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T cell and monocyte activation in
concert with hematopoietic stem
cell interactions shapes the post-
allogeneic transplant immune
landscape in poor graft function
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Clarissa Wilson5, Piers Blombery5, Chin Wee Tan6,
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Centre and The Royal Melbourne Hospital, Melbourne, VIC, Australia, 2Australian Cancer Research
Foundation Laboratory, The Royal Melbourne Hospital, Melbourne, VIC, Australia, 3Department of
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Introduction: Post-allogeneic stem cell transplantation (alloSCT) can be
complicated by poor graft function (P GF), a life-threatening condition
characterized by complete donor chimerism alongside persistent multilineage
cytopenias. PGF signi� cantly increases the risk of bleeding, infection, and
transfusion dependence. The cellular changes during hematopoiesis post-
alloSCT, particularly in PGF, remain poorly de� ned.
Methods: To evaluate the immune and hema topoietic reconstitution and
dysfunction post-alloSCT, with a focus on PGF, we applied a comprehensive
suite of histological, immunological, and molecular biological techniques to
bone marrow (BM) and peripheral blood samples from patients with PGF, good
graft function (GGF), and healthy donors (HDs).
Results: By approximately 100 days post-alloSCT, patients demonstrated T cell
oligoclonality, activation, and exhaustion compared to HDs. BM nucleated cells,
particularly monocytes, exhibited increased activation and IFN-g response post-
alloSCT compared to those of HDs. Moreover, cell-cell interactions between
immune cells and hematopoietic stem and progenitor cells were notably
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enhanced post-alloSCT. While most in � ammatory changes were present in both
PGF and GGF, they were more pronounced in PGF.
Discussion: Our results demonstrate a hyper-in � amed post-alloSCT
environment involving both innate (monocytes) and adaptive (T cells) immune
responses and their active interactions, more in PGF, highlighting that immune
modulation may serve as an alternative or adjunctive therapeutic approach
for PGF.
KEYWORDS

hematopoietic cell transplantation, immune cell interactions, immune reconstitution,
single-cell RNA sequence, T cell receptor
Highlights
• Immune reconst i tut ion is prolonged fol lowing
hematopoietic cell transplantation, with hematopoietic
stem and progenitor cell repopulation showing a slight
myeloid bias.

• T cells remain highly clonally expanded approximately
3 months post-transplantation, exhibiting activated
phenotypes, part icularly in patients with poor
graft function.

• Interactions among multiple immune cell types likely
contribute to a hyperin�ammatory bone marrow
microenvironment following transplantation, a phenomenon
that is exacerbated in poor graft function.
Introduction

Allogenic stem cell transplantation (alloSCT), the transfer of
hematopoietic stem cells (HSCs) from a donor into a compatible
recipient, is a potentially curative therapy for a variety of
hematologic disorders. A key indicator of transplantation success
is the establishment of donor-derived hematopoiesis, assessed by
normalization of peripheral blood (PB) counts and con�rmation of
complete donor chimerism through short tandem repeat analysis.
Poor graft function (PGF) is a signi�cant and potentially life-
threatening complication of alloSCT, characterized by persistent
multilineage cytopenias despite full donor chimerism (1). Patients
with PGF are at increased risk for the consequences of bone marrow
(BM) failure, including bleeding, infection, and dependence on
frequent transfusions.

Our current understanding of hematopoiesis following alloSCT
is primarily derived from experimental models and limited clinical
data. Compared to polyclonal steady state hematopoiesis, post-
alloSCT hematopoiesis is typically oligoclonal, driven by a few
02
dominant HSC clones, which likely re�ects both the selective
mobilization of HSCs and the selective pressure imposed by
in�ammatory complications such as infection, and graft versus
host disease (GVHD) (2, 3). BM functions post-alloSCT are
characterized by a state of emergency hematopoiesis, with
increased erythroid and myeloid differentiation (4), as well as
elevated productions of in�ammatory cytokines such as IFN- g (5).

