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Introduction
Immune tolerance to avoid the complications of life-long immu-
nosuppression (infections, malignancies, renal failure, cardiovas-
cular disease, and others) could markedly improve quality of life 
in the field of organ transplantation (1). Induction of hematopoi-
etic chimerism is currently the only approach that has success-
fully achieved immunological tolerance across MHC barriers in 
humans (2–5). Tolerance induction protocols achieving sustained 
full chimerism across HLA barriers likely depend on some level 
of graft-versus-host (GvH) reactivity that counteracts the host- 
versus-graft (HvG) response. This is associated with a significant 
risk of life-threatening graft-versus-host disease (GVHD).

Liver and intestinal allografts have high lymphoid cell loads 
and the potential to induce GVHD in recipient epithelial tissues 
(6–8). However, our previous studies in murine models demon-
strated that GvH responses confined to the lymphohematopoietic 
system, which we termed lymphohematopoietic GvH responses  

(LGVHRs), can destroy recipient hematopoietic cells without 
causing GVHD, while still counteracting the HvG response (9–
11). Our recent observations in intestinal transplantation (ITx) 
further showed that high levels of peripheral blood T cell mixed 
chimerism (macrochimerism: ≥4% peak donor T cells in recipient 
PBMCs) occur commonly, without GVHD, in recipients of intesti-
nal allografts, and are associated with significantly reduced graft 
rejection (P = 0.0085)(12, 13) and slower recipient T cell repopula-
tion in the graft (14).

ITx has been established as an essential clinical option in the 
treatment of patients with irreversible intestinal failure who have 
developed complications associated with the need for parenteral 
nutrition (15, 16). However, the success of ITx is currently limited 
by high rejection rates, risk of GVHD, and by morbidity and mor-
tality secondary to the high levels of immunosuppression required 
to overcome the immunogenicity of the graft (17, 18). Previous 
reports suggest that composite allograft transplants, such as mul-
tivisceral transplantation (MVTx) and liver-intestinal transplanta-
tion (LITx), are associated with reduced rates of intestinal rejec-
tion compared with isolated intestinal transplantation (iITx) (19, 
20). Our own data have confirmed this observation in association 
with high peripheral blood chimerism levels in MVTx recipients 
(12, 13). In the current study, we further investigated the under-
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A–D, Supplemental Table 3). Normalized AUC >0, =0, and < 0 
indicate greater, equal, and lower GvH responses, respectively, 
relative to the HvG response in the ileum allograft. Patients were 
categorized into 4 groups based on their status of blood mac-
rochimerism, de novo Class I and Class II DSAs in serum, and 
donor age (Figure 2E).

The first 2 groups (Figure 2, A and B) included patients with 
macrochimerism, who were free of de novo Class I DSAs. Group 
II patients, who had donors with ages younger than 1 year, had 
overall low levels of GvH and HvG responses in the graft, with 
normalized AUC values close to 0. In contrast, group I patients, 
who had donor age 1 year or older, all had normalized AUC val-
ues greater than 0, and the values were higher in MVTx recipi-
ents than in iITx recipients (Figure 2E). The last 2 groups (Fig-
ure 2, C and D) included patients without macrochimerism who 
developed serum Class I and Class II DSAs de novo. Group III 
patients had donor age 1 year or older and showed higher HvG 
compared with GvH responses, with normalized AUC values 
less than 0. Patients in group IV, who had donor age less than 1 
year, showed comparable (Pt20) or higher (Pt14) HvG compared 
with GvH responses. Taken together, donor T cell macrochime-
rism in blood was associated with enrichment of GvH compared 
with HvG clones in the graft of patients with donors 1 year of 
age or younger and absence of de novo Class I DSAs in circula-
tion. However, the magnitudes of GvH and HvG responses were 
low and values were not correlated with macrochimerism when 
donors were younger than 1 year of age.

One patient (Pt10) who had high titer (MFI > 10,000) Class 
I and Class II DSAs in serum prior to transplant that persisted at 
high levels over a year after Tx (POD 0–377) was not included  
in the above categorization, and the data for that patient are  
presented separately (Supplemental Figure 3 and Supplemen-
tal Tables 3 and 4). Pt10 (donor age 2 years) was the only MVTx 
recipient in our cohort who did not develop blood macrochime-
rism, likely due to the high titer of preformed DSAs that bound to  
initially circulating donor T cells and accelerated their clearance, 
as we previously described (12). This patient had an intermediate 
rate of recipient T cell replacement in the ileal graft (Supplemental 
Figure 3, C and D) and initially had greater GvH compared with 
HvG T cell clones in the allograft, similar to group I patients.

LGVHRs contribute to donor T cell macrochimerism in blood. We 
further hypothesized that graft-derived GvH clones, from intes-
tinal mucosa, gut-associated lymphoid tissues (GALTs), and/or 
liver, might enter the recipient’s peripheral circulation and pro-
mote chimerism. Consistent with these hypotheses, higher peak 
cumulative frequencies of GvH clones were observed in the blood 
of patients with macrochimerism compared with those without, 
regardless of donor age (Figure 3, A and B and Supplemental Table 
4). When overlaying the kinetic plots of cumulative frequency of 
GvH clones in blood with the percentage of blood T cell chime-
rism in each individual patient over time after Tx, a significant 
difference (P < 0.05 by Mann-Whitney U test) was seen between 
patients with (n = 8) and without (n = 4) macrochimerism (Figure 
3C and Supplemental Figure 4). In patients with macrochime-
rism, the peak of circulating GvH clones either appeared before or 
simultaneously with the peak of donor T cell chimerism, whereas 
in patients without macrochimerism, the much smaller peak of 

lying mechanisms at both the cellular and the clonotypic levels, 
providing new insights into the significance of donor T cell mac-
rochimerism in blood. We hypothesized that outcomes in ITx 
were largely determined by the exchange of donor and recipient 
lymphoid tissue and hence the balance of GvH- and HvG-reactive 
T cells. By combining multiparameter flow cytometry, including 
allele-specific mAbs to distinguish donor- and recipient-derived 
cells (12–14), with a high-throughput TCR-β chain CDR3 sequenc-
ing-based approach to track alloreactive T cells in the GvH and 
HvG directions in the graft, circulation, and BM (14, 21), we 
obtained data consistent with this novel mechanism. Single-cell 
immune profiling of BM infiltrating donor T cells revealed a dom-
inant cytotoxic effector phenotype, suggesting a mechanism by 
which LGVHRs promote donor hematopoietic stem and progen-
itor cell (HSPC) engraftment in recipient BM.

Results
The significance of donor T cell macrochimerism in blood and the 
effect of donor age on the dynamics of recipient T cell replacement in 
the graft. High-level multilineage donor hematopoietic chimerism 
was common in recipient blood after ITx, especially in recipients 
of MVTx, often persisted for longer than 1 year and usually was not 
associated with clinical GVHD (refs. 12, 13 and Supplemental Fig-
ure 1). Clinically significant moderate or severe rejection episodes 
and de novo development of Class I and Class II donor-specific 
antibodies (DSAs) up to 600 days after transplant were signifi-
cantly reduced in patients who showed T cell macrochimerism 
(≥4%) in peripheral blood (Supplemental Figure 1), confirming 
and extending our previous results (12, 13) and strengthening the 
potential of macrochimerism as a biomarker of clinical outcomes. 
Blood macrochimerism was also associated with significantly 
slower replacement of donor graft T cells by the recipient, not only 
for CD4 and CD8 αβ T cells (Figure 1, A–E), but also for γδ T cells 
(Figure 1, A, F, and G), which constitute a high proportion of total T 
cells in both intraepithelial lymphocyte (IEL) (Supplemental Fig-
ure 2) and lamina propria lymphocyte (LPL) compartments (Fig-
ure 1A), further extending our previous study (14).

