www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Dynamic changes in immune cells
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and subcutaneous xenograft
mouse models
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Preclinical drug efficacy and tumor microenvironment (TME) investigations often utilize humanized
xenograft mouse models, yet these models typically fall short in replicating the intricate TME.

We developed a humanized liver metastasis (LM) model by transplanting human peripheral blood
mononuclear cells (PBMCs) and assessed it against the conventional subcutaneous (SC) xenograft
model, focusing on immune cell dynamics post-transplantation and immunotherapy response. NOD-
scid IL2Rgamma™'(NSG) were inoculated with PBMCs to create humanized models. We induced SC
and LM models using HCT116 cells, to investigate and compare the distributions and transformations
of immune cell subsets, respectively. Both models were subjected to anti-PD-L1 therapy, followed
by an analysis the TME analysis. The LM model demonstrated enhanced central tumor infiltration

by tumor-infiltrating lymphocytes (TILs) compared to the peripheral pattern of SC model. TIL
subpopulations in the LM model showed a progressive increase, contrasting with an initial rise and
subsequent decline in the SC model. Post-anti-PD-L1 therapy, the LM model exhibited a significant
rise in central and effector memory T cells, a response absents in the SC model. Our study highlights
differential TME responses between SC and LM models and introduces a robust humanized LM model
that swiftly indicates the potential efficacy of immunotherapies. These insights could streamline the
preclinical evaluation of TME-targeting immunotherapeutic agents.

Xenograft mouse models have been used to evaluate the efficacy of preclinical drugs and to investigate the tumor
microenvironment (TME). Xenograft mouse models have been developed via transplantation of human cancer
cell lines or patient-derived cancer tissues into immune-deficient mice. In general, subcutaneous models (SC
models) support translational research because they have the advantage of being easy to establish. However,
SC models are primarily utilized to investigate local infiltration and are infrequently employed to study distant
metastasis; moreover, they may not fully replicate the TME, potentially leading to tumorigenic mechanisms that
differ from those observed in human cancers. To overcome these limitations, an experimental liver metastasis
model (LM model) was developed via splenic injection or portal vein injection of tumor cells. Tumors in the
LM model exhibit other properties, unlike those in the SC model'. In addition, genetically engineered mouse
models (GEMMs) more accurately simulate tumorigenesis and the TME, but the implementation of a humanized
TME in these models is still challenging due to the murine immune system?”. Furthermore, GEMMs are not only
complicated and time-consuming to develop but also established via varying methods’.

The importance of the TME has been established. Although xenograft models of metastasis have been well
defined in mice, these models do not fully mimic the TME, which mainly consists of fibroblasts, endothelial cells,
and immune cells that mediate tumor heterogeneity and complexity and support tumor growth*. Furthermore,
tumor cells interact with the surrounding stromal tissues and immune cells, which can lead to tumor growth and
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metastasis, as well as adaptive immune resistance’. To develop an optimized model, several attempts to reconsti-
tute genes or factors from the environment surrounding the tumor have been made, but these approaches have
been insufficient to accurately mimic the TME®. Immune cells have emerged as important components of the
TME, and several humanized models involving the immune system have been developed to facilitate investiga-
tions of the efficacy of immunotherapies’. The goal of developing a humanized mouse model is to generate a TME
with a fully human immune system that can be used to characterize the therapeutic response to immunotherapy.
Different humanized mouse models have been engrafted with peripheral blood mononuclear cells (PBMCs),
hematopoietic stem cells (HSCs), human fetal bone marrow (BM), liver tissue, thymic tissue, and splenic mono-
nuclear cells. Although the PBMC-engrafted model lacks human B cells and human cytokines, it can be easily
applied as a humanized mouse model because it is technically straightforward and can be established quickly®.
This approach can be especially helpful for predicting the therapeutic outcomes of patient-specific immuno-
therapies using patient-derived xenograft (PDX) models for cancer patients who require a faster response than
that achieved using other models.

In this study, we established a humanized LM mouse model through the transplantation of human PBMCs
and conducted a comparative analysis of SC and LM models. Specifically, we examined the alterations in immune
cell infiltration following transplantation and response to immunotherapy. Additionally, we explored factors that
should be considered when employing these models in preclinical studies of cancer immunotherapy.

Results
Comparison of day 3 and day 7 in the LM model
To establish the humanized mouse LM model, 1 x 107 human fresh PBMCs were transplanted i.v. by injection
following implantation of the HCT116 cell line. We attempted to optimize the humanized mouse LM model by
comparing different time points of PBMC transplantation: day 3 (D3 model) and day 7 (D7 model). After com-
paring the D3 and D7 models, we observed that significantly fewer liver metastases had formed on D3 than on
D7 by gross surgical examination, with a reduced metastatic burden (p <0.05) and a reduced liver/body weight
ratio (p <0.05) (Fig. 1A-C). The mean values of liver metastatic burden were found to be 95.5% in the control
group, 54.2% in the D3 model, and 81.8% in the D7 model. However, there were no differences in tumor burden
and liver/body weight between the D7 model and mice that were not subjected to PBMC transplantation. The
forward scatter and side scatter parameters in flow cytometry analysis were used to sort the immune cells in the
blood and the liver on D3 and D7. Immune cells were observed following intracellular immunostaining with
a human antibody panel that included human leukocytes (CD 45%), all T cells (CD45*CD3"), helper T cells
(CD45*CD3*CD4*CD8"), cytotoxic T cells (CD45*CD3*CD4 CD8*), B cells (CD45*CD3°CD19"), and mono-
cytes (CD45"CD14"). As shown in Fig. 1D and E, the proportions of total T cells, helper T cells, cytotoxic T cells,
and B cells within the blood and liver were significantly greater on D3 than on D7. In addition, we analyzed the
plasma levels of human TGF-B (hTGF-B) and human IFN-y (hIEN-y) after lymphocyte transplantation using
ELISA. The hTGF-p plasma levels were lower in the D3 model than in the D7 model, whereas hIFN-y plasma
levels were higher in the D3 model than in the D7 model (Supplementary Fig. S1).

