isolated from up to 20ml whole blood using density
gradient centrifugation. PBMC were then freshly frozen according to
standard procedures and stored in liquid nitrogen. All samples from
one pair (i.e., donor samples from before and after G-CSF
mobilization and recipient samples from days +90 and +180) were
then treated in the same experimental run. The samples were thawed
and stained with 4°,6- diamidino-2-phenylindole (DAPI). For all
scRNAseq experiments, we sorted for alive lymphocytes using a
FACSAria Fusion cell sorter (Becton Dickinson, Franklin Lakes, NJ,
USA). Only for functional studies and TCR bulk sequencing
experiments, sorting of CD8 T-cells was performed using a
FACSMelody cell sorter (Becton Dickinson, Franklin Lakes, NJ,
USA). Representative examples of the two different sorting
strategies are shown in Supplemental Figure S6.

Single-cell library construction and
sequencing (CITEseq antibody labeling,
scRNAseq, scTCRseq)

After cell-sorting we continued to treat samples individually,
using one 10x lane per sample. Alive cells were incubated with 5 pl
Human TruStain FeX ™™ per 1x10° cells for 10 mins, then stained with
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nucleotide-labeled TotalSeqCTM antibodies (Biolegend, San Diego,
USA) for 30 min. To avoid antibody aggregates, labeled cells were
washed 3 times with 1 ml PBS/BSA (BSA concentration 0.2%) with
centrifugation at 300 g for 5 min. Cells were then resuspended in 50 pl
PBS/BSA (BSA concentration 0.2%) and counted using the Neubauer
chamber. We aimed for a calculated amount of ~16.500 cells of each
sample for droplet encapsulation on separate lanes of the Chromium
Controller (10x Genomics, Pleasanton, CA, USA). Single-cell
capturing and library construction were performed with the
Chromium Next GEM Single Cell V(D)] Reagent Kit v2 (10x
Genomics, Pleasanton, CA, USA) according to manufacturer’s
instructions. Essentially, single-cell gel beads-in-emulsion (GEMs)
are formed, each containing a single cell and 10x chemistry for cell
lysis, barcoding and reverse transcription of contained RNA within
each GEM. The resulting cDNA including the single-cell barcodes is
then amplified using standard polymerase-chain reaction (PCR). We
constructed gene expression libraries with 10x 5" Library Kits (PN-
1000263/5, PN-1000190, PN-1000286, PN-1000215), and TCR
libraries with the 10x T-cell V(D)J Enrichment Kits (PN-1000252).
Sequencing of the resulting libraries was performed on an
Ilumina NovaSeq6000.

Single-cell sequencing analysis

Sequencing libraries for gene expression and TCR/BCR were jointly
processed using cellranger multi (v6.0.0) and the GRCh38 genome
annotation, and analyzed with Seurat v4.0.11. We next used Seurat’s
reference mapping workflow to jointly transfer celltype labels at different
granularity (“levels”) and embedding coordinates from a PBMC
reference (24), after filtering out cells with more than 10%
mitochondrial gene content, less than 250 or more than 5000 genes
and those with a level 1 cell type prediction score of less than 0.75. We
used level 2 annotation for B and T-cells, and level 1 annotation
otherwise. Next, we used scRepertoire v1.1.22 to process cellranger
VDJ output. Persisting clonotypes (both chains) were defined as those
appearing in at least one recipient and one donor sample each. Clonal
diversity was assessed using the inverse Simpson score, and clonal overlap
with the Morisita index. Antigen specificity was assessed using vdjmatch
(v1.3.1) (25). Functional enrichment analysis was done with tmod
v0.46.24 with gene sets from the Hallmark, Reactome, Kegg and Gene
Ontology BP databases. We investigated differential cell-cell signaling
between donors and recipients using scDiffCom v0.1.05. The cytotoxicity
score was computed following Zhang et al. (26), i.e., by projecting our
pseudobulk data onto the PCA space defined by their reference dataset
(GSE124731). The effectorness score was computed analogously to the
approach of Cano-Gamez et al. (27), i.e,, by computing a pseudotime
ordering of all CD8 T-cells with monocle3 v0.2.3.08 on the “integrated”
assay obtained using Seurat’s Integrate Data workflow to remove batch
variation between different samples (24). Computational enrichment of
persisting cells from donor CD4"/CD8" T cells was done with logistic
regression and random forest classifiers (randomForest package v4.6-14).
We first used 10fold cross-validation with a 75:25 train:test split across all
cells to evaluate the classifiers and feature sets, and then another round of
cross-validation, training on 3 donors and testing on the fourth.
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Statistical analysis

Differences in cell type composition were tested using mixed-
effects binomial models (Ime4 package, v1.1-27.1). Differential gene
expression analysis was performed with DESeq2 v1.30.13 using a
pseudo-bulk strategy, i.e., by summing up counts in all cells of the
same type from the same sample, using pair identity as covariate. For
functional experiments, we used paired t-tests in GraphPad Prism
v9.4.1 (GraphPad Software, San Diego, CA, USA).

TCRp bulk sequencing and analysis

TCR repertoires were assessed as previously described by next-
generation sequencing (28). Briefly, genomic DNA was isolated using
AllPrep DNA Micro Kit (Qiagen) and the recombined V-CDR3-]
region of the TCRP locus was amplified. Purified amplicons were
sequenced using Illumina HiSeq sequencing platform and clonotypes
characterized using IMSEQ software (29).