Related to hematopoiesis, immune reconstitution is an
important process post-alloSCT and typically takes several
months to fully establish. Successful immune reconstitution
depends on various transplantation-related factors, including
donor and recipient ages, graft sources, conditioning
chemotherapy, and GVHD prophylaxis (6). The development of
GVHD and post-transplantation complications, such as viral
infections, can further impact immune reconstitution (7). At the
cellular levels, different components of the immune system recover
at distinct timepoints. Innate immune cells reconstitute rapidly,
often within the �rst few weeks post-transplantation (8). In
contrast, lymphopoiesis is a slower process, taking months to
years. T-cell reconstitution, for example, initially relies on the
peripheral expansion of donor-derived T cells, followed by de
novo T-cell generation through BM lymphopoiesis (9). This
gradual recovery is re�ected in the T-cell receptor (TCR)
repertoire, which is initially limited in diversity but expands
over time.

The combination of the stressed hematopoietic system and
limited immune repertoires post-alloSCT likely contributes to the
development of PGF. At the cellular levels, several changes are
associated with PGF, including alteration in the proportions of T-
helper (Th)1 and Th17 cells, as well as the polarization of
macrophages toward the M1 phenotype (10–12). Our group has
utilized spatial proteomics to further investigate the BM
microenvironment in patients with PGF, revealing upregulation
of proteins such as CD44 and CD163. These proteins play roles in
T-cell homing and macrophage activation, thus supporting an
frontiersin.org
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immunologic basis for the development of PGF (13). However, the
exact mechanisms linking immune dysfunctions to stem cell
suppression and BM failure in PGF remain under active
investigation. Aplastic anemia (AA), a rare form of BM failure, is
characterized by oligoclonal expansion of cytotoxic T cells and the
apoptosis of HSCs. Immune mediated destruction in AA may share
similarities with PGF. Indeed, previous studies have identi�ed the
emergence of PNH-type clones in PGF patients, akin to those
observed in AA patients, suggesting potential shared underlying
pathophysiology (14).

While previous studies have largely focused on individual cell
populations and their dysfunctions in PGF, a more comprehensive
investigation of hematopoietic and immune cell populations, as well
as their speci�c interactions, particularly between immune cells and
HSCs, is critical to uncover the mechanisms underlying BM failure.
To better understand these critical cellular interactions and further
characterize the immune dysregulation in PGF, we employed a
comprehensive multiomic approach to evaluate both PB and BM
samples from patients with PGF and those with good graft function
(GGF) following alloSCT.
Methods

Patient samples

PB and BM samples were obtained from patients after written
informed consent. PB samples from 14 healthy donors (HDs) were
used as controls for �ow cytometry analysis and were obtained from
buffy-coat samples from the Australian Red Cross Blood Service.
Bone marrow samples from four HDs (female/27, female/28,
female/62, and male/23 years old) were used as controls for
scRNA-seq analysis. Research was approved by the Institutional
Review Board of the Royal Melbourne Hospital and NHLBI, in
accordance with the Declaration of Helsinki. HDs for bone marrow
samples were enrolled as controls under protocol NCT00001620
in NHLBI.
De� nitions of PGF and GGF

PGF patients were de�ned as follows 1) Complete myeloid
donor chimerism, and 2) at least 2 lineage cytopenias de�ned as
Hb<80g/L, Neutrophils <1.0x109/L and Platelets <60x109/L. GGF
patients were de�ned as having complete donor chimerism and
normal peripheral blood counts. with no evidence of relapse of their
primary malignancy. PGF and GGF patients were matched for
disease risk index, conditioning intensity, donor relation, graft type
and cytomegalovirus (CMV) serostatus.
Retrospective cohort

Recipients of alloSCT between 2017–2020 at Royal Melbourne
Hospital Bone Marrow Transplant unit and alive to D60 were
Frontiers in Immunology 03
included in this analysis. Patients who died prior to D60 were
excluded as chimerism data, which was required for our de�nition
of PGF, was not often available prior to this date. The study was
approved by the Melbourne Health Human Research Ethics
committee and conducted in accordance with the Declaration of
Helsinki. Survival analysis was performed in GraphPad Prism
utilizing a Kaplan Meier Analysis.
Bone marrow and peripheral blood
samples processing

PB and BM specimens were obtained from patients and HDs.
PB mononuclear cells (PBMCs) and BMMNCs were isolated using
Ficoll-Paque Plus (GE Healthcare, Chicago, IL) and cryopreserved
until used for �ow cytometric and/or scRNA-seq.
Flow cytometry of PBMCs and BMMNCs