We observed that PBMC transplantation on day 3 increased the intensity of immune cell staining, and it could
be used to optimize a humanized mouse LM model.

Immunologic characteristics: a comparative analysis of TME and cytokine profiles in SC and
LM models
To explore whether the SC and LM models exhibit different tumor growth patterns, we examined both models
concomitantly in the presence or absence of PBMC transplantation. After transplantation of PBMCs, both mod-
els exhibited attenuated tumor growth by gross observation, reduced tumor volume (p <0.05), and a reduced
tumor/body weight (BW) ratio (p <0.05) compared with mice that were not subjected to PBMC transplanta-
tion (Fig. 2A-D). We conducted standard hematoxylin and eosin (H&E) staining and immunohistochemical
staining (IHC) assays to verify the distribution of TILs in both models. Representative H&E and IHC images
demonstrate infiltration of CD3" Pan T-cells, CD8" cytotoxic T-cells, and CD 4" helper T-cells following PBMC
transplantation, as shown in Fig. 2E and E. The infiltration of CD3* T cells, CD8* T cells, and CD 4" T cells into
the tumor was notably more pronounced and concentrated in the LM model. In contrast, Pan-B cells, NK cells,
and macrophages were not observed in either model (Supplementary Fig. S2). To investigate the cytokines, we
measured plasma hIFN-y and hTGF- levels. Plasma hIFN-y levels were significantly increased after PBMC
transplantation in both models (p <0.05, Supplementary Fig. S3). In the SC model, hIFN-y shows a continuous
increase, whereas in the LM model, it decreases at the day 28. This decrease in the LM model is likely due to
advanced cancer progression reaching a terminal stage, where the tumor can no longer grow. While the plasma
levels of hTGF-P showed a different tendency than expected (Supplementary Fig. S3). In the SC model, there
was no difference in hTGF-p levels according to PBMC transplantation until day 7, but after day 14, hTGF-f
levels decreased significantly in the PBMC transplantation group (p <0.05). The cancer progression is inhibited,
which may lead to a decrease in hTGF-p levels. Conversely, hTGE-p levels in the LM model increased up to day
14, but after day 21, hTGF-p levels decreased in both groups and were significantly higher in those receiving
PBMC transplantation.

These data indicate that PBMC transplantation resulted in T-cell proliferation, which inhibited tumor growth,
in both the SC and LM models; in particular, central infiltration was observed in the LM model.

Comparative analysis of T cell number changes between the SC and LM models
We used several panels of human leukocyte markers in a flow cytometry assay to analyze the dynamic changes
in T cell numbers in each model (Fig. 3). Overall, the total T cell population was increased in both models, and
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Figure 1. Establishment of a humanized liver metastasis mouse model via transplantation of peripheral blood
mononuclear cells. (A) Representative images of the liver. (B) Metastatic burden and (C) quantification of liver
weight in the liver metastatic (LM) model. (D) and (E) The percentages of human leukocytes (CD45"), total T
cells (CD45"CD3"), helper T cells (CD45*CD3*CD4"), and cytotoxic T cells (CD45*CD3*CD8") were analyzed
in blood and liver samples. The circle indicates PBMC transplantation on day 3, and the triangle indicates day 7.
The percentages of human leukocytes (CD45"), total T cells (CD45*CD3"), helper T cells (CD45*CD3*CD4"),
and cytotoxic T cells (CD45*CD3*CD8") were analyzed in the blood and liver (human PBMCs were injected
i.v. on day 3 after intrasplenic injection). Mice of the male 5-6 week-old NOD-scid IL2Rgamma™(NSG)

