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Background: Peripheral blood mononuclear cell (PBMC) humanized mouse models are essential for
researching non-small cell lung cancer (NSCLC) treatments. However, these models are prone to xeno-graft
versus host disease (xeno-GVHD), hampering their utility and requiring further investigation. This study
examined xeno-GVHD responses from PBMCs of advanced-stage NSCLC patients compared to healthy
donors (HDs) in a humanized peripheral blood lymphocyte (hu-PBL) model.

Methods: PBMCs from NSCLC patients and HDs were injected into immunocompromised NSG-SGM3
mice and monitored for eight weeks. xeno-GVHD progression was assessed through clinical examinations
and flow cytometry of human T-cell levels in various tissues.

Results: Mice injected with PBMCs from HDs showed xeno-GVHD signs as early as 28 days post-
injection, whereas those from NSCLC patients exhibited minimal signs, with only one model showing
delayed responses by day 42. Clinical symptoms in mice included weight loss, anemia, low platelet counts, fur
changes, and behavioral modifications. Flow cytometry of human PBMCs in mice indicated dominant CD8"
effector memory T cells in peripheral blood. In contrast, CD4" effector memory T cells were predominant
in the organs, with overall T cell levels lower in NSCLC models.

Conclusions: This study demonstrates significant differences in xeno-GVHD progression between
advance-stage NSCLC patients and HDs, likely influenced by the patient’s treatment histories. These
findings improve our understanding of hu-PBL models for NSCLC research and may inform future

treatment studies and strategies.
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Introduction

Lung cancer (LC) is the most common cause of cancer-
related mortality worldwide (1). Up to 85% of LC cases
are non-small cell lung cancer (NSCLC), which often
presents an advanced course of disease related to poor
survival rates (2). Immunotherapy has revolutionized LC
treatment and prolonged patient survival. However, the
benefits of immunotherapies remain limited because most
patients are unresponsive or relapse (3). Therefore, new
treatment targets, therapeutics, and drug combinations

Highlight box

Key findings

* We demonstrate that the onset and progression of xeno-graft
versus host disease (xeno-GVHD) differ significantly between
advanced-stage non-small cell lung cancer (NSCLC) patients
and healthy donor-derived peripheral blood mononuclear cells
(PBMCs) in the NSG-SGM3 mouse model. These findings
are crucial for understanding the complex interactions between
patient-specific factors and the development of xeno-GVHD. This
knowledge is essential for designing and interpreting preclinical
studies, particularly advanced-stage NSCLC. Furthermore, our
study enhances the understanding of the functionality of immune
cells in NSCLC patients, considering their treatment histories and
clinical backgrounds.

What is known, and what is new?

e Humanized peripheral blood lymphocyte (hu-PBL) models
are valuable tools for investigating new treatment strategies for
patients with advanced-stage NSCLC. However, the development
of xeno-GVHD, which significantly impacts these models, is not
entirely understood.

* This study offers insights into the xeno-GVHD responses,
showing that the functional state of T cells from advanced-stage
NSCLC patients leads to a hampered progression and distinct
phenotype of xeno-GVHD in the NSG-SGM3 hu-PBL model.
We identify various T cell subpopulations in peripheral blood and
organs, noting their differing levels among patients compared to
healthy controls. Additionally, we highlight specific clinical factors
in patients that may influence the development of xeno-GVHD.

What is the implication, and what should change now?

* The findings suggest that the functional states of PBMCs,
influenced by patients’ clinical backgrounds and treatment
histories, should be carefully considered in preclinical models. This
consideration can help better replicate patient-specific immune
responses. Consequently, it may lead to more accurate evaluations
of therapies for NSCLC in hu-PBL models. Ultimately,
this approach could contribute to developing more effective
personalized treatment strategies, especially for patients with
advanced-stage NSCLC.

© AME Publishing Company.

are continuously being developed. Preclinical models that
can replicate complex human tumor microenvironments
and the interplay between tumor and immune cells are
needed to improve our understanding and identify new
therapeutics. Humanized mice, encompassing human
immune cells engrafted on immunodeficient mice, have
emerged in oncology, specifically LC, as a fundamental
tool for drug discovery (4,5). The engraftment of human
immune system components into immunodeficient
mice can be achieved via several strategies with varying
benefits and limitations. The humanized mouse model
involves transplanting human-derived peripheral blood
mononuclear cells (PBMCs) or hematopoietic stem cells
(HSCs) into immunodeficient mice, thereby creating the
humanized peripheral blood lymphocyte (hu-PBL) and the
stem cell reconstituted (hu-SRC) models, respectively (3).
The development of immunodeficient strains drove the
emergence of humanized mouse models. These mice strains
lack host adaptive immunity due to defective recombination
of genes that encode antibodies and T cell receptors and
reduce host innate immunity (4). As such, these models
enable the development of human-like immune systems and
the replication of a more “human microenvironment” for
investigating tumor behavior analogous to that observed
in cancer patients (6-8). Consequently, the integration of
cell-line-derived xenografts (CDX) and patient-derived
xenografts (PDX) within humanized mouse models
represents a significant advancement, greatly enhancing
the versatility of these models for investigating cancer
pathogenesis and assessing therapeutic efficacy (8-10).