As we accumulated more patients and performed addition-
al analysis (Supplemental Tables 1 and 2; Pts 16–24 have been  
added to the study since our previous publication, ref. 14), we 
noticed that even in the group of patients with macrochimerism, 
those whose donors were younger than 1 year old (color-coded 
by blue) showed significantly faster graft T cell population by the 
recipient than those with donor age ≥1 (color-coded by orange), 
for both CD4 and CD8 αβ T cells and to a lesser extent for γδ T cells 
(Figure 1, B–G, Supplemental Figure 2).

Donor T cell macrochimerism in blood is associated with enrich-
ment of GvH over HvG clones in grafts of patients with donor age 1 
year or older and absence of de novo Class I DSAs in circulation. To 
investigate the dynamic balance of 2-way alloresponses in the 
intestinal graft, we performed bulk TCR-β–seq on serial intesti-
nal graft biopsy specimens collected up to 600 days after Tx and 
tracked the cumulative frequencies of GvH and HvG clones with-
in each sample. Given the variable ranges of sample availability 
over time, differences between the AUC of the GvH and HvG 
plots (AUCGvH–AUCHvG) were calculated and normalized by days 
of measurement (postoperative day [POD]last–PODfirst) (Figure 2, 
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ted and higher peak levels of GvH and HvG clones were associated 
with a greater early decline of HvG clones in the blood of patients 
with macrochimerism (Figure 3, E and F). The data collectively 
suggest that graft-derived GvH-reactive clones mediate a LGVHR 
(9–11) that counteracts the systemic HvG response with minimal to 
no clinical GVHD, while promoting blood macrochimerism.

We have previously shown that the majority of donor CD8 
IELs carried in intestinal grafts are CD69+CD103+ tissue resi-
dent memory T cells (TRMs) that express lower levels of CD28 
compared with circulating T cells (14). However, a higher 

GvH clones appeared either simultaneously with or much later 
than the peak of donor T cell chimerism.

Although HvG clones were detectable in circulation for over a 
year after Tx, even in patients with macrochimerism (Supplemental 
Figure 5), we observed noteworthy declines in the cumulative fre-
quencies of HvG clones in blood within 40 days after Tx in 4 MVTx 
patients with macrochimerism (Pts 15, 16’’, 22, and 23) (Figure 3D) 
who had particularly high early peak cumulative frequencies of cir-
culating HvG and GvH clones (Figure 3E). In fact, peak cumulative 
frequencies of HvG and GvH clones in the circulation were correla-

Figure 1. Donor T cell macrochimerism in blood is associated with slower recipient T cell repopulation in the graft after ITx. Among patients with macro-
chimerism, faster recipient T cell repopulation occurs in grafts with donor age younger than 1 year. (A) Representative flow cytometry (FCM) gating shows 
percentages of γδ, CD4+, and CD8+ T cells and the chimerism among total and subsets of T cells (D, donor; R, recipient) in Pt18 ileum LPLs on POD105. 
Dynamics of recipient CD4+ (B), CD8+ (D) and γδ (F) T cell repopulation in ileum allograft LPLs in patients with (+, left panel) or without (–, right panel) 
donor T cell macrochimerism in blood post-ITx (POD0–600). Patients with donor age younger than 1 year and 1 year or older are shown in blue and orange, 
respectively. AUC of individual patients shown in B, D, and F normalized by follow-up period (up to POD200) was calculated in C, E, and G, respectively. 
Statistical differences were seen between patients with or without macrochimerism, and between patients with donor age younger than 1 year (blue) and 1 
year or older (orange) using a 2-tailed unpaired Student’s t test; ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05.
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donor-derived HSPCs in human intestinal allografts and 
obtained evidence that these contribute to long-term multilin-
eage (T/B/NK/myeloid) blood chimerism, which is frequently 
observed in MVTx patients (13). We hypothesized that multilin-
eage chimerism in blood after ITx might involve a LGVHR from 
GvH-reactive donor T cells migrating from the recipient circula-
tion to the BM, making space for engraftment of HSPCs from the 
graft. Indeed, graft-derived CD3+ T cells and CD45+/dimCD34+ 
HSPCs (Figure 4A) were simultaneously detected in the BM of 
4 of 6 composite graft transplants (Pt16’, LITx; Pt16’’, Pt18, and 
Pt19, MVTx), and in 1 of 4 iITx recipients (Pt20) (Figure 4B and 

peak level (>40%) of CD28 expression was detected on donor 
CD69+CD103+ CD8 IELs in patients who had blood T cell mac-
rochimerism than in those without macrochimerism (Supple-
mental Figure 6), suggesting that some donor TRM cells carried 
in the intestinal allograft may acquire a transitional phenotype 
when translocating from graft to circulation. Donor CD8 TRMs 
in the IELs included effector memory-like (Tem: CD45RA–

CCR7–) and central memory-like (Tcm: CD45RA–CCR7+) phe-
notypes (Supplemental Figure 6).

Graft-derived GvH-reactive T cells and HSPCs enter recipi-
ent BM. We recently demonstrated the presence of functional  

Figure 2. Enrichment of GvH compared with HvG clones in graft and absence of Class I DSAs in circulation are associated with donor T cell macrochi-
merism. Cumulative frequency of GvH (pink) and HvG (blue) clones among ileum biopsies at indicated time points (A–D). Patients were categorized into 4 
groups (I, II, III, IV) based on the presence (+) or absence (–) of donor T cell macrochimerism in blood, de novo Class I and Class II DSAs in serum, and donor 
age listed in E. (A) Group I patients (Pt7, Pt13, Pt15, Pt16’’, Pt17, and Pt22) had macrochimerism, were de novo Class I DSA–, de novo Class II DSA+/–, and had 
donor age of 1 year or older. Pt16’ and Pt16’’ represent the first (LITx), and second (MVTx) transplant in this patient, respectively. (B) Group II patients (Pt18, 
Pt19, Pt21, and Pt23) had macrochimerism, were de novo Class I DSA–, de novo Class II DSA+/–, and had donor age younger than 1 year. (C) Group III patients 
(Pt4, Pt9, and Pt24) did not have macrochimerism, developed de novo Class I and Class II DSAs, and had donor age of 1 year or older. (D) Group IV patients 
(Pt14 and Pt20) did not have macrochimerism, developed de novo Class I and Class II DSAs, and had donor age younger than 1 year. (E) Difference of the 
areas under the GvH and HvG curves (AUCGvH–AUCHvG) was normalized by days of measurement (PODlast–PODfirst) of individual patients in groups I to IV and 
shown by floating bars plots, which include 3 key values: upper extreme, median, and lower extreme. Normalized AUC >0, =0, and <0 indicate greater, 
equal, and lower GvH over HvG responses in the allograft, respectively. Kruskal-Wallis test was performed for multiple comparisons between each pair of 
groups. Significant difference was seen when comparing group I to group III. **P < 0.01.
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maps (Figure 6A). Gene ontology (GO) term analysis of shared 
DE genes among clusters 0/1/2/3 in Pt18, cluster 0 in Pt19, and 
clusters 1/3/4/6 in Pt16’’ (Supplemental Figure 8C) identified 
top relevant biological processes that include cell killing (GO: 
0001906), T cell activation (GO:0004210), positive regulation 
of cytokine production (GO: 0001819), and regulation of immune 
effector process (GO: 0002697), with several genes highly rep-
resentative for T cell cytotoxicity (PRF1, GNLY, GZMM, NCR3) 
and effector T cell (Teff) functions (CD160, FYN, IL7R, CD96; 
Figure 6B). These observations strongly support the notion of 
donor graft-derived GvH-reactive T cells entering the circulation 
and BM, where they attack recipient cells.