mice as those in the experimental group (n=6 mice per group) were used as normal controls. All mice were
sacrificed on day 21 after intrasplenic injection of tumor cells. Error bars indicate SEM. n.s. not significant;
p<0.05; "p<0.01; 'p<0.001; PBMC, peripheral blood mononuclear cell; LM-NSG, liver metastasis-NOD
SCID gamma mouse; D3 model, PBMC transplantation on day 3 with liver metastasis model; D7 model, PBMC
transplantation on day 7 with liver metastasis model, D3, PBMC transplantation on day 3 with liver metastasis
model; D7, PBMC transplantation on day 7 with liver metastasis model.
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Figure 2. Analysis of tumor growth in a humanized mouse model via transplantation of peripheral blood
mononuclear cells on day3. (A) Quantification of tumor growth and tumor weight in the subcutaneous (SC)
model (B) and the liver metastasis (LM) model. (C) Representative images of tumors in the subcutaneous (SC)
model. (D) LM model. (E) Histological analysis after hematoxylin and eosin (H&E) staining of CD3*T cells,
CD4" T cells, and CD8" T cells in the SC model and (F) the LM model. Mice of the same sex and age as those
in the experimental group were used as controls (n=>5 mice per group). Tumor and liver tissues were collected
every week after subcutaneous and intrasplenic injections and processed for histologic examination (x200).
Error bars indicate the SEM. n.s. not significant; p <0.05; PBMC, peripheral blood mononuclear cell; NSG,
NOD SCID gamma mouse; NSG + PBMC, PBMC transplantation with NSG mouse; HLA, human leukocyte
antigen; H & E, hematoxylin and eosin.

T cell numbers peaked on day 28 in the SC and LM models. T cell distribution, frequencies and proliferations
in tumors were quantified using flow cytometry with specific marker panels to elucidate the kinetics of T cell
changes in each humanized mouse model. In the SC model, hCD4* T cell numbers increased and hCD4*Foxp3*
T cell numbers decreased. In contrast, hCD4*Foxp3* T cell numbers were increased and hCD4" cell numbers
were decreased in the LM model. This indicates that tumor immune evasion and adaptation differ between the
SC and LM models. We also detected hCD8* IEN-y* T cells, which showed an increasing tendency in the LM
model, but we did not observe a similar tendency for hCD8*IFN-y* T cells in the SC model. To further investigate
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Figure 3. The kinetics of human immune cell changes in tumor tissue in the humanized mouse model. (A)
Subcutaneous (SC) model. (B) Liver metastasis (LM) model. Tumor immune cell frequencies and absolute
numbers in the SC model (n=5) and LM model (n=5) were analyzed every week by flow cytometry using the
following phenotypes: human CD45*(hCD45*), hCD45*hCD3*, hCD45*hCD3*hCD4*, hCD45*hCD3*hCD8*,
hCD3*hCD4"hCD25*Foxp3*, hCD3*hCD8*IFN-y*, hCD3*Ki67*, hCD4'ki67*, hCD8"ki67*, hCD4"PD-
1*(hCD4"hCD274"), hCD8*PD-1*(hCD8+*CD274"). Mice of the same sex and age as those in the experimental
group were used as controls (n=>5 mice per group). Tumor-infiltrating lymphocytes (TILs) from each treatment
group were studied by flow cytometry every week after subcutaneous and intrasplenic injections.

the changes in cell populations and the proliferation of human T cells in humanized mice, we evaluated Ki-67
expression. In the SC model, hCD4%ki67* T cell numbers peaked at week 21, while hCD3*ki67* T cells and
hCD8%ki67* T cell numbers remained at relatively low levels until week 21, before peaking at week 28. In the LM
model, hCD3*ki67*, hCD4'ki67*, and hCD8*ki67" T cell numbers gradually increased and peaked at 28 weeks.
When PD-1 expression in hCD4" T cell and hCD8* T cells was compared between the SC and LM models, PD-
1-positive cell numbers in the SC model were found to peak at week 14 and then decrease. In contrast, in the LM
model, hCD8*PD1" T cell numbers increased and peaked in week 28. We also examined T cells in the blood and
found a pattern similar to that observed for tumor infiltration, but the peak was observed a week earlier than the
peak of T cell numbers in the tumor (Supplementary Fig. S4). Notably, when the expression of PD-1 in hCD4*
and hCD8" T cells was compared between the SC and LM models, PD-1 expression increased gradually in the
LM model. Overall, in the LM model, regulatory T-cell and cytotoxic T-cell numbers increased, and proliferation
and PD-1 expression also increased.

Comparison of the immunologic characteristics in the TME changes between SC and LM mod-
els following anti-PD-L1 therapy

We examined whether anti-PD-L1 therapy was effective in our humanized SC and LM mouse models. The
experimental protocol used is outlined in Fig. 4A and B. In this experiment, we observed a decrease in PD-1
expression on day 14 in the SC model and day 21 in the LM model. Aezolizumab, an anti-PD-L1 inhibitor, was
injected into the humanized SC and LM mouse models from day 7 to assess the efficacy of the drug against
tumors, followed by administration of the same doses on days 14 and 21. As shown in Fig. 4C and D, atezoli-
zumab reduced gross tumor volume and metastatic burden in both models, and this difference was significant
in the LM model (p <0.05). To further explore the profile of tumor-infiltrating lymphocytes (TILs) following
treatment with atezolizumab, we performed H&E staining, image analysis by used ZEN Blue Software, and
IHC analysis on tumor specimens from both models. First, significant differences in the number of TILs were
observed in both models after treatment with atezolizumab, with observed increases in the numbers of pan T
cells, helper T cells, cytotoxic T cells, and effector T cells (Fig. 4F,H) by ZEN Blue Software. Notably, in the SC
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Figure 4. Schematic and histological analysis of anti-PD-L1 therapy in the humanized mouse models. (A)
Subcutaneous model (SC model). (B) Liver metastasis model (LM model). (C) Representative images of tumor
growth and quantification of tumor weight in the SC model and (D) the LM model. (E) Histological analysis
of hematoxylin and eosin (H&E) staining and CD3 + T cells, CD4" T cells, CD8" T cells, and Granzyme B*
cells in the SC model and (G) the LM model. (F) Statistical analysis of human immune cells in tumors by ZEN
Blue Software image analysis for the SC model and (H) the LM model. Mice of the same sex and age as those
in the experimental group were used as controls (n=>5 mice per group). Tumor and liver tissues were collected
every week after subcutaneous and intrasplenic injections and processed for histologic examination (x 200)
and ZEN Blue Software image analysis. Error bars indicate the SEM. n.s. not significant; ‘p<0.05; “p<0.01;
"p<0.001; “"p<0.0001; NSG, NOD SCID gamma mouse; HuNSG, peripheral blood mononuclear cell
(PBMC) transplantation with NSG mouse; HuNSG + aPD-L1, anti-PD-L1 therapy was injected into the PBMC
transplantation with NSG mouse; H & E, hematoxylin and eosin.
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model, we found that most TILs were scattered around the tumor margin, whereas in the LM model, most TILs
infiltrated into the center of the tumor (Fig. 4E,G).