The hu-PBL model is the simplest and quickest of the
two humanized models. Its ease of construction and rapid
rate of humanization provide clear advantages over the
hu-SRC model. It is widely used in immune-oncology
research due to its accessibility, cost-effectiveness, ease of
establishment (11,12) and ability to recapitulate higher
levels of mature human T cells compared to the HSC
model, including acquiring CD3" (5,7). However, a
significant limitation of the hu-PBL model is the emergence
of severe xeno-graft versus host disease (xeno-GVHD)
primarily driven by activated human CD4" or CD8" T
cells, which respond to mouse major histocompatibility
(MHC) molecules (5,12-15). As a result, experimental
timeframes are often curtailed and typically span only a
few weeks, which is insufficient for evaluating treatment
responses and immune reactions (7,12,14). Various
strategies have been proposed to address this limitation
by extending the experimental window until the onset of
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xeno-GVHD. These strategies include pre-depleting CD4"
T cells or, more commonly, using MHC knockout mice
such as NOG-dKO or NOG-B2 m, IABdKO mice (11,16-
18) In this respect, a novel triple transgenic NSG-SGM3
immunodeficient mouse strain has recently emerged.
This strain of mice supported a diverse range of human
immune cells, making them a key platform for studying
interactions within the human immune system and tumor
microenvironment (19). Additionally, PBMC pre-screening
can de-risk donor selection for xeno-GVHD in the hu-PBL
model to allow for more accurate testing of candidate drug
efficacy (3).

Previous works have examined the impact of PBMCs
from diverse patient groups on the onset and pathogenesis
of xeno-GVHD (19-21). However, the influence of clinical
factors on susceptibility to xeno-GVHD and the underlying
pathogenic mechanisms induced specifically by PBMCs
from advanced-stage NSCLC patients remains unknown.
Here, we study clinical and cellular aspects of xeno-GVHD
induced by advanced-stage NSCLC patient PBMCs versus
those from healthy donors (HDs) in NSG-SGM3 mice to
provide vital knowledge that could significantly advance
the development of improved NSCLC hu-PBL models
and pinpoint crucial insights into the functionality of
the immune cells of NSCLC patients, considering their
treatment histories and clinical backgrounds. We present
this article in accordance with the ARRIVE reporting
checklist (available at https://tlcr.amegroups.com/article/
view/10.21037/tlcr-24-787/rc).

Methods
Mice

NSG-SGM3 mice expressing human IL3, GM-CSF
(CSF2), and SCF (KITLG) were obtained from the Jackson
Laboratory (Sacramento, CA, USA). Mice were maintained
under specific pathogen-free conditions at Ben-Gurion
University’s animal facility. Experiments were performed
under a project license (No. IL-59-11-2018) granted
by the Institutional Animal Care and Use Committee
of Ben Gurion University (BGU), in compliance with
Israel Ministry of Health (MOH) national or institutional
guidelines for the care and use of animals. All methods are
reported according to the guidelines for reporting animal
experiments.

© AME Publishing Company.
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Isolation of PBMCs

PBMCs from advanced-stage NSCLC patients and HDs
were collected from peripheral blood samples following an
informed consent form (ICF) signing at Soroka University
Medical Center. The sample size analyzed during this study
reflected the number of eligible patient donors available to us.
Control samples were collected to match the patients’ sample
size group. Approximately 50-100 mL of peripheral whole
blood was collected via standard venipuncture techniques
into 10-mL phlebotomy tubes, anticoagulated with
ethylenediaminetetraacetic acid (EDTA) or Sodium Citrate.
PBMCs were isolated immediately after phlebotomy using
the commercialized kit (SepMate or CPT tubes) according
to the manufacturer’s instructions (Stemcell and BD
Medical Technologies, respectively). Following isolation,
PBMCs were aliquoted and transplanted freshly to NSG-
SGM3 mice. The study was conducted in accordance with
the Declaration of Helsinki (as revised in 2013). The ethics
committee of Soroka Medical Center (No. 0026-19-SOR)
approved the study. Informed consent was obtained from all
subjects and their legal guardians.

Creation of bu-PBL mice and assessment of xeno-GVHD
response

Blood samples were drawn from advanced-stage NSCLC
patients (n=4) and HDs (n=4), and PBMCs were isolated
and intravenously injected into 2/3 female NSG-SGM3
mice per patient/donor. An additional control group of
mice was injected with physiologic saline (Ctrl) (n=2). After
isolating human PBMCs, 5x10° PBMCs were randomly
injected intravenously into the tail vein of NSG-SGM3
mice aged 10-12 weeks. Mice were monitored bi-weekly
for the development of xeno-GVHD for a total period of
eight weeks. Both clinical signs and cellular components
were assessed. A schematic illustration of the study plan
is presented in Figure 1A4. A scoring system was used to
evaluate the severity of xeno-GVHD based on previously
reported work (20). We assessed the following mice
parameters: weight loss, blood cell, fur and skin appearance,
behavior changes, and pain signs (activity, posture, and fur
loss). Each parameter received a rating between zero and
two twice weekly (Table S1). Once a mouse reached the
human endpoint criteria (presented >15% weight loss from
starting weight, progressive anemia >20%, generalized
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Figure 1 Study design and clinical evaluation of xeno-GVHD. (A) This schematic illustrates the study design. Blood samples were collected
from NSCLC patients and HDs. PBMCs were isolated and intravenously injected into NSG-SGM3 mice (n=2 for each donor). Over eight
weeks, the mice were monitored for xeno-GVHD development. (B) xeno-GVHD responses were evaluated by tracking weight, hemoglobin
levels, red blood cells, and platelet counts of NSG-SGM3 hu-PBL (human peripheral blood lymphocytes) models of patients, HDs, and
control groups (Ctrls), which received saline only. Monitoring was done over the eight weeks. Hemoglobin and platelet count measurements
were absent for Pt 1 and 2 and HD 1 and 2. (C) The onset of clinical signs of xeno-GVHD in mice injected with PBMCs from patients,
HDs, and Ctrls were recorded. A scoring system was used: 0 = no signs of xeno-GVHD, 1 = moderate signs, 2 = severe signs. The severity of
xeno-GVHD was assessed based on weight loss percentage, anemia, clinical appearance, and behavior of the NSG-SGM3 mice that received
PBMC:s. (D) Survival curves of NSG-SGM3 mice injected with PBMCs from patients, HDs, and Ctrls groups are presented. Statistical
significance was determined using the log-rank test with: *, P value <0.05. (E) This schematic illustrates the time point of detecting xeno-
GVHD appearance, response, and mice outcome of hu-PBL models from patients and HDs. The xeno-GVHD score is described in Table S1.
The color code indicates gray, with a 0 score of no signs of xeno-GVHD, a yellow score of 1, moderate response, and a red score of 2, severe
xeno-GVHD response. Blue X indicates the mice’s death. BM, bone marrow; Hb, hemoglobin; HDs, healthy donors; M, mice; NSCLC,

non-small cell lung cancer; Pts, patients; PLT, platelet; PBMCs, peripheral blood mononuclear cells; RBC, red blood cells; xeno-GVHD,
xeno-graft versus host disease.

