Heliyon 10 (2024) e40559

Contents lists available at ScienceDirect

52 CelPress Heliyon

journal homepage: www.cell.com/heliyon

Research article

Interspecies transcriptome profiles of human T cell activation and
liver inflammation in a xenogeneic graft-versus-host
disease model

Seo Yule Jeong?, Duhyeon Park ”, Tamina Park ", Ji-Seok Han?, Jungyun Lee?,
Chang Hoon Choi“, Minseong Jo“, Yu Bin Lee ", Mi-lang Kyun®,
Myeongjin Choi® , Daeui Park ", Kyoung-Sik Moon -

& Department of Advanced Toxicology Research, Korea Institute of Toxicology, Daejeon, 34114, Republic of Korea
b Department of Predictive Toxicology, Korea Institute of Toxicology, Daejeon, 34114, Republic of Korea

ARTICLE INFO ABSTRACT
Keywords: Background: Xenogeneic transplantation induces acute graft-versus-host disease (aGvHD) and
Graft-versus-host disease subsequent vital organ damage. Herein, we aimed to examine hepatic damage associated with

Humanized mouse model
T cell pathway

Liver toxicity
Transcriptome analysis

aGvHD using histopathology and gene expression profiles.

Methods: A xenografic GVHD model was established by engrafting human peripheral blood
mononuclear cells (PBMCs) into immunodeficient NOD-scid IL2Rynull (NSG) mice after busulfan
conditioning. NSG mice were assigned to groups treated with saline (S group) or a combination of
busulfan and PBMCs (BP group). Histological lesions and RNA sequencing analysis of gene pro-
files in the BP group (GvHD model) were compared with those in the P group.

Results: Predominant T cell subsets (95 %) in the blood of the BP group were identified as
cytotoxic CD8™ T cells (56 %) and helper CD4" T cells (31 %). Symptoms of aGvHD, including
hepatocyte necrosis, bile duct hyperplasia, and human T cell infiltration, were observed. Gene
expression analysis revealed upregulation of Th1l and Th2 cell differentiation (STAT4, IL4R, and
NFACTI), T cell receptor signaling pathway (CD226 and GBP1), IL-1 pathway (CCL3, NAIP, and
IRAK4), cell cycle (CDCA5, CDCA8, MCM5, KNL1, BUB1B, FBX05, and CENPE) in human cells. In
mouse cells, Il1a, Ifngr, Tnfrsf, and Il6ra genes (cytokines or their receptors) and Icam, Vcam, and
Endra genes (adhesion molecules) were upregulated, whereas genes related to chromosome
condensation (H2ac and H2bc) and fatty acid/steroid metabolism (Fasn, Rdh, and Scd) were
downregulated. Interspecies gene network analysis revealed that activated human T cells are
associated with liver damage through inflammatory and metabolic pathways, accompanied by
increased mouse cell adhesion molecules and cytokines.

Conclusion: Our findings offer valuable insights into the pathophysiology and biomarkers of
aGvHD and may contribute to the development of novel therapeutics.

Abbreviations: PBMC, peripheral blood mononuclear cells; HSC, hematopoietic stem cells; ELISA, enzyme-linked immunosorbent assay; NSG,
NOD/LtSz-scid IL-2Rg null; GVHD, graft versus host disease; IHC staining, immunohistochemistry staining; CyTOF, cytometry by time of flight; Treg,
regulatory T cells; AST, aspartate aminotransferase; ALT, alanine aminotransferase..
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1. Introduction

Graft-versus-host disease (GVvHD) occurs when transplanted immune cells attack the recipient’s tissues. This condition can develop
after allogeneic or xenogeneic transplantation involving peripheral blood mononuclear cells (PBMCs), stem cells, or bone marrow [1,
2].

GVHD can be either acute or chronic. Classic acute GvHD (aGvHD) develops within the first 100 days after transplantation and is
typically characterized by clinical signs such as rash, nausea, anorexia, diarrhea, or cholestatic liver damage [3,4]. Classic chronic
GvHD (cGvHD) can occur without time constraints and does not present with acute GvHD symptoms. Notably, cGvHD is predomi-
nantly characterized by features such as poikiloderma, esophageal web, bronchiolitis obliterans, and scleroderma or scleroderma-like
syndromes [2,5].

Both acute and chronic GVHD require careful management with immunosuppressants and supportive care. GVHD leads to tissue
damage, impaired immune function, treatment difficulties, and an increased risk of cancer recurrence [3]. Therefore, GvHD can
substantially impact the quality of life and long-term outcomes in transplant recipients, and these can be improved through early
detection and intervention [6].

Humanized mice are developed from immunodeficient mice that have been genetically altered or bred to lack specific immune
components [2,7-9]. For example, the NOD-scid IL2Rgamma-null mouse (NSG), commonly used in humanized mouse research, was
created through genetic modifications combining the NOD phenotype with severe combined immunodeficiency (SCID) and an
interleukin (IL) 2 receptor gamma chain (I12rg) knockout. In this strain, the absence of T, B, and natural killer (NK) cells, along with
defective dendritic cells and macrophages, results in deficiencies in both innate and adaptive immune systems [10,11]. Immunode-
ficient mice can be engrafted with human PBMCs to mimic the human immune system. Additionally, to further suppress their immune
systems before engraftment, immunodeficient mice are treated with a combination of radiation and/or busulfan. The doses vary
depending on experimental requirements, ranging from 0.85 to 5 Gy for radiation and 25-40 mg/kg for busulfan [12-14].