Our data suggest that there are variations in tumor response and the distribution of TILs between the SC and
LM models following anti-PD-L1 therapy.

Analysis of T cell and cytokine changes in the SC and LM models after anti-PD-L1 therapy
We analyzed T cell subsets following exposure to anti-PD-L1 therapy in both models by flow cytometry (Fig. 5).
hCD8* T cell numbers were significantly increased in the LM model treated with atezolizumab compared with the
SC model. Next, we investigated the distribution of memory hCD8* T-cell subsets, specifically naive T cells (TcNs,
hCD8*hCD45RAhCCR7"), effector T cells (TcEs, hCD8"hCD45RA*hCCR7"), central memory T cells (TcCMs,
hCD8*hCD45RA'hCCR7*), and effector memory T cells (TcEMs, hCD8*hCD45RA'hCCR7"). We observed that
in the LM model, the numbers and sizes of the TcCM and TcEM populations were significantly increased by
atezolizumab treatment. However, in the SC model, there were no significant changes observed. Furthermore,
to evaluate the role of T cell differentiation and degranulation after anti-PD-L1 therapy, we analyzed individual
cytolytic proteins in CD8 T cells that expressed INF-y* and granzyme B. We observed a significant increase in
hCD8* T cell differentiation and degranulation following treatment with atezolizumab in tumors in the LM
model compared with the SC model. Furthermore, we observed that treatment with atezolizumab resulted in
a significant decrease in hCD4*Foxp3* T cell numbers in tumor tissues and blood samples from the LM model
compared with those from the SC model.

To evaluate the functional activation of T lymphocytes after atezolizumab treatment in our humanized mouse
model, we measured the concentrations of several human cytokines in plasma samples from both models.
hIEN-y, hGranzyme B, and hTGF-{ but not human tumor necrosis factor (WI'NF) showed significant differences
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Figure 5. Statistical analysis of flow cytometry of immune cells after anti-PD-L1 therapy in the humanized
mouse models on 24 days. (A) The subcutaneous (SC) model and (B) the liver metastasis (LM) model.
Tumor immune cell frequencies and absolute numbers in the SC model (n=5) and LM model (n=5) were
analyzed by flow cytometry using the following phenotypes: human CD45*(hCD45*), hCD45"hCD3",
hCD45"hCD3*hCD4*, hCD45"hCD3*hCD8*, hCD3*hCD4"hCD25"Foxp3*, hCD3"hCD8*IFN-y*,
hCD3*hCD8*Granzyme B*, hCD3*hCD8*hCD107a*, TcN (Naive T cell, hCD8hCD45RA*CCR7"), TcE
(Effector T cell, hCD8*hCD45RA*CCR7"), TcCM (Central memory T cell, h\CD8*hCD45RA"CCR7"), and
TcEM (Effector memory T cell, hCD8hCD45RA CCR?7'). Error bars indicate the SEM. n.s. not significant;
"p<0.05; "p<0.01. HuNSG, peripheral blood mononuclear cell (PBMC) transplantation with NSG mouse;
HuNSG +aPD-L1, anti-PD-L1 therapy was injected into the PBMC transplantation with NSG mouse;
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in SC model (Fig. 6). hTNF, hIFN-y, and hGranzyme B levels were increased after atezolizumab treatment, while
hTGF-p levels were decreased in LM model. In addition, hTGF-p levels were significantly reduced in the LM
model compared to the SC model (p <0.001).

Discussion

This study describes the development of a novel humanized mouse LM model using PBMCs. PBMC transplan-
tation on day 3 was more suitable for developing a humanized mouse LM model than transplantation on day
7. Furthermore, we describe differences in the differentiation and proliferation of T cells between the SC and
LM models, suggesting that the LM model is another mouse model that is suited for developing liver metastatic
PDX tumor models for precision medicine, and provide evidence of modulation of the TME to achieve more
effective immunotherapy.