Cluster 4 in Pt18, cluster 1 in Pt19, and cluster 0 in Pt16’’ 
mainly contained CD4 and CD8 αβ T cells and shared many 
dominant DE genes, such as CCR7, LEF1, SELL, TCF7, and KLF2 
(Supplemental Figure 6, A and B and Supplemental Figure 8C), 
related to undifferentiated/memory stem T cell subsets, such 
as stem cell–like memory T cells (Tscm, TCF7+), naive T cells 
(Tn, CCR7+), and central memory T cells (Tcm, CCR7+). GO 
term analysis identified biological processes related to not only 
T cell differentiation (GO: 0030217), lymphocyte proliferation 
(GO: 0046651), and response to reactive oxygen species (GO: 
0000302), but also translational initiation (GO: 0006413) that 
involves a variety of ribosome family genes, which may indicate 
active differentiation events ongoing.

TCR clonotype analysis identified several dominant TCR-αβ 
clones in FACS-sorted donor T cells from recipient BM of Pt18 
POD357 and Pt16’’ POD126, mainly distributed in cytotoxic Teff 
clusters (Figures 5 and 6 and Supplemental Figure 9A). Among 
FACS-sorted donor T cells from recipient BM of Pt19 POD105, 
a diverse TCR repertoire was identified, with 5 clones having 2 
copies and the remaining clones having only 1 copy (Supplemen-
tal Figure 9A). Due to the limited number of productive TCR-αβ 
sequences identified from each patient by scRNA-seq (Pt18: 1598; 
Pt19: 382; Pt16’’: 884), and limited cumulative frequencies of GvH 
clones identifiable in these donor T cell–enriched BM samples by 
TCR-β bulk DNA-seq (Pt18: 0.14%; Pt19: 0.39%; Pt16’’: 1.66%), 
the estimated number of GvH-reactive T cells we could identify 
by scRNA-seq was less than 3 for Pt18, less than 2 for Pt19, and 
less than 14 for Pt16’’. In fact, we identified 1 CD4 GvH T cell in 
Pt18, 0 GvH T cells in Pt19, and 8 CD8 GvH T cells in Pt16’’, con-
sistent with the bulk sequencing data. Clonotypes 1, 2, and 3 in 
Pt18 took up 2.84%, 1.53%, and 0.74% of the TCR-αβ repertoire 
identified by scRNA-seq, respectively, and were detected in mul-
tiple tissues late after Tx (POD > 300) by high throughput TCR-β 
CDR3 DNA-seq, including the allograft (stomach, duodenum, 
ileum, colon), native colon, blood, and BM (Supplemental Figure 
9B). Clone frequencies of these top 3 clones in Pt18 were much 
higher in FACS-sorted donor HLA+ CD45+ populations (>0.001) 
compared with total blood and BM (<0.0002), further supporting 
that they are expanded donor TCR-αβ clones. Similarly, dominant 
TCR-β clones in Pt16’’ mainly consisted of pre-Tx unmappable 
clones that were detectable in multiple tissues late after Tx (data 
not shown). However, we did identify 3 unique TCR-β clones in 
Pt16’’ POD126 BM that were identifiable as GvH-reactive CD8 
clones (Supplemental Figure 9C), including 1 dominant clone (clo-
notype 7) with 6 copies and 2 other clones (clonotype 220, 470) 

Supplemental Table 5). BM CD34 cell chimerism detected by 
flow cytometry was confirmed by PCR-based single nucleotide 
polymorphism (SNP) variant detection (Scisco Genetics) in 2 of 2 
patients (Pt16’’ and Pt19; data not shown).

TCR-β CDR3 DNA sequencing identified GvH clones 
among donor-mappable BM T cells in the 3 patients with donor 
T cells in recipient BM. In Pt19, whose BM was sampled twice, 
the later (POD734) sample demonstrated an increased fre-
quency of GvH clones, which was associated with a decline 
in the frequency of HvG clones detected in the same samples. 
This MVTx recipient was rejection-free through the post-Tx  
follow-up period (Figure 4C and Supplemental Table 5). 
Although GvH clones were dominant among donor T cells in 
the BM of iITx recipient Pt24 on POD54 (Figure 4C), there were 
no detectable donor-derived CD34+ HSPCs in this sample (Fig-
ure 4B and Supplemental Table 5). In iITx recipient Pt20, GvH 
clones were only detectable in the BM at the late (POD521), but 
not the early (POD125), time point assayed, and the low CD34 
chimerism detected at POD125 disappeared by the later time 
point (Figure 4, B and C and Supplemental Table 5).

We further tracked individual GvH clones identified in the 
BM to check for their earlier presence in other tissues (Figure 
4D, Supplemental Figure 7). In 3 of 6 transplants (Pt19, Pt16’’, 
Pt16’; Figure 4D, Supplemental Figure 7), we were able to identify 
at least 3 GvH clones that preexisted in either the ileum biopsy 
or PBMCs before their detection in recipient BM. Proportional 
Venn diagram analysis using all TCR-β sequences detected in the  
ileum biopsy, PBMCs, and BM cells collected on the same day in 
3 MVTx recipients (Pt19, Pt18, Pt16’’) demonstrate minimal clon-
al overlap between BM versus PBMCs (6.54% ± 7.27%), which 
is as low as that for ileum biopsy versus PBMCs (3.31% ± 3.17%) 
(paired t test, P = 0.52), largely excluding potential blood contam-
ination as an explanation for the detection of GvH clones in the 
BM (Supplemental Figure 7).

Single-cell transcriptional profiling of BM infiltrating donor 
T cells revealed dominant clusters of cytotoxic effector T cells with 
LGVHR potential. Transcriptome level functional gene profiles 
of FACS-sorted donor T cells from recipient BM collected on 
POD357 of Pt18, POD105 of Pt19, and POD126 of Pt16’’ were 
analyzed by 10× Genomics single-cell RNA sequencing (scRNA-
seq) to integrate the gene expression (Figure 5, Figure 6, and Sup-
plemental Figure 8) with TCR clonotypes (Figure 5A and Supple-
mental Figure 9). Minor contaminations of non–T cell populations 
(CD79A+ for B cells and CD14+ for monocytes) were detected from 
these patients, as shown in uniform manifold approximation and 
projections (UMAPs) (Figure 5B) and feature dot plots (Figure 5C). 
Cluster 7 in Pt18 contains a fraction of T cells and highly expresses 
several mitochondria-associated genes, and was excluded from 
further analysis. Major T cell clusters in Pt18 (cluster 0/1/2/3/4/5), 
Pt19 (cluster 0/1/2), and Pt16’’ (cluster 0/1/3/4/6) broadly express 
BM homing markers CXCR4 and ITGA4 (Supplemental Figure 
8B), supporting their migration patterns.