fur loss (>25%), inflamed skin or obvious pain signs (CB), bone marrow (BM) cells, and spleen stroma were also

(expressed by animal posture, mobility, and appearance),
it was sacrificed. Peripheral blood was sampled from each
mouse every week for Flow cytometry analysis. Cord blood

© AME Publishing Company.

collected and analyzed from euthanized mice. Sampling
ordering and collection time were constantly done to
minimize potential confounders. Two independent members
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of the lab performed experiments and data analysis. No
animals were excluded from our study.

Preparation of CB, BM, and spleen samples for flow
cytometry analysis

Mice displaying apparent signs and symptoms of xeno-
GVHD were euthanized, and CB was drawn directly from
the heart into tubes anticoagulated with either EDTA or
sodium citrate. Spleens were dissected from the abdominal
cavity, and the harvested tissue was minced through a sterile
dish before being gently passed through a mesh strainer.
The tissue and cells were washed using PBS, centrifuged,
and washed again. For BM cell preparation, femoral and
pelvic bones were dissected, and all remaining bone tissue
was removed. Each bone end was excised, and BM was
expelled. CB, BM, and spleen cells were transferred for flow
cytometry analysis following preparation.

Antibody staining and flow cytometry

Peripheral blood (volume of 100 pL) was withdrawn from
hu-PBL NSG-SGM3 mice every week and was processed
for flow cytometry. Briefly, erythrocytes were depleted using
an RBC lysis solution (Milteny Biotec). Cells were then
washed with PBS FACS buffer (PBS pH 7.2, 0.5% BSA,
2 mM EDTA) and resuspended in the desired surface stains.
Following 10 min incubation in 4 °C, flow cytometry data
acquisition was performed using BD FACS ARIATM III,
and analysis was done using Flow]Jo software (Tree Star).
A T-cell panel characterizing the T-cell subpopulation
and activation state was designed to assess human immune
cell presence in the HuPBMC NSG-SGM3 mice and
investigate the process of xeno-GVHD. Antibodies used
for human PBMC characterization included anti-human
CD45, CD3, CD4, and CD8. For T cell phenotype, we
used anti-human: CD45RA and CD197 (Milteny Biotec).
Live or dead cells were detected using Ghost Dye RedTM
710 (TONBO biosciences). Anti-mouse CD45 antibodies
were used to detect mouse immune cells and discriminate
between mouse and human cells.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism 8.4.2. A two-tailed unpaired #-test was employed
to determine the statistical significance between NSCLC

© AME Publishing Company.

1305

patients and HD groups, with a P value of <0.05 considered
statistically significant. Assumptions of normality, equal
variances, and proportional hazards were checked using
appropriate tests, and data transformations were applied if
needed.

Results
Clinical characteristics of NSCLC patients

To examine the potential effect of NSCLC patients clinical
factors on the development and severity of xeno-GvHD
response in mice, the following clinical characteristics
of NSCLC patients were obtained: histopathological
diagnosis, disease stage, DNA alterations, and treatment
history. Data presented in 7able 1 showed that two NSCLC
patients had adenocarcinoma (Ptl and Pt4), and two (Pt2
and Pt3) had squamous cell carcinoma. All patients had an
advanced disease (stage IV) and were previously treated
with chemotherapy and immunotherapy. Specific mutations
detected in NSCLC patients included KRAS in Ptl and
P12, BRAF in P13, and ALK in Pt4.

Clinical evaluation of xeno-GVHD in NSG-SGM3 mice

The progression of xeno-GVHD responses in the hu-
PBL model was evaluated by mice’s clinical presentation,
which was examined twice a week. This comprised weight
tracking, behavior monitoring, hematological changes, and
pain signs associated with xeno-GVHD.

The results presented in Figure 1B demonstrate that
mice injected with PBMCs from HDs compared to
patients exhibited more profound and earlier xeno-GVHD
responses. These included weight loss with a rapid decline
of RBC, hemoglobin, and platelet counts. The earliest
signs of severe xeno-GVHD were documented on day 28
post-injection of PBMCs for HDs and on day 42 after the
injection of patients. Correspondingly, visible pain signs
were more profound in HD mice (Figure 1C). Survival
analysis revealed a significant difference (P=0.03) in the
outcomes between mice injected with PBMCs from HDs
and those injected with PBMCs from patients (Figure 1D).
HD mice exhibited a significantly lower median survival
time (56 days). The median survival time in the patients
group was comparable to that of the Ctrl group, with both
groups surviving until the experiment’s endpoint (Figure 1D).
Overall, mice from all four HD models exhibited xeno-
GVHD responses, with half not surviving the duration of
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Table 1 Clinical characteristics of selected NSCLC patients whose PBMCs were used for creation of hu-PBL mice