Mouse models of xenogeneic GVHD exhibit symptoms such as weight loss, skin changes, diarrhea, hepatomegaly (enlarged liver),
splenomegaly (enlarged spleen), lethargy, hunched posture, and, in severe cases, mortality. In humanized mouse models, xenogeneic
GVHD can develop depending on the PBMC donor, the total PBMC number, the injection route, and the preconditioning treatment
(irradiation or chemotherapy) [15]. Although this model does not fully replicate the symptoms observed in human GvHD, it provides
valuable insights into GVHD mechanisms and potential therapeutic approaches [2,16,17]. Histopathologic features observed in the
liver, gastrointestinal tract, and lungs of xenogeneic GvHD mice include disorders such as hepatitis, liver necrosis, intestinal enteritis,
and lung alveolar damage.

The characteristic features of hepatic GvHD include damage to hepatocytes and the biliary endothelium, with cellular infiltration
around the portal vein in human and mouse [18-20]. Infiltrating T-cell-induced inflammation causes hepatic injury via Fas-Fas ligand
(FasL), perforin/granzyme, and tumor necrosis factor (TNF)-TNF receptor binding in patients [3]. Elevated pro-inflammatory cyto-
kines, including TNF superfamily, interleukin-1 family (IL-1), and interferon-gamma were reported in allogeneic and xenogeneic
transplanted mice [16,21]. Biomarkers including tumor necrosis factor receptor 1 (TNFR1), IL-2 receptor alpha (IL-2RA), and soluble
IL-33 receptor have been used to predict prognosis and diagnose acute GVHD in patients [3]. As low TNFR1 amounts are associated
with better outcomes, TNF superfamily blockers have been used to prevent GVHD in high-risk patients who underwent hematopoietic
stem cell transplantation [3,22].

Given the elevated aspartate aminotransferase (AST) concentration in the blood of mice suffering from xenograft GvHD, our
primary focus was to investigate liver damage induced by the condition. The histopathological symptoms of liver damage caused by
xenografic GVHD and the expression levels of damage-related genes were explored using RNA sequencing (RNA-seq) analysis. To our
knowledge, this is the first report to show transcriptome profiling of immune cells and liver tissue in a humanized model suffering from
GVHD following busulfan conditioning. These results will provide an important basis for establishing novel therapeutics for treating
aGvHD in patients.

2. Materials and methods
2.1. Animals

Six-week-old female NOD.Cg-PrkchCid Ierg”"I Wil /S (NSG) mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA)
and allowed to acclimate for 10 days. The mice were randomly assigned to one of four groups. All mice were housed under the
following conditions: a temperature of 22 + 1 °C, 55 + 10 % humidity, and a 12 h light: dark cycle (5 adult mice/cage). One animal
technical staff member was informed of the group allocation for blind analysis. This study was approved by the Institutional Animal
Care and Use Committee (IACUC No. 2112-0079, Korea Institute of Toxicology). Throughout the experiments, the mice were observed
daily. All protocols were designed to minimize the number of animals and their pain or distress, in accordance with the relevant
regulations. The ARRIVE guidelines were used in this study.

2.2. Engraftment of human PBMC in NSG mice

Six-week-old female NSG mice were allocated to each of the four groups. In the BP and B groups, mice were administered 25 mg/kg
busulfan (intraperitoneal injection)(Otsuka America Pharmaceutical, Japan) on day —1 and —2 with or without post-PBMC treatment
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(intravenous injection), respectively (Fig. 1A). In group P, mice were treated with human PBMC alone on day 0. Mice treated with the
vehicle (saline) were assigned to the S group (Supplementary Table 1). PBMCs from a healthy donor (#CC-2702, 35 years old, male,
Hispanic, USA) were obtained from Lonza (Basel, Switzerland). PBMC was negative for human immunodeficiency virus, hepatitis B
virus, and hepatitis C virus. Cryopreserved PBMCs were thawed in a water bath at 37 °C and washed twice with PBS by centrifugation.
PBMCs were resuspended in RPMI 1640 medium and injected into mice at 2 x 10° PBMCs (83.3 % of which were CD3* cells) on day 0.
Busulfan and PBMC were administered to mice via intraperitoneal and intravenous injection, respectively. The animal experiment was
terminated on onset of GvHD (day 21), at which point all animals in the BP group were alive and showed clinical signs of GvHD,
including decreased body weight and activity, ruffled fur, and alopecia, as reported in previous studies [1,23]. The order of the
treatments and measurements was recorded. The weights of mice were measured once a week.

2.3. Blood analysis

Blood samples from the inferior vena cava were collected into K2-EDTA tubes. To analyze liver damage markers including AST, and
alanine aminotransferase (ALT), blood was centrifuged at 2,000g for 10 min to collect serum. The parameters were evaluated using a
Toshiba 120FR chemistry analyzer (Toshiba Medical System, Tokyo, Japan). For flow cytometry analysis, cells were lysed with RBC
lysis buffer (BioLegend, San Diego, CA, USA) and stained with specific human antibodies. All samples were analyzed using a Cytoflex S
flow cytometer (Beckman Coulter, USA) and stained with the specific antibodies listed in Supplementary Table 2, according to the
manufacturer’s instructions. Data were analyzed using CytExpert Software v2.4 and Kaluza v. 2.2 (Beckman coulter, Brea, CA, USA).
The following cellular phenotypes were determined: leukocytes (hCD45"), T cells (hCD3"/hCD45™), cytotoxic T cells (hCD8*'/
hCD3"/hCD45™), and helper T cells (hCD4"/hCD3"/hCD45™).

