





Figure 4 T cell profiles associated with a durable response to the programmed cell death-1 (PD-1) inhibitor. To investigate
the T cell profiles that may be associated with a durable response to the PD-1 inhibitor, we compared the proportions of
hCD4+ or hCD8+ T cells between durable and non-durable responders. (A and B) hCD4+ or hCD8+ T cells were analyzed
using tumor tissue (A) and blood (B) by flow cytometry. Representative flow cytometry plots from a mouse in each group are
shown. Dot plots represent average numbers of hCD8+ and hCD4+ cells in PBS group, durable responders, or non-durable
responders. P values were calculated by analysis of variance (ANOVA) test, and post-hoc p values were calculated by least
significant difference (LSD) test. Data are presented as mean+SD. ns, not significant. (C) Immunohistochemistry analysis of
tumor-infiltrating T lymphocytes (ie, hCD8+ or hCD4+ T cells) using mouse tumor tissues. H&E images were collected at x200
magnification and immunohistochemical images were collected at x400 magnification. P values were calculated by ANOVA test
after counting positive cells in five random, non-overlapped fields and post-hoc p values were calculated by LSD test. Data are
presented as mean+SD.

responders (ANOVA, p=0.104 among three groups; LSD, hCD8+ T cells was not observed in the peripheral blood
$=0.041 between durable and non-durable responders) (figure 4B). Our finding of a persistent increment of
(figure 4C), although such differential expression of = hCD8+ T cellsin durable responders is consistent with the
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previous report that demonstrated that immune-inflamed
tumors, characterized by the presence of sufficient
immune cells, shows better response to ICIs.”> Contrary
to hCD8+ T cells, the expression of hCD4+ T cells was
not significantly different according to the response dura-
bility in both the peripheral blood (figure 4B) and tumor
tissues (figure 4A,C) by flow cytometry or IHC.

Serum human cytokine profiles associated with durable
responses to PD-1 inhibitors in humanized mice

We analyzed serum human cytokine concentrations to
determine evidence that early immunological reactions
since early release of serum cytokines could predict
durable responses to PD-1 inhibitors. Serum human cyto-
kines were analyzed with the bead-based assay LEGEND-
plex from the 4th week from PD-1 inhibitor treatment
(figure 5). Increase in serum TNF-a (figure bA) was
observed in durable responders compared with non-
durable responders from the 4th week from PD-1 inhib-
itor treatment (ANOVA, p=0.005; LSD, p=0.006) and the
pattern was maintained through weeks 8-10 (ANOVA,
$=0.004; LSD, p=0.002). This correlation between an early
increase in TNF-ot and a durable response is supported by
the growing evidence that TNF-o. is involved in immune
adverse events, such as immune colitis, which may more
often occur in responders to ICIs.*® 7 In contrast, serum
IL-6 (figure 5B) was decreased in durable responders
compared with non-durable responders at week 10
(ANOVA, p=0.067; LSD, $=0.023), and was accompanied
by a similar pattern, although without statistical signifi-
cance, during the previous weeks. This is in line with a
previous study that reported the proinflammatory cyto-
kine IL-6 enhanced cancer progression and was asso-
ciated with a poor response to ICIs.”® In short, an early
(4th week from PD-1 inhibitor treatment) increase and
maintenance of serum TNF-o or a late (10th week from
PD-1 inhibitor treatment) decrease of serum IL-6 may
be potential predictive biomarkers of durable response
(figure 5D). However, serum IFN-y (figure 5C), IL-2
and IL-10 (data notshown) did not change significantly
between durable and non-durable responders throughout
the study period.

DISCUSSION

In the current study, we successfully established an
hCD34+ humanized mouse model, the advantages of
which include a high success rate of humanization
(approximately 80%), even with injection of a lower
number of hCD34+ HSCs (3x10* cells) than those (1x10°
~ 1x10% in previous studies,” ’ * an easy myeloablative
method with busulfan, and feasible long-term immune
monitoring (11 months). Furthermore, we confirmed
the development of functional T cells by demonstrating
a differential anticancer effect of PD-1 inhibitor in our
humanized mouse model that was not apparent in non-
humanized NSG mice.

