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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 re-
ported whether haploHCT alters recipient thymus homeostasis compared to MHC-matched HCT and which signaling path-
ways are implicated in this alteration. In this study, we established mouse models of MHC-matched HCT and haploHCT
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 fol-
lowing transplantation. Single-cell transcriptomic analysis revealed abnormally enhanced interactions involving TGFB1-TG-
FBR3 and LRP6-CKLF between thymic lymphocytes and epithelial cells in haploHCT recipients. Furthermore, agonists
targeting the TGF-p1 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-f1 and LRP6 pathways in this con-
text. These findings provide novel insights into the mechanisms underlying immune recovery as well as potential therapeu-
tic strategies for modulating thymic functions following haploHCT.

Introduction worsening their long-term outcomes.*’ Clinical investiga-

tions have demonstrated that the recovery of lymphocytes

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 condi-
tioning 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 num-
ber and impaired functionality of immune cells, making
recipients vulnerable to various early complications and

was significantly delayed in recipients who underwent
HLA-haploidentical alloHCT (haploHCT) compared with
HLA-matched alloHCT.2 Due to the heterogeneity in graft
source, regimens of conditioning and GVHD prophylaxis,
etc. among different alloHCT protocols,® whether or not
deficient lymphocyte recovery following alloHCT inde-
pendently 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
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recovery. A previous study reported that B-cell immunity
and T-cell response to anti-CD3 antibody stimulation were
deficient in recipient mice after MHC-fully-mismatched
HCT compared with mice received haploHCT.® Even though
it has been recognized that the activation of humoral im-
munity depends on the functions of T cells, this study did
not compare the dynamic recovery levels and functional
phenotypes of T cells between the two models. In addi-
tion, comparison of haploHCT with MHC-fully-mismatched
HCT, a model rarely carried out in clinical practice, can not
reflect the real-world scenarios. 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 differenti-
ation and functional maturation of thymic epithelial cells
(TEC)."2 T-cell progenitors with the intermediate affinity
of their T-cell receptors that can bind to self-peptide/
MHC complex expressed by cortical TEC are chosen to
survive and continue to mature, leading to the elimination
of non-selected lymphocytes.® Thus, in the context of
alloHCT, match or mismatch of MHC genotypes between
donor lymphocyte progenitors and recipient TEC is critical
for the maintenance of thymus integrity and functionality.
In addition, multiple signaling pathways such as TGF-f3
and Wnt pathways have been reported to play a role in
the differentiation of thymic progenitor cells.*"" TGF-$1is
recognized as the predominant isoform of TGF-f family
members in blood and immune cells. Previous studies
have established TGF-f1 as an important modulator in
both the development of thymic regulatory T cells (Treg)
and various immune responses.® Low-density lipopro-
tein receptor-related protein 5 and 6 (LRP5/6) function
as co-receptors and play a crucial role in the initiation of
canonical Wnt/p-catenin signaling pathway. The activated
Wnt/p-catenin signaling leads to the liberation and nu-
clear translocation of f-catenin, subsequently modulating
target gene expression of genes involved in cell survival.?°
Although direct evidence regarding the role of LRP6 in thy-
mic 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 establish-
ing murine MHC-matched and MHC-haploidentical HCT
models that exclude all clinical confounding factors. The
interference of thymus homeostasis by MHC disparity and
the functional involvement of TGF-p1 and LRP6 pathways
in this scenario are of interest. These findings will provide
novel insights to elucidate the mechanisms of immune re-
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covery and to explore the modulation strategy on thymus
homeostasis after haploHCT.

Methods

Mice and hematopoietic cell transplantation

C57BL/6 (H-2P), 129Sv (H-2°), and CB6F1 (H-2"9) 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 fa-
cility of Peking University People’s Hospital. After 1-week
adaptation, 129Sv and CBG6F1 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 recipient mice (5x10° cells/
mouse) via the tail vein. All experiments in mice were per-
formed in compliance with the guidelines and approved
by the Ethical Committee on the Use of Live Animals at
Peking University People’s Hospital.

