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Abstract

Clinical studies have demonstrated that recipients of allogeneic hematopoietic cell
transplantation (alloHCT), particularly those undergoing HLA-haploidentical alloHCT
(haploHCT), exhibit significant immune deficiencies. However, the extent to which major
histocompatibility complex (MHC) disparity independently contributes to the observed
lymphocyte deficiency post-alloHCT remains unclear. While MHC matching is crucial for
thymic selection of T lymphocytes, it has yet to be reported whether haploHCT alters
recipient thymus homeostasis compared to MHC-matched HCT and which signaling
pathways are implicated in this alteration. In this study, we established mouse models of
MHC- matched and haploidentical HCT without any transplant-associated complications. Our
findings indicated that MHC disparity significantly disrupted thymic architecture, suppressed
thymus-specific gene expression, and resulted in impaired T-cell recovery and functionality
following transplantation. Single-cell transcriptomic analysis revealed abnormally enhanced
interactions involving TGFB1-TGFBR3 and LRP6-CKLF between thymic lymphocytes and
epithelial cells in haploHCT recipients. Furthermore, agonists targeting the TGF-1 and LRP6
pathways were found to compromise the functional characteristics of normal thymic T cells;
conversely, appropriate inhibition of these pathways restored the differentiation and
maturation phenotypes of thymic T cells derived from haploHCT recipients. Our study
elucidates the independent role of MHC disparity in regulating thymus homeostasis and
T-cell recovery while identifying the functional involvement of the TGF-pl1 and LRP6
pathways in this context. These findings provide novel insights into the mechanisms
underlying immune recovery as well as potential therapeutic strategies for modulating thymic

functions following haploHCT.
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I ntroduction

Allogeneic hematopoietic cell transplantation (alloHCT) has been widely employed in the
treatment of various hematological diseases. This therapeutic approach, which incorporates a
range of immunosuppressants in conditioning and prophylaxis regimens for graft-versus-host
disease (GVHD), is inherently associated with a period of immunocompromise among
transplant recipients.”® Such immune deficiency is characterized by a reduced number and
impaired functionality of immune cells, making recipients vulnerable to various early
complications and worsening their long-term outcomes.*’ Clinical investigations have
demonstrated that the recovery of lymphocytes was significantly delayed in recipients who
underwent HLA-haploidentical alloHCT (haploHCT) compared with HLA-matched
alloHCT.? Due to the heterogeneity in graft source, regimens of conditioning and GVHD
prophylaxis, etc. among different alloHCT protocols,” whether the deficient lymphocyte
recovery following alloHCT independently correlates with major histocompatibility complex
(MHC) disparity remains elusive.

The availability of mouse alloHCT models makes it possible to dissect the decisive role
of MHC disparity in lymphocyte recovery. A previous study reported that the B-cell immunity
and T cells response to anti-CD3 antibody stimulation were deficient in recipient mice after
MHC-fully-mismatched HCT compared with mice received haploHCT.*® Although it has been
recognized that the activation of humoral immunity depends on the functions of T cells,
however, this study did not compare the dynamic recovery levels and functional phenotypes
of T cells between the two models. In addition, comparison of haploHCT with
MHC-fully-mismatched HCT, a model rarely carried out in clinic, could not reflect the
situations of real world. To date, the independent impact of MHC disparity on the functional
recovery of lymphocytes has not been described in transplant mouse models.

It is well recognized that thymus integrity is critical to the development of T
lymphocytes, and in turn, the presence of lymphocyte progenitors is necessary for the
differentiation and functional maturation of thymic epithelial cells (TECs).""** T-cell
progenitors with the intermediate affinity of their T cell receptors in front of

self-peptide/MHC complex expressed by cortex TECs are chosen to survive and continue to



mature, leaving the non-selected lymphocytes to be eliminated.”® Thus, in the context of
alloHCT, match or mismatch of MHC genotypes between donor lymphocyte progenitors and
recipient TECs would be critical for the maintenance of thymus integrity and functionality. In
addition, multiple signaling pathways such as TGF- and Wnt pathways have been reported to
play a role in the differentiation of thymic progenitor cells."**" TGF-B1 is recognized as the
predominant isoform of TGF-f family members in blood and immune cells. Previous studies
have established TGF-B1 as an important modulator in both the development of thymic Tregs
and various immune responses.*®* Low-density lipoprotein receptor-related protein 5 and 6
(LRP5/6) function as co-receptors and play a crucial role in the initiation of canonical
Wnt/B-catenin signaling pathway. The activated Wnt/B-catenin signaling leads to the
liberation and nuclear translocation of B-catenin, subsequently modulating target genes

expression that are involved in cell survival.?

Although direct evidence regarding the role of
LRP6 in thymic function is currently lacking, LRP6 may be potentially involved in the
development of lymphocyte progenitors through its association with Wnt signaling. To date,
how haploHCT alters recipient thymus homeostasis compared to MHC-matched HCT and
which signaling pathways are implicated in this change have not been reported.

In the current study, we aim to delineate the independent effect of MHC disparity on
immune recovery by establishing murine MHC-matched and haploidentical HCT models that
exclude all clinical confounding factors. The interference of thymus homeostasis by MHC
disparity and the functional involvement of TGF-B1 and LRP6 pathways in this scenario are
of interest. These findings will provide novel insights for elucidating the mechanisms of

immune recovery and exploring the modulation strategy on thymus homeostasis after

haploHCT.