2.4. Liver weight and histopathology

Liver samples from all mice were collected and weighed. The ratio of liver to body weight was also calculated. Liver samples were
fixed in 5 % formalin and embedded in paraffin. Tissues were cut into 5-pm thick slices and stained with hematoxylin & eosin. GYHD
lesions were evaluated for the level of inflammation, bile duct damage, ballooning, fibrosis, and necrosis [20,24] by a board certified
pathologist using blind tests as follows: 0 (absent), 1 (minimal), 2 (mild), 3 (moderate), 4 (marked), and 5 (severe) to obtain the
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Fig. 1. Scheme for the generation of acute GvHD model. (A) Experimental scheme for BP group. NSG mice received two doses of busulfan at 25 mg/
kg intraperitoneally prior to human PBMC injection. Clinical GVHD signs were observed 3 weeks after PBMC administration. (B) The mean per-
centage change in body weight over 3 weeks after intravenous administration of PBMCs (P group, n = 3; BP group, n = 3) or without PBMCs (S
group, n = 3; B group, n = 3). (C) Clinical signs of GvHD. Symptoms including hunching posture, decreased activity, reduced body weight, ruffled
fur, and hair loss were observed in the BP group. (D) Clinical liver injury markers, including AST and ALT, were analyzed in the serum of three mice
in all groups. N = 3. All values represent mean + S.E.M. *p < 0.05, ***p < 0.001, ****p < 0.0001 according to one-way ANOVA.
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inflammatory score. To detect infiltrating human CD3™ T cells, immunohistochemistry (IHC) staining was performed with 0.03 %
H,0, and Tris-EDTA buffer for antigen retrieval. Staining was conducted with a polyclonal human anti-CD3 antibody (Abcam,
Cambridge, UK, #ab828) and a HRP-conjugated anti-rabbit secondary antibody (Dako,US, #K4003). Histological examination was
conducted in a blind manner. The percentage of stained area was estimated using ZEN software. All slides were examined histologically
using an AxioScan Z1 slide scanner (Goettingen, Germany).

2.5. High throughput sequencing of mouse liver tissues with infiltrated human PBMCs

Total RNA was extracted from mouse liver tissues in each group using the RNeasy Mini Kit (Qiagen, Hilden, Germany). The RNA-
seq library was generated using the TruSeq Stranded mRNA Library Prep Kit, according to the manufacturer’s instructions (Illumina,
San Diego, CA, USA). Using the Illumina NovaSeq 6000, 101 bp paired-end sequencing reads were obtained. To conduct interspecies
transcriptome analysis, two reference genome sequences of Homo sapiens (GRCh38.p14) and Mus musculus (GRCm39) were aligned
using STAR version 2.7.10a and XenofilteR version 1.6 [25,26]. XenofilteR is an R package that generates filtered results for host and
recipient by classifying sequencing reads aligned to both genomes using STAR as mouse or human, based on whether the gene had
more mismatches in the two reference sequences. The abundance of filtered genes was calculated from the number of mapped reads
using featureCounts in Subread version 2.0.3 [27]. Using the read counts and counts per million (CPM), the genes were quantified for
each condition in edgeR [28]. Differentially expressed genes (DEGs) were selected based on a fold change greater than two-fold, with a
false discovery rate (FDR) of less than 0.05.

2.6. Multidimensional scaling

The level of similarity between samples was represented in a two-dimensional space using multidimensional scaling (MDS) be-
tween gene expression profiles. The dissimilarity between 11 samples, based on normalized gene expression profiles, was calculated as
the Manhattan distance using the cmdscale in the stats R package.

2.7. Gene set enrichment analysis and heatmap of significant pathways

Based on the DEGs obtained using edgeR, the Metascape and Enrichr web portals were used for gene set enrichment analysis
(GSEA) [29,30]. GSEA effectively selected significant biological pathways from the DEGs. The cumulative hypergeometric statistical
test was used to determine the statistically significant value (p-value) for each biological pathway, which was converted to -log
(p-value). Heatmaps and boxplots were used to illustrate the gene expression values of significant pathways. The Euclidean distance
and central connectivity under each experimental condition were determined using an agglomerative approach for hierarchical
clustering. Heatmaps were obtained using the heatmap.2 R package. In the box plot, the gene expression levels in each experimental
group were ascertained using stat_compare_means with a paired t-test from the ggpubr package. A p-value <0.05 indicated statistical
significance. Pearson correlation was calculated between mouse liver inflammation scores and the expression level of human genes
related to the cell cycle, IL1, T cell pathway.