Results

Clinical set-up for scRNAseq of PBMCs
in alloHSCT

We performed massively parallel single-cell RNAseq and afTCR
profiling of peripheral blood mononuclear cells (PBMC) in donors
and recipients of alloHSCT. We included five donor-recipient pairs
(A-E) with four matched-related and one haploidentical
transplantation. Clinical data are depicted in Figure 1A and
summarized in Supplementary Table 1. All patients underwent
myeloablative conditioning treatment. T-cell-depleting therapy with
ATG was applied in the matched-related transplantations, and post-
HSCT cyclophosphamide was applied in the haploidentical
transplantation. Four of five recipients developed mild to moderate
GVHD (overall score grade I-II (30)). One recipient required donor
lymphocyte infusions due to relapse of disease with declining donor
bone marrow chimerism starting at day+120 (pair D). There was one
case each of mild cytomegalovirus (CMV) and Epstein-Barr virus
(EBV) reactivation (pairs A and E, respectively). Samples were
collected before and after G-CSF treatment in donors and in
recipients on days +90 and +180 after transplantation (Figure 1B).
In total, we sequenced 97,520 cells including 68,762 T-cells after
quality control (Supplementary Figure S1A), with about 2,500 T-cells
per sample and about 18,000 T-cells per time point (median). We
used label transfer from a published multimodal PBMC cell type
reference (24) to annotate different cell populations at different time
points (Figure 1C). Further, we applied Cellular Indexing of
Transcriptomes and Epitopes by sequencing (CITE-seq), a method
combining multiplexed antibody-based detection of protein markers
together with transcriptome profiling for single cells (31), and
detected strong enrichment of antibody-derived tags for canonical
markers in the associated immune populations (Supplementary
Figure S1B).
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FIGURE 1
Clinical set-up for scRNAseq of PBMCs in alloHSCT. (A) Clinical characteristics of the included donor-recipient pairs. (B) Clinical set-up and sampling time
points in the donor (pre G-CSF and post G-CSF) and recipient (day +90 and day +180). (C) scRNAseq data projected into a PBMC reference embedding for
different time points before and after alloHSCT. (D) Stacked bar plot summarizing cell type fractions at different stages. MCL, mantle cell lymphoma; BPDCN,
blastic plasmacytoid dendritic cell neoplasm; AML, acute myeloid lymphoma; MDS, myelodysplastic syndrome; 10/10, HLA-matched; 5/10, haploidentical;
ATG, antithymocyte globuline; Cyclo, cyclophosphamide; aGvHD, acute graft-versus-host disease; CMV, cytomegalovirus; CTL, cytotoxic T lymphocytes;
TCM, central memory T-cells; TEM, effector memory T-cells; DC, dendritic cells; Mono, monocytes; NK, natural killer cells; Treg, regulatory T-cells; pre, pre
G-CSF; post, post G-CSF; d90, day +90 post transplantation; d180, day +180 post transplantation.

Donor-recipient shifts in cell composition,
gene expression and intercellular signaling

We analyzed all cells in our samples with a focus on differences
between donors (healthy) and recipients (patients) and found a
systematic shift in cell type composition between donors (pre G-
CSF, post G-CSF) and recipients (day +90, day +180) (Figures 1D, 2A;
Supplementary Figure S1C). In particular, we observed an expansion
of cytotoxic CD4" T-cells (CD4 CTL) and proliferating and effector
memory CD8" T-cells (CD8TEM) at the expense of other populations
including B-cells, dendritic cells (DC) and naive T-cells (Figure 2B).
The CD8 T-cell expansion is based on large and hyperexpanded
clonotypes (Supplementary Figure S2A). We further performed
differential gene expression followed by gene set enrichment
analysis between donors and recipients in each cell population
(Supplementary Tables S2, S3), which revealed a shift across all
major T-cell subtypes towards antigen-driven activation after
transplantation. In this regard, our data reflect processes of
activation, inflammation, and expansion that fit the clinical setting
of alloHSCT, in which immune responses associated with infection,
GvHD, and GvT occur (Figure 2C, see Supplementary Figure S2B for
individual genes from these terms) (32, 33).

Top Ligand-Receptor-Interactions (LRIs) in an overrepresentation
analysis (ORA) of differential cell-cell signaling between recipients and
donors (34) (Figure 2D; Supplementary Table S4) reveal a striking
upregulation of Signal Regulatory Protein-y (SIRPG):CD47, which has
been implicated in the context of T-cell activation and GvHD (35, 36).
High scores were also observed for the interactions of SI00A8/A9 with
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ITGB2, which have been linked to the induction of neutrophil
chemotaxis and adhesion during inflammatory processes and immune
response (37, 38), as well as the transmigration of leucocytes including T-
cells in the context of GVHD (39, 40). Interestingly, salivary proteomic
analysis in GVHD patients suggests SI00A8 as a marker for GvHD
activity (41). Also other top ranked interactions have been shown to
mediate or balance allo-immune responses, such as CD72:SEMA4D (42),
CD72:CD5 (43), HLA-DRB1/5:LAG3 (44) and MIE:CD74 (45).

More generally speaking, our cell-cell signaling network analysis
for top LRIs underlines interactions between B- and T-cells that are
relevant for the transplantation setting and that have been implicated
in immune response and GvHD (Figure 2E).

Clonal tracking of T-cells in alloHSCT using
single-cell sequencing

To get a better understanding of clonal dynamics in alloHSCT, we
focused our further analyses on single-cell TCR repertoires of the T-
cell population. Comparing repertoire diversity between cells of
donors and recipients, as measured by the inverse Simpson score
(Figure 3A), we detected a significant decrease of the recipients’
repertoire diversity. Comparing repertoires between different
samples (i.e, different time points as well as different individuals),
we find the highest degree of clonal overlap between samples of the
same individual and considerable overlap between matched donor
and recipient samples as indicated by the Morisita score (see
Supplementary Figure S3A). There is no overlap between samples
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FIGURE 2
Donor-recipient shifts in cell composition, gene expression and intercellular signaling. (A) PCA on the cell type compositions of the different samples.
(B) Compositional differences between samples from donors D (both pre and post G-CSF samples, if available) and recipients R (both d+90 and d+180
samples, if available). p-values from mixed-effects binomial model; ***p < 0.001, **p < 0.01, *p < 0.05. (C) Selected pathways differentially regulated
between recipients and donors for each cell type; color indicates adjusted p-value and direction of change; size indicates effect size (area-under-curve).
(D) Top ligand-receptor-interactions (LRIs) in an overrepresentation analysis (ORA) of differential cell-cell signaling between recipients and donors.
(E) Cell-cell signaling network for top LRIs from (D).