M ethods

Mice and hematopaietic cdl transplantation

C57BL/6 (H-2"), 129Sv (H-2°), and CB6F1 (H-2"%) mice (7 weeks old) were purchased from
Beijing Vital Laboratory Animal Technology Company, Ltd. (Beijing, China). All mice were
maintained in the specific pathogen-free animal facility of Peking University People’s
Hospital. After one-week adaptation, 129Sv and CB6F1 mice (as recipients) were irradiated
(8 Gy, 4 Gy twice) a day before transplantation. Bone marrow cells isolated from C57BL/6
mice (as donors) were respectively injected into the recipient mice (5x10° cells/mouse) via
the tail vein. All experiments in mice were performed in compliance with the guidelines and
approved by the Ethical Committee on the Use of Live Animals at Peking University People’s

Hospital.

Monitor of engraftment and immunerecovery in transplant recipients

Engraftment and immune recovery were evaluated by flow cytometry analyses at the
indicated time points. Only the recipient mice with > 90% donor-derived CD45" cells in
peripheral blood were used in the current study. Detailed information can be found in the

Online Supplementary Methods.

Ex-vivo functional assay for therecovered T cells

Detailed information can be found in the Online Supplementary Methods.

Hematoxylin and eosin (H& E) staining and immunohistochemistry assay

Detailed information can be found in the Online Supplementary Methods.

Quantitative PCR assay
The levels of T cell receptor rearrangement excision circle (TREC) and the expression of
thymus-specific genes were detected using quantitative PCR. Detailed information can be

found in the Online Supplementary Methods.



Single-cell RNA sequencing analysis

Thymus tissues were harvested from recipient mice and thymocytes in a single-cell
suspension were captured in droplet emulsions using a GemCode Single-Cell Instrument (10x
Genomics). Single-cell RNA sequencing (scRNA seq) libraries were constructed using a
GemCode Single-Cell 3°Gel Bead and Library V2 Kit. Sequencing was performed using an
Illumina Novaseq6000 according to manufacturer’s instructions. sScRNA-seq data (total reads >
3 x 10°® and mean reads per cell > 2 x 10* for each sample) was firstly processed by
CellRanger (v6.0.1) with default parameter setting using mouse reference genome (mm10).
Differential gene expression was evaluated by the FindMarkers function in Seurat based on
the UMI counts of each cell. Log2 transformed fold change > 1, adjusted P-value < 0.05, and
proportion of expressed cells > 10% were applied to define the significant differentially
expressed genes between the groups. Clusterprofiler (v4.4.2) was used to perform functional
enrichment analysis based on the DEGs. Cell-cell communications were estimated by
CellPhoneDB. P values of interactions were determined by permutation test with 1000

iterations and interactions with P-value” < 0.05 were regarded as significant.

Ex-vivo treatment of thymocytes

Detailed information can be found in the Online Supplementary Methods.

Statigtical Analysis

The results shown in the current study were representative data from independent experiments,
which have been repeated at least three times. Statistical analyses were performed using SPSS
22.0 statistical software (SPSS Inc, USA). Student’s t-test was used for comparison between
the two group analyses. Statistical significance was defined as P < 0.05, based on a two-tailed
test. Figures were created using GraphPad Prism 9.0 (GraphPad Software, USA).

Experimental schematics were generated with BioRender (https://biorender.com).




Results

MHC disparity independently resulted in the impaired T cells recovery and function
after alloHCT

Mouse models of MHC-matched HCT and haploHCT were established, as illustrated in
Figure 1A. The engraftment rate of donor white blood cells in the peripheral blood of
recipients reached 90% at 14 days post-transplantation for both MHC-matched or
haploidentical HCT. Furthermore, the levels of engraftment remained stable regardless of the
increasing age of recipients over a period of 120 days following either type of transplantation
(Figure 1B, C). No instances of GVHD or rejection were observed after transplantation, and
all mice survived until the conclusion of the experiment (120 days post-transplantation).
These results indicate that our allogeneic HCT models are reliable and stable, effectively
excluding the influences from post-transplant complications.

Flow cytometry analyses conducted on peripheral blood revealed a significantly lower
percentage of CD3" T cells in recipient mice at 90 and 120 days following haploHCT,
compared with those receiving MHC-matched HCT (P < 0.05, Figure 2A). The proportion of
CD4" T cells was markedly reduced in haploHCT recipient mice at both early (the first 14
days) and late (120 days) stage post-transplantation (P < 0.01, Figure 2B), while an opposite
trend was observed for CD8" T cells (P < 0.01, Figure 2C). It has been reported that there is
an initial increase in blood lymphocytes after alloHCT due to the thymus-independent
peripheral expansion of a limited number of differentiated T cells that preexisted in donor’s
bone marrow. The transient elevation of total and CD8" T cells observed at early stages (such
as day 14) post-haploHCT was probably stimulated by exposure to allogeneic antigens.
However, the lasting recovery of T cells, which relies on thymic selection and maturation,
was compromised at later time points (such as days 90 and 120) following haploHCT.
Notably, a lower CD4*/CD8" ratio was observed in haploHCT recipients compared with their
MHC-matched HCT counterparts at 7 and 120 days after transplantation (P < 0.01, Figure
2D).