Similarly to allogeneic HSC transplantation, myeloab-
lation is an essential step to provide appropriate immu-
nosuppression and prevent graft rejection before bone
marrow is reconstituted with hCD34+ HSCs in human-
ized mice."* Total body irradiation/cyclophosphamide,™
busulfan /cyclophosphamide,” and busulfan/fludara-
bine*! are the three most commonly used myeloablative
regimens in clinical practice. In the current study, we
compared irradiation (2.4Gy) versus busulfan (20mg/
kg or 30mg/kg) as a myeloablative method. Although
both irradiation and busulfan were effective in gener-
ating humanization, survival was longer in the busulfan
group (45-week survival rate, 64.3%) than in the irradi-
ation group (45-week survival rate, 20%). The shorter
survival in the irradiation group was probably attributable
to GvHD,* which can be induced by the higher level of
human immune cells in the earlier phase.” * In addi-
tion, busulfan may be more favored than irradiation in
terms of easy accessibility. As a result, busulfan at 30 mg/
kg may be considered to be an appropriate myeloablative
method for research in which humanized mice needs to
be used for long duration. However, the adequate dosage
of busulfan might be different according to the strain and
age of recipient mice.

The long-term persistence of humanization has not
been demonstrated in previous humanized mouse
models. A representative company of mouse model,
Jackson laboratory has reported that their commercial
hCD34+ humanized mouse model showed the presence
of hCD45+ cells in mouse peripheral blood until 24 weeks
after engraftment of CD34+ cells.” Other researchers
also reported that durability of CD34+ humanized mouse
model ranged from 4 weeks to 20 weeks (online supple-
mental table 2).44—48 In contrast, our humanized mouse
model showed long-term survival and long-lasting human-
ization status (hCD45+ cells > 25% to mice PBMCs) that
was maintained up to 11 months. When the human
cancer cell line or PDTX tissues were implanted in our
humanized mice, persistent tumorigenicity was confirmed
from the early period of 12 weeks up to 11 months from
the injection of human HSCs. In addition, the tumor
immune microenvironment is continually constituted in
our humanized mouse model, as evidenced by existence
of tumor infiltrating T cells and serum cytokines even
at 11 months after the injection of human HSCs. Taken
together, our model could be an appropriate preclinical
model to evaluate immuno-oncology drugs in terms of
both long-term efficacy, one of representative features of
ICIs, and biomarkers. To the best of our knowledge, this
is the first in vivo platform, in which long-term immune
monitoring is feasible (almost lyear) in the immuno-
oncology field. The discovery of biomarkers associated
with the efficacy of ICIs is an urgent unmet need in the
era of immuno-oncology. Indeed, PD-L1 expressions,
microsatellite instability, tumor mutation burden, TILs,
serum cytokines and so on have been studied as potential
biomarkers.* We tested our humanized mouse model as
a biomarker research platform. In our study, increment
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Figure 5 Serum human cytokine profiles associated with a durable response to the programmed cell death-1 (PD-1) inhibitor.
Serum human cytokines, including TNF-a (A), IL-6 (B), and IFN-y (C) were analyzed with the bead-based assay LEGENDplex at
weeks 4, 8 and 10 from PD-1 inhibitor treatment in order to determine if an early immunological reaction could predict a durable
response to the PD-1 inhibitor. P values were calculated by analysis of variance (ANOVA) test, and post-hoc p values were
calculated by LSD test. Data are presented as mean+SD. (D) Response of serum cytokine by PD-1 inhibitor according to the
time point. Cytokine level with time was represented as relative fold change (0week; 1).
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of hCD8+ T cells was proved to be a biomarker associated
with durable response to PD-1 inhibitor as expected. To
further predict the efficacy of ICIs in vivo model, moni-
toring FoxP3+ Tregs, which was not assessed in our study,
would be also helpful, because FoxP3+ Tregs were previ-
ously reported to decrease responding to ICIs.” *** In our
cytokine analyses using murine serum, except for associ-
ations of TNF-o. or IL-6 with durable response to PD-1
inhibitor, an association of IFN-y with durable response
was not observed, even though IFN-y was reported to be
a strong biomarker of immune response.”®> We suppose
that inconsistent result might be attributable to 4 weeks
or later time point when we checked IFN-y because IFN-y
increased at early time of less than 4 weeks, but the change
became insignificant after 4 weeks in previous studies.”* ™
In a view of biomarker research platform, it was feasible
to draw a small volume of blood from the humanized
mice periodically every 2—4 weeks, and then to perform
flow cytometry and multiplex cytokine analysis using
this volume of blood. It was also feasible to obtain xeno-
grafted tumors at the point of sacrifice for flow cytometry
and IHC in order to determine immune cell infiltration.
Furthermore, the humanized mouse model allows more
complex and invasive biomarker studies to be performed
than those permitted in human subjects.