of different pairs, suggesting that these results are not dominated by
public clonotypes. Specifically, we were able to track between 27 and
91 clonotypes from donor to recipient up to six months
posttransplant, using only TCRs with both o and B chain
(Figure 3B; Supplementary Figure 1C). Notably, persisting o T-cell
clonotypes - as defined by their presence in the donor as well as the
recipient of the same pair — expanded and represented at least 50%
of the most abundant T-cell clonotypes in the recipients except in
pair D, where T-cell clonotypes appeared to contract after transfer.
This corresponds with clinical observations, as only this patient
suffered a disease relapse after alloHSCT. When looking at T-cell
phenotype attribution, persisting clonotypes were almost entirely
annotated as CD8TEM (Figure 3C). In general, almost all cells in
persisting o T-cell clonotypes had the same phenotype across
different samples, indicating that further differentiation is rare
(Supplementary Figure S3B). When comparing our afTCR
information with available databases on antigen specificity, we
found that only a fraction of our clonotypes expressed TCRs with
known specificities such as CMV and EBV (Supplementary Figure
S3C; Supplementary Table S5). Next, we tracked the fate of the ten
most prevalent TCR clonotypes in the donor, as well as the origin of
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the top ten TCR clonotypes in the recipient. While top donor
clonotypes did not show a clear bias towards expansion or
contraction (Supplementary Figure S3D), most of the top recipient
clonotypes underwent strong expansion over time (Figure 3D).

Distinct transcriptional dynamics of
persisting T cell clonotypes

We next investigated the gene expression dynamics of persisting
CD8TEM of samples from pairs A-D which passed our more stringent
quality criteria (Supplementary Figure S1A). We performed PCA and
unsupervised clustering of pseudobulk gene expression for the CDSTEM
subpopulation at all collected time points using 953 genes differentially
expressed in different comparisons: between donors and recipients and,
within these groups, between persisting and other cells (Figures 4A, B).
Both of these analyses demonstrate that gene expression changes are
dominated by the donor-recipient difference. However, a unique
transcriptional profile of persisting CD8TEM is connected to 54 genes
(Figure 4C and Supplementary Figure S4) that are enriched in clusters 5
and 6. This profile is related to cytotoxicity and effectorness programs, as
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indicated by previously developed summary metrics (26, 27): persisting
CDS8TEM show significantly higher cytotoxicity scores (26) than other
CDSTEM, reaching values closest to NK cells among all T-cell subsets
(Figure 4D, left). Similarly, using an effectorness model originally
developed for CD4" T-cells (27) shows that persisting CDSTEM also
exhibit higher effectorness than other CD8TEM (Figure 4D, right).
Interestingly, the observed transcriptional differences are more
pronounced in the donor samples, indicating that persisting CDSTEM
clonotypes constitute a distinct and pre-existing donor T-cell population.

Identifying persisting CD8TEM cells with
cytotoxic features in the donor

To address this further, we asked to which extent this persisting T-cell
population could be identified and isolated already in the graft. Indeed, we
observed a systematic shift between persisting and other CD8TEM cells in
donors when projecting single cells into the PCA of Figure 5A
(Supplementary Figure S5A). Hence, we first performed machine
learning in order to enrich persisting CD8TEM from CD4" or CD8" T-
cells, evaluating the performance of two different classifiers and four
different feature sets: 10 surface antigens from our CITEseq data
(Supplementary Figure S1B), 12 cytotoxicity genes from literature (26),
the top 50 markers for the CD8TEM population of the PBMC reference
we used (24) or the 54 genes differentially expressed in persisting
CD8TEM. A random forest model with the 54 persistence genes
showed optimal performance, reaching a ~7-fold enrichment of
persisting CD8TEM (Figure 5A). Training this model on three donors
and evaluating on the fourth, we similarly found that the abundance of
persisting CD8TEM could be increased by a factor 3-12 from the baseline
of 6-19% to values between 43-71% (Figure 5B). The most informative
features for this classifier include expected cytotoxicity and effectorness
genes such as NKG7 (encoding for Natural Killer Cell Granule Protein 7)
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and GZMH (encoding for Granzyme H) as well as surface markers
Adhesion G Protein-Coupled Receptor G1 (ADGRG1=GPR56), Killer
Cell Lectin Like Receptor D1 (KLRD1=CD94) and Fc Gamma Receptor
IITa (FCGR3A=CD16A) (Figure 5C). Using flow cytometry, we could
readily detect subpopulations with substantial protein expression of
ADGRG]I, KLRD1 and FCGR3A in CD8TEM of five additional healthy
donors that were not included in our scRNAseq experiments (Figure 5D).
Comparing ADGRG1" or FCGR3A" CDSTEM populations against
ADGRGI1™ or FCGR3A™ controls, respectively, we in fact measured
higher cytotoxic functionality by means of significantly increased
expression of perforin (PRF1) and granzyme B (GZMB) (Figure 5E).

In a proof-of-principle experiment, we finally sorted ADGRG1"
CDSTEM from one of our alloHSCT donors (donor B from pair B)
and performed TCRp bulk sequencing. When comparing these TCRf
bulk sequencing results of cells from donor B with the single-cell TCR
sequencing results of cells from donor B, we detected 54 TCRp chains
that were present in both the single-cell and the bulk TCR data. 26 of
these 54 TCRP chains were among the persisting T-cell clonotypes
(defined based on single-cell TCR sequencing as described above, see
also Supplementary Figure S5B). We obtained a substantial
enrichment of persisting cells by this “in-vitro” sort (Figure 5F), by
a comparable factor to the “in-silico” sorting from Figure 5B.

These results confirm that it is indeed possible to enrich CDSTEM
with enhanced cytotoxicity and effectorness from the donor graft that
show expansion and long-term persistence after transfer to the recipient.