Monitoring of engraftment and immune recovery in
transplant recipients

Engraftment and immune recovery were evaluated by flow
cytometry analyses at the indicated time points. Only the
recipient mice with 290% 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 the recovered T cells
Detailed information can be found in the Online Supple-
mentary Methods.

Hematoxylin and eosin staining and
immunohistochemistry assay

Detailed information can be found in the Online Supple-
mentary Methods.

Quantitative polymerase chain reaction assay

The levels of T-cell receptor re-arrangement excision circle
(TREC) and the expression of thymus-specific genes were
detected using quantitative polymerase chain reaction
(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 manufactur-
er’s instructions. scRNA-seq data (total reads >3x10% and
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mean reads per cell >2x10* for each sample) was firstly
processed by CellRanger (v6.0.1) with default parameter
setting using mouse reference genome (mm10). Differen-
tial 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 differentially
expressed genes (DEG). Cell-cell communications were
estimated by CellPhoneDB. P values of interactions were
determined by permutation test with 1,000 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 Supple-
mentary Methods.

Statistical analysis

The results shown in the current study are 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 cre-
ated 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-cell recovery and function after allogeneic
hematopoietic cell transplantation

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 haploHCT. Furthermore, the levels
of engraftment remained stable regardless of the increas-
ing 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;
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Figure 2A). The proportion of CD4* T cells was markedly re-
duced 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 pre-existed
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 assessed. Com-
pared to MHC-matched HCT recipients, the expression lev-
els 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
21, 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 stimu-
lation 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<0.001). Furthermore, CTLA4-positive T
cells exhibited lower expressions of Ki67 and CD107a than
their CTLA4-negative counterparts (Online Supplementary
Figure S1A, B). However, higher expressions of Ki67 and
CD107a were observed in PD-1-positive T cells compared
to their PD-1-negative counterparts (Online Supplementary
Figure S1D, E). Given that T cells exhibit a distinct feature
of activation-induced exhaustion and that 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 exper-
iment was conducted. There was no statistical difference
in TNF-a expression between the negative and positive
counterparts regarding CTLA4- or PD-1- expressing T cells
(Online Supplementary Figure S1C, F). These results indicate
that haploHCT independently results in inferior recovery
and impaired functionality of T cells in recipient mice.
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Impaired thymic morphology and output function were
observed in MHC-haploidentical hematopoietic cell
transplantation recipients

To further investigate the mechanisms underlying T-cell
recovery impairment in haploHCT mice, we assessed the
morphology and function of recipient thymus following

N. Wu et al.

transplantation. Hematoxilin and eosin (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, character-
ized by a reduced number of thymic lymphoid progenitor
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Figure 2. T-cell recovery in the peripheral blood of MHC-matched and haploidentical hematopoietic cell transplantation recipients.
Peripheral blood samples were collected from mice receiving major histocompatibility complex (MHC)-matched hematopoietic cell
transplantation (HCT) or MHC-haploidentical HCT (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 2 groups. (D) The CD4*/CD8* ratios are compared be-
tween the 2 groups. The expressions of CD69 (E, F), CXCR4 (G, H), CTLA4 (I, 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 ug/mL ConA for 48 hours. The protein transport inhibitor cocktail was administered 6 hours prior to detection
by flow cytometry. The expressions of Ki67 (N), CD107a (0), and TNF-a. (P) in CD3* T cells were compared between the groups. N=5;
P values are indicated on the graphs. FC: flow cytometry; FSC: forward scatter; SSC: side scatter.