The functional phenotypes of recovered T cells from two types of alloHCT mice were

subsequently detected. Compared to MHC-matched HCT recipients, the expression levels of



T-cell activation marker CD69 on CD4" T cells were comparable (Figure 2E), while the
significant decreases were observed on CD8" T cells post-haploHCT (P < 0.05, Figure 2F).
The chemokine receptor C-X-C chemokine receptor type 4 (CXCR4) exhibited reduced
expression on both CD4" and CD8" T cells following haploHCT (P < 0.01, Figure 2G, H). In
contrast, expressions of regulatory molecules such as cytotoxic T lymphocyte-associated
protein 4 (CTLA4; Figure 2I, J) and programmed death -1 (PD-1; P < 0.05, Figure 2K, L)
on both CD4" and CD8" T cells were significantly increased after haploHCT compared to
those following MHC-matched HCT. Ex-vivo experiments demonstrated that upon the
stimulation of concanavalin A (Figure 2M), splenic CD3" T cells isolated from haploHCT
mice displayed lower expressions of Ki67 (Figure 2N), CD107a (Figure 20), and TNF-a
(Figure 2P) when compared to their counterparts in MHC-matched HCT recipients (all P
values < 0.001). Furthermore, CTLA4-positive T cells exhibited lower expressions of Ki67
and CD107a than their CTLA4-negtive counterparts (Online Supplementary Figure 1A, B).
However, higher expressions of Ki67 and CD107a were observed in PD-1 positive T cells
compared to their PD-1-negtive counterparts (Online Supplementary Figure 1D, E). Given
that T cells exhibit a distinct feature of activation-induced exhaustion and the status of
post-transplant recovered T cells is dynamically changing, it is possible that a T-cell fraction
concurrently expressed markers indicative of both activation and exhaustion at the specific
time point when our ex-vivo functional experiment was conducted. There was no statistical
difference in TNF-a expression between the negative and positive counterparts regarding
CTLAA4- or PD-1- expressing T cells (Online Supplementary Figure 1C, F). These results
indicate that haploHCT independently results in inferior recovery and impaired functionality

of T cells in recipient mice.

Impaired thymic morphology and output function were observed in haploHCT
recipients

To further investigate the mechanisms underlying T cell recovery impairment in haploHCT
mice, we assessed the morphology and function of recipient thymus following transplantation.
H&E staining showed that the junction between the thymic cortex and medulla was indistinct

in haploHCT mice compared to those receiving MHC-matched HCT. Thymic tissue from



haploHCT mice exhibited significant shrinkage, characterized by a reduced number of thymic
lymphoid progenitor cells alongside an increase in adipocytes (Figure 3A). The transcription
levels of TEC-specific genes, including Foxnl, Wnt4, DLL4 and BMP4, were all significantly
decreased in the thymi of haploHCT mice when compared to matched HCT mice at 30 and 45
days post-transplantation (P values all < 0.001, Figure 3B). Consistent with these findings,
immunohistochemical analyses indicated a decrease in the enrichments of FoxN1 and
EpCAM (thymus-specific markers), as well as IL-22 (which signals through TECs to promote
cell proliferation and survival), within the thymi of haploHCT mice (Figure 3C). These
results collectively demonstrate that haploHCT leads to impaired tissue structure along with
downregulation of specific genes in the recipient thymus.

Our study further investigated the output function of recipient thymus by detecting TREC,
a stable biomarker for thymopoiesis, in peripheral blood. As illustrated in Figure 3D, the
levels of signal joint TREC (sjTREC) were significantly reduced in haploHCT mice
compared to those in MHC-matched HCT recipients at 30 and 45 days post-transplantation (P
= 0.021 and P = 0.049, respectively). Given that TRECs are episomal DNA circles generated
during T-cell receptor (TCR) rearrangement and become diluted through peripheral T-cell
proliferation, these findings suggest that the thymic output of newly differentiated T cells is
compromised in haploHCT recipient mice, therefore resulting in a delayed recovery of T

cells.

Single-cell transcriptome analysis revealed a sgnificant involvement of TGF-p1 and
L RP6 pathwaysin thymic deficiency observed in recipientsfollowing haploHCT

Different cell populations in the recipient thymus were profiled using a droplet-based
single-cell RNA sequencing platform. The differentiation trajectory of intrathymic cells,
encompassing 11 clusters, was illustrated in a two-dimensional Manifold Approximation and
Projection (UMAP) plot (Figure 4A). Thymic lymphoid progenitor cells were categorized
into six developmental stages based on the expression of specific marker genes: double
negative progenitors (DN; 1l2ra*); immature single positive cells (ISP, Cd4 Cd8*MKki67%);
double positive blasts (DPbla; Cd4'Cd8'MKki67%); double positive cells undergoing

rearrangement (DPre; Cd4*Cd8"Rag1™®"); double positive cells undergoing selection (DPsel;



Cd4"Cd8*Itm2a"); Cd4 or Cd8 single positive cells (CD4SP or CD8SP) (Figure 4B).
Subsequently, we compared the differential gene expressions in mouse thymus between the
two groups. The transcription levels of Cd36 in DN cells, as well as Prlr, Pdlim4, and Cd55 in
CDA4SP cells from recipient thymi post-haploHCT, were found to be significantly lower than
those observed in MHC-matched HCT mice (P values all < 0.001, Figure 4C). These genes
have been previously reported to facilitate the differentiation of thymic lymphoid progenitor
cells, indicating a deficiency of thymic T-cell maturation following haploHCT.