A Treat t duri
Patients (yeg?s) Diagnosis Stage Genetic alterations Treatment history Prgiﬂgzr;m;:’:;g
Pt1 63 NSCLC IV FMI KRAS G12A STK11  12.2016: cisplatin/pemetrexed/ Keytruda single agent
adenocarcinoma E33fs*14 TP53 R248L bevacizumab X5 with significant PR
3.2017: Alimta + Keytruda with metabolic
CR (stop Alimta at 9.2017 and continue
Keytruda)
Pt2 48 Squamous IV KRAS G12C/STK11 3.2019: carboplatin/taxol/Keytruda Navelbine
NSCLC deletion exon 1/Myc .
.2019: K lat
amp/CDC73/CDKN2A/ 5.2019: Keytruda/carboplatin/Gemzar
B/RAD21 amp/TP53 7.2019: nivolumab/ipilimumab/imiquimode
R196 10.2019: anakinra/nivolumab
2.2019: Navelbine
Pt3 64 Squamous IV BRAF G469V 9.8%; 12.2019: carboplatin/Taxol/Keytruda X5 and Keytruda single agent
NSCLC ARID1A 15%; TP53 12% palliative radiation with metabolic near CR
3.2020: Keytruda single agent continue X6
7.2020: continue Keytuda/Navelbine
Pt4 71 NSCLC IV ALK, EGFR negative 11.2017: cisplatin/Alimta Nivolumab cycle

adenocarcinoma

Since 12.2017: nivolumab 48/51

4.2018: palliative XRT to LUL

CR, complete response; hu-PBL, human peripheral blood lymphocytes; LUL, left upper lung; NSCLC, non-small cell lung cancer; PBMCs,
peripheral blood mononuclear cells; PR, partial response; XRT, radiation therapy.

the experiment. In contrast, only one patent (Pt4) triggered a
xeno-GVHD reaction in mice, while the other patient models
did not produce any visible clinical response (Figure 1E).

Cellular evaluation of buman T-cell composition in bu-
PBL mice model

In addition to evaluating the mice clinically, we monitored
the progression of xeno-GVHD development in our hu-
PBL model through T-cell flow cytometry analysis of
the injected human PBMCs. This allowed us to identify
specific cellular components associated with early and late
xeno-GVHD responses. Analyses were conducted at four
different time points, representing different xeno-GVHD
stages: baseline (0 weeks), early (4 weeks), intermediate
(6 weeks), and late (8 weeks). The flow cytometry gating
strategy is illustrated in Figure S1.

T-cells baseline levels of hu-PBL models

The baseline results presented in Figure 2 indicated that the
levels of CD45" and CD3" cells were significantly higher

© AME Publishing Company.

in the HD group (Figure 2A4). In contrast, there were only
minor variations in the percentages of CD4" and CD8" T
cells between patients and HDs. Specifically, the proportion
of CD4" T cells was 54.98% for HDs and 61.13% for
patients, while CD8" T cells were 36.3% for HDs and
33.5% for patients (Figure 2B).

Analysis of T-cell subpopulations revealed notable
differences between the two groups. There were statistically
significantly higher levels of central memory (CM) CD8"
T cells in NSCLC patients (P=0.03), whereas naive
CD4" and CD8" T cell levels were more elevated in HDs
(Figure 2C,2D). The complete percentage distribution of
T-cells in patients and HDs is shown in Figure 2E.

Human T cell levels in hu-PBL models: four weeks
post-injection

We examined the T-cell composition in our hu-PBL model
four weeks after injection to identify the cellular responses
associated with the clinical changes xeno-GVHD observed
in mice. Our findings revealed a statistically significant

difference in T-cell counts; CD45" and CD3" cells were
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Figure 2 Baseline T-cell analysis of PBMCs injected into hu-PBL mice model. PBMCs were collected from NSCLC patients (n=4) and
HDs (n=4). These cells were then intravenously injected into NSG-SGM3 mice (n=2 for each donor) to create hu-PBL models. Flow
cytometry baseline results for T-cell compartments and subpopulations at point 0 are presented for both patients and HDs. Human
and mouse PBMCs were distinguished using specific CD45" antibodies. Following this, CD3" cells were analyzed for their CD4" and
CDS8"populations and subpopulations, including CM, EM, and naive cells. (A) CD45" and CD3" cell populations. (B) CD4" and CD8" T
cells. (C) CD4" T cell subpopulations (CM, EM, and naive). (D) CD8" T cells subpopulations (CM, EM, and naive). The bar charts display
the mean results with SEM for HDs (light blue) and patients (light purple). Individual patients and HDs are identified by numbers 1-4.
A two-tailed unpaired 7-test was used to determine statistical significance between groups, with a P value of <0.05 considered statistically
significant. The following notations indicate levels of significance: *, P<0.05. (E) Pie charts illustrating the mean frequencies of CD4" and
CD8’ positive T cells and their subpopulations in patients (upper panel) and HDs (lower panel). T-cell results are expressed as percentages
of CD3" cells. T cell subpopulations are expressed as percentages of CD4" and CD8" cells. CM, central memory; EM, effector memory; hu-
PBL, human peripheral blood lymphocytes; HDs, healthy donors; NSCLC, non-small cell lung cancer; Pts, patients; PBMCs, peripheral

blood mononuclear cells; SEM, standard error of the mean.
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found in higher numbers in HDs than patients, with P
values of 0.008 and 0.0001, respectively (Figure 3A4). The
levels of CD4" T cells were similar between the two groups.
However, the levels of CD8" T cells were nearly doubled in
HDs, at 67.51%, compared to 35.08% in patients (Figure 3B).
Interestingly, the ratio of CD4/CD8" T cells was higher
in patients, yielding values of 42.06%/35.08% in patients
compared to 30.05%/67.51% in HDs (Figure 3B).

Further analysis of T-cell subpopulations revealed that
the dominant subtype in both groups was effector memory
(EM) T cells. However, HDs displayed significantly higher
percentages: 89.3% of CD4" T cells and 87.1% of CD8" T
cells, compared to 44% of CD4" T cells and 48% of CD8"
T cells in patients (Figure 3C,3D). A statistically significant
difference was noted in the EM CD4" T cells between HDs
and patients, with a P value of 0.009 (Figure 3C).