cells alongside an increase in adipocytes (Figure 3A). The
transcription levels of TEC-specific genes, including Foxn1,
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 val-
ues 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 TEC to
promote cell proliferation and survival), within the thymi
of haploHCT mice (Figure 3C). These results collective-
ly 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 re-
cipient thymus by assessing 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-transplan-
tation (P=0.021 and P=0.049, respectively). Given that TREC
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 significant
involvement of TGF-f1 and LRP6 pathways in thymic
deficiency observed in recipients following MHC-
haploidentical hematopoietic cell transplantation
Different cell populations in the recipient thymus were
profiled using a droplet-based scRNA-seq 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; Il2ra*);
immature single- positive cells (ISP, Cd4-Cd8*Mki67*); dou-
ble-positive blasts (DPbla; Cd4*Cd8*Mki67+*); double-positive
cells undergoing rearrangement (DPre; Cd4*Cd8*Rag1hien);
double-positive cells undergoing selection (DPsel; Cd4*C-
d8*Itm2a*); Cd4 or Cd8 single-positive cells (CD4SP or
CD8SP) (Figure 4B). Subsequently, we compared the dif-

ferential gene expressions in mouse thymus between the
two groups. The transcription levels of Cd3d in DN cells, as
well as Prlr, Pdlim4, and Cd55 in CD4SP 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 TEC play a pivotal
role in mediating the T-cell selection process within the
thymus, this study also evaluated the molecular interac-
tions between T-cell progenitors and TEC. A comparison
of haploHCT versus MHC-matched HCT recipients revealed
significant alterations in multiple ligand-receptor interac-
tions occurring bidirectionally between T-cell progenitors
and TEC, 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 TEC,
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
TEC. These findings provide valuable molecular insights for
further elucidating mechanisms underlying the impaired
thymus homeostasis in haploHCT recipients.

Agonists of TGF-f1 and LRP6 signaling pathways
hindered the maturation of thymic T cells derived 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 con-
centrations of these agonists demonstrated that doses <2
uM for C381 and <5 uM for HLY78 did not induce the apop-
tosis in primary thymocytes isolated from normal C57BL/6
mice (Online Supplementary Figure S2A, 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
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expression of CD127, a key regulator of lymphocyte differ-
entiation, was remarkably decreased on CD4SP 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 terms of the expression
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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 de-
creased on both CD4SP and CD8SP thymocytes following
treatments with HLY78 (P=0.006 and P=0.02; Figure 5B).
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Figure 3. Thymus structure and function in MHC-matched and haploidentical hematopoietic cell transplantation recipients. (A)
Hematoxylin and eosin (H&E) staining of thymi isolated from recipient mice. (B) Quantitative polymerase chain reaction (qPCR)
analyses showing the transcription levels of Foxnl, Wnt4, DLL4, and BMP4 genes in the thymus of recipients at 30 and 45 days
following major histocompatibility complex (MHC)-matched and MHC-haploidentical (haplo) hematopoietic stem cell transplan-
tation (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 in the graphs.
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Figure 5. Effects of TGF-f1 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 dimethyl sulfoxide (DMSO) (vehicle control), TGF-p1 agonist C381 (2
uM), LRP6 agonist HLY78 (5 uM), or a combination of both agonists. After 48-hour treatment, cells were harvested and the ex-
pressions of CD127 (B), CD62L (C) and CXCR4 (D) on CD4SP and CD8SP cells were analyzed using flow cytometry. N=6; P values
are indicated in the graphs.
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mocyte egress upon maturation, was significantly reduced
on CD4SP thymocytes after treatment with HLY78 alone or
both agonists (P=0.003 and P=0.001). In CD8SP thymocytes,
CXCR4 levels were significantly lower than the DMSO con-
trol 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 com-
pared to C381 alone (but not HLY78 alone) group, with all P
values <0.05 (see Figure 5A-C). Collectively, these results
demonstrated that excessive activation of TGF-p1and LRP6
signaling pathways could impair the maturation process
of thymocytes derived from normal mice, thereby validat-
ing the detrimental effects associated with dysregulated
pathways on thymic T-cell recovery following haploHCT.