Clusters 0/1/2/3 in Pt18, cluster 0 in Pt19, and clusters 
1/3/4/6 in Pt16’’ include mainly CD8 αβ T cells and γδ T cells 
and share a number of differentially expressed (DE) genes (Sup-
plemental Figure 8C), including highly expressed genes such as 
KLRB1, DUSP2, GNLY, and CCL4, as shown in the cluster heat-
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each with 1 copy (Supplemental Figure 9C). BM-infiltrating donor 
CD8 GvH-reactive T cells showed cytotoxic Teff transcriptional 
profiles (TBX21+, GZMB+, PRF1+, GZMA+, and GNLY+), suggesting 
a mechanism for destruction of host cells. These CD8 GvH clones 
are contrasted with a different cluster of donor CD8 Tscm cells 
that showed stem cell–like features (TCF7+, LEF1+, SELL+, and 
CCR7+) in Figure 6C. These 3 GvH CD8 clones were detectable in 
the ileal allograft as early as 14 days after Tx and 2 of 3 clones were 
broadly distributed in the stomach, duodenum, ileum, peripheral 
blood, and BM on POD126. These clones persisted in late PBMCs 
and/or lymph nodes on POD494 (Supplemental Figure 9C).

To test the possibility that donor regulatory T cells (Tregs)  
control HvG reactivity in the stem cell niche and allow engraft-
ment of graft-derived HSPCs in the recipient BM (13, 22, 23), we 
analyzed Foxp3+ T cells among CD4 clusters identified in our 
scRNA-seq study from Pt18, Pt19, and Pt16’’ (Supplemental Fig-
ure 10). While only 2 and 4 Foxp3+ Tregs were identified in clus-
ters 4/5 of Pt18 and cluster 1 of Pt19, respectively, we did identify 
35 Foxp3+ Tregs in BM of Pt16’’ that mainly distributed in cluster 
0 (Supplemental Figure 10A). BM-infiltrating donor CD4 Tregs 
showed stem cell–like features (TCF7+ LEF1hi SELLhi; Supplemen-
tal Figure 10B). The frequency of donor Tregs in recipient BM 
detected by scRNA-seq was consistent with that detected by flow 
cytometry (Supplemental Figure 10C). Thus, although further 
studies are needed, BM-infiltrating donor Tregs might contribute 
to the engraftment of donor HSPCs.

Discussion
We demonstrate here that expansion of GvH-reactive donor T 
cells, likely triggered by early infiltration of recipient myeloid cells 
into the allograft mucosa (14), relative to HvG-reactive recipient 
T cells entering the graft mucosa, is associated with peripheral 
blood macrochimerism. These GvH-reactive donor T cells appear 
early in the recipient’s circulation in association with rapid reduc-

tions in circulating HvG clones. Patients demonstrating these phe-
nomena have reduced rejection rates and reduced de novo DSA 
production compared with those who do not, and tend to be recip-
ients of MVTx rather than iITx. The larger GvH T cell load carried 
with MVTx compared with iITx, combined with the removal of 
more recipient lymphocytes in tissues such as the spleen, favors 
the GVHR in MVTx recipients. Remarkably, by integrating T cell 
clonotype, alloreactivity, and functional gene profiles, we have 
demonstrated that this GVHR migrates into the recipient BM 
along with donor HPSCs, which we have previously shown to be 
carried in intestinal allografts (13). Many of the donor T cells in 
recipient BM have cytotoxic transcriptional profiles, including 
those that are identifiable as GvH CD8 clones. Overall, our find-
ings are consistent with a paradigm wherein LGVHR promotes 
donor hematopoietic engraftment in the blood and marrow by 
attacking recipient hematopoietic cells in the BM, making space 
for donor HPSC engraftment and controlling HvG reactivity, as 
previously shown only in rodent studies (9–11). Similar to results 
in rodents not receiving recent chemotherapy or radiation therapy  
(11), LGVHR in these patients was not associated with GVHD and 
therefore is a GvH reaction that does not migrate into the epithe-
lial GVHD target organs. Murine models showed that the pres-
ence of inflammation within an epithelial tissue is a prerequisite 
for the trafficking of activated GvH T cells to those sites (11). The 
lack of GVHD may therefore reflect a lack of inflammation in skin, 
lung, or native colon of MVTx patients with blood macrochime-
rism. This, to our knowledge, is the first direct demonstration of 
LGVHR in humans. An important therapeutic implication is that 
chimerism might be augmented and rendered permanent by the 
infusion of donor BM CD34+ HSPCs at the time of peak LGVHR. 
While previous attempts (24, 25) at BM augmentation with ITx 
failed to show significant clinical improvement, these infusions 
were not timed at the peak of LGVHR and in one study the donor 
graft was irradiated (7.5 Gy), likely reducing the donor lymphoid 
load and thereby impairing LGVHR.

The absence of de novo Class I DSAs in the recipient circu-
lation after Tx in patients with macrochimerism likely reflects  
overall improved control of HvG responses in patients with domi-
nant GvH reactivity. In one highly illustrative case, however, DSAs 
that were present prior to transplant were shown to bind to initially 
circulating donor cells in vivo and accelerate their clearance (12). 
Consequently, this patient (Pt10) was the only MVTx recipient 
who did not achieve blood chimerism beyond the first week. Inter-
estingly, this patient initially had greater GvH compared with HvG 
responses in the allograft, presumably because GvH-reactive T 
cells in the graft were protected from circulating DSAs. This result 
points to the primacy of the expansion of GvH-reactive T cells in 
the graft mucosa of MVTx recipients.

The relationship between mucosal GvH and HvG reactivity 
and macrochimerism was clearly observed in grafts from donors 
older than 1 year of age. In such grafts, it is likely that graft- 
resident TRMs with GvH cross-reactivity expand, after which 
some cells leave the tissue of residence, entering the circulation 
and acquiring the circulating T cell phenotype (e.g., upregulation 
of CD28, loss of CD69 and CD103) (13, 14). Exchange between 
TRMs and T cells in the circulation and lymphoid organs has 
recently been reported in mice and humans (26–29). Grafts from 