2.8. Construction of network between human T cells and mouse pathways

To examine pathophysiologic interactions between human DEGs and mouse DEGs, a biological pathway network was constructed
using Metascape based on the upregulated genes. In the network, nodes represent significant pathways and the edges represent the
interactions of pathways. The edges were generated by shared genes between nodes. When the number of shared genes is increased, the
thickness of edges also increases in the network. Shared genes in this context were genes that participate in multiple pathways or
processes, indicated by edges connecting different nodes. These shared genes were significant as they highlight functional connections
between pathways, often serving as a key gene. Based on shared genes between DEGs of two species, we performed the functional
connections between humans and mice.

2.9. Statistical analysis

All data were obtained from live animals (n = 2-5/group). Data generated from the same experiment set were presented as average
+ SEM. To investigate the correlation between inflammation scores and gene expression levels, five mice in the BP group were
included for RNA-seq analysis. Statistical analyses were performed using GraphPad Prism Version 9.3.1 software (GraphPad software,
USA). One-way ANOVA was used to compare the four groups in this study. Comparisons between the P and BP groups (n = 7-10/
group) were analyzed using Student’s t-test. Statistical significance was set at p-value <0.05. The p-values less than 0.001 were
represented with three asterisks (***), while the p-values less than 0.0001 were marked with four asterisks.
3. Results

3.1. Establishment of the acute GvHD model

To induce xenogeneic aGvHD in a humanized mouse model, the BP group was administered with myeloablative conditioning using
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busulfan followed by PBMCs engraftment (Fig. 1A). The S group was treated with saline alone. To rule out the effects of busulfan or
PBMC administration, mice were assigned to either the B group, which received only busulfan, or the P group, which received only
PBMCs. To investigate liver injury in humanized mice with signs of aGvHD, the animal experiment was terminated on day 21, during
which the BP group exhibited acute GvHD symptoms. Over 3 weeks after PBMC engraftment, no significant change in body weight was
observed among the groups, as shown in Fig. 1B. However, a decreased body weight by approximately 10.6 % was observed in BP
groups unlike in the other groups. Three weeks after PBMC injection, body weights increased by 9.6 %, 10.9 %, and 7.9 % in the S, B,
and P groups, respectively. Additionally, the BP group exhibited typical signs of acute GvHD, such as a hunching posture, mild-to-
moderate decrease in activity, and ruffled fur with alopecia around the nose, distinguishing it from the other groups (Fig. 1C). In
blood biochemistry analysis, significantly elevated AST and ALT amounts were observed in the serum of the BP group compared with
other groups (Fig. 1D).

3.2. Engrafted human immune cells in mouse blood

Samples were gated on live and single cells using SSC-H/FSC-H and FSC-H/FSC-A gating, respectively (Supplementary Fig. 1). The
viability of all samples was more than 90 % (Vi-CELL, Beckman Coulter). The human immune cell gating technique was used to identify
engrafted human leukocytes (hCD45+), T cells (hCD3+), and T cell subsets (hCD4+ and hCD8+) as shown in Fig. 2A and B. The full
gating strategy was provided in Supplementary Fig. 1. Flow cytometry analysis was performed for the all groups. In the BP group, a
significant increase in the percentage of engrafted human leukocytes (46.7 %) in total leukocytes was observed compared to that in
other groups (Fig. 2C). In contrast, human leukocytes in total leukocytes of group P were engrafted in extremely low proportions (1.5
%). In the BP group, the percentage of hCD3+ cells in engrafted human leukocytes (hCD45+) was 95 %, whereas these cells were not
detected in the other groups (Fig. 2D). In addition, the T cell subsets in total T cells of the BP group were identified as cytotoxic T cells
(hCD8+, 56 %) and helper T cells (hCD4+, 31 %) (Fig. 2E).
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Fig. 2. Characterization of engrafted human cells in the peripheral blood obtained from mice at day 21. (A) The mean percentage of human CD45"
cells in total leukocyte of mice. (B) The mean percentage of human CD3" cells in human CD45" cells of mice. (C) The subpopulations of human
CD3" T cells (CD4" helper T cells and CD8" cytotoxic T cells) in human CD3" cells were calculated. All values represent mean + S.E.M. *p < 0.05,
**p < 0.01, and ***p < 0.001 according to student’s t-test and one-way ANOVA. n = 3.
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3.3. Liver weight and histopathological examination

The liver-to-body weight ratio was significantly higher in the BP group compared to the P group (p-value <0.05) (Fig. 3A), with the
BP group having a ratio of 7.1 %, while the ratio in the S, B, and P groups ranged from 4.3 % to 4.5 %. The histopathological
morphology of liver tissue in the BP group was compared with that in the other groups (Fig. 3B). Infiltration of inflammatory cells
around the portal vein, hepatic artery, and bile duct was high in the BP group (white arrow) and mild in the P group. Further, single
hepatocyte necrosis (yellow circle), characterized by a condensed hypereosinophilic cytoplasm with a round or angular outline and
fragments of nuclear material, was observed multifocally in the hepatic parenchyma with or without inflammatory cell infiltration.
Bile duct proliferation (black arrow) was also observed in the portal area, with mixed infiltration by human immune cells. Damaged
bile duct epithelium with overlapping nuclei was found in the liver and was associated with evidence of hepatic injury and repair
resulting from bile flow obstruction. As shown in the control image (S) on the upper right (Fig. 3B), the liver sinusoids are usually
empty (black circle) under normal conditions, and Kupffer cells are rarely observed. However, in the image on right below, Kupffer
cells with faint basophilic cytoplasm can be seen multifocally within the sinusoids (blue circle). The degree of inflammation was scored
and plotted as shown in Fig. 3C and Supplementary Table 3. The liver inflammatory score was significantly higher (3-fold) in the BP
group than that in the P group. In the IHC staining analysis, hCD3+ T cells were observed around the portal vein in the liver of both the
P and BP groups. (Fig. 4A). The intensity of IHC staining was significantly higher (by 3.2-fold) in the BP group compared to the P group
(Fig. 4B).