Since self-peptide/MHC complexes on TECs play a pivotal role in mediating the T-cell
selection process within the thymus, this study also evaluated the molecular interactions
between T-cell progenitors and TECs. A comparison of haploHCT versus MHC-matched HCT
recipients revealed significant alterations in multiple ligand-receptor interactions occurring
bidirectionally between T-cell progenitors and TECs, as illustrated in Figure 4D. Notably,
compared to those in MHC-matched HCT recipients, the interactions of ligand-receptor pairs
TGFB1-TGFBR3 and LRP6-CKLF were more pronounced in the haploHCT thymus (P <
0.001). In terms of directionality from T-cell progenitors to TECs, TGFB1 was predominantly
expressed on DPbla, ISP, DPsel, CD4SP and CD8SP cells; whereas LRP6 exhibited primary
expression on DPsel and CD4SP cells. Correspondingly, the receptor genes TGFBR3 and
CKLF were expressed on TECs. These findings provide valuable molecular insights for
further elucidating mechanisms underlying the impaired thymus homeostasis in haploHCT

recipients.

Agonists of TGF-p1 and LRP6 signaling pathways hindered the maturation of thymic T
cellsderived from normal mice

Given the dysregulation of TGF-B1 and LRP6 pathways observed in the deficient thymus of
haploHCT recipients, we hypothesized that agonists targeting these pathways might adversely
affect thymocytes derived from normal mice. The TGF-B1 agonist C381 and the LRP6
agonist HLY78 were selected for this study, and their cytotoxic effects on thymocytes were
assessed. Treatments with varying concentrations of these agonists demonstrated that doses <

2 uM for C381 and < 5 uM for HLY78 did not induce the apoptosis in primary thymocytes



isolated from normal C57BL/6 mice (Online Supplementary Figure 2A, B). Consequently,
these dosages were employed in subsequent experiments.

Following treatment with C381, HLY78, or a combination of both agonists, flow
cytometry analyses indicated that the expression of CD127, a key regulator of lymphocyte
differentiation, was remarkably decreased on CDA4SP thymocytes when compared to the
DMSO-treated group (P = 0.004, P < 0.001, and P < 0.001, Figure 5A). Similarly, reduced
CD127 expression was noted on CD8SP thymocytes after HLY78 treatment (P < 0.001,
Figure 5A). In term of the expression of CD62L, a lymph node-homing receptor essential for
the migration of mature naive T cells from the thymus to peripheral lymphoid organs, which
was significantly decreased on both CD4SP and CD8SP thymocytes following treatments
with HLY78 (P = 0.006 and P = 0.02, Figure 5B). The expression of CXCR4, a chemokine
that promotes thymocyte egress upon maturation, was significantly reduced on CDA4SP
thymocytes after treatment with HLY 78 alone or both agonists (P = 0.003 and P = 0.001). In
CDB8SP thymocytes, CXCR4 levels were significantly lower than the DMSO control group
following C381, HLY78, or combined treatment (P = 0.05, P < 0.001, and P < 0.001).
Notably, combination of agonists further decreased the expressions of indicated markers on
both CD4SP and CD8SP thymocytes when compared to C381 alone (but not HLY78 alone)
group, with all P values < 0.05 (see Figure 5A, B, C). Collectively, these results
demonstrated that excessive activation of TGF-p1 and LRP6 signaling pathways could impair
the maturation process of thymocytes derived from normal mice, thereby validating the
detrimental effects associated with dysregulated pathways on thymic T-cell recovery

following haploHCT.

Proper inhibition of TGF-p1 and L RP6 pathways facilitated the maturation of thymic T
cellsderived from haploHCT mice

Finally, we investigated whether the inhibition of TGF-B1 and LRP6 pathways could improve
the deficient thymocytes following haploHCT. For this purpose, we employed the TGF-p1
inhibitor P144 and the LRP6 inhibitor Salinomycin (Figure 6A). Primary thymocytes were
isolated from recipient mice at day 35 post-haploHCT, achieving an engraftment rate over

90%. Various concentrations of inhibitors were tested to evaluate their cytotoxic effects on



mouse thymocytes. It was confirmed that concentrations <25 uM for P144 and < 200 nM for
Salinomycin did not induce cell death (Online Supplementary Figure 2C, D).

The primary thymocytes from haploHCT recipient mice were initially treated with 25
uM of P144 or 200 nM of Salinomycin. Unfortunately, the expressions of CD127, CD62L,
and CXCR4 on CD4SP and CD8SP thymocytes did not show an increase; in fact, they were
even significantly reduced (Online Supplementary Figure 3A). Subsequently, lower dosages
of P144 and Salinomycin were adjusted respectively, yet no significant differences in the
expressions of CD127, CD62L, and CXCR4 on CD4SP and CD8SP thymocytes were
observed when compared to the control group (Online Supplementary Figure 3B, C).
Interestingly, when the concentrations were reduced to 2.5 nM for P144 and 0.5 nM for
Salinomycin, we noted a significant increase in CD127 expression on CD4SP thymocytes
following treatment with either inhibitor alone or in combination (P < 0.001, P < 0.001, and P
= 0.009). Whereas monotherapy with Salinomycin selectively enhanced CD127 expression on
CDB8SP subsets (P = 0.03, Figure 6B). Notably, either low-dose of P144 or Salinomycin alone,
or the combined application significantly elevated CD62L expression on both CD4SP (P <
0.001, P=0.005, and P < 0.02) and CD8SP (P < 0.001, P=0.006, and P < 0.001, Figure 6C)
thymocytes. Furthermore, treatment with P144 or Salinomycin individually upregulated
CXCR4 expression on CD4SP (P < 0.001, P < 0.001, and P = 0.002) and CD8SP (P < 0.001,
P = 0.002, and P = 0.02) thymocytes compared to the control group (Figure 6D). These
findings strongly suggest that appropriate inhibition of TGF-p1 and LRP6 pathways may
facilitate the maturation process of thymic T cells following haploHCT.