Proper inhibition of TGF-f1 and LRP6 pathways
facilitated the maturation of thymic T cells derived from
MHC-haploidentical hematopoietic cell transplantation
mice

Finally, we investigated whether the inhibition of TGF-31
and LRP6 pathways could improve the deficient thymocytes
following haploHCT. For this purpose, we employed the
TGF-B1 inhibitor P144 and the LRP6 inhibitor Salinomycin
(Figure 6A). Primary thymocytes were isolated from recip-
ient mice at day 35 post-haploHCT, achieving an engraft-
ment 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 S2C, D).

The primary thymocytes from haploHCT recipient mice
were initially treated with 25 pM of P144 or 200 nM of Sa-
linomycin. 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 S3A). Subsequently, lower
dosages of P144 and Salinomycin were adjusted respec-
tively, 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 (On-
line Supplementary Figure S3B, 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 CD8SP subsets
(P=0.03; Figure 6B). Notably, either low-dose of P144 or
Salinomycin alone, or the combined application signifi-
cantly 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

N. Wu et al.

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-$1 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 distinguishing self- from 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-p1 and LRP6 sig-
naling 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 leuke-
mia progression in murine haploHCT and syngeneic HCT
models.?® In contrast, our meticulously designed alloHCT
models in the current study varied only in MHC compati-
bility. 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 con-
founding 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-cell 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 TEC, provides essential architectural support
and critical signals (cytokines, chemokines, and self-pep-
tide/MHC complexes) for the survival, selection, and lin-
eage 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
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Figure 6. Effects of TGF-p1 and LRP6 inhibitors on primary thymocytes from haploidentical hematopoietic cell transplantation
recipient mice. (A) Primary thymocytes isolated from haploidentical hematopoietic cell transplantation (haploHCT) recipients at
day 35 post-transplant were treated with dimethyl sulfoxide (DMSO) (vehicle control), TGF-B1 inhibitor P144 (2.5 nM), LRP6 in-
hibitor Salinomycin (0.5 nM), or a combination of both inhibitors. After 48-hour treatment, cells were harvested and the expres-
sions of CD127 (B), CD62L (C) and CXCR4 (D) on CD4SP and CD8SP cells were analyzed using flow cytometry. N=6; P values are

indicated in the graphs.
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regulation of these pathways ensures the correct sequence
of developmental events and maintains thymic architec-
ture.®' Our single-cell transcriptomic analysis revealed ex-
cessive interactions of TGFB1-TGFBR3 and LRP6-CKLF at a
direction from T-cell progenitors to TEC in the thymus of
haploHCT recipients. The detrimental effects of this phe-
nomenon were further confirmed by our ex vivo functional
assays. TGF-B1 signaling, in conjunction with TCR signals, is
known to promote the generation of Foxp3* Treg in devel-
oping 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/p-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 TEC may create a non-permissive envi-
ronment including the excessive activity of TGF-p1 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 inhib-
itors 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-f1 and LRP6 pathways, rath-
er 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 SMAD3, thereby regulating the conduc-
tion of downstream signaling.?** Promoting or blocking
LRP6 phosphorylation could modulate the expressions of
Wnt target genes (such as LEFT, 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 inhib-
itors requires further validation in mouse model, our work
provides a mechanistic rationale for developing clinical
interventions targeting TGF-f1 and/or LRP6 signaling to
accelerate T-cell recovery in haploHCT recipients. Current
strategies to enhance T-cell reconstitution primarily focus
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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-f
and LRP6 signaling pathways may offer complementary
benefits. For example, utilizing specific inhibitors in com-
bination 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 anal-
ysis of the independent effect of MHC disparity on thy-
mus-dependent T-cell recovery following haploHCT and
identifies the TGF-p1 and LRP6 pathways as pivotal reg-
ulators in this process (Figure 7). Proper modulation of
these pathways may improve thymic fitness and facilitate
T-cell differentiation and maturation within MHC-mis-
matched 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
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