Discussion

Donor T-cells mediate GvT and are essential for immune defense in
early immune reconstitution, and their effectiveness therefore determines
the overall success of alloHSCT. To gain highly resolved information on
persisting T-cell clonotypes and the associated gene expression patterns,
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Distinct transcriptional dynamics of persisting T cell clonotypes. (A) PCA of pseudobulk gene expression in CD8TEM cells using 989 genes differentially
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effectorness scores (right) for different T- or NK cell subpopulations. p-values from t-test, ***p < 0.001. CTL, cytotoxic T lymphocytes.

we studied alloHSCT donor-recipient pairs for up to 180 days after
transplantation. Looking first at overall immune reconstitution in the
recipients, CD8" T-cells dominated the T-cell compartment post
alloHSCT. This is consistent with extensive data on immune
reconstitution after alloHSCT showing a predominance of CD8" T-
cells resulting from lymphopenia-induced homeostatic proliferation and
antigen activation (14, 46). Clinical studies equally confirm the relevance
of CD8" T-cells in the alloHSCT setting (47, 48).

Next, we looked at changes between donors and recipients to gain a
better understanding of shifts in cellular immunity between healthy
donors and transplant recipients on single cell level. Top LRIs in an ORA
of differential cell-cell signaling between recipients and donors revealed
an upregulation of interactions mediating or regulating allo-immune
responses. Antibody blocking experiments support roles in GvHD for
SIRPG, LAG3 and CD74. Antibody blockade of SIRPG impaired IFNy
secretion by activated T-cells and hindered SIRPG:CD47 interaction
resulting in significantly delayed onset of GvHD and impaired donor
chimerism (35, 36). The interaction of SIRPG and CD47 also has been
shown to play a key role in transendothelial migration of T-cells under
shear flow conditions (49) and promotes antigen-specific T-cell
proliferation and T-cell costimulation (36). Lag-3 as an important
regulatory molecule involved in alloreactive T-cell proliferation and
activation after bone marrow transplantation (44) and blockade of the
lymphocyte-activated gene-3 (LAG-3) signaling prevented murine
GvHD (50). CD74 is widely expressed in antigen-presenting cells such
as B-cells, and GvHD could be prevented by anti-CD74 antagonistic
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antibodies (51). Expression of the interaction partner MIF has been
shown to control functional activation of CD74 (45) and is upregulated in
alloHSCT. The role for SEMA4D in the alloreaction by modulating T-
cell-APC interaction is supported by knock-out (KO) T-cell experiments
demonstrating that murine recipients of SEMA4D KO T-cells exhibit
reduced mortality and GvHD while GVvT is preserved (42). Overall, we
observe interactions driven by alloreactivity in our posttransplant
samples, which are consistent with other studies in similar settings and
might be candidates to mitigate GVHD while maintaining GvT. Larger
cohorts would allow more detailed analyses with respect to differences in
clinical characteristics between individual pairs.

Combining immune profiling with scRNAseq data, we identified a
specific peripheral CDS8TEM subset in the context of alloHSCT by
tracking T-cell receptor sequences from the donor to the recipient.
Even though single-cell immune profiling samples only a relatively
small fraction of the T-cell receptor sequence repertoire and we
therefore likely undersample persisting CD8TEM clonotypes, we still
observed a distinct gene expression profile when comparing to CD8TEM
clonotypes that appeared exclusively at one time point. We were thus able
to attribute a specific molecular phenotype to these persisting cells that
enabled their identification already in the graft via protein surface
markers. Some of the upregulated genes in persisting CD8TEM were
associated with NK functions such as ADGRG1, FCGR3A and KLRD1.
ADGRGI (=G-protein coupled receptor 56, GPR56) is expressed on
human circulating NK-cells and CD8"/CD4" CTL (52, 53). Expression of
FCGR3A, synonyme for CD16, on CD8" T-cells has been associated with
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NK cell-like functional properties (54), and interestingly, high expression
of KLRD1 on NK- and CD8 T-cells has been correlated with lower level
of apoptosis and maintenance of these cells (55). Accordingly, CDSTEM
score right alongside NK-cells in metrics for cytotoxicity and effectorness
(26, 27).

A related study by Sheih et al. evaluated in vivo performance of
chimeric antigen receptor (CAR) T-cells by scRNAseq and clonal
tracking. Transcriptionally distinct clusters of CAR T-cells in the
infusion products of four patients characterized by specific expression
of genes associated with T-cell activation, cytotoxicity, mitochondrial
functions, and cell cycle, were found to yield different contributions to the
CAR T-cell pool in the blood at later time points after infusion (56). As in
our study, the longest persisting clonotypes exhibited elevated expression
of cytotoxicity genes such as GZMH and NKG?7. This suggests that our
findings may be relevant for adoptive T-cell therapy in general.

Another study explored the influence of different CAR signaling
domains and their effect on the gene expression of T-cells, suggesting that
this knowledge could support the production of more precise CARs as
the differences are known already before infusion (57). Similarly, in our
clinical context of inter-individual cell transfer, we observed a distinct
transcriptional profile of persisting CD8TEM (compared to other
CD8TEM) already in the donor, independent of G-CSF mobilization,
and prior to cell transfer to the patient. Thus, we hypothesize that
persisting CD8TEM clonotypes constitute a distinct and pre-existing
donor T-cell population that could be identifiable in any given cell
sample. Importantly, since surface markers are part of the identified gene

Frontiers in Immunology

08

signature, the persisting CD8TEM subset could be selected by flow
cytometry. Due to our experimental approach, we are unable to make
inferences about the biological role of the identified cells in alloHSCT, i.e.,
we cannot assess whether these clones primarily support GvT, infection
defense or GVHD. However, the identification of T-cell attributes in the
donor that are connected to persistence of T-cell clones is a step towards
more precise donor graft composition strategies.

Taken together, we examined the in vivo behavior of individual
TCR donor clonotypes. Naturally, a number of other factors besides
cell intrinsic properties might impact the expansion and persistence
of donor T-cells. However, our results contribute to a deeper
understanding of graft composition in alloHSCT and may be an
essential building block for future studies addressing personalized
graft manipulation strategies, as we identified a persistent CD8TEM
subset that could potentially be selected prior to transplantation if
further research in the context of antigen specificities of interest
confirms beneficial clinical effects of this subset.