3.4. Gene expression profile of liver tissue in the GYHD model

For gene expression analysis in the GVHD model, it is crucial to differentiate between sequencing reads of human and mouse genes,
as the mRNA is sourced from both mouse liver and human PBMCs. Therefore, we used XenofilteR. The alignment results of the human
and mouse genomes before and after filtering were stored in binary alignment map (BAM) files. The number of mapped reads was
determined and used to indicate the gene expression trends in both human and mouse (Fig. 5A). In the analysis, the total number of
reads from our samples was produced as an average 78 million (68-93 million). In addition, the number of human mapping reads was
mapped as an average 3.01 % (1.14-5.42 %). XenofilteR distinguished between the sequencing reads of the two species well. To
visualize the relationships between samples, an MDS plot was generated using gene expression profiles aligned to the Mus musculus
reference genome (Fig. 5B). The MDS plot represents the gene expression profiles of S (n = 2), B (n = 2), P (n = 2), and BP (n = 5)
groups at 11 points. The points were organized according to the MDS plot based on the Manhattan distances between each pair of
samples. These distances indicated the degree of dissimilarity in terms of variance for the entire dataset. The results of the two-
dimensional reduction showed that each group was separated from the other (Fig. 5B). The G2-16 sample displayed a different
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Fig. 3. Liver weight and histopathological examination. (A) The ratio of liver weight to body weight (mg/g) was calculated for mice 3 weeks after
PBMC administration. (B) Histopathological evaluation of liver tissues with H&E staining. Infiltrating immune cells were observed around the portal
vein (PV), hepatic artery (HA), and bile duct (BD) in the liver of BP group mice (white arrow, n = 3). The black arrow indicates bile duct hy-
perplasia. The blue and yellow circles highlight Kupffer cell hyperplasia and hepatic necrosis, respectively. (C) Infiltration of inflammatory cells was
scored as 0 (absent), 1 (minimal), 2 (mild), 3 (moderate), 4 (marked), or 5 (severe). All values represent mean + S.E.M. *p < 0.05, and **p < 0.01
according to one-way ANOVA. n = 3.
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Fig. 4. Immunohistological staining of the liver from hPBMC-engrafted mice. (A) Immunohistochemistry for CD3" cells highlights infiltrated
human T cells (blue arrow) around the portal vein (PV) and hepatic artery (HA). (B) The relative stained area of CD3" cells was quantified as a
proportion of the total area. All values represent mean + S.E.M. **p < 0.01 according to one-way ANOVA. n = 3.

pattern with distance compared to the other samples because the G2-16 sample (liver inflammatory score:3) had a more severe in-
flammatory score than that of the other samples (Supplementary Table 3).

DEGs were defined as upregulated or downregulated genes with a greater than or less than 2-fold change under conditions with
FDR less than 0.05. From the human mapping results, 137 genes were upregulated and 195 downregulated in the BP group compared
to those in the P group (Supplementary Table 4-1). From the mouse mapping results, 53 DEGs were upregulated and 50 DEGs were
downregulated in the B group when compared to those in the S group, and 1027 DEGs were upregulated and 274 DEGs were
downregulated in the BP group compared to those in the S group (Fig. 5C and Supplementary Table 4-2). The number of DEGs in the
BP group was larger than in both the B and P groups. In particular, the number of upregulated genes was approximately 3.7-fold those
of the downregulated genes in the BP group (Fig. 5C).

The distribution of DEGs under each condition was visualized using MA plots and volcano plots (Fig. 5D-F). In the MA plot, MA
represents M and A values. The M value on the Y-axis represents the logarithm of the expression level ratio, and the A value on the X-
axis represents the logarithm of the normalized levels of gene expression, also known as CPM. The DEGs in the GvHD model (BP group)
were more abundant than in the other groups.

3.5. T cell differentiation in infiltrating human PBMCs

To understand the DEGs of human, gene set enrichment analysis provided by Enrichr utilized 137 upregulated and 195 down-
regulated genes. The upregulated genes were involved in T cell pathway, including T cell receptor signaling pathway, Th1 and Th2 cell
differentiation (Fig. 6A and Supplementary Table 4-3). Human-oriented genes such as CD226 (log, fold-change(log>FC) = 1.5), GBP1
(2.2), IL4R (2.0), STAT4 (1.3), and NFATCI (2.3) were enriched in the T cell pathways (Fig. 6B and Supplementary Table 3). Also,
upregulated human genes associated with IL-1 were detected in the BP group such as GBP5 (3.2), PYHIN1 (3.1), CCL3 (4.6), NAIP (2.7),
IRAK4 (1.6), and MAP3K?7 (3.3) (Supplementary Table 4-3). The upregulation of T cell-related genes was well supported by the levels
of human CD4" and CD8™ T cells (Fig. 2E), as well as the infiltration of human PBMCs in the mouse liver pathology of the BP group
(Fig. 3B). Interestingly, G2-14 mice in the BP group did not show increased expression of genes associated with T cell activation
(Fig. 6B), which suggests that their mild inflammation symptoms may be related to this lack of gene upregulation. On the contrary, T
cell pathway-related genes were more upregulated in the G2-16 mouse with a severe inflammation score than in the other mice. This
implies the expression pattern was closely correlated with the liver inflammatory score of each mouse (Fig. 6C).