A previous study demonstrated the efficacy of immunotherapy using a humanized mouse model through the
application of PBMCs or HSCs and further extended that work to the development of the PDX model*. A human-
ized mouse engrafted with human PBMCs or HSCs showed attenuated tumor growth, and when immunotherapy
was administered, the tumor size decreased further’. Together, these results prompted the development of a PDX
model to investigate the benefits of immunotherapy, with the primary aim of predicting the efficacy of therapy
for cancer patients’~'2. However, in most studies except for some breast cancer studies, tumor cells were injected
subcutaneously in humanized mouse models, which is insufficient to mimic the organ-specific TME"*-!%. Zheng
et al.'s showed that nivolumab inhibited osteosarcoma metastasis to the lung in humanized mice but did not
affect the growth of the primary tumor, suggesting that the efficiency of immunotherapy may be organ specific.
Although HSC transplantation can repopulate T cells, B cells, NK cells, DCs, and MDSCs, it does not allow the
development of mature human immune cells prior to four weeks, which can be a considerable time delay for
cancer patients. TGF-P is a well know cytokine that synthesized by tumor cells, endothelial cells, mesenchymal
stem cells, cancer-associated fibroblasts, and macrophages, and it is related to tumor growth'’. In our study,
we use the cancer cells implanted in mice are HCT 116 cells, which are human colon cancer cells. And we can
observe hTGF-p and hIFN-y in both the humanized SC model and LM model that we developed. Notably, on D3,
hTGE- B levels were found to be lower in the control arm compared to the D7 model. Conversely, hIFN-y levels
were higher in the D3 model compared to the other conditions. These findings suggest that for the development
of a humanized LM model, transplanting PBMCs on D3 would be the most suitable approach for achieving
optimal experimental outcomes. Here, we describe the development of a humanized liver metastasis mouse
model using PBMCs that can be used to easily and quickly evaluate the preclinical efficacy of immunotherapies.
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Figure 6. Analysis of human cytokine levels after anti-PD-L1 therapy in humanized mouse models. (A)
Subcutaneous model. (B) Liver metastasis model. Serum samples were collected from humanized mice after
24 days by cardiac puncture under anesthesia. Cytokine quantification was performed using commercial
ELISA kits for human IFN-y (h IFN-y), hGranzyme B, hTNE, and hTGF-P. All samples were measured in
triplicate. Error bars indicate the SEM. n.s. not significant; "p<0.05; “p<0.01; “"p<0.001. HuNSG, peripheral
blood mononuclear cell (PBMC) transplantation with NSG mouse; HuNSG + aPD-L1, anti-PD-L1 therapy was

injected into the PBMC transplantation with NSG mouse; TNE, tumor necrosis factor.
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Additionally, our study identified differences in the molecular profiles of T cell populations between the SC
and LM models. In contrast to those in the SC model, cytotoxic T cell and regulatory T cell numbers increased
in the humanized LM mouse model, and the overall proliferation of T cells also increased. Similarly, we found
that the population of hCD8*PD1* T cells increased in size in the LM model, whereas the populations of both
hCD8*PD1* and hCD4"PD1* T cells decreased in size in the SC model. It is well known that immune cells within
the TME stimulate and inhibit immune responses that can influence tumor growth®. Adaptive immune resistance
in tumors involves the interaction between PD-1 and PD-L1 expressed on T cells and tumor cells, respectively,
which mediates inhibitory signals'®. Via ligation of PD-1 on T cells and PD-L1 on tumor cells, T-cell metabo-
lism is altered, which leads to impaired activity of effector T cells and memory T cells and enhanced activity of
regulatory T cells, which ultimately induces inhibitory signals in the TME®.

Tumor growth was significantly reduced following PD-L1 therapy in the developed humanized SC and LM
models, and we observed differentiation of memory T cells in each model. In the LM model, both the central
memory T cell and the effector memory T cell populations increased in size significantly compared to those in the
SC model. To further investigate the levels of cytolytic proteins and degranulation in cytotoxic T cells, we evalu-
ated the expression of markers of T-cell populations (hCD8*IFN-y*, hCD8"Granzyme B*, and hCD8*CD107a").
The expression of cytolytic proteins and the degranulation of T cells increased in both the SC and LM models after
anti-PD-L1 therapy, which indicated that our humanized LM mouse model could also promote the propagation
of memory T cells by achieving a high engraftment efficiency after anti-PD-L1 therapy, similar to the SC model.
Interestingly, in patients who were treated with an anti-PD-1 blocking antibody, the numbers of memory T
cells and effector T cells were increased in the TME, a finding that is correlated with a therapeutic response!®=2!.
However, despite treatment with immune checkpoint inhibitors that induce tumor cell death, tumor progression
remains a concern that can be addressed by targeting the molecular and biochemical mechanisms of T cells.

Regarding the immunosuppressive effects of the TME, recent studies have shown that the modulation of
regulatory T cells is important for changing the immunosuppressive activity of tumors*>?. In particular, regula-
tory T cells (hCD4*Foxp3*) exhibited different outcomes after anti-PD-L1 therapy in the SC and LM models.
In the SC model, we did not observe any notable responses of regulatory T cells in the blood and tumor tissues
after anti-PD-L1 therapy, whereas in the LM model, we detected significant decreases in the numbers of regula-
tory T cells in the blood and tumor tissues. Overall, regulatory T cells could inhibit antitumor immunity, and
early studies attempted to suppress the development of regulatory T cells in tumors. However, the suppression
of effector T cell activity can occur through the elimination of regulatory T cells, mediated by signaling from
various cytokines and chemokines within the TME?. Therefore, it is crucial to concentrate on regulating the
numbers and promoting the functional differentiation of regulatory T cells, effector T cells and memory T cells.
Consequently, the development and characterization of humanized mouse tumor models are necessary for
gaining a deeper insight into the dynamic alterations in T cells. These findings may unveil a novel anticancer
function for T cells within the TME®.