Methods describing cell preparation, staining, acquisition,
gating strategy, and analysis of PBMCs and BMMCs are detailed
in supplementary information.
Digital spatial pro� ling

DSP was performed as previously described (13). Brie�y, bone
marrow trephine samples were sectioned at 4µm thickness and
mounted on SuperFrost slides. Two trephine sections were
mounted per slide. Region of Interest (ROI) selection was
undertaken in the ACRF translational research laboratory. ROI
were selected based on presence of dual CD3/CD45 staining. Six
ROIs of 300µm circles were selected. A pre-designed GeoMX™

DSP panel was applied to each region to determine the expression
of 57 proteins. The bioinformatics pipeline including data
exploration and quality checks, differential expression analyses
have been detailed previously and are described further in
supplementary information (13).
Peripheral blood TCR sequencing

Archival DNA from fractionated CD3+ peripheral blood cells
remaining post clinical testing from all patients at D30 and D100
post alloSCT was used to perform the analysis as previously
described (15).
Single cell RNA-sequencing and data
analysis

scRNA-seq coupled with single-cell T cell receptor/B
cell receptor sequencing (scTCR/BCR-seq) analysis for patients
and HDs was performed with the 10x Genomics Single Cell
frontiersin.org

https://doi.org/10.3389/fimmu.2026.1750093
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Prabahran et al. 10.3389/fimmu.2026.1750093
Immune Pro�ling Solution v 2 (Chromium Single Cell 5’ Reagent
Kit v2, Cat# 1000263), following the manufacturer’s protocol
(www.10xgenomics.com) (16). Library preparation, sequencing,
data processing, and quality control were done following
previously published pipeline (17). Differentially expressed genes
were de�ned with the FindMarkers function in Seurat. Gene Set
Frontiers in Immunology 04
Enrichment Analysis (GSEA) was done based on fold changes of all
detected genes (http://software.broadinstitute.org/gsea).
Comparison between two and more groups was performed using
GraphPad Prism v.10.2.1, and results were shown as mean ±
standard derivation. Statistical analysis was performed using two-
sided unpaired Mann-Whitney test for two groups, and analysis of
FIGURE 1 (Continued)
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FIGURE 1 (Continued)

Hematologic features of PGF and immunopro � les of PB samples. (A) Survival of patients with PGF status and duration of PGF. Left panel, survival of
PGF (red) vs. GGF (blue); right panel, survival of PGF without BM recovery (red) vs. no BM recovery (blue).(B) Experimental work � ow. PBMC,
BMMNC, and BM biopsy samples from 24 PGF patients, 23 matched GGF patients, and HDs were subjected to multicolor � ow cytometry to pro � le
subpopulations of immune cells, hematopoietic cells, and HSPC; to immunoSEQ assay to pro � le TCR repertoires; to scRNA-seq and scTCR-seq
using the 10x Genomics platform; and to DSP of BM tissues. (C) Multiple modalities of experiments were done with samples for different subsets of
patients. (D) Dynamics of blood counts (hemoglobin, neutrophil, and platelet) from pre-transplantation to until 2 years after transplantation. PGF
(blue) and GGF (violet) groups are depicted. A dashed line shows a normal reference range for each parameter. (E) Blood counts (hemoglobin,
neutrophil, and platelet) at time of BM sampling (at day 100 post-transplantation) were compared between PGF ( n = 6) and GGF (n = 4) patients
whose BMMNCs were used for scRNA-seq and scTCR-seq. (F) Histology images of BM biopsy samples with hematoxylin and eosin staining from
representative PGF and GGF patients.(G) Flow cytometry was performed to pro � le major cell populations in peripheral blood. Percentages of CD4 +