Figure 3. Lymphohematopoietic GvH responses contribute to donor T 
cell macrochimerism in blood. (A) Kinetics of cumulative frequency of 
GvH clones in the circulation of patients with (+) or without (–) donor T 
cell macrochimerism in recipients of MVTx (circles), LITx (squares), or 
iITx (triangles). (B) Peak cumulative frequency of GvH clones in blood in 
patients with  or without macrochimerism. **P < 0.01, Mann-Whitney U 
test. (C) Kinetics of cumulative frequency of GvH clones (left y axis: colored 
curve, solid symbols) and donor T cell chimerism (right y axis: black curve, 
open symbols) in circulation of representative patients with (+: Pt19, Pt16’’, 
and Pt15) or without (–: Pt20, Pt14, and Pt16’) T cell macrochimerism. 
Additional patients are shown in Supplemental Figure 4. Patients with at 
least one time point of TCR-seq data and 2 time points of FCM chimerism 
data within 40 days after Tx were included in this analysis. Colored dotted 
vertical line indicates the POD of peak cumulative frequency of circulating 
GvH clones and black dotted vertical line indicates the POD of peak donor 
T cell chimerism in blood. (D) Kinetics of cumulative frequency of HvG 
clones in the circulation of patients with or without donor T cell macrochi-
merism who were sequenced on at least 2 time points within 40 days after 
Tx. (E) Correlation of peak cumulative frequency of GvH (x axis) and HvG 
clones (y axis) in blood within 40 days after Tx in patients with or without 
macrochimerism. (F) Association of peak cumulative frequency of GvH 
clones in blood and slope of linear regression plot of cumulative frequency 
of HvG clones in blood within 40 days after Tx in patients with or without 
macrochimerism. Increased slope absolute value indicates increased rate 
of change in cumulative frequency of circulating HvG clones.
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cytotoxic effector phenotype, consistent with our hypothesis 
that these clones promote donor HPSC engraftment by creating 
hematopoietic space by attacking recipient hematopoietic cells. 
The hematopoietic space created by the LGVHR may enable the 
survival and expansion of donor HSPCs from the graft that enter 
the circulation, BM, and thymus, resulting in de novo donor T cell 
generation and promoting persistent multilineage chimerism, as 
observed (13). However, some persistence (POD>200) of HvG T 
cells in the graft and periphery was observed even in patients with 
macrochimerism, suggesting that several mechanisms may con-
tribute to the control of HvG responses.

Tregs showed little to no contribution to the late hypo-
responsiveness of post-Tx recipient T cells to donor antigens 
in 2 of 2 patients (Pt15, Pt16’’) tested (Supplemental Figure 11), 
arguing against a strong systemic role for Tregs in suppressing 
anti-donor reactivity. In contrast, Tregs at least partially con-
tributed to the peripheral tolerance of donor circulating T cells 
to the recipient antigens late after Tx (13). Additionally, BM- 
infiltrating donor Tregs with stem cell–like features (TCF7+  
LEF1hi SELLhi) were detected in our scRNA-seq studies. These 
Tregs might contribute to the stem cell niche to allow engraft-
ment of graft-derived HSPCs (13, 22, 23).

BM in mice and humans is thought to be a reservoir for memory 
T cell maintenance (40–42). BM T cells can rapidly acquire effec-
tor function and eliminate infected and malignant cells (41, 43). 
They are largely quiescent, are thought to undergo maintenance 
proliferation in response to BM stromal cytokines (42), and have 
phenotypic features of TRMs, including CD69 and lack of CD28 
on CD8+ T cells (44). It is unclear whether the BM is a true niche 
for long-term residency or whether there are separate niches for 
resident and nonresident memory T cells (45–47). The scRNA-seq 
studies we performed indicated that some of these donor T cells, 
including GvH-reactive T cells, are indeed cytotoxic/effector cells, 
whereas others have a more memory/stem cell–like transcriptional 
profile, including both Tregs and non-Tregs. Thus, our data suggest 
a migration pathway for both effector T cells and TRM cells from 
an allograft into a recipient’s BM. Our data provide, to our knowl-
edge, the first demonstration that human T cells can migrate from 
an organ allograft to the recipient’s BM.

A large number of donor T cells in recipient BM were γδ T 
cells, whose function is unknown. Although γδ T cells normally 
account for 1% to 10% of circulating T lymphocytes in humans, 
they constitute the major subset of resident T cells in mucosa and 
skin (48). Transcriptional profiling of BM-infiltrating donor γδ T 
cells demonstrated expression of cytotoxic and effector genes, 
suggesting a novel migratory pathway from intestinal mucosa 
and/or GALTs to BM. These cells may contribute to the LGVHR as 
nonspecific effector cells, as earlier in vitro studies indicate minor, 
if any, alloreactivity of human γδ T cells (49, 50). Additional reper-
toire and functional studies of γδ T cells are needed.

In conclusion, our findings suggest that locally expanded 
GvH-reactive donor T cells in the graft enter the recipient cir-
culation and attack host hematopoietic cells, leading to early 
donor T cell blood chimerism. This LGVHR allows the engraft-
ment of graft-derived HSPCs in the recipient BM, thereby pro-
moting sustained mixed chimerism, as observed (13). Our stud-
ies collectively provide insight into the mechanism of durable 

younger donors (<1 year old) showed very few alloreactive T cells 
in either direction, yet populated rapidly with recipient T cells in 
the absence of rejection, presumably reflecting the absence of a 
preexisting mucosal TRM compartment and hence its physio-
logical filling from the circulation. Very young donors have pre-
viously been shown to have significantly lower proportions of 
CD69+CD103+ CD8 T cells in mucosal sites compared with young 
adults (30). Nevertheless, recipients of MVTx from these donors 
also showed macrochimerism and evidence for LGVHR in the 
blood and BM (e.g., Pt18 and Pt19), suggesting that GvH reactivity 
may also originate from donor liver or possibly from naive T cells 
in lymph nodes carried with the allograft.

Several mechanisms may account for the ability of GvH 
reactivity to counteract rejection (1, 31): (a) direct destruction of 
donor-reactive host T cells by GvH-reactive donor T cells via cyto-
toxic mechanisms, as suggested by the cytotoxic transcriptional 
pattern of identifiable GvH clones; (b) a veto mechanism attributed  
to activated donor CD8+ T cells (32, 33), γδ T cells (34), and other 
lymphoid populations (35, 36) that is independent of alloantigen 
recognition (37) can prevent marrow graft rejection by counter-
attack of host cytotoxic cells, mainly through FasL-mediated 
activation-induced cell death (38); and (c) CD34+ hematopoietic 
progenitors may counteract rejection through a deletion-based 
mechanism mediated by TNF-α (39). The correlation we observed 
between GvH reactivity and loss of HvG clones in the circulation 
early after Tx, and the transcriptional profiles of BM-infiltrating 
donor T cells are consistent with active destruction of HvG T cells 
and host hematopoietic cells by cytotoxic GvH-reactive T cells, 
i.e., by the LGVHR through production of perforin (PRF1), gran-
zyme (GZMA), and TNF-α, to a lesser extent by induction of apop-
tosis through upregulation of FasL (FASLG) or TRAIL (TNFSF10), 
under the transcriptional regulation of TBX21, EOMES, RORC, 
and RUNX3 (Supplemental Figure 8D). We identified several 
GvH clones among BM-infiltrating donor T cells in 3 of 3 MVTx 
recipients. In one of these patients, scRNA-seq captured several  
GvH CD8 clones and transcriptional analysis demonstrated a 