Discussion

Achieving immune homeostasis in recipients is essential for mitigating life-threatening
complications and ensuring successful outcomes after alloHCT.?* While MHC parity plays a
crucial role in the distinguishment of self- or non-self- peptides during thymic selection, its
independent impact on immune recovery remains poorly understood in the context of
alloHCT. Our study provides supportive evidence that MHC disparity independently impairs
the recovery of thymus-dependent T cells following alloHCT. Importantly, we identified the

dysregulation of TGF-B1 and LRP6 signaling within the thymic microenvironment as



mechanistic drivers of this deficiency. Furthermore, our results suggest that targeted
modulation of these pathways may represent a viable therapeutic strategy to enhance T-cell
recovery, particularly in the challenging scenario of haploHCT.

Previous studies investigated immune reconstitution and/or thymus function in mouse
model transplanted with allogeneic bone marrow and spleen T cells, which have been
confounded by GVHD,??% a prevalent complication of alloHCT with multiple clinical and
genetic risk factors beyond simple MHC mismatch.® Another study examined the dynamic
responses of immune cells during leukemia progression in murine haploHCT and syngeneic
HCT models.”® In contrast, our meticulously designed alloHCT models in the current study
varied only in MHC compatibility. For matched and haploidentical alloHCT, irradiated
recipient mice with distinct MHC genotypes received bone marrow cells from identical
C57BL/6 donors. Notably, none of the recipient mice developed GVHD or experienced any
infections during the experimental period. Thus, the confounding influences of
immunosuppressive agents and post-transplant complications on the thymus homeostasis and
lymphocyte recovery have been ruled out. These design and observations enable us to
delineate the independent impact of MHC disparity on T cells recovery within pure alloHCT
models.

Thymic T-cell development is a highly orchestrated process that depends on multiple
intrinsic and extrinsic factors. The thymic microenvironment, particularly the cortical and
medullary TECs, provides essential architectural support and critical signals (cytokines,
chemokines, and self-peptide/MHC complexes) for the survival, selection, and lineage
commitment of T-cell progenitors.?” Various signaling pathways provide critical positional
cues, survival signals, differentiation instructions, and checkpoints that govern thymocyte
development.?®3® The precise spatio-temporal regulation of these pathways ensures the
correct sequence of developmental events and maintains thymic architecture.®* Our single-cell
transcriptomic analysis revealed excessive interactions of TGFB1-TGFBR3 and LRP6-CKLF
at a direction from T-cell progenitors to TECs in the thymus of haploHCT recipients. The
detrimental effects of this phenomenon were further confirmed by our ex-vivo functional
assays. TGF-B1l signaling, in conjunction with TCR signals, is known to promote the

generation of Foxp3* regulatory T cells (Tregs) in developing thymocytes.* This process is



critical for maintaining immune tolerance and preventing autoimmune diseases.*® As a key
component of the Wnt receptor complex, LRP6 participates the activation of Wnt/B-catenin
pathway that has been shown to enhance early thymocyte development and T cell lineage
commitment.®® We propose that in the context of haploHCT, MHC disparity between
lymphocyte progenitors and TECs may create a non-permissive environment including the
excessive activity of TGF-B1 and LRP6 pathways. This dysregulation likely impairs
thymocyte differentiation, leading to the observed defects in T-cell recovery after haploHCT.
These insights underscore the complexity of TGF-B1 and Wnt/ LRP6 pathways in T cell
biology.

Correcting the dysregulated ligand-receptor pathways would be crucial for thymic
homeostasis and functions. The most promising translational finding of our study is that
proper inhibition of these dysregulated pathways can rescue the deficiency of thymic T cells
in the context of MHC disparity. Based on a series of dose optimization, we found that lower
concentrations of pharmacological inhibitors for TGF-B1 and LRP6 pathways significantly
improved the expressions of differentiation and maturation markers in primary thymic T cells
isolated from haploHCT recipient mice. This finding suggests that the impaired functional
state of thymocytes following haploHCT is reversible and appropriate modulation of TGF-1
and LRP6 pathways, rather than complete inhibition, should be considered under specific
conditions. Both the agonist (C381) and inhibitor (P144) of TGFB-1 pathway have been
reported to affect the phosphorylation of SMADS3, thereby regulating the conduction of
downstream signaling.®**® Promoting or blocking LRP6 phosphorylation could modulate the
expressions of Whnt target genes (such as LEF1, cyclin D1, and fibronectin).® It is necessary
for future studies to investigate the specific molecular mechanisms by which these pathways
regulate thymic homeostasis in the context of MHC disparity.