In addition, biological pathways related to the cell cycle were particularly prevalent such as CDCA5 (3.4), CDCA8 (5.2), MCM5
(3.2), KNL1 (2.1), BUB1B (2.1), FBXO5 (1.7), and CENPE (1.6). In our model, the upregulated pathways showed an overall trend
related to T cell infiltration by upregulation of cell cycle. The information on genes is described in Supplementary Table 4-3.
Reprogramming of cellular metabolism is a feature of GvHD, which is associated with differentiation of hCD4+ cells into the path-
ogenic Th1 subset, along with dysfunction of immune-suppressive protective T regulatory cells (Tregs). We performed a correlation
analysis to examine the relationships between the expression levels of human genes associated with T cell pathway and the inflam-
matory scores, as well as between the expression levels of genes related to cell cycle and IL-1 pathway and the inflammatory scores in
the aGvHD model (Fig. 6C-E and Supplementary Table 4-4). Interestingly, as the inflammatory response in the aGVHD model
increased notably, genes associated with T cell pathway, IL-1, and cell cycle were also upregulated. The Pearson correlation score
between the mouse liver inflammatory scores and the human gene expressions of T cell pathway (5 genes) and cell cycle pathway (16
genes), and IL-1 pathway (6 genes) showed an average of 0.91. There was a high correlation between each mouse liver inflammation
score and human gene expression pattern. Some of these genes were selected and visualized in correlation with the inflammation score
of the mouse liver (red shapes) in Fig. 6D and E. The gene expression between the S and BP groups was significantly different (all p-
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values <0.05). Therefore, we suggest that mouse liver inflammation is regulated by genes associated with Th1l and Th2 cell differ-
entiation (such as STAT4, IL4R, and NFATC1) and cell cycle (such as HAUS1, CENPU, VRK1, and KNL1), respectively.

3.6. Inflammation and cell adhesion in mouse liver tissue

In the result of mouse mapping, the upregulated genes were predominantly involved in inflammatory response, regulation of cell
motility and cytokine production (Fig. 7A, and Supplementary Table 4-5). The downregulated genes were associated with conden-
sation of prophase chromosomes, metabolic process (Fig. 7A, and Supplementary Table 4-6).

In a previous study, inflammatory mediators such as human IFN-y and IL-1 family proteins enhanced target tissue injury and
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determined using an one-way ANOVA. All p-values were <0.05.
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destruction caused by GvHD during allogeneic transplantation [31]. In this study, mouse genes associated with IFN-y (such as
interferon-gamma receptor 1 (Ifngrl, 1.1), interferon-gamma receptor 2 (Ifngr2, 1.0)) and IL-1 (such as interleukin 1 alpha (l1q, 1.3),
interleukin 1 receptor-like 2 (I11r12, 2.4)) were upregulated (Fig. 7B-Supplementary Table 3). Interestingly, upregulated mouse genes
associated with the TNF superfamily (e.g., Tnf, Tnfaip3, Tnfsfl12a, Tnfrsf21) and IL-6 (e.g., [l6ra) were also identified, similar to the
results from human mapping (see Supplementary Table 4-1).

In the mouse liver of BP group, there was a significant upregulation of adhesion molecules, including intercellular adhesion
molecule 1 (Icam1, logoFC = 2.3), intercellular adhesion molecule 2 (Icam2, 1.5), vascular cell adhesion molecule 1 (Vcaml1, 1.6), and
endothelin-1 type A receptor (Ednra, 1.8) was observed (Fig. 7C-Supplementary Table 4-2 and 4-5). Cell adhesion molecules play a
critical role in allograft rejection, and antigen recognition results in leukocyte migration around damaged tissue, and leukocyte-
induced tissue injury [32]. Icam and Vcam, which are expressed on the endothelium, play important roles in the migration of leu-
kocytes into damaged tissue during engrafted T-cell attacks in xenogeneic GVHD [33]. Therefore, our result suggested that activated
human T cells regulate cell adhesion molecules (Icam, Vcam, Ednra), leading to liver damage by infiltrated cells producing chemokines
and cytokines (Ccr, Il1a, and Tgfb).