One of the limitations of this study is that HLA match
test between the human HSC donor and implanted
tumors or cells was not performed. Although it is consid-
ered that HLA matching may be important for successful
xenografting, full HLA matching is difficult in reality
for in vivo studies. Instead, in the Jackson Laborato-
ry’s previous hCD34+ humanized mouse study, partially
HLA-matched PDTX tumors were implanted and the
tumor growth was not significantly affected in human-
ized NSG mice engrafted with hCD34+ HSCs compared
with in non-humanized NSG mice.”* In another previous
hCD34+ humanized mouse study, approximately 60-80%
of PDTXs implanted in humanized mice developed into
tumors, regardless of donor HLA type.” Also, in those
two studies, the HLA matching status did not affect the
response rate to ICIs.”** That is, pembrolizumab showed
asignificant antitumor response in humanized mice, inde-
pendent of HLA matching status, whereas no response to
pembrolizumab was observed in non-humanized PDTX-
bearing mice, just like in our study. Taken together,
although in previous studies, xenografted tumor growth
and antitumor response to ICIs in humanized mice were
not significantly affected by HLA matching status, under-
lying mechanisms of this are unclear. Thus, in future
humanization experiments, at least partial HLA matching
may be needed until more experimental data are accu-
mulated and mechanisms are revealed.

In conclusion, we acknowledge that the immune
responses in humanized mice may not fully represent
those in humans. However, humanized mouse models
have the advantage of permitting more detailed and inva-
sive experiments than are possible in human subjects. We
successfully established an hCD34+ humanized mouse

model, even with injection of a lower number of hCD34+
HSCsto NSG mice myeloablated with busulfan. More
notably, using this model, we also demonstrated the feasi-
bility of long-term immune monitoring for 11 months.
None of the preclinical models has ever been evaluated
for such along duration. Therefore, our hCD34+ human-
ized mouse model provides the first in vivo platform for
testing the long-term efficacy of anticancer immunother-
apies and biomarkers.
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1 Supplementary tables

Supplementary table 1.

Primary antibodies used for flow cytometry

Antibody Clone Fluorescence Company
Human CD45 HI30 FITC e-Bioscience
Mouse CD45 20-F11 APC e-Bioscience
Human CD3 BW264/56 PE e-Bioscience
Human CD4 SK-3 PercP-eFluor710 e-Bioscience
Human CDS8 SK1 APC e-Bioscience
Human CD56 CMSSB APC-eFluor780 e-Bioscience
Human CD19 SJ25C1 PercP-eFluor710 e-Bioscience
Human PD-1 MIH4 PE BD bioscience

Ki67 SoLA15 PE e-Bioscience
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Supplementary table 2. Durability of humanized mouse model