Data availability statement

The datasets presented in this study are deposited in NCBI's
Gene Expression Omnibus, accession number GSE222633. Analysis
code is available at https://github.com/bihealth/obermayer_et_al
teell_persistence.

frontiersin.org


https://github.com/bihealth/obermayer_et_al_tcell_persistence
https://github.com/bihealth/obermayer_et_al_tcell_persistence
https://doi.org/10.3389/fimmu.2023.1114368
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Obermayer et al.

Ethics statement

The studies involving human participants were reviewed and
approved by Ethics committee of Charité Universititsmedizin Berlin.
The patients/participants provided their written informed consent to
participate in this study.

Author contributions

BO conceptualized and performed all bioinformatic analyses and
wrote the manuscript. LK planned and performed experiments,
supported bioinformatic analysis and wrote the manuscript.
TC supported experimental planning and execution. MF supported
study conceptualizing, experimental planning, and data analysis. I-WB,
LV, KM, CT-B, OP, and LB supported patient selection, sample
acquisition, clinical data collection and analysis. SL supported sample
acquisition, sample processing, clinical data collection and analysis. LH
and LL performed the FACS sorting. US and NB performed the
TCRP bulk sequencing and analysis. SH and DB supported
bioinformatic analyses and data interpretation. FW performed part of
the experiments. FW and I-KN conceptualized the study,
supported patient selection and inclusion, planned and oversaw
experiments, participated in bioinformatic analyses, and wrote the
manuscript. All authors contributed to the article and approved the
submitted version.

Funding

The work was supported by grants from BIH and research
funding from the Stiftung Charité (BIH Johanna Quandt funding).

References

1. Loke J, Malladi R, Moss P, Craddock C. The role of allogeneic stem cell
transplantation in the management of acute myeloid leukaemia: a triumph of hope and
experience. Br ] Haematology. (2020) 188(1):129-46. doi: 10.1111/bjh.16355

2. Singh AK, McGuirk JP. Allogeneic stem cell transplantation: A historical and
scientific overview. Cancer Res (2016) 76(22):6445-51. doi: 10.1158/0008-5472.CAN-16-
1311

3. Holtick U, Albrecht M, Chemnitz JM, Theurich S, Skoetz N, Scheid C, et al. Bone
marrow versus peripheral blood allogeneic haematopoietic stem cell transplantation for
haematological malignancies in adults. Cochrane Database Systematic Rev (2014) 4). doi:
10.1002/14651858.CD010189.pub2

4. D'Aveni M, Rossignol J, Coman T, Sivakumaran S, Henderson S, Manzo T, et al. G-
CSF mobilizes CD34+ regulatory monocytes that inhibit graft-versus-host disease. Sci
Transl Med (2015) 7(281):281ra42. doi: 10.1126/scitranslmed.3010435

5. Rossetti M, Gregori S, Roncarolo MG. Granulocyte-colony stimulating factor drives
the in vitro differentiation of human dendritic cells that induce anergy in naive T cells. Eur
J Immunol (2010) 40(11):3097-106. doi: 10.1002/eji.201040659

6. Rutella S, Bonanno G, Pierelli L, Mariotti A, Capoluongo E, Contemi AM, et al.
Granulocyte colony-stimulating factor promotes the generation of regulatory DC through
induction of IL-10 and IFN-alpha. Eur ] Immunol (2004) 34(5):1291-302. doi: 10.1002/
€ji.200324651

7. Rutella S, Pierelli L, Bonanno G, Sica S, Ameglio F, Capoluongo E, et al. Role for

granulocyte colony-stimulating factor in the generation of human T regulatory type 1
cells. Blood (2002) 100(7):2562-71. doi: 10.1182/blood-2001-12-0291

8. Melve GK, Ersver E, Kittang AO, Bruserud @. The chemokine system in allogeneic
stem-cell transplantation: a possible therapeutic target? Expert Rev Hematol (2011) 4
(5):563-76. doi: 10.1586/ehm.11.54

Frontiers in Immunology

10.3389/fimmu.2023.1114368

Acknowledgments

The authors would like to thank the patients and donors
who participated in this study as well as all staff of the stem cell
harvesting unit and the transplantation unit who supported sample
acquisition. FW was participant in the BIH-Charité Clinician
Scientist Program funded by the Charité - Universititsmedizin
Berlin and the Berlin Institute of Health (BIH). LK was supported
by the Berlin School of Integrative Oncology (BSIO). Computation
has been performed on the HPC for Research cluster of the Berlin
Institute of Health.

Conflict of interest

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

Publisher’s note

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

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1114368/
full#supplementary-material

9. Mestermann K, Giavridis T, Weber J, Rydzek ], Frenz S, Nerreter T, et al. The
tyrosine kinase inhibitor dasatinib acts as a pharmacologic on/off switch for CAR T cells.
Sci Transl Med (2019) 11(499). doi: 10.1126/scitranslmed.aau5907

10. Saraceni F, Shem-Tov N, Olivieri A, Nagler A. Mobilized peripheral blood grafts
include more than hematopoietic stem cells: the immunological perspective. Bone
Marrow Transplantation. (2015) 50(7):886-91. doi: 10.1038/bmt.2014.330

11. Wittenbecher F, Lesch S, Kolling S, Blau IW, Vuong L, Borchert F, et al. Paired
donor and recipient immunophenotyping in allogeneic hematopoietic stem cell
transplantation: A cellular network approach. Front Immunol (2022) 13:874499. doi:
10.3389/fimmu.2022.874499

12. Ho VT, Soiffer RJ. The history and future of T-cell depletion as graft-versus-host
disease prophylaxis for allogeneic hematopoietic stem cell transplantation. Blood (2001)
98(12):3192-204. doi: 10.1182/blood.V98.12.3192

13. Zeiser R, Blazar BR. Acute graft-versus-Host disease - biologic process, prevention,
and therapy. N Engl ] Med (2017) 377(22):2167-79. doi: 10.1056/NEJMra1609337