In mouse mapping results, the BP group showed downregulation of chromosome-related genes associated with initial condensation
of chromosomes during the prophase, such as H2A clustered histone 18 (H2ac18, logoFC = —1.4) and H2B clustered histone 3 (H2bc3,
-3.4) (Fig. 7D and Supplementary Table 4-2). Notably, previous studies have identified exogenous proteins, such as FSAP, DNase I, and
complement component Clq, as potential mediators of chromatin loss and subsequent necrosis [34]. Further, the BP group showed
downregulation of monocarboxylic acid and retinoic acid metabolic processes (fatty acid synthase (Fasn), retinol dehydrogenase 19
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Fig. 8. Pathway network of engrafted human PBMCs and mouse cells. Interaction between human peripheral PBMCs and the host mouse can be
observed. Each pathway is represented by nodes, and the strength of the interaction among the pathways was indicated by the thickness of the
edges. Each node is colored based on the values calculated using Metascape. Pathways with similar functions are colored in the same color: Cell
chemotaxis (olive), Positive regulation of locomotion (white), Regulation of leukocyte migration (blue), Innate immune response (green), In-
flammatory response (yellow), Negative regulation of response to external stimulus (lavender), TNF/IL-6 production pathway (beige), Regulation of
immune effector process (orange), Leukocyte activation (sky blue), Regulation of cell activation (brown), Regulation of membrane invagination
(purple), Myeloid leukocyte activation (indigo), Regulation of myeloid leukocyte differentiation (lime green), Myeloid cell differentiation (maroon).
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(Rdh19), and stearoyl-coenzyme A desaturase 4 (Scd4)), and cytochrome P450 (Cyplal, Cyp2al2, and Cyp26al) (Fig. 7E and Sup-
plementary Table 4-2). Dysfunction in metabolism and liver enzymes can indicate liver damage, as observed in hepatic aGvHD. From
the data obtained from Fig. 7, we suggest that liver damage may be regulated by genes associated with chromatin compact (H2ac18
and H2bc3) and fatty acid/steroid metabolism (Fasn, Rdh19, and Scd4).

3.7. Human T cells influencing Tnf/Il6 pathways associated with mouse liver damage

Network analysis was performed using Metascape to understand the interspecies interactions between biological pathways. The
human five pathways, including Th1 and Th2 cell differentiation, T cell receptor signaling pathway, IL-1 pathways, and cell cycle
(Fig. 6A and Supplementary Table 4-3), were found to be interconnected in the inflammation-related pathways of the mouse, spe-
cifically in the inflammatory response, TNF/IL-6 production pathway, and cell trafficking via chemotaxis (Fig. 8). The interconnection
in the network was constructed using shared ten genes from both the human and mouse genomes (Supplementary Table 4-7).
Following the engraftment of human T cells (illustrated in red), these were observed to interact with the activation of mouse immune
cells (shown in green), leading to the upregulation of immune effector processes (depicted in orange) (Fig. 8). The observed necrosis
(beige) and leukocyte migration (blue) were identified as direct consequences of the inflammatory response in mouse cells.

Therefore, human T cell differentiation and signaling genes (CD226, GBP1, STAT4, IL4R, and NFACT1) could trigger a cascade of
biological events, including the migration of immune cells (Icam, Vcam, and Ednra) and dysfunction of histone and metabolism
(H2ac18, H2bc3, Fasn, Rdh19, and Scd4) in mice, ultimately leading to liver damage. In addition, the response to external stimuli by
human T cells led to the upregulation of genes involved in the TNF superfamily and IL-6 pathways in mouse liver cells, accompanied by
hepatocyte necrosis. Considering the cross-reactivity between these human cytokines and their respective mouse receptors [11], we
suggest that TNF and IL-6 may upregulate the mouse TNF/IL-6 pathway, leading to liver damage in mice under xenogeneic GvHD.

4. Discussion

In this study, acute and xenogeneic GvHD was induced in NSG mice by conditioning with busulfan, followed by human peripheral
PBMC administration [10,11]. Clinical signs of GVHD observed in this study, including weight loss, changes in posture, reduced ac-
tivity, and altered fur texture, are consistent with those reported in previous studies on allogeneic and xenogeneic rodent models [17,
24].

In the BP group, 2.4- and 4.3-fold increased AST and ALT amounts were determined compared to those in the P group, respectively.
These results are similar to those reported by Rhodes et al., who observed increased serum enzyme concentrations in a patient with
hepatic GvHD following allogeneic transplantation [35]. Engraftment of hCD45+ leukocytes (59 %) with dominant T cells including
CD4" and CD8™ cells, was found in this study. A viability dye was not used for flow cytometry, which is a limitation of this study. Ali
et al. reported that highly engrafted T cells may contribute to the severity of GvHD in a human PBMC-engrafted mouse model [17]. The
major hCD4+ T cell-dependent cascade is associated with Th1 rather than Th2 cells in an aGvHD mouse model [16]. In this study,
human STAT4, IL4R, and NFACT1 genes included in Th1 and Th2 cell differentiation were overexpressed in the BP group compared to
those in the P group. These results imply that STAT4 and Nuclear Factor of Activated T cells 1 (NFACT1) may lead to the differentiation
of engrafted human T cell and may induce T cell activation by T cell receptor signaling pathways including CD226 and GBP1. The
differentiation from naive T cells to Th1 cells mediates tissue damage through the activation of cytotoxic CD8" T cells [3]. Therefore,
we concluded that Th1 cytokine production including IL-1 pathway (CCL3, NAIP, and IRAK4) may be associated with the clinical signs
of GvHD in the BP group. This study focused on the T cells that were most abundantly engrafted; therefore, additional experiments are
needed to explore the role of other immune cells in human PBMC-engrafted mice suffering from GvHD. In addition, several cell
cycle-related genes in human genes, including CDCA5, CDCA8, MCM5, KNL1, BUB1B, FBX05, and CENPE, have been implicated in
modulating T cell activity and infiltration in various contexts [36-38]. The increased expression of these genes may promote T cell
proliferation, survival, and migratory capabilities, potentially facilitating their extravasation and infiltration into the mouse liver
parenchyma. In patients who develop liver dysfunction after hematopoietic cell transplantation, hepatic pathological features include
infiltrated lymphocytes around the portal tract, damaged bile ducts, and deposition of eosinophilic materials. In addition, bile duct and
portal fibrosis have been observed in patients with cGvHD [20]. A damaged bile duct with overlapping nuclei was detected in the BP
group, but hepatocellular cholestasis associated with GvHD was not observed [39]. Fujii et al. reported that infiltrated human CD68"
macrophages around the bile duct were correlated with the severity of liver damage including bile duct inflammation, ductopenia, and
periductal fibrosis [40]. Therefore, infiltrated Kupffer cells may also be correlated with bile duct proliferation in the BP group suffering
from GvHD.