Figure 4. LGVHR migrates to the bone marrow, making space for engraft-
ment of HPCs from the graft. (A) Flow cytometric analysis of a MVTx recip-
ient (Pt19) BM on day 105 after Tx, showing the presence of donor-derived 
T cells and CD45+CD34+ HSPCs. Similar gating in Pt19 POD105 PBMCs is 
shown as a control. Fluorescence minus one (FMO) controls for donor HLA 
(HLA-A3) and CD34 are shown for Pt19 POD105 BM. HLA-A2 is expressed 
by both the donor and recipient cells of Pt19 (HLA-D+R). (B) Donor CD3+ T 
cells and CD34+ HSPCs were simultaneously detected in the BM of 4 of 6 
transplants receiving composite grafts (LITx: Pt16’; MVTx: Pt16’’, Pt18, and 
Pt19) and of 1 of 4 iITx (Pt20 POD125). Pt16 was retransplanted on POD786 
following the first Tx. Pt16’ (LITx: first Tx) POD912 was the same day as 
Pt16’’ (MVTx: second Tx) POD126, when we collected the BM aspirate and 
detected cells from both donors. (C) Cumulative frequencies of alloreactive 
clones detectable in the BM of patients receiving MVTx (Pt19, Pt18, Pt16’’, 
Pt23), LITx (Pt16’), and iITx (Pt20, Pt24) are shown in pie charts, includ-
ing GvH CD4 among donor-mappable CD4 sequences, GvH CD8 among 
donor-mappable CD8 sequences, HvG CD4 among recipient-mappable CD4 
sequences, and HvG CD8 among recipient-mappable CD8 sequences. The 
counts of mappable unique sequences are annotated in each pie chart and 
summarized in Supplemental Table 5. (D) CD4 and CD8 GvH clones were 
detected in either the ileum biopsy or PBMCs in addition to recipient BM in 
Pt19, Pt16’, and Pt16’’.
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Figure 5. Experimental pipeline of scRNA-seq to integrate RNA profiling with T cell clonotype–defined alloreactivity and major clusters identified from 
BM-infiltrating donor T cells after ITx. (A) Illustration of data integration between bulk TCR-β–seq (Adaptive Biotechnologies) and scRNA-seq (10× Genom-
ics). The latter combines 5′gene expression sequencing (5′GEX-seq) and TCR-αβ–seq by identifying TCR-β chain CDR3 nucleotide + TRBV + TRBJ sequences 
in individual cells undergoing immune profiling by transcriptional analysis. T cells are annotated as CD4 or CD8 GvH or nonGvH or as nonmappable by inter-
rogation of the sequence sets defined as alloreactive or nonalloreactive from pre-Tx CFSE-MLRs (see Methods). (B) UMAP plots of FACS-sorted donor T cells 
from recipient BM from Pt18 POD357 (left panel), Pt19 POD105 (middle panel), and Pt16’’ POD126 (right panel). Clusters are numbered in descending order of 
number of cells in each. (C) Expression of T/B/monocyte lineage genes (CD3E, CD4, CD8A, TRBC1, TRDC, CD79A, and CD14) in each UMAP cluster.
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distinguished donor from the pre-Tx recipient PBMCs were included 
in lineage-specific panels of antibodies, as reported previously (12, 
13). Flow cytometry antibodies used in this study are summarized as 
follows: HLA-ABC APC (G46-2.6, BD Biosciences, catalog 555555), 
HLA-ABC PE (G46-2.6, BD Biosciences, catalog 555553), HLA-ABC 
BV786 (G46-2.6, BD Biosciences, catalog 740982), HLA-A2/28 PE 
(BB7.2, BD Biosciences, catalog 558570), HLA-A2/28 FITC (One 
Lambda, catalog FH0037), HLA-A2/28 Biotin (One Lambda, catalog 
BIH0037), HLA-A9 FITC (One Lambda, catalog FH0964), HLA-A9 
Biotin (One Lambda, catalog BIH0964), HLA-A3 APC (eBioscience, 
catalog 17-5754-42), HLA-B8 FITC (One Lambda, catalog FH0536A), 
HLA-B12 FITC (One Lambda, catalog FH0066), HLA-A30/31 Biotin 
(One Lambda, catalog BIH0067), HLA-B27 FITC (One Lambda, cat-
alog B27F50X), CD45 V500 (HI30, BD Biosciences, catalog 560777), 
CD45 PE-CF594 (HI30, BD Biosciences, catalog 562279), CD3 Per-
CP-Cy5 (UCHT1, BD Biosciences, catalog 552852), γδ TCR PE-Cy7 
(immu510, Beckman Coulter, catalog PN B10247), CD4 Alexa Fluor 
700 (OKT4, Tonbo Biosciences, catalog 80-0048), CD8 APC-Cy7 
(SK1, BD Biosciences, catalog 557834), CD69 BV650 (FN50, BioLeg-
end, catalog 310934), CD103 FITC (Ber-ACT8, BioLegend, catalog 
350204), CD103 BV711 (Ber-ACT8, BioLegend, catalog 350222), 
CD45RA BV510 (HI100, BioLegend, catalog 304143), CCR7 PE-Cy7 
(G043H7, BioLegend, catalog 353226), CCR7 BV421 (G043H7, Bio-
Legend, catalog 353208), CD28 Pacific Blue (CD28.2, BioLegend, cat-
alog 302928), CD28 PE (CD28.2, BioLegend, catalog 302908), CD34 
PE (QBEnd10, Beckman Coulter, catalog IM1250U), CD25 BV421 
(BC96, BioLegend, catalog 302630), Foxp3 Alexa Fluor 700 (PCH101, 
Thermo Fisher Scientific, catalog 56-4776-41), Streptavidin Alexa  
Fluor 594 (Life Technologies, catalog S32356), Streptavidin PE-Cy7 
(BD Biosciences, catalog 557598), and DAPI. Data were acquired 
using an LSR II flow cytometer (BD Biosciences) using DIVA software. 
Analysis was carried out using FlowJo software (TreeStar, Inc).

CFSE-MLR and cell sorting. These assays were performed as 
described (13, 14, 21). Briefly, graft-versus-host (GvH) and host- 
versus-graft (HvG) mixed lymphocyte reactions (MLRs) were set up 
using thawed pre-Tx donor and recipient cells. A quantity of 200,000 
CFSE-labeled responder cells and 200,000 violet-dye–labeled irradi-
ated (35 Gy) stimulators were plated in each well of a round-bottom 
96-well plate in MLR medium (AIM-V supplemented with 5% AB 
heat-inactivated human serum, 0.01M Hepes, and 50 μm 2-mercap-
toethanol). MLR cultures were harvested after incubation at 37°C 
for 6 days. Cells were stained with anti-CD3, CD4, and CD8, before 
FACS sorting on a BD Influx cell sorter to isolate 2 discrete violet 
dye-negative cell populations (CD3+CD4+CFSElo, CD3+CD8+CFSE-
lo), representing the CD4+ and CD8+ recipient-antidonor–reactive (or 
donor-antirecipient–reactive) T cells (stim). For unstimulated cell 
populations, pre-Tx donor and recipient cells harvested from spleen 
or lymph nodes (LN) were thawed and stained with anti-CD3, -CD4, 
and -CD8, and then FACS sorted into CD3+CD4+ and CD3+CD8+  

populations (unstim).
TCR-β CDR3 DNA sequencing. For Pts 4 to 21, genomic DNA was 

isolated from sorted cell populations using the Qiagen DNeasy Blood 
and Tissue Kit. DNA was frozen at –20°C and shipped on dry ice to 
Adaptive Biotechnologies for high-throughput TCR sequencing. For 
Pts 22 to 24, targeted cell populations were sorted directly into cell 
lysis buffer (Qiagen, catalog 158906) and shipped at room tempera-
ture to the University of Pennsylvania. Genomic DNA was isolated 

mixed chimerism induction in blood of humans after organ 
transplantation and its protective effects against allograft 
rejection, although the studies are limited by the relatively low 
number and heterogeneity of patients, an issue inherent to ITx. 
The present study also provides a rationale for initiating clinical 
trials of ITx combined with HSPC transplantation at the time of 
maximal early LGVHR.