In addition to investigating the functional characteristics of immune cells in response to tumors, we should
also consider differences in the organ-specific TME to better combat immunosuppressive tumors. The efficacy of
immunotherapy has already been shown to vary depending on the type of cancer, but organ-specific responses
to immunotherapy may also achieve discordant results due to the TME, a phenomenon that was discussed
previously®. In addition, in patients with advanced hepatocellular carcinoma, the effects of immunotherapy
were observed to differ across organs such as the site of the primary tumor, the lung, and the liver?. Thus, we
need to concentrate on different organ-specific TMEs, and new treatment strategies should be developed based
on insights from the observed resistance mechanisms, which may ultimately allow us to identify potential treat-
ments for immunosuppressive tumors. Furthermore, different tumor implantation sites in the humanized mouse
model provide information on the organ-specific roles of immune cells and may suggest approaches to overcome
immune-resistant tumors. Colorectal cancer (CRC) is known to frequently metastasize to the liver due to the
anatomical drainage via the portal vein®®. This study aims to establish a suitable animal model for future immu-
notherapy drug testing by using a liver metastasis model of CRC, wherein PBMCs are injected to create a human
immune cell-engrafted model. Typically, to induce liver metastasis of CRC, cancer cells are transplanted into the
colon wall of the cecum. However, this method is associated with issues of low predictability, reproducibility,
and is time-consuming. In contrast, since the splenic vein is connected to the portal vein, injecting colon cancer
cell lines into the spleen provides a method with high reproducibility and efficiency. This approach facilitates the
timely development of a liver metastasis model, which is critical for the prompt completion of experiments prior
to the onset of graft-versus-host disease (GVHD)%. Through our novel approach using the developed human-
ized mouse model, we provide a comprehensive approach to developing a PDX model that closely mimics the
functional immune system and stromal components of a patient.

One limitation of our study is that we did not examine the HLA mismatch between injected PBMCs and
cancer cells. However, our experiments were conducted within 4 weeks, particularly before the onset of graft-
versus-host disease (GVHD) resulting from HLA mismatch. Our LM model could still prove valuable for swiftly
establishing PDX models for investigating novel treatments. Another limitation is our inability to detect B cells,
NK T cells, or macrophages. While PBMC transplantation is suitable for validating the efficacy of anti-PD-L1
therapy in PDX models, refining the methods for HSC transplantation is necessary. This is crucial because an
effective TME can be established by T cells, NK T cells, and B cells derived from HSCs, facilitating a deeper
understanding of the specific mechanisms of underlying tumorigenesis.

In conclusion, our study compared a humanized mouse SC and LM model and demonstrated that differences
between the two models in the proportions of cytotoxic T cells and regulatory T cells, along with the expression
of PD-1 on the T cells, may contribute to the development of antitumor immunity, reflecting the impact of the
reprogrammed TME in immune cells. Furthermore, we illustrated an antitumor response following atezoli-
zumab treatment, attributed to a significant reduction in the proportion of regulatory T cells and increases in
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the proportions of effector T cells and memory T cells. Our research highlighted notable differences in immune
cells composition within the TME in humanized mouse models undergoing immunotherapy. These findings
are expected to aid in further exploration of the role TME’s role, enhancing our understanding of the efficacy of
novel agents that modulate the immune microenvironment to achieve successful anticancer therapy.

Materials and methods

Cell lines

The HCT116 cell line was obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA)
and was maintained in McCoy’s 5A medium (Invitrogen, Frederick, MD, USA) supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 100 U/mL penicillin and 100 pg/mL streptomycin. Cells were maintained
in a humidified (37 °C, 5% CO,) incubator and passaged when they reached 80% confluence. In this study, we
conducted experiments using human colon cancer cell lines, HCT116 cells. Previously we reported many experi-
ments using the HCT116 cells liver metastasis model***".

Mice

NSG mice, which were established by backcrossing a null mutation of the I12ry locus onto the NOD.Cg-Prkdc*i¢
(NOD/SCID) strain, were purchased from The Jackson Laboratory. The mice were sacrificed with isoflurane
euthanasia within a month of the end of the study. Experiments involving NSG mice were performed according to
the guidelines of the Chonnam National University Medical School Research Institutional Animal Care Commit-
tee, and all animal experimental protocols were approved by the Chonnam National University Medical School
Research Institutional Animal and Use Committee (Gwangju, Republic of Korea, CNU IACUC-H-2022-31).
Our study was confirmed by ARRIVE essential 10 guidelines 2.0*.