T cells, CD8+ T cells, NK cells, B cells, monocytes, MDSC, pDC, and mDC were compared among PGF (n = 14), GGF (n = 13) patients, HDs (n = 14),
and patients with AA (n = 5). (H) Expression of PDL1 on monocytes and expression of PD-1 on T cells were compared among PGF ( n = 14), GGF (n
= 13) patients, HDs (n = 14), and patients with AA (n = 5). Statistical analysis was performed using the two-sided unpaired Mann-Whitney test (E) or
the ordinary one-way ANOVA test (G, H) and these data are shown with mean values ± SEM. *p value < 0.05; ** p value < 0.01; *** p value < 0.001;
**** p value < 0.0001; ns, no statistical signi � cance. PB, peripheral blood; BM, bone marrow; PGF, poor graft function; GGF, good graft function;
HDs, healthy donors; PBMC, peripheral blood mononuclear cell; BMMNC, BM mononuclear cell; HSPC, hematopoietic stem and progenitor cell;
TCR, T cell receptor; DSP, digital spatial pro� ling; SEM, standard error of the mean; NK, natural killer cells; MDSC, myeloid-derived suppressor cells;
pDC, plasmacytoid dendritic cells; mDC, myeloid dendritic cells; mDC, myeloid dendritic cells; AA, aplastic anemia.

Prabahran et al. 10.3389/fimmu.2026.1750093

Frontiers in Immunology 05
variance for three or more groups. p < 0.05 was considered
statistically signi�cant.

Full details regarding key materials and resources utilized in this
manuscript and additional experimental and analytical procedures
are described in the Supporting Information.
Results

Clinical features of PGF following alloSCT

Our group previously reported the clinical risk factors and
outcomes associated with PGF following alloSCT (18). As a follow-
up study, we evaluated outcomes in patients with PGF in a cohort of
additional 328 patients treated at our center between 2017 and 2020.
In this cohort, 49 patients met the criteria for PGF. These patients
exhibited signi�cantly worse predicted 2-year overall survival (OS)
compared to those without PGF (60% vs. 75%, p = 0.022)
(Figure 1A). Patients who had not achieved BM recovery by their
last follow-up demonstrated markedly inferior OS (p < 0.0001),
with a median OS of 246 days, compared to a median OS that was
TABLE 1 Clinical characteristics of patients.

Variable PGF
(n = 24)

GGF
(n = 23) p-value

Age
Median: 60
IQR (54.50-
64.0)

Median: 58
IQR (51.75-
62.0)

0.27

Disease

AML 11 10 N/A

MDS 3 4

NHL 6 5

MDS/MPN overlap 2 0

MPN 2 1

Donor type

MSD 9 8 0.95

Haploidentical 2 2

MUD 13 10

Intensity

MAC 2 2 1.00

RIC 22 18

CMV match

D-R- 3 4 0.46

D-R+ 4 4

D+R- 7 2

D+R+ 10 10

Viral reactivation post-
alloSCT

12 11 0.88

GVHD post-alloSCT 8 1 0.02*

(Continued)
TABLE 1 Continued

Variable PGF
(n = 24)

GGF
(n = 23) p-value

D100 CD3 neg
Chimerism

Median: 100
IQR (98.75-
100)

Median: 100
IQR (99-100)

0.53

CD100 CD3 pos Chimerism
Median: 99
IQR (97-100)

Median: 98
IQR (93-100)

0.11
fro
AML, acute myeloid leukemia; MDS, myelodysplastic syndromes; NHL, non-Hodgkin
lymphoma; MPN, myeloproliferative neoplasms; MSD, multiple sulfatase de�ciency; MUD,
mud disease; MAC, myeloablative conditioning; RIC, reduced intensity conditioning; CMV,
cytomegalovirus; D-R-, donor negative and recipient negative; D-R+, donor negative; D+R-,
donor positive and recipient negative; D+R+, donor positive and recipient positive; SCT, stem
cell transplantation; GVHD, graft versus host disease; PGF, poor graft function; GGF, good
graft function; IQR, interquartile range. *P value < 0.05.
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not reached in those who recovered marrow function (Figure 1A).
Twenty-three of 49 PGF patients had recovered their BM functions
by last follow-up, with a median duration of cytopenias of 142 days
(range, 51–789 days). Patients with PGF had worse OS with those
without PGF and experience a prolonged duration of cytopenias.
Frontiers in Immunology 06
PGF after hematopoietic cell
transplantation mimics AA

A multiomic approach was applied to PB and BM samples from
24 patients with PGF and 23 patients with GGF. The patients were
FIGURE 2 (Continued)
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