Naive T cells constituted the most minor proportion,
accounting for less than 1% of the CD4" and CD8" T cell
groups. A significant difference was observed in the CM
CD4" T cells between HDs and patients, with 9.05% in
HDs and 0% in patients (P=0.02, Figure 3C). The complete
distribution of T cells in patients and HDs four weeks post-
injection is shown in Figure 3E.

Human T cell levels in the hu-PBL model: six weeks
post-injection

Analysis of T-cell composition in the hu-PBL models
six weeks after injection showed results consistent with
those observed four weeks post-injection, indicating a
growing discrepancy between HDs and patients groups.
HDs exhibited an average count of 663.4 CD45" cells,
significantly higher than 40.58 in patients, with a statistical
significance of P=0.02. The rate of CD3" T cells was
also notably higher in HDs, approximately double that
of patients (98% vs. 60%) (Figure 44). Furthermore, the
percentage of CD8" T cells in HDs was four times greater
at 62.34%, compared to 11.02% in patients, which was
statistically significant with a P value of 0.001. Conversely,
the proportion of CD4" T cells was higher in the patients
group, reaching 56.01%, while HDs had 36.71% (Figure 4B).
Additionally, the CD47/CD8" T cell ratio differed
significantly between the groups: 62%/10% for patients and
36.23%/62.86% for HDs (Figure 4B).

T-cell subpopulation analysis revealed that EM CD4*
and CD8" T cells were the predominant subtypes, whereas
the percentage of naive T cells was low (Figure 4C,4D).
HDs showed higher EM CD8" T cells than patients (96.95%

© AME Publishing Company.

vs. 48.43%). Figure 4E illustrates the complete distribution
of T cells in patients and HDs six weeks post-injection.
Figure S2 provides an example of the raw data results from
flow cytometry at week 6 following the PBMC injection.

Human T cell levels in hu-PBL models: eight weeks
post-injection

An analysis of T-cell composition in the hu-PBL models
in the progressed stage of xeno-GVHD response eight
weeks post-injection revealed a similar pattern for both
groups. However, a noticeable decrease in T-cell count and
percentage was observed in both populations. The count of
CD45" cells was significantly reduced in both groups, with
HDs showing a considerably higher average cell count of 79
compared to 15 in patients, with a statistically significant P
value of 0.02 (see Figure 5A).

The rate of CD8" T cells was significantly higher in
HDs at 48.23%, while only 11.06% in patients (P value
of 0.04). Conversely, the percentage of CD4" T cells was
slightly more significant in patients, with a rate of 63.3%
compared to 50.27% in HDs (Figure 5B). The CD4'/CD8"
T cell ratios were 50.27%/48.23% for HDs and 63%/11%
for patients. T-cell subpopulations demonstrated variable
differences, with a predominant presence of EM T cells
and no naive T cells detected (Figure 5C,5D). The complete
distribution of T cells in patients and HDs eight weeks
post-injection is illustrated in Figure SE.

Kinetic analysis of human T-cell levels in hu-PBL
models
We compared the T-cell composition between the different
time points (0, 4, 6, and 8 weeks) to assess cellular levels
over time and identify the kinetic profiles of various T-cell
compartments in our hu-PBL models. We found that HDs
exhibited a statistically significant decrease in CD45" cell
count, with a P value of 0.0001 when comparing baseline
measurements to all subsequent time points (see Figure 64).
The percentage levels of CD4" and CD8" T-cells showed
moderate fluctuations. There was a decrease in CD4" levels
between baseline and 4 weeks post-injection, alongside an
increase in CD8" levels during the same period (see Figure 6B).
We observed significant changes in CD4" subpopulations,
specifically a decrease in CM T-cells when comparing 0 to
8 weeks (P=0.02) and a decrease in naive T-cells from baseline
to all-time points (P value of <0.001). In contrast, there was
an increase in EM T=-cells from baseline to all-time points
(04, P value of 0.04, 0-6, P value of 0.005, 0-8, P value of
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Figure 3 T-cell analysis of PBMCs from hu-PBL mice model 4 weeks post-injection. PBMCs were collected from NSCLC patients (n=4)
and HDs (n=4). These cells were then intravenously injected into NSG-SGM3 mice (n=2 for each donor) to create hu-PBL models. Flow
cytometry baseline results for T-cell compartments and subpopulations 4 weeks post-injection are presented for both patients and HDs.
Human and mouse PBMCs were distinguished using specific CD45" antibodies. Following this, CD3" cells were analyzed for their CD4"
and CD8" populations and subpopulations, including CM, EM, and naive cells. (A) CD45" and CD3" cell populations. (B) CD4" and CD8"
T cells. (C) CD4" T cell subpopulations (CM, EM, and naive). (D) CD8" T cells subpopulations (CM, EM, and naive). The bar charts
display the mean results with SEM for HDs (light blue) and patients (light purple). Individual patients and HDs are identified by numbers 1-4.
A two-tailed unpaired 7-test was used to determine statistical significance between groups, with a P value of <0.05 considered statistically
significant. The following notations indicate levels of significance: *, P<0.05; **, P<0.01; ***, P<0.001. (E) Pie charts illustrating the mean
frequencies of CD4" and CD8" positive T cells and their subpopulations in patients (upper panel) and HDs (lower panel). T-cell results are
expressed as percentages of CD3" cells. T cell subpopulations are expressed as percentages of CD4" and CD8" cells. CM, central memory;
EM, effector memory; PBMCs, peripheral blood mononuclear cells; hu-PBL, human peripheral blood lymphocytes; HDs, healthy donors;
NSCLC, non-small cell lung cancer; Pts, patients; SEM, standard error of the mean.
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Figure 4 T-cell analysis of PBMCs from hu-PBL mice model 6 weeks post-injection. PBMCs were collected from NSCLC patients (n=4)
and HDs (n=4). These cells were then intravenously injected into NSG-SGM3 mice (n=2 for each donor) to create hu-PBL models. Flow
cytometry baseline results for T-cell compartments and subpopulations 6 weeks post-injection are presented for both patients and HDs.
Human and mouse PBMCs were distinguished using specific CD45" antibodies. Following this, CD3" cells were analyzed for their CD4"
and CD8" populations and subpopulations, including CM, EM, and naive cells. (A) CD45" and CD3" cell populations. (B) CD4" and CD8"
T cells. (C) CD4" T cell subpopulations (CM, EM, and naive). (D) CD8" T cells subpopulations (CM, EM, and naive). The bar charts
display the mean results with SEM for HDs (light blue) and patients (light purple). Individual patients and HDs are identified by numbers 1-4.
A two-tailed unpaired 7-test was used to determine statistical significance between groups, with a P value of <0.05 considered statistically
significant. The following notations indicate levels of significance: *, P<0.05; ***, P<0.001. (E) Pie charts illustrating the mean frequencies
of CD4" and CDS8" positive T cells and their subpopulations in patients (upper panel) and HDs (lower panel). T-cell results are expressed as
percentages of CD3" cells. T cell subpopulations are expressed as percentages of CD4" and CD8" cells. CM, central memory; EM, effector
memory; hu-PBL, human peripheral blood lymphocytes; HDs, healthy donors; NSCLC, non-small cell lung cancer; Pts, patients; PBMCs,