Subcutaneous model

To establish the experimental subcutaneous (SC) model, male 5- to 6-week-old NOD-scid IL2Rgamma™(NSG)
mice were injected intravenously (i.v.) with 1 x 10” human fresh PBMCs, and 3 x 10 HCT116 human colon car-
cinoma cells suspended in 100 uL of phosphate-buffered saline (PBS) were injected subcutaneously (s.c.) into
the flank of the mice on day 0 of the experiment. Tumor growth was recorded every 3 to 4 days for 4 weeks. Mice
were euthanized every week, and SC tumors were removed, weighed, and processed for histologic examination;
cells collected from residual tumor tissue, blood, BM, and spleen cells were subjected to flow cytometry analysis.

Liver metastasis model

To establish the experimental liver metastasis (LM) model, HCT116 cells (2 x 10° cells/mouse) were injected into
the spleen of the mice to induce colorectal liver metastasis'. Splenectomy was performed 10 min after injecting
HCT116 cells. The skin and peritoneum of the mice were sutured and used for colorectal liver metastasis stud-
ies. In our previous studies aimed at researching the liver metastasis model, we monitored the IVIS 200 Imaging
system daily and have been reported®**. Based on these studies, we found that after performing splenectomy, the
seeding and growth of cancer cells in the liver begin from day 2. After 3 days or 7 days, the mice were injected
i.v. with 1 x 10” human fresh PBMCs. The weight of each mouse was recorded every 3-4 days for 4 weeks. Mice
were euthanized weekly, and liver tissue was removed, weighed, and processed for histologic examination. Cells
were collected from the liver and blood for flow cytometry analysis. The metastatic burden calculated by this
method (Metastatic burden (%) = (tumor area)/(liver area) X 100). The whole liver area, which consists of the
left lateral lobe, left and right medial lobes, and the caudate lobe, including both the front and back surfaces,
was measured and summed. And the ratio of liver/body weight calculated by this method (Liver/Body weight
ratio = Liver weight/Body weight).

Histologic examination and immunohistochemistry

The excised wound tissue was fixed in 10% neutral-buffered formalin and then dissected and embedded in paraf-
fin. Tissue blocks were sectioned at a 3 pm thickness using a microtome and stained with hematoxylin and eosin
(H&E). Unstained slides from each tissue block were immunostained with specific antibodies using a Bond-Max
Autostainer (Leica Microsystems, Buffalo Grove, IL, USA). Antibodies against the following factors were used:
CD?7 (1:100 dilution; catalog no. M7255; DAKO, Glostrup, Denmark), CD4 (1:100 dilution; catalog no. NCL-L-
CD4_368; Novocastra, Newcastle, UK), CD8 (ready to use; catalog no. PA0183; Novocastra), Granzyme B (1:50
dilution; catalog no. M7235; DAKO), CD79a (1:300 dilution; catalog no. 179 M-95; Cell Marque, Rocklin, CA,
USA), CD56 (1:400 dilution; catalog no. M7304; DAKO), CD68 (1:100 dilution; catalog no. MO814; DAKO),
and human leukocyte antigens (HLAs) (1:300 dilution; catalog no. ab70328; Abcam, Cambridge, UK). The slides
were evaluated by an experienced pathologist (KHL) and photographed using the Nikon DS-Ri2 system (Nikon
Japan, Tokyo, Japan). The images were processed using ZEN Blue Software.

Human peripheral blood mononuclear cells

All participants signed an ethical consent form approved by the Institutional Review Board of Chonnam National
University Hwasun Hospital (Hwasun, Republic of Korea, CNUHH-2021-045). Human PBMCs were obtained
from healthy volunteers and were isolated from blood samples by density-gradient centrifugation with Ficoll-
Hypaque (d=1.077 gm/mL, Lymphoprep™, Axis-Shield, Oslo, Norway. 1114545) and washed with PBS. NOD-scid
IL2Rgamma™!(NSG) mice were injected i.v. with 1 x 107 human PBMCs suspended in 100 pL of normal saline.
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Cell preparation

The mice were sacrificed with isoflurane euthanasia within a month of the end of the study, which is before
developing graft-versus-host disease (GVHD)*. lood was collected from the heart immediately following eutha-
nasia, and serum was frozen in a -80 °C deep freezer for future analyses. Liver, lymph node (LN), spleen, and
BM specimens were processed into single-cell suspensions. Tumors were extracted and weighed, and was fixed
in 10% formalin (Core fix) for histological analyses. The remaining tumor sections were minced and digested
using 4-8 mg of collagenase D (Roche) per tumor in PBS for 1.5-2 h at 37 °C*¢. The liver was minced into 1-mm
pieces and digested using collagenase IV for 30 min at 37 °C. The digested liver extract was filtered through a
70-pm cell strainer and centrifuged at 500 x g for 5 min. The resulting cell pellet was resuspended in 10 mL of 35%
Percoll containing 100 U/mL heparin and centrifuged at 700 x g for 15 min at room temperature. The cell pellet
containing the leukocytes was collected and resuspended in 3 mL of red blood cell lysis solution (155 mM NH,CI,
10 mM KHCO;, 1 mM EDTA, 170 mM Tris, pH 7.3). After incubation for 3 min on ice, the cells were washed
twice in RPMI 1640 containing 5% FBS¥. The BM and spleen cells were prepared by standard methods and
were incubated with ammonium chloride-potassium (ACK) lysis buffer (Life Technologies) for 10 min at room
temperature with gentle mixing. For mice in which lymph nodes were not visible by the naked eye, small tissue
samples from LN sites were processed for flow cytometry analyses to assess the presence of human lymphocytes.