14. Velardi E, Tsai JJ, van den Brink MRM. T Cell regeneration after immunological
injury. Nat Rev Immunol (2021) 21(5):277-91. doi: 10.1038/s41577-020-00457-z

15. Anderson BE, McNiff ], Yan J, Doyle H, Mamula M, Shlomchik MJ, et al. Memory
CD4+ T cells do not induce graft-versus-host disease. J Clin Invest. (2003) 112(1):101-8.
doi: 10.1172/JCI17601

16. Chen BJ, Cui X, Sempowski GD, Liu C, Chao NJ. Transfer of allogeneic CD62L-
memory T cells without graft-versus-host disease. Blood (2004) 103(4):1534-41. doi:
10.1182/blood-2003-08-2987

17. Chen BJ, Deoliveira D, Cui X, Le NT, Son J, Whitesides JF, et al. Inability of
memory T cells to induce graft-versus-host disease is a result of an abortive alloresponse.
Blood (2007) 109(7):3115-23. doi: 10.1182/blood-2006-04-016410

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1114368/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1114368/full#supplementary-material
https://doi.org/10.1111/bjh.16355
https://doi.org/10.1158/0008-5472.CAN-16-1311
https://doi.org/10.1158/0008-5472.CAN-16-1311
https://doi.org/10.1002/14651858.CD010189.pub2
https://doi.org/10.1126/scitranslmed.3010435
https://doi.org/10.1002/eji.201040659
https://doi.org/10.1002/eji.200324651
https://doi.org/10.1002/eji.200324651
https://doi.org/10.1182/blood-2001-12-0291
https://doi.org/10.1586/ehm.11.54
https://doi.org/10.1126/scitranslmed.aau5907
https://doi.org/10.1038/bmt.2014.330
https://doi.org/10.3389/fimmu.2022.874499
https://doi.org/10.1182/blood.V98.12.3192
https://doi.org/10.1056/NEJMra1609337
https://doi.org/10.1038/s41577-020-00457-z
https://doi.org/10.1172/JCI17601
https://doi.org/10.1182/blood-2003-08-2987
https://doi.org/10.1182/blood-2006-04-016410
https://doi.org/10.3389/fimmu.2023.1114368
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Obermayer et al.

18. Dutt S, Tseng D, Ermann J, George T1, Liu YP, Davis CR, et al. Naive and memory
T cells induce different types of graft-versus-host disease. J Immunol (2007) 179
(10):6547-54. doi: 10.4049/jimmunol.179.10.6547

19. Juchem KW, Anderson BE, Zhang C, McNiff JM, Demetris AJ, Farber DL, et al. A
repertoire-independent and cell-intrinsic defect in murine GVHD induction by effector
memory T cells. Blood (2011) 118(23):6209-19. doi: 10.1182/blood-2011-01-330035

20. Zheng H, Matte-Martone C, Jain D, McNiff ], Shlomchik WD. Central memory
CD8+ T cells induce graft-versus-host disease and mediate graft-versus-leukemia. J
Immunol (2009) 182(10):5938-48. doi: 10.4049/jimmunol.0802212

21. Zheng H, Matte-Martone C, Li H, Anderson BE, Venketesan S, Sheng Tan H, et al.
Effector memory CD4+ T cells mediate graft-versus-leukemia without inducing graft-
versus-host disease. Blood (2008) 111(4):2476-84. doi: 10.1182/blood-2007-08-109678

22. Bleakley M, Heimfeld S, Loeb KR, Jones LA, Chaney C, Seropian S, et al. Outcomes
of acute leukemia patients transplanted with naive T cell-depleted stem cell grafts. J Clin
Invest. (2015) 125(7):2677-89. doi: 10.1172/JCI81229

23. Bleakley M, Sehgal A, Seropian S, Biernacki MA, Krakow EF, Dahlberg A, et al.
Naive T-cell depletion to prevent chronic graft-Versus-Host disease. J Clin Oncol (2022)
40(11):1174-85. doi: 10.1200/JCO.21.01755

24. Hao Y, Hao S, Andersen-Nissen E, Mauck WM, Zheng S, Butler A, et al. Integrated
analysis of multimodal single-cell data. Cell (2021) 184(13):3573-87.€29. doi: 10.1016/
j.cell.2021.04.048

25. Bagaev DV, Vroomans RMA, Samir J, Stervbo U, Rius C, Dolton G, et al. VDJdb in
2019: database extension, new analysis infrastructure and a T-cell receptor motif
compendium. Nucleic Acids Res (2020) 48(D1):D1057-D62. doi: 10.1093/nar/gkz874

26. Zhang J-Y, Wang X-M, Xing X, Xu Z, Zhang C, Song J-W, et al. Single-cell
landscape of immunological responses in patients with COVID-19. Nat Immunol (2020)
21(9):1107-18. doi: 10.1038/s41590-020-0762-x

27. Cano-Gamez E, Soskic B, Roumeliotis TI, So E, Smyth DJ, Baldrighi M, et al.
Single-cell transcriptomics identifies an effectorness gradient shaping the response of CD4
+ T cells to cytokines. Nat Commun (2020) 11(1):1801. doi: 10.1038/s41467-020-15543-y

28. Nienen M, Stervbo U, Molder F, Kaliszczyk S, Kuchenbecker L, Gayova L, et al.
The role of pre-existing cross-reactive central memory CD4 T-cells in vaccination with
previously unseen influenza strains. Front Immunol (2019) 10:593. doi: 10.3389/
fimmu.2019.00593

29. Kuchenbecker L, Nienen M, Hecht J, Neumann AU, Babel N, Reinert K, et al.
IMSEQ-a fast and error aware approach to immunogenetic sequence analysis.
Bioinformatics (2015) 31(18):2963-71. doi: 10.1093/bioinformatics/btv309

30. Cahn JY, Klein JP, Lee SJ, Milpied N, Blaise D, Antin JH, et al. Prospective
evaluation of 2 acute graft-versus-host (GVHD) grading systems: a joint societe francaise
de greffe de moelle et therapie cellulaire (SFGM-TC), Dana Farber cancer institute
(DFCI), and international bone marrow transplant registry (IBMTR) prospective study.
Blood (2005) 106(4):1495-500. doi: 10.1182/blood-2004-11-4557