Although the rescue effect of the indicated pathway inhibitors requires further validation
in mouse model, our work provides a mechanistic rationale for developing clinical
interventions targeting TGF-B1 and/or LRP6 signaling to accelerate T-cell recovery in
haploHCT recipients. Current strategies to enhance T-cell reconstitution primarily focus on
the modifications to conditioning regimens, cytokine administration (e.g., IL-7), and adoptive

T cell transfer.*” However, these approaches have inherent limitations and variable efficacy.®



Our study suggests that targeting TGF-B and LRP6 signaling pathways may offer
complementary benefits. For example, utilizing specific inhibitors in combination with
existing immunosuppressive regimens during the early post-transplant period could
potentially mitigate the adverse effects of MHC disparity on thymic function. In this case,
precise timing is essential to avoid interfering with engraftment or exacerbating GVHD, and
the safety and efficacy of such approaches must be carefully evaluated in preclinical models.
In summary, our study provides a comprehensive analysis of the independent effect of
MHC disparity on thymus-dependent T cell recovery following haploHCT and identifies the
TGF-B1 and LRP6 pathways as pivotal regulators in this process (Figure 7). Proper
modulation of these pathways may improve thymic fitness and facilitate T-cell differentiation
and maturation within MHC-mismatched environment. This approach goes beyond simply
suppressing alloreactivity, which is the focus of most GVHD prophylaxis strategies, and
addresses a critical unmet need in clinical haploHCT. Our findings not only enhance the
understanding of the intricate immunobiology of alloHCT but also pave the way for
developing novel therapeutic strategies to optimize immune recovery and improve patient

outcomes.
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Figurelegends

Figure 1. Establishment of MHC-matched and haploidentical HCT mouse models. (A) A
schematic illustration depicting the experimental design for MHC-matched and haploidentical
HCT, along with subsequent assays. FC: flow cytometry; FSC: forward scatter; SSC: side
scatter; QPCR: quantitative polymerase chain reaction; IHC: immunohistochemistry. (B)
Gating strategy for assessing engraftment rates via flow cytometry following transplantation.
(C) Engraftment rates in recipient mice evaluated by flow cytometry analyses of peripheral

blood at days 14, 28, 45, 60, and 120 following MHC-matched and haploidentical HCT.

Figure 2. T cell recovery in the peripheral blood of MHC-matched and haploidentical
HCT recipients. Peripheral blood samples were collected from mice receiving
MHC-matched HCT or haploHCT at the indicated time points and analyzed by flow
cytometry. (A-C) Comparisons of the proportions of CD3*, CD4", and CD8" cells between the
two groups. (D) The CD4'/CDS8" ratios are compared between the two groups. The
expressions of CD69 (E, F), CXCR4 (G, H), CTLA4 (1, J), and PD-1 (K, L) were compared
between the groups. n = 5; *P < 0.05, **P < 0.01, ***P < 0.001. (M) Splenocytes were
harvested from recipient mice following MHC-matched HCT or haploHCT and stimulated
with 5 pg/mL ConA for 48 hours. The Protein Transport Inhibitor Cocktail was administered
6 hours prior to detection by flow cytometry. FC: flow cytometry; FSC: forward scatter; SSC:
side scatter. The expressions of Ki67 (N), CD107a (O), and TNF-a (P) in CD3" T cells were

compared between the groups. n = 5; P values are indicated on the graphs.

Figure 3. Thymus structure and function in MHC-matched and haploidentical HCT
recipients. (A) Hematoxylin and eosin (H&E) staining of thymi isolated from recipient mice.
(B) Quantitative PCR analyses showing the transcription levels of Foxnl, Wnt4, DLL4, and
BMP4 genes in the thymus of recipients at 30 and 45 days following MHC-matched and
haploidentical HCT. n = 6; P values are indicated on the graphs. (C) Immunohistochemistry
analyses showing the expressions of FoxN1, EpCAM, and IL-22 in thymi obtained from HCT

recipient mice. (D) The levels of signal joint T cell receptor rearrangement excision circle



(SJTREC) in peripheral blood samples from recipient mice were detected by qPCR at 30 and

45 days post-transplantation. n = 10; P values are indicated on the graphs.

Figure 4. Single-cell transcriptome analysis of the thymi from MHC-matched and
haploidentical HCT recipients. (A) UMAP visualization depicting the cellular composition
of recipient thymus, with cells color-coded according to distinct cell types. (B) Dot plot
illustrating the expression levels of marker genes in various thymic cell types. In this
representation, color indicates the maximum normalized mean expression of the marker genes
in each cell population, while size reflects the proportion of cells expressing these marker
genes. (C) The volcano plot displays differentially expressed genes in alloHCT recipients; red
signifies up-regulated genes, whereas blue denotes down-regulated genes in haploHCT
recipients compared to those receiving MHC-matched HCT. (D) Heatmaps illustrating the
molecular interactions between T-cell progenitors and TECs in MHC-matched HCT and
haploHCT recipients. Rows represent cell-cell pairings, while columns correspond to
ligand-receptor pairs; interaction strength is indicated by coloration, with all non-significant

interactions represented as zero strength (blue).

Figure 5. Effects of TGF-p1 and LRP6 agonists on primary thymocytes from normal
mice. (A) Primary thymocytes isolated from normal C57BL/6 mice were cultured in vitro and
treated with DMSO (vehicle control), TGF-B1 agonist C381 (2 uM), LRP6 agonist HLY78 (5
uM), or a combination of both agonists. After 48-hour treatment, cells were harvested and the
expressions of CD127 (B), CD62L (C) and CXCR4 (D) on CD4SP and CD8SP cells were

analyzed using flow cytometry. n = 6; P values are indicated on the graphs.