Flow cytometry

For surface staining, cells were washed twice in fluorescence-activated cell sorting (FACS) buffer (1X PBS w/2%
FBS, 1 mM EDTA, and 0.1% sodium azide), incubated with Fc blocking reagent (Miltenyi Biotec), and stained
with fluorescence-conjugated antibodies in brilliant stain buffer (BD Horizon™, Catalog: 566349). For intracel-
lular staining, cells were labeled with surface markers as previously described and then fixed and permeabilized
with the Transcription Factor Buffer Set (BD Pharmingen™, Catalog: 554714). A 5-antibody panel was used for
this study. The human T-cell panel (6 colors) consisted of mouse anti-human antibodies against CD45 (clone:
HI30, catalog: 564105), CD3 (clone: UCHT], catalog: 561807), CD4 (clone: RPA-T4, catalog: 561841), CD8
(clone: RPA-TS8, catalog: 555367), CD274 (PD-1) (clone: EH12.1, catalog: 563076), and Ki-67 (clone: B56, catalog:
562899). The human B- and NK-cell panel (4 colors) consisted of CD45 (clone: HI30, catalog: 564105), CD3
(clone: UCHT]1, catalog: 561807), CD19 (clone: HIB19, catalog: 562440), and CD56 (clone: CMSSB, catalog:
12-0567-42). The human macrophage panel (3 colors) consisted of CD45 (clone: HI30, catalog: 564105), CD68
(clone: Y1/82A, catalog: 562117), and CD163 (clone: GHI/61, catalog: 562670). The human regulatory T-cell
panel (5 colors) consisted of CD45 (clone: HI30, catalog: 564105), CD3 (clone: HIT3a, catalog: 564713), CD4
(clone: RPA-T4, catalog: 561841), CD25 (clone: M-A251, catalog: 555431), and Foxp3 (clone: 236A/E7, catalog:
72-5774-40). The human cytotoxic T-cell panel (4 colors) consisted of CD45 (clone: HI30, catalog: 564105),
CD3 (clone: UCHT], catalog: 561807), CD8 (clone: RPA-TS8, catalog: 555367), and IFN- y (clone: B27, catalog:
554702). The human monocyte and dendritic cell (DC) panel (3 colors) consisted of CD45 (clone: HI30, catalog:
564105), CD14 (clone: M5E2, catalog: 561712), and CD11c (clone: -ly6, catalog: 562561), all purchased from
BD Bioscience and eBioscience. The human cytotoxic T-cell panel (5 colors) consisted of CD3 (clone: UCHT]I,
catalog: 561807), CD4 (clone: RPA-T4, catalog: 557871), CD8 (clone: RPA-TS8, catalog: 555367), CD45RA (clone:
L48, catalog: 337186), and CCR?7 (clone: 3D12, catalog: 560548). Human cytolytic proteins in cytotoxic T cells
(8 colors) were stained with CD3 (clone: UCHT1, catalog: 561807), CD4 (clone: RPA-T4, catalog: 557871), CD8
(clone: RPA-T8, catalog: 555367), CD45RA (clone: L48, catalog: 337186), CCR7 (clone: 3D12, catalog: 560548),
CD107a (clone: H4A3, catalog: 560664), IFN-y (clone: B27, catalog: 554702), and granzyme B (clone: GB11, cata-
log: 563389). The cells were further permeabilized using the Fixation/Permeabilization Kit (BD Bioscience) and
stained for Ki-67, CD68, Granzyme B, and INF-y. For staining of Foxp3, cells were permeabilized using the anti-
human Foxp3 staining Set-PE (eBioscience™). All cells were analyzed using a BD FACSCanto II flow cytometer
(BD Biosciences) (Fig. S5, S6, S7, S8). The data were analyzed using FlowJo v10.6.2. software (BD Biosciences).

Measurement of in vivo release of human cytokines

Serum samples were collected from the humanized mice every week for 4 weeks by cardiac puncture under
anesthesia. Cytokine quantification was performed using commercial ELISA kits for human IFN-y (BD Bio-
science, San Diego, CA, USA., 555142) and hIL-10 (BD Bioscience, San Diego, CA, USA., 555157), hTGF-B1
(ELISA Duo-set; R&D Systems, Inc., Canada, USA., DY240-05), and Granzyme B (R&D Systems, Inc. Canada,
USA., DY2906-05) according to the manufacturer’s instructions. All samples were measured in triplicate, and
the absorbance was read at 450 nm in an ELISA reader.

Statistical analysis

Data were analyzed using paired or unpaired t tests, and one-way ANOVA was performed to compare groups; a p
value <0.05 was considered to indicate statistical significance. All statistical analyses were performed using SPSS
v.23.0 (IBM, Armonk, NY, USA) and/or GraphPad Prism v.9 software (GraphPad Software, San Diego, CA, USA).

Ethics approval
All animal protocols were approved by The Chonnam National University Medical School Research Institutional
Animal Care and Use Committee.

Data availability
Data is provided within the manuscript or supplementary information files.
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