31. Stoeckius M, Hafemeister C, Stephenson W, Houck-Loomis B, Chattopadhyay PK,
Swerdlow H, et al. Simultaneous epitope and transcriptome measurement in single cells.
Nat Methods (2017) 14(9):865-8. doi: 10.1038/nmeth.4380

32. DuW, Cao X. Cytotoxic pathways in allogeneic hematopoietic cell transplantation.
Front Immunol (2018) 9. doi: 10.3389/fimmu.2018.02979

33. Gooptu M, Koreth J. Translational and clinical advances in acute graft-versus-host
disease. Haematologica (2020) 105(11):2550-60. doi: 10.3324/haematol.2019.240309

34. Lagger C, Ursu E, Equey A, Avelar RA, Pisco AO, Tacutu R, et al. scAgeCom: a
murine atlas of age-related changes in intercellular communication inferred with the
package scDiffCom. bioRxiv (2021) 2021:08-15. doi: 10.1101/2021.08.13.456238

35. Dehmani S, Nerriére-Daguin V, Néel M, Elain-Duret N, Heslan J-M, Belarif L, et al.
SIRPy-CD47 interaction positively regulates the activation of human T cells in situation of
chronic stimulation. Front Immunol (2021) 12. doi: 10.3389/fimmu.2021.732530

36. Piccio L, Vermi W, Boles KS, Fuchs A, Strader CA, Facchetti F, et al. Adhesion of
human T cells to antigen-presenting cells through SIRPB2-CD47 interaction costimulates
T-cell proliferation. Blood (2005) 105(6):2421-7. doi: 10.1182/blood-2004-07-2823

37. Newton RA, Hogg N. The human S100 protein MRP-14 is a novel activator of the
beta 2 integrin mac-1 on neutrophils. J Immunol (1998) 160(3):1427-35. doi: 10.4049/
jimmunol.160.3.1427

38. Ryckman C, Vandal K, Rouleau P, Talbot M, Tessier PA. Proinflammatory
activities of S100: proteins S100A8, S100A9, and S100A8/A9 induce neutrophil
chemotaxis and adhesion. J Immunol (2003) 170(6):3233-42. doi: 10.4049/
jimmunol.170.6.3233

Frontiers in Immunology

10

10.3389/fimmu.2023.1114368

39. Ostermann G, Weber KS, Zernecke A, Schroder A, Weber C. JAM-1 is a ligand of
the beta(2) integrin LFA-1 involved in transendothelial migration of leukocytes. Nat
Immunol (2002) 3(2):151-8. doi: 10.1038/ni755

40. Wang Y, Li D, Jones D, Bassett R, Sale GE, Khalili ], et al. Blocking LFA-1
activation with lovastatin prevents graft-versus-host disease in mouse bone marrow
transplantation. Biol Blood Marrow Transplant. (2009) 15(12):1513-22. doi: 10.1016/
j.bbmt.2009.08.013

41. Chiusolo P, Giammarco S, Fanali C, Bellesi S, Metafuni E, Sica S, et al. Salivary
proteomic analysis and acute graft-versus-host disease after allogeneic hematopoietic
stem cell transplantation. Biol Blood Marrow Transplant. (2013) 19(6):888-92. doi:
10.1016/j.bbmt.2013.03.011

42. Duran-Struuck R, Tawara I, Lowler K, Clouthier SG, Weisiger E, Rogers C, et al. A
novel role for the semaphorin Sema4D in the induction of allo-responses. Biol Blood
Marrow Transplant. (2007) 13(11):1294-303. doi: 10.1016/j.bbmt.2007.07.014

43. Zheng M, Xing C, Xiao H, Ma N, Wang X, Han G, et al. Interaction of CD5 and
CD?72 is involved in regulatory T and b cell homeostasis. Immunol Invest. (2014) 43
(7):705-16. doi: 10.3109/08820139.2014.917096

44. Sega EI, Leveson-Gower DB, Florek M, Schneidawind D, Luong RH, Negrin RS.
Role of lymphocyte activation gene-3 (Lag-3) in conventional and regulatory T cell
function in allogeneic transplantation. PloS One (2014) 9(1):e86551. doi: 10.1371/
journal.pone.0086551

45, Toubai T, Tanaka J, Nishihira J, Ohkawara T, Hirate D, Kondo N, et al. Effect of
macrophage migration inhibitory factor (MIF) on acute graft-versus-host disease in a
murine model of allogeneic stem cell transplantation. Transpl Immunol (2006) 16(2):117-
24. doi: 10.1016/j.trim.2006.05.001

46. Goldberg JD, Zheng J, Ratan R, Small TN, Lai K-C, Boulad F, et al. Early recovery
of T-cell function predicts improved survival after T-cell depleted allogeneic transplant.
Leukemia Lymphoma. (2017) 58(8):1859-71. doi: 10.1080/10428194.2016.1265113

47. Dekker L, de Koning C, Lindemans C, Nierkens S. Reconstitution of T cell subsets
following allogeneic hematopoietic cell transplantation. Cancers (2020) 12(7):1974. doi:
10.3390/cancers12071974

48. Waller EK, Logan BR, Fei M, Lee SJ, Confer D, Howard A, et al. Kinetics of
immune cell reconstitution predict survival in allogeneic bone marrow and G-CSF-
mobilized stem cell transplantation. Blood Adv (2019) 3(15):2250-63. doi: 10.1182/
bloodadvances.2018029892

49. Stefanidakis M, Newton G, Lee WY, Parkos CA, Luscinskas FW. Endothelial CD47
interaction with SIRPgamma is required for human T-cell transendothelial migration
under shear flow conditions in vitro. Blood (2008) 112(4):1280-9. doi: 10.1182/blood-
2008-01-134429

50. Cho H, Chung YH. Construction, and in vitro and in vivo analyses of tetravalent
immunoadhesins. ] Microbiol Biotechnol (2012) 22(8):1066-76. doi: 10.4014/
jmb.1201.01026