Methods
Human subject recruitment and clinical protocols. Our cohort enrolled 
24 patients, including 1 retransplant (Pt16). Given that only very lim-
ited posttransplant samples were collected from Pt8, Pt11, and Pt12, 
without any pretransplant specimens available to perform alloreac-
tive clonal tracking, we excluded these 3 patients from our study. 
Protocol graft biopsies were obtained in the initial post-ITx period as 
described previously (14) and additional biopsies were performed for 
cause. Graft rejection was graded from negative, indeterminate, mild, 
and moderate to severe based on the pathologic scoring scheme, as 
previously reported (51). Blood samples were collected up to 4 times 
during the first month after Tx and thereafter at least once per month 
if available. Trained physicians aspirated marrow from the posterior  
iliac crest or another area deemed appropriate by the physician. 
All of the patients (Supplemental Table 1) received anti-thymocyte 
globulin (ATG) induction therapy (total dose: 6–10 mg/kg) followed 
by a maintenance regimen that included long-term tacrolimus and 
steroids for approximately 3 years. Tacrolimus was initiated on day 
1, the dose was adjusted to aim for a target trough level of 15 to 20 
ng/mL during the first 2 months after Tx, and was gradually tapered 
down to the maintenance level of 5 to 15 ng/mL thereafter. Patients 
received 2 boluses of methylprednisolone on day 0 and, starting on 
day 1, a dose in the range of 10 mg/kg/day followed by a taper to 
a maintenance dose of 3 to 5 mg/day by 6 to 9 months, with taper 
off by 24 to 36 months. Allograft rejections were treated with aug-
mented immunosuppression based on the severity of rejection. Pts 
16 to 24 have been added to the recipient T cell repopulation study 
in the intestinal graft since our previous publication (14). Pt16 was 
retransplanted on POD786 following the first transplant. Pt16’ rep-
resents the first transplant (LITx) and Pt16’’ represents the second 
transplant (MVTx) in that patient.

IEL and LPL isolations. IELs and LPLs were separated either from 
graft biopsy specimens or surgically obtained graft specimens at 
the time of stoma closure/revision, according to a protocol adapted  
from previous reports (52) and described previously (13, 14). In 
brief, the specimens were treated for 20 minutes at 37°C with 2 
mmol/L dithiothreitol followed by two 30-minute incubations with 
0.5 mmol/L EDTA with continuous stirring in a water bath at 37°C. 
LPLs were isolated from the remaining tissue, digested, and stirred 
in collagenase-containing medium (RPMI 1640, 1 mg/mL Collage-
nase D, 100 IU/mL penicillin-streptomycin). DNAse (0.1 mg/mL) 
was added to the EDTA and collagenase medium when large spec-
imens were processed.

HLA-specific staining and cellular staining. Candidate monoclo-
nal HLA class I allele-specific antibodies (mAbs) were screened for 
the ability to discriminate donor and pretransplant (pre-Tx) recipient 
cells, based on clinically available molecular HLA typing information. 
Each HLA-specific mAb was used in combination with pan–HLA-ABC 
antibody and quality control tested for specificity. Those that readily 
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mixes. The Vβ and Jβ primers mixes were used at 0.6 μM in a reaction 
volume of 25 μL using a Multiplex PCR kit (Qiagen, catalog 158388). 
Amplification conditions for the PCR were as follows: primary dena-
turation at 95°C for 10 minutes, cycling at 95°C for 45 seconds, Ta 
(57°C for Jβ mix 1, 61°C for Jβ mix 2) for 90 seconds, extension at 72°C 
for 90 seconds for 35 cycles, and a final extension step at 72°C for 10 
minutes. Amplicons were purified using the Agencourt AMPure XP 
beads system (Beckman Coulter, Inc) in a 1:1 ratio of beads to sam-

from sorted cell populations using the Qiagen Gentra Puregene Kit 
(Qiagen, catalog 158388).

The libraries for sequencing on the Illumina MiSeq platform were 
prepared using a cocktail of 23 Vβ families from framework region 2 
(FR2) forward primers, and 13 Jβ region reverse primers, modified 
from the BIOMED2 primer series (53). Primer sequences are provided  
in Supplemental Table 6. The PCR was performed with 2 mixes, both 
of which used the same 23 Vβ forward primers, but 2 different Jβ  

Figure 6. BM-infiltrating donor T cells contain dominant clusters of cytotoxic effector T cells and undifferentiated/memory stem T cells. (A) Domi-
nant DE genes by log2 fold change in major T cell clusters of each sample described in Figure 5B. FACS-sorted donor T cells were obtained from recipient 
BM from Pt18 POD357, Pt19 POD105, and Pt16’’ POD126. Clusters are annotated with major functional features and T cell subsets. Tscm: stem cell–like 
memory T cells; Tn: naive T cells; Tcm: central memory T cells. (B) GO term analysis using shared DE genes among Pt18_cluster 0/1/2/3, Pt19_cluster 0, and 
Pt16’’_cluster 1/3/4/6 (left panel) and among Pt18_cluster 4, Pt19_cluster 1, and Pt16’’_cluster 0 (right panel) are shown with up to 4 top nonredundant T 
cell relevant biological processes. P < 0.05 (–log10 P > 1.122) is considered to be statistically significant. Representative genes related to cytotoxicity and 
effector T cell functions are labeled with red and light blue, respectively. Genes related to undifferentiated/memory stem T cell subsets, including Tscm, 
Tn, and Tcm, are labeled with teal. (C) Normalized log fold changes in expression of subset-related transcription factor genes (TBX21, TCF7, LEF1), Tscm 
genes (TCF7, LEF1, SELL, CCR7), and cytotoxicity genes (GZMB, PRF1, GZMA, GNLY) for CD8 GvH (n = 8) and CD8 Tscm (n = 132) cells in BM-infiltrating donor 
T cells in Pt16’’ POD126. CD8 Tscm cells (n = 132) in cluster 0 of Pt16’’ expressed CD8A/CD8B but lacked CD4, TRDC, and Foxp3. Mann-Whitney U test was 
performed. ****P < 0.0001; ***P < 0.001; **P < 0.01.
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chip and controller for droplet formation, with each productive droplet 
containing one single cell and one single 10× barcoded primer bead. 
Full-length first-strand cDNAs were synthesized in individual droplets 
from polyadenylated mRNAs and labeled with a unique 10× cell-bead 
barcode. For 5′ gene expression sequencing (5′GEX-seq), cDNAs were 
amplified and Illumina-compatible sequencing libraries were pre-
pared and sequenced on an Illumina NovaSeq 6000 Sequencer. For 
TCR-seq, target enrichments were performed using TCR-specific out-
er and inner primers, followed by Illumina-compatible library prepa-
ration and sequencing on an Illumina NextSeq 550 Sequencer. FASTQ 
files were processed using the 10× Genomics Cell Ranger 3.1.0 with 
GRCh38-3.0.0 transcriptome as the reference.