Figure 6. Effects of TGF-p1 and LRP6 inhibitors on primary thymocytes from
haploHCT recipient mice. (A) Primary thymocytes isolated from haploHCT recipients at
day 35 post-transplant were treated with DMSO (vehicle control), TGF-B1 inhibitor P144 (2.5
nM), LRP6 inhibitor Salinomycin (0.5 nM), or a combination of both inhibitors. After
48-hour treatment, cells were harvested and the expressions of CD127 (B), CD62L (C) and

CXCR4 (D) on CD4SP and CD8SP cells were analyzed using flow cytometry. n = 6; P values



are indicated on the graphs.

Figure 7. Schematic illustration of the impact of MHC disparity on thymus-dependent T
cell recovery and the underlying mechanisms. Following haploidentical transplantation
(haploHCT), recipient mice exhibit impaired recovery of peripheral T cells and compromised
thymic integrity and output function. This deficiency is accompanied with abnormally
enhanced interactions of TGFB1-TGFBR3 and LRP6-CKLF between thymic lymphocytes
and epithelial cells. Proper inhibition of TGF-B1/LRP6 pathways can facilitate the activation
and maturation of thymocytes. BM: bone marrow; PB: peripheral blood; sjTREC: signal joint
T cell receptor rearrangement excision circle; DN: double negative progenitors; DP: double

positive cells; CD4SP: CD4 single positive cells; CD8SP: CD8 single positive cells.
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Supplementary Methods

Monitor of engraftment and immune recovery in transplant recipients

Following transplantation, peripheral blood samples were collected from recipient mice at 14,
28, 45, 60, and 120 days, and stained with fluorochrome-conjugated monoclonal antibodies:
PE-anti-H2Kd, BV421-anti-H2Kb, APC-Cy7-anti-CD45, FITC-anti-CD3, PE-Cy5-anti-CD4,
BV510-anti-CD8a, AF700-anti-CD69, BV605-anti-CXCR4, PE-DAZZLES594-anti-CTLA4
and BV786-anti-PD-1 (Biolegend, USA) at room temperature for 15 mins. After incubation,
red blood cells were lysed with a lysis solution (BD Biosciences, USA) and then washed twice
with PBS. Polychromatic flow cytometric analyses were performed on a BD LSRFortessaTM

Cell Analyser and further analyzed using BD FACSDivaTM software.

Ex-vivo functional assay for the recovered T cells

Spleen tissues were isolated from recipient mice approximately 45 days following
transplantation and subsequently homogenized in a 10 mL Petri dish. After filtration and
centrifugation, primary splenocytes (1x10° cells/100uL) were cultured in 96-well round-bottom
plates (Costar, Cambridge, MA) with 0.2 mL RPMI 1640 medium plus 10% FBS and stimulated
with 5 pg/mL Concanavalin A (ConA, Sigma, USA) for 48 hours at 37°C. The Protein Transport
Inhibitor Cocktail (500x, eBioscience, USA) was administered 6 hours prior to detection. Then
cells were harvested and stained with APC-Cy7-anti-CD45 and FITC-anti-CD3, PE-
DAZZLE594-anti-CTLA4 and BV786-anti-PD-1 (Biolegend, USA). Following fixation and
permeabilization with the FIX&PERM kit (MultiSciences Biotech, China), cells were stained
with APC-anti-Ki67, BV711-anti-CD107a, and AF700-anti-TNF-a (Biolegend, USA).
Polychromatic flow cytometric analyses were performed on a BD LSRFortessaTM Cell

Analyser and further analyzed using BD FACSDivaTM software.

Hematoxylin and eosin (H&E) staining and immunohistochemistry assay
Thymic tissues were isolated from recipient mice approximately 45 days post-transplantation,
and were fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned into continuous

slices with a thickness of 4 um. For H&E staining, deparaffinized sections underwent



rehydration through a graded ethanol series, followed by staining with hematoxylin for nuclear
visualization. Then the sections were counterstained with eosin to highlight cytoplasmic and
extracellular matrix components before being mounted with neutral balsam.
Immunohistochemistry assays were conducted on the paraffin-embedded thymic sections using
the following primary antibodies: Rabbit Anti-FoxN1, Rabbit Anti-EpCAM, and Rabbit Anti-
IL22BP antibody (Bioss, China). The PV-9000 two-step immunohistochemical staining kit
(Zhongshan Jinqiao Biotechnology Company, China), which includes DAB staining followed
by hematoxylin counterstaining, was used in accordance with the manufacturer’s instructions.
Subsequently, the stained slides were examined under an inverted microscope (XDS-2B,
Chongqing Optical & Electrical Instrument Co., China) and captured using the HPIAS-1000H

high-definition color pathological image analysis system.

Detection of T cell receptor rearrangement excision circle (TREC)

Peripheral blood samples were collected from recipient mice at 30 and 45 days following
transplantation. Genomic DNA was extracted using the TIANamp Genomic DNA Kit
(TIANGEN BIOTECH, China) with subsequent RNAase treatment. The concentration and
purity of the extracted DNA were assessed using a NanoDrop Spectrophotometer (Thermo
Fisher Scientific, USA). Signal joint TREC (sjTREC) levels were assessed through quantitative
PCR performed on the ViiA 7 Real-Time PCR Systems (Applied Biosystems). -actin was used
internal reference gene to determine the DNA quality.