peripheral blood mononuclear cells; SEM, standard error of the mean.
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Figure 5 T-cell analysis of PBMCs from hu-PBL mice model 8 weeks post-injection. PBMCs were collected from NSCLC patients (n=4)
and HDs (n=4). These cells were then intravenously injected into NSG-SGM3 mice (n=2 for each donor) to create hu-PBL models. Flow
cytometry baseline results for T-cell compartments and subpopulations 8 weeks post-injection are presented for both patients and HDs.
Human and mouse PBMCs were distinguished using specific CD45" antibodies. Following this, CD3" cells were analyzed for their CD4*
and CD8" populations and subpopulations, including CM, EM, and naive cells. (A) CD45" and CD3" cell populations. (B) CD4" and CD8"
T cells. (C) CD4" T cell subpopulations (CM, EM, and naive). (D) CD8" T cells subpopulations (CM, EM, and naive). The bar charts
display the mean results with SEM for HDs (light blue) and patients (light purple). Individual patients and HDs are identified by numbers 1-4.
A two-tailed unpaired 7-test was used to determine statistical significance between groups, with a P value of <0.05 considered statistically
significant. The following notations indicate levels of significance: *, P<0.05; **, P<0.01. (E) Pie charts illustrating the mean frequencies of
CD4" and CD8" positive T cells and their subpopulations in patients (upper panel) and HDs (lower panel). T-cell results are expressed as
percentages of CD3" cells. T cell subpopulations are expressed as percentages of CD4" and CD8" cells. CM, central memory; EM, effector
memory; hu-PBL, human peripheral blood lymphocytes; HDs, healthy donors; NSCLC, non-small cell lung cancer; Pts, patients; PBMCs,

peripheral blood mononuclear cells; SEM, standard error of the mean.
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Figure 6 T-cell kinetics of NSCLC patients and healthy donors hu-PBL model. PBMCs were collected from NSCLC patients and HDs
(n=4 for each group). These cells were injected into NSG-SGM3 mice, with two mice assigned to each donor, to establish hu-PBL models.
Blood samples (100 pL) were collected from the tail veins of the hu-PBL model mice at three different time points: 4, 6, and 8 weeks post
PBMC injection. An additional baseline sample (time point 0) was collected before the injection. Flow cytometry assessed the human T-cell
compartments and subpopulations, allowing for comparative analyses across these time points. (A) CD45" cell count and percentage of CD3*
T cells. (B) CD4" and CD8" T cells. (C) CD4" subtypes, including CM T cells, EM T cells, and naive T cells. (D) CD8" T cells and their
subtypes, including CM T cells, EM T cells, and naive T cells. The mean values and P values for the comparisons are presented. A two-
tailed ANOVA was performed to determine the statistical significance between time points for HDs and patients, with a significance level
set at P<0.05. The following notations indicate the significance levels: *, P<0.05; **, P<0.01; ***, P<0.001. Color code: HDs, blue; Pts, green.
ANOVA, analysis of variance; CM, central memory; EM, effector memory; hu-PBL, human peripheral blood lymphocytes; HDs, healthy
donors; NSCLC, non-small cell lung cancer; Pts, patients; PBMCs, peripheral blood mononuclear cells.

0.008), as illustrated in Figure 6C. Significant changes were levels were detected for CD45" cell count (Figure 64), all
also observed in CD8" subpopulations, with an increase in CD4" subpopulations (Figure 6C), and naive CD8" T-cells
EM T-cells and a decrease in naive T-cells. The P values (Figure 6D). Only in this group were additional significant
for these changes were 0.0018, 0.001, and 0.015 when changes observed, which included an increase in the
comparing the baseline to 4, 6, and 8 weeks respectively. percentage of CD3" T-cells when comparing 4 to 6 weeks

Analysis in patients revealed compatible T-cell (P=0.044) and an increase in CM CD8" T-cells (comparing
responses as HDs with additional T-cell subpopulations 4 to 6 weeks, P=0.02, and 6 to 8 weeks, P=0.02). In contrast
demonstrated significant changes. Statistically significant to HDs, no significant changes were detected in EM CD8"
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T-cells across the different time points.

Human T-cell levels in mice organs of hu-PBL models
To enhance our understanding of the progression of
xeno-GVHD responses and their link to T-cell levels, we
collected BM, spleen, and CB from hu-PBL NSG-SGM3
mice for T-cell analysis. We analyzed HDs and patients
mice that exhibited severe clinical xeno-GVHD responses
and those that did not. The cellular analysis was conducted
as previously described above.