scRNA-seq quality control (QC) was performed in reference 
to Seurat v3 pipeline (58, 59). Briefly, cells were filtered out if their 
unique feature counts were greater than Q3 + 1.5 * IQR or less than 
Q1 – 1.5 * IQR (Q1: first quartile; Q3: third quartile; IQR: interquar-
tile range, Q3–Q1). Cells were further removed if they had more than 
15% mitochondrial counts. Feature expression was then normalized 
by the total expression within each cell, multiplying by a scale factor 
(10,000) with a log10-transformation of the scaled feature expression. 
Two thousand highly variable features based on pipeline default were 
selected to calculate the principal components. UMAP plot, feature 
gene expression dot plot, and heatmap of differentially expressed 
genes were generated accordingly. Sequencing and performance met-
rics are summarized in Supplemental Table 7.

Our published protocol (14, 21) using pre-Tx MLR combined 
with Adaptive Biotechnology’s TCR-β bulk DNA-seq to identify GvH 
and nonGvH TCR-β repertoires was applied and single-cell TCR-β 
sequences of FACS-sorted donor T cells from recipient BM specimens 
were mapped to these pre-Tx sequence sets to allow us annotate each 
cell with their alloreactivity, such as CD4 or CD8 GvH or nonGvH 
clone or unmappable to pre-Tx donor repertoires.

Statistics. Analysis of TCR-β repertoire bulk DNA-seq data was 
performed in R and Rstudio using our previously published scripts 
(13, 14). Analysis of scRNA-seq data was performed in R, Rstudio, 
and Python, with scripts partially adapted from Seurat v3 pipeline 
(58). EulerAPE (60) was used to generate proportional Venn dia-
grams. Metascape (61) was used to perform gene enrichment analy-
sis of biological GO terms. In GO term analysis, P value is the prob-
ability or chance of seeing at least x number of genes out of the total 
n genes in the list annotated to a particular GO term, given the pro-
portion of genes in the whole genome that are annotated to that GO 
term. Additional statistics and figures were generated using Graph-
Pad Prism (GraphPad Software). Student’s t test (2-tailed, unpaired) 
was used for statistical comparisons between 2 independent groups 
to test the means. Mann-Whitney nonparametric distribution-free 
U test was performed to compare ranks of 2 independent samples to 
test the medians. Fisher’s exact test was performed on binary data 
in unpaired samples. Kruskal-Wallis test was performed for multi-
ple comparisons between each pair of groups when group number 
was greater than 2. A log-rank (Mantel-Cox) test was performed for 
the Kaplan-Meier plot of freedom from moderate to severe rejection 
of patients with 4% or more and less than 4% of donor T cell peak 
chimerism in blood. P less than 0.05 was considered a statistically 
significant difference.

Data and materials availability. Raw TCR-β bulk DNA-seq 
data for Pts 4 to 21 are freely accessible through https://doi.

ple and eluted in 40 μL of TE (0.1 mM EDTA) buffer. Second-round 
PCRs to generate the sequencing libraries were carried out using 4 μL 
of the first round PCR product and 2.5 μL each of NexteraXT Index 
Primers S5XX and N7XX, using the Qiagen Multiplex PCR kit in a 
reaction volume of 25 μL. Amplification conditions for the PCR were 
primary denaturation at 95°C for 10 minutes, followed by cycling at 
95°C for 30 seconds, 60°C for 30 seconds, extension at 72°C for 45 
seconds for 8 cycles, and a final extension step at 72°C for 10 minutes. 
To confirm adequacy of amplification, aliquots of both the first- and 
second-round PCR products were run on agarose gels. Library qual-
ity was evaluated using Bioanalyzer 2100 (Agilent Technologies) 
and quantified by Qubit Fluorometric Quantitation (Thermo Fisher 
Scientific). A sharp single band from Bioanalyzer analysis indicated  
a good quality library and was used for sequencing. Readings from 
Qubit using the dsDNA HS (high sensitivity) assay kit (catalog 
Q32851) were used to calculate the molarity of the library. Libraries 
were then loaded onto an Illumina MiSeq in the Human Immunology 
Core Facility at the University of Pennsylvania. Illumina’s 2×300 bp 
paired end kits were used for all experiments (MiSeq Reagent Kit v3, 
600 cycle, catalog MS-102-3003).

TCR-β CDR3 data processing and analysis. The TCR sequencing 
data for Pts 4 to 21 were retrieved from Adaptive’s ImmunoSEQ soft-
ware. For Pts 22 to 24, raw sequences were quality filtered as previ-
ously described (54, 55) and clone assemblies were processed with  
MiXCR (56) (v. 3.0.7) and VDJtools (57) (v1.2.1). Long CDR3 sequenc-
es, which contained nucleotides after the end of the J-gene, were trun-
cated to adhere to IMGT numbering.

CD8 versus CD4 sorting error was corrected for by removing 
sequences detected in both populations at a high to low frequency ratio 
less than 5:1, in which case the correct subset assignment was unclear. 
Donor- and recipient-shared CDR3s at the nucleotide level were 
removed, as they could not be clearly assigned to be of either origin. 
After this, separate CD4 and CD8 tables containing clonal frequencies 
in pre-Tx unstimulated samples, CFSElo stimulated cells, and biopsies 
were compiled and renormalized. Total productive template counts 
(for Pts 4–21) or read counts (for Pts 22–24), a fraction of discarded 
sequences after removal of ambiguous clones, are summarized in Sup-
plemental Table 2. Alloreactive clones were defined by 2-fold or greater 
expansion in stimulated compared with unstimulated pre-Tx cells, and 
by minimum frequency of 0.001% in CFSElo populations when using 
read counts, or 0.002% in CFSElo populations when using template 
counts, which serves to ensure 85% repeatability, as determined by 
power analysis (21). Mappable clones refers to clones that were detect-
able in sequenced pre-Tx spleen, lymph node, and/or MLR CFSElo T 
cell populations from the donor or recipient. Cumulative frequency 
was calculated as a percentage of all sequences weighted by copy num-
bers in designated populations (Supplemental Tables 3 and 4).

scRNA-seq and data processing. scRNA-seq was performed using 
the 10× Genomics platform for simultaneous measurement of mRNA 
expression and paired V(D)J TCR-α and -β sequences at the single-cell 
level. Briefly, iliac crest BM cells collected after Tx were ficolled to 
collect the mononuclear cell layer. Cells were resuspended in freezing 
media containing 90% human AB serum and 10% DMSO and stored 
in liquid nitrogen until analysis. For scRNA-seq analysis, BM cells were 
thawed, washed, and sorted for viable CD45+/dim donor HLA+ CD3+ T 
cells using the BD Influx cell sorter. Cells were then mixed with 10× 
Chromium 5′ RT reagents and loaded into a Chromium microfluidics 
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contributed to the editing of the final report. All authors agreed to 
all the content of the submitted manuscript.
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