Primer sequence information is as follows:

sjTREC-forward: 5'-CAA GCT GAC AGG GCA GGT TT-3%

sjTREC-reverse: 5'-TGA GCA TGG CAA GCA GTA CC-3%

B-actin-forward: 5'-GGC TGT ATT CCC CTC CAT CG-3;

B-actin-reverse: 5'-CCA GTT GGT AAC AAT GCC ATG T-3%;

Detection of the thymus-specific gene expression
Thymic tissues were isolated from recipient mice around 45 days following transplantation.
Total RNA was extracted with RNA-Quick Purification Kit (ES Science, China). First-strand

cDNA was reverse transcribed with a Fast All-in-One RT kit (ES Science, China). Quantitative



PCR was performed on a ViiA 7 Real-Time PCR System (Applied Biosystems) with 2x SYBR
Green qPCR master mix (TIANGEN BIOTECH, China).
Primer sequence information is as follows:

Foxnl-forward: 5'-TGA CGG AGC ACT TCC CTT AC-3;
Foxnl-reverse: 5'-GGG AAA GGT GTG GGT AGG TC-3';
Wnt4-forward: 5'-CTC AAA GGC CTG ATC CAG AG-3;
Wnt4-reverse: 5'-TCA CAG CCA CAC TTC TCC AG-3';
DLLA4-forward: 5'-TAT AAC CCT TTG GCC CAC TG-3';
DLLA4-reverse: 5'-ATG GGG AGG TCT GTT TTG TG-3";
BMP4-forward: 5'-AAC CGA ATG CTG ATG GTC GT-3';
BMP4-reverse: 5'-CTC TGG GAT GCT GCT GAG GT-3%;
B-actin-forward: 5'-GGC TGT ATT CCC CTC CAT CG-3';

B-actin-reverse: 5'-CCA GTT GGT AAC AAT GCC ATG T-3;

Ex-vivo treatment of thymocytes

Thymic tissues were harvested from either normal C57BL/6 mice or haploHCT recipient mice.
The tissues were digested with 0.2% collagenase IV for 30 minutes, followed by red blood cell
lysis. The isolated thymocytes were cultured in 48-well plates containing RPMI 1640 medium
supplemented with 10% FBS (Gibco, USA), mouse IL-7 (10 ng/mL, Stemcell Technologies,
Canada), mouse FLT3/Flk2 Ligand (5 ng/mL, Stemcell Technologies, Canada) at 37°C for 48
hours. Normal C57BL/6 thymocytes were treated with TGF-f1 agonist C381 and/or the LRP6
agonist HLY78 (Selleck Chemicals, USA) at varying concentrations. In contrast, thymocytes
from haploHCT recipient mice were treated with different concentrations of the TGF-B1
inhibitor P144 and/or the LRP6 inhibitor Salinomycin (Selleck Chemicals, USA).

Cell apoptosis was assessed through staining with 7-AAD (Biolegend, USA). To detect
the expressions of molecules related to thymocyte differentiation and maturation, cells were
stained with the following fluorochrome-conjugated monoclonal antibodies: APC-Cy7-anti-
CD45, FITC-anti-CD3, PerCP-Cy5.5-anti-CD4, BV510-anti-CD8a, BV650-anti-CD127; PE-
Cy7-anti-CD62L; and BV605-anti-CXCR4 (Biolegend, USA) at room temperature for 15

minutes. Polychromatic flow cytometric analyses were performed on a BD LSRFortessaTM



Cell Analyser and analyzed using BD FACSDivaTM software.
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Supplementary Figure 1. Functional assay for CTLA4 and PD-1 positive T cells.
Splenocytes were harvested from recipient mice following haploHCT and stimulated with 5
pg/mL ConA for 48 hours. The Protein Transport Inhibitor Cocktail was administered 6 hours
prior to detection by flow cytometry. (A-C) The expressions of Ki67, CD107a, and TNF-a in
CD3" T cells were compared between the CTLA4- negative (neg) and positive (pos) fractions.
(D-F) The expressions of Ki67, CD107a, and TNF-a in CD3" T cells were compared between
the PD-1-neg and PD-1-pos fractions. n = 5; P values are indicated on the graphs.
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Supplementary Figure 2. The cytotoxic effects of TGF-B1 and LRP6 pathways-related
modulators on primary thymocytes. Primary thymocytes were treated with the indicated
concentrations of TGF-B1 and LRP6 agonists (C381 and HLY78, A, B) or inhibitors (P144 and
Salinomycin, C, D) for 24h. The percentage of 7-AAD™ fraction in CD45" cells were analyzed
by flow cytometry (n = 3).
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Supplementary Figure 3. Dose-dependent effects of pathway inhibitors on primary
thymocytes from haploHCT recipient mice. The expressions of CD127, CD62L, and CXCR4
on CD4SP and CD8SP thymocytes were assessed by flow cytometry following treatment with
varying doses of TGF-$1 inhibitor P144 and LRP6 inhibitor Salinomycin. (A) Treatment with
25 uM of P144 and 200 nM of Salinomycin. (B) Treatment with 2.5 uM of P144 and 100 nM
of Salinomycin. (C) Treatment with 20 nM of P144 and 5 nM of Salinomycin.