For severe xeno-GVHD, we examined two mice from
the hu-PBL model: HD3 (M1, see Figure 1E), which
showed the earliest signs of severe xeno-GVHD by week
4 post-injection, ultimately leading to the mouse’s death,
and Pt4 (M2, see Figure 1E), the only patient model that
demonstrated signs of xeno-GVHD, which also resulted in
the mouse’s death at week 6 (see Figure 7A-7D).

The HD3 and Pt4 models had the highest number of
CD45" cells in the spleen, followed by BM and CB. The
percentage of CD3" T cells was highest in the CB, with
HD?3 showing a more significant proportion than Pt4 across
all organs (Figure 74). CD4" T cell levels were similar in
all organs, but Pt4 had slightly higher levels. CD8" cells
were most abundant in CB, and HD3 had twice as many
CD8" cells as Pt4 in all organs (Figure 7B). For the CD4"
subpopulation (Figure 7C), HD3 had the highest CM CD4"
T cells in CB, while Pt4 had more in the BM. HD3’s CB
levels were six times higher than Pt4s. Naive CD4" T cells
were most prevalent in CB, with Pt4 exhibiting higher
levels. In the CD8" analysis (Figure 7D), Pt4 had the highest
CM CD8" T cells in the spleen, whereas HD3 only detected
cells in CB. EM CDS8" cells were similar in both models,
but HD3 had higher levels than Pt4. Naive CD8" cells were
mainly in Pt4, with the highest levels in the spleen.

T-cell responses were also assessed in hu-PBL mouse
models without xeno-GVHD, HD4 (M2), and Pt4 (M1)
eight weeks post-injection. Consisting with the severe xeno-
GVHD models, the highest CD45" cell counts were found
in the spleen, followed by BM and CB, but these counts
were roughly half of those seen in severe models. Similar
CD3" cell rates were observed across HD4 and Pt4 models
and organs (Figure 7E). While total CD4" cells were higher
in Pt4 than in HD4, CD8" levels were significantly elevated
in HD4 across all organs, with Pt4 showing minimal levels
(Figure 7F). For CD4" subpopulations, CM and EM CD4"
cells were similar in both models. Naive CD4" cells were
only present in Pt4, especially in the BM (Figure 7G). CD8”
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analysis revealed high CM CD8" levels in the spleen and
naive cells in Pt4’s BM. HD4 exhibited similar EM CD8"
cell levels across all organs, while Pt4 showed almost no
EM CD8’ cells in CB (Figure 7H).

A further examination of the two different Pt4 hu-
PBL mouse models revealed significantly elevated levels
in several T-cell compartments, particularly in mice with
severe xeno-GVHD. Notably, the CD45" cell counts were
twice as high across all organs, and CD8" cell counts were
20-fold more significant in all organs. Additionally, there
were increased levels of naive CD4" cells in the CB, CM
CDS8" T cells in the BM, EM CD8" T cells in the CB, and
naive CD8" T cells in the BM and CB. In contrast, Pt4
mice that did not exhibit clinical xeno-GVHD responses
showed higher levels of CM CD4" T cells in all organs and
an increased number of naive CD8" T cells in the BM.

Discussion

The clinical significance of studying NSCLC in its
advanced stages is critically important (21,22). Humanized
mouse models serve as essential preclinical platforms for
investigating advanced NSCLC, where the complexity of
tumor-immune interactions is most prominent (4,6-8,12).
However, a significant limitation of these models,
particularly the hu-PBL variant, is the occurrence of xeno-
GVHD, which can restrict their utility and is influenced
by both the donor and the recipient (23,24). Additionally,
research on xeno-GVHD responses has underscored the
significance of multi-faceted immune cell interactions (24-26).
There is still limited evidence regarding the role of T-cell
subpopulations in this process, particularly in patients
with advanced NSCLC. To enhance our understanding,
we investigated the progression of xeno-GVHD responses
in NSG-SGM3 hu-PBL models. We evaluated clinical
symptoms, assessed T-cell responses induced by PBMCs
collected from advanced-stage NSCLC patients, and
compared these responses to those from HDs (23-25).

Our study identified significant differences in the
presentation, onset, and kinetics of clinical responses
associated with xeno-GVHD between NSCLC patients
and HDs. The NSCLC patients models showed minimal
to no signs of xeno-GVHD responses, indicating that their
PBMCs might be less effective at initiating a rejection
response than those from HDs.

T-cell subpopulation analysis conducted at various time
points (4, 6, and 8 weeks post-PBMC injection) showed a
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predominance of CD8" T cells in mice injected with PBMCs
from HDs. This subset was primarily composed of EM
T cells. In comparison, patients displayed a higher rate of
CD#4" T cells; however, EM T cells remained the dominant
subtype in both groups. Additionally, mice injected with
HD PBMC:s consistently exhibited significantly higher
counts of CD45" cells and elevated levels of CD3", CM,
and EM CD4" T cells. Further assessment of T-cell kinetics
over the various time points demonstrated that HDs could
sustain higher levels of most T-cell subpopulations, except
for the CD4" T-cell compartment, which was higher in
the patients model. The higher levels of CD4" T cells
in the patient model may be attributed to cancer-related
immune dysregulation, chronic inflammation, or prior
treatments, which can enhance CD4" T cell proliferation
and persistence (27,28). In contrast, the higher levels of
other T-cell subtypes in the HD model are likely due to an
intact and diverse immune repertoire, with HDs having a
more robust immune response compared to cancer patients,
whose immune systems are often compromised by immune
exhaustion and tumor-induced suppression (29).
Examination of mice’s spleen, BM, and CB during
advanced severe xeno-GVHD signs revealed an inverse
ratio of CD4/CD8 cells, with a higher level of CD4" T
cells in HD mice. However, a parallel distribution of T cell
subpopulations persisted, with EM CD4" and CD8" T cells
remaining the predominant subset. These findings align
with previous studies that established CD8" T cells play
a pivotal role in GVHD response induction through the
IL-2 signaling pathway (26,30,31). The high level of CD4"
T cells was previously reported and has been suggested
to support the engraftment and expansion of the CD8" T
cells during xeno-GVHD initiation (25,32). In consistence
with our results, several works have demonstrated the
transformation of human T-cells into an EM population
(CD45RA-, CD197-) shortly after transplantation, with
minimal detection of naive T-cells (CD45RA+) (25,32,33).
Additional work also showed a significant differentiation
of CD8" memory T cells from CD8" naive T cells during
allo-GVHD (26). Notably, these memory T cells exhibited
a pronounced ability to swiftly undergo proliferation and
expansive growth, particularly in response to host dendritic
cells, facilitated by the presence of IL-2, IL-7, and IL-
15 (26). Interestingly, this EM T-cell phenotype was also
identified after T-cell transplantation into MHC I and II
depleted mouse models, which did not develop a xeno-
GVHD response, suggesting that the reaction is not only
antigen-driven but may be attributed to homeostatic
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proliferation, a phenomenon occurring in lymphopenic
hosts such as NSG mice (25,34).