Predicting the severity of GvHD is difficult for patients. Interestingly, the inflammatory score, regarded as the severity of GvHD,
was increased with the upregulation of human genes associated with Th1 and Th2 cell differentiation (STAT4, IL4R, and NFACT1), T
cell receptor signaling pathway (CD226 and GBP1), IL-1 pathway (CCL3, NAIP, and IRAK4), cell cycle (CDCA5, CDCA8, MCM5, KNL1,
BUBI1B, FBXO5, and CENPE). The Pearson correlation score between human upregulated genes associated and mouse inflammatory
scores showed an average of 0.91. Our findings suggest that their upregulation in the context of GVHD may provide valuable insights
into the disease’s pathophysiology and could potentially serve as biomarkers when GVHD clinical symptoms manifest.

Infiltrating immune cells originating from both mice and humans were detected around the veins in the BP group. Ichiba et al.
found changes in genes associated with leukocyte trafficking in mice with hepatic GvHD after allogeneic bone marrow transplantation,
suggesting that VCAM-1 may play a principal role in the migration of leukocytes [33]. ICAM-1 and ICAM-2 proteins are also inter-
cellular adhesion molecules associated with leukocyte migration to tissues in allogeneic transplantation models [41]. Mouse cell
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trafficking-related genes, such as Icam1 (logoFC = 2.3), Icam2 (1.5), and Vcam1 (1.6), were upregulated in the BP group compared to
those in the S group. Endothelial cells normally express low levels of cell adhesion molecules; however, inflammatory stimuli in
endothelial cells induce upregulation of ICAM-1 and VCAM-1 [41]. Therefore, we suggest that mouse cell adhesion molecules may
contribute to the infiltration of leukocytes and Kupffer cells in the inflamed liver caused by aGvHD in the xenogeneic transplantation
model.

The TNF superfamily is associated with apoptosis or necrosis in GvHD. In mice with allogeneic transplantation, weight loss and
mortality caused by GvHD were mediated by TNF-a. Indeed, anti-TNF-a treatment diminishes the pathological features of GvHD, such
as focal necrosis of the spleen [42]. We also found that mouse respective receptor superfamily, including Tnfaip8 (1.6), Tnfrsf12a (2.3),
Tnfrsf10b (2.1), and Tnfrsf21 (1.7), were upregulated in necrotic livers caused by aGvHD in our model.

IFN-y can induce apoptosis and inhibit cell cycle progression in hepatocytes [43]. In this study, the expression of mouse Ifngrland
Ifngr2 increased two-fold in the BP group compared to the S group (Supplementary Table 4-2). Considering the absence of both
upregulated human genes and the species cross-reactivity of IFN-y, it is suggested that IFN-y originating from mouse cells, rather than
human cells, may contribute to liver damage through hepatocyte apoptosis.

Increased amounts of the IL-1 family have been observed in patients with GVHD, thereby IL-1 family receptor antagonists have been
proposed as novel therapeutics to prevent GvHD-mediated death or symptoms. However, treatment with an IL-1 family receptor
antagonist did not ameliorate GVHD or reduce mortality [44]. Unlike IFN-y and the TNF superfamily, the role of the IL-1 family in liver
necrosis or apoptosis in the aGvHD model remains unclear [45]. Although no upregulated human genes associated with IL-1 were
detected in the BP group, IL-1 pathways were upregulated in human genes. In addition, mouse interleukin 1 alpha (Il1a, 1.3) and
interleukin 1 receptor-like 2 (Il1r12, 2.4) were upregulated. Understanding the origin and mechanism of IL-1 in GvHD is crucial for the
development of GVHD therapies.

In this study, a humanized mouse model of acute graft-versus-host disease (aGvHD) was established, revealing significant human T
cell activation and liver inflammation. Gene expression analysis showed upregulation of cell activation and glucose metabolism
pathways in human T cells, with notable downregulation of chromosome condensation and lipid metabolism in mouse liver cells. The
model also suggest that activated human T cells contribute to liver damage via inflammatory and metabolic pathways, which are
accompanied by elevated levels of cell adhesion molecules and inflammatory cytokines in mice. This research is the first to report
interspecies transcriptome analysis of human T cells and mouse liver inflammation in xenografic GvHD. It offers new insights into the
disease mechanism and potentially provides novel therapeutic strategies for GvHD.
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