51. Chen X, Chang CH, Stein R, Cardillo TM, Gold DV, Goldenberg DM. Prevention
of acute graft-versus-host disease in a xenogeneic SCID mouse model by the humanized
anti-CD74 antagonistic antibody milatuzumab. Biol Blood Marrow Transplant. (2013) 19
(1):28-39. doi: 10.1016/j.bbmt.2012.09.015

52. Peng YM, van de Garde MD, Cheng KF, Baars PA, Remmerswaal EB, van Lier RA,
et al. Specific expression of GPR56 by human cytotoxic lymphocytes. J Leukoc Biol (2011)
90(4):735-40. doi: 10.1189/j1b.0211092

53. Truong KL, Schlickeiser S, Vogt K, Boes D, Stanko K, Appelt C, et al. Killer-like
receptors and GPR56 progressive expression defines cytokine production of human CD4
(+) memory T cells. Nat Commun (2019) 10(1):2263. doi: 10.1038/s41467-019-10018-1

54. Bjorkstrom NK, Gonzalez VD, Malmberg K]J, Falconer K, Alaeus A, Nowak G,
et al. Elevated numbers of fc gamma RIITA+ (CD16+) effector CD8 T cells with NK cell-
like function in chronic hepatitis ¢ virus infection. J Immunol (2008) 181(6):4219-28. doi:
10.4049/jimmunol.181.6.4219

55. Gunturi A, Berg RE, Forman J. Preferential survival of CD8 T and NK cells
expressing high levels of CD94. J Immunol (2003) 170(4):1737-45. doi: 10.4049/
jimmunol.170.4.1737

56. Sheih A, Voillet V, Hanafi LA, DeBerg HA, Yajima M, Hawkins R, et al. Clonal kinetics
and single-cell transcriptional profiling of CAR-T cells in patients undergoing CD19 CAR-T
immunotherapy. Nat Commun (2020) 11(1):219. doi: 10.1038/s41467-019-13880-1

57. Boroughs AC, Larson RC, Marjanovic ND, Gosik K, Castano AP, Porter CBM,
et al. A distinct transcriptional program in human CAR T cells bearing the 4-1BB
signaling domain revealed by scRNA-seq. Mol Ther (2020) 28(12):2577-92. doi: 10.1016/
jymthe.2020.07.023

frontiersin.org


https://doi.org/10.4049/jimmunol.179.10.6547
https://doi.org/10.1182/blood-2011-01-330035
https://doi.org/10.4049/jimmunol.0802212
https://doi.org/10.1182/blood-2007-08-109678
https://doi.org/10.1172/JCI81229
https://doi.org/10.1200/JCO.21.01755
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1093/nar/gkz874
https://doi.org/10.1038/s41590-020-0762-x
https://doi.org/10.1038/s41467-020-15543-y
https://doi.org/10.3389/fimmu.2019.00593
https://doi.org/10.3389/fimmu.2019.00593
https://doi.org/10.1093/bioinformatics/btv309
https://doi.org/10.1182/blood-2004-11-4557
https://doi.org/10.1038/nmeth.4380
https://doi.org/10.3389/fimmu.2018.02979
https://doi.org/10.3324/haematol.2019.240309
https://doi.org/10.1101/2021.08.13.456238
https://doi.org/10.3389/fimmu.2021.732530
https://doi.org/10.1182/blood-2004-07-2823
https://doi.org/10.4049/jimmunol.160.3.1427
https://doi.org/10.4049/jimmunol.160.3.1427
https://doi.org/10.4049/jimmunol.170.6.3233
https://doi.org/10.4049/jimmunol.170.6.3233
https://doi.org/10.1038/ni755
https://doi.org/10.1016/j.bbmt.2009.08.013
https://doi.org/10.1016/j.bbmt.2009.08.013
https://doi.org/10.1016/j.bbmt.2013.03.011
https://doi.org/10.1016/j.bbmt.2007.07.014
https://doi.org/10.3109/08820139.2014.917096
https://doi.org/10.1371/journal.pone.0086551
https://doi.org/10.1371/journal.pone.0086551
https://doi.org/10.1016/j.trim.2006.05.001
https://doi.org/10.1080/10428194.2016.1265113
https://doi.org/10.3390/cancers12071974
https://doi.org/10.1182/bloodadvances.2018029892
https://doi.org/10.1182/bloodadvances.2018029892
https://doi.org/10.1182/blood-2008-01-134429
https://doi.org/10.1182/blood-2008-01-134429
https://doi.org/10.4014/jmb.1201.01026
https://doi.org/10.4014/jmb.1201.01026
https://doi.org/10.1016/j.bbmt.2012.09.015
https://doi.org/10.1189/jlb.0211092
https://doi.org/10.1038/s41467-019-10018-1
https://doi.org/10.4049/jimmunol.181.6.4219
https://doi.org/10.4049/jimmunol.170.4.1737
https://doi.org/10.4049/jimmunol.170.4.1737
https://doi.org/10.1038/s41467-019-13880-1
https://doi.org/10.1016/j.ymthe.2020.07.023
https://doi.org/10.1016/j.ymthe.2020.07.023
https://doi.org/10.3389/fimmu.2023.1114368
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Single-cell clonal tracking of persistent T-cells in allogeneic hematopoietic stem cell transplantation
	Introduction
	Methods
	Study design and approval
	Sample preparation
	Single-cell library construction and sequencing (CITEseq antibody labeling, scRNAseq, scTCRseq)
	Single-cell sequencing analysis
	Statistical analysis
	TCRβ bulk sequencing and analysis

	Results
	Clinical set-up for scRNAseq of PBMCs in alloHSCT
	Donor-recipient shifts in cell composition, gene expression and intercellular signaling
	Clonal tracking of T-cells in alloHSCT using single-cell sequencing
	Distinct transcriptional dynamics of persisting T cell clonotypes
	Identifying persisting CD8TEM cells with cytotoxic features in the donor

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