Analysis of Pt’s clinical history indicated that
the differences observed in our model between the
manifestations of xeno-GVHD in patients and HDs
PBMC-injected mice are likely contributed to T cell
number levels and their proper functionality, which is
interlinked to the treatment history of NSCLC patients,
particularly chemotherapy. It was previously suggested
that chemotherapeutic drugs exert direct cytotoxic
effects on tumors and modulate the tumor immune
microenvironment, impairing CD8" T-cell function (35-37).
However, recent studies have highlighted that in various
cancer types, chemotherapeutic agents can activate CD8"
T cells in an MHC class I independent manner (36,38).
Furthermore, studies have also indicated that the recovery
of CD8" T cells may occur after chemotherapy treatment,
contingent on multiple factors, including the patient’s
response to the therapy (38,39). These findings may explain
the observed response of Pt4’s PBMCs, which elicited
the only xeno-GVHD reaction in the mouse model. All
NSCLC patients in our study underwent treatment with
immunotherapy, specifically immune checkpoint inhibitors
(ICIs), which have emerged as a cornerstone in NSCLC
care over the past decade (40,41). These treatments
influence T-cell function by restoring it, thereby fostering a
more potent antitumor immune response in patients (42,43).
As such, ICI treatment history and response likely played
a critical role in our study’s induction time and absence
of xeno-GVHD response in patients hu-PBL models.
The delayed onset and absence of xeno-GVHD observed
in NSCLC patients may also be attributed to T cell
exhaustion. Recent investigations have focused on the role
of the tumor microenvironment in resistance mechanisms
in cancer patients, particularly those with LC (44,45). T-cell
exhaustion is characterized by the sustained expression of
inhibitory receptors and a diminished effector function,
often resulting from chronic antigen exposure within the
tumor microenvironment (44,45). This process has been
linked to crucial markers, such as cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4), programmed cell death
protein 1 (PD-1), and lymphocyte activation gene 3 (LAG-3).

Interestingly, Pt4, the only patient who induced a
detectable and significant xeno-GVHD reaction, was
diagnosed with advanced NSCLC adenocarcinoma and
received a combination of cisplatin and Alimta for a single
month in 2017, followed by continued treatment with
nivolumab for a few years. At the time of the experiment, he
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was on treatment with nivolumab as a single agent. While
all four patients underwent chemotherapy, Pt4’s treatment
duration was the shortest and occurred several years ago
(Table I). ICI treatment in this patient showed effective
results, indicating that his cells may have been activated
due to the treatment. Further investigation is needed to
understand how each treatment line and combination may
impact the function of the T-cells and, consequently, the
development and course of the xeno-GVHD reaction in
NSCLC patients.

We chose the NSG-SGM3 mouse strain as the host for
our hu-PBL model. Although this strain is less commonly
used in solid tumor studies, it has demonstrated the ability
to support a wider variety of human immune cells (19).
This makes it an essential platform for understanding the
interactions within the human immune system and the
tumor microenvironment in a way that closely resembles
human physiology (19,46,47). This feature provides a
critically significant advantage in treatment selection studies
in NSCLC (48), thus emphasizing the NSG-SGM3 model’s
potential to serve as a platform for developing robust and
reliable humanized models advancing precision NSCLC
treatment (19,25,46,47).

Despite our efforts, our study has several limitations,
including a relatively small sample size, a narrow analysis
of cellular components, and a need for more diversity in
the clinical histories and demographics of the patients.
Additionally, we could not conduct immunohistochemistry
analysis or assess T cell exhaustion in additional organs
affected during the xeno-GVHD response, which could
have strengthened our findings. Nevertheless, our research
provides valuable insights into the development and
progression of xeno-GvHD responses induced by patients
with advanced-stage NSCLC. We emphasize clinical factors
that may influence a patient’s suitability for using the hu-
PBL model and enhance our understanding of immune
system dynamics in the context of NSCLC patients. This
contributes to the refinement and optimization of more
reliable preclinical platforms.

Conclusions

This study reveals significant differences in xeno-GVHD
progression between PBMCs from patients with advanced-
stage NSCLC and HDs in NSG-SGM3 mice. We found
that xeno-GVHD onset is delayed or absent, and its severity
is reduced in hu-PBL models from NSCLC patients,
likely due to changes from prior cancer treatments. These

© AME Publishing Company.

patients’ altered functional state of T cells results in a
unique xeno-GVHD phenotype, marked by varying T cell
subpopulations influenced by individual clinical factors.
These findings underline the importance of considering
patients’ immune profiles when using humanized mouse
models for NSCLC research. Ultimately, our work
enhances the relevance of hu-PBL models for evaluating
NSCLC therapies and supports the development of
personalized treatment strategies. Further research is
needed to refine these models and better reflect the immune
dynamics in NSCLC patients.
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