No. Duration | Myeloablation Reference
1 24 week Irradiation | Ishikawa et al., Blood, 2005;106:1565
2 13 week Irradiation Walcher et al., Immun Inflamm Dis. 2020;8:363
3 19 week Irradiation | Verma et al., Curr Protoc Pharmacol. 2020;89:e77
4 20 week Irradiation Blumich, University of Zurich, 2020
5 4 week Irradiation | Tanaskovic et al., Plos ONE, 2019;14:e0217345
6 19 week Busulfan McCarthy et al., JAIDS, 2019;82:407
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17 Supplementary figure S1
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21 Supplementary figure S1. Immune cell monitoring in humanized mice blood

22 (A) The proportion of cells in the peripheral blood was analyzed for the humanization marker
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23 hCD45+ by flow cytometry over 12 weeks to 45 weeks from the injection of hCD34+ HSCs.
24 Percentages of hCD45+ cells were demonstrated at three time points (starting point, highest

25  point, and final point) according to the myeloablative method and cord blood status.

26 (B) Various immune cell markers, including hCD45, hCD3, hCD4, hCDS8, hCD19, and
27  hCDS56 in the peripheral blood were analyzed by flow cytometry over 12 weeks to 45 weeks
28  from the injection of hCD34+ HSCs by myeloablative method and cord blood status. P-
29  values were calculated by ANOVA test, and post-hoc P-values were calculated by LSD test.

30  Data are presented as mean + standard deviation.

31 (C) Representative FACS plots of hCD3, hCD4, and hCD8 analyses according to the
32  myeloablative method and cord blood status were shown. Those representative plots were
33 selected at starting point (12 weeks), highest point (hCD3 and hCD4; 42 weeks, and hCDS;

34 34 weeks), and final point (45 weeks).

35
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36 Supplementary figure S2

Figure S2
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38 Supplementary figure S2. Confirmation of inhibition efficiency of human PD-1 inhibitor

39  The expressions of Ki67 or PD-1 on CD3+ Jurkat cells after PD-1 inhibitor treatment were
40 analyzed by flow cytometry. Representative flow cytometry plots from incubation of hCD3+
41 Jurkat cells with T cell activator PHA, MDA-MB-231 cells, or PD-1 inhibitor for 24 h and 48
42 h are shown. P-values were calculated by Student’s t- test (*p<0.05 and #p>0.05). Data are

43 presented as mean + standard deviation.

44
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45  Supplementary figure S3
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47  Supplementary figure S3. H&E staining and IHC staining for hCD4+ and hCD8+ T
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48 cells

49  H&E (A) and IHC staining for hCD4+ and hCD8+ T cells (B), using normal organs such as
50  spleens, livers, and lungs, collected from 45-week humanized mice with MDA-MB-231
51  xenograft. At 43 days post-implantation of MDA-MB-231 cells, mice were sacrificed and
52 normal organs were collected from those mice. IHC images were displayed by myeloablative
53  method. The human tonsil was used for positive control, and tumor tissue and organs (spleen,
54  liver, and lung) from non-humanized mouse was used for negative control. Scale bars, 5 mm.
55  Images were photographed at X400 magnification. In humanized mouse #1 #2 and #3, frozen
56  cord blood was used as a HSC source; In humanized mouse #4, #5, and #6 fresh cord flood

57  was used as a HSC source.
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70

Supplementary figure S4

Figure 54

Tunmor volumee ()

>

000 -

S000 —

A000 ~

000 -

2000

Average of tumor volume {mm#)

MD A-MB -231 xenograftin humanizexl H1SG

= FEi-control

Non rs spondsr
== nan-durabla ra spondse
—durabls ra spondar

1000 4
PR -4
0 T T T T T 1
1 18 35 52 Ea ag 103 120
Days
PD-1inhibitar

NMDA-MB -231 xenograft
inhumanized H5G

24010

W FBES-control 800 1 PBS-contol
2100 B FD-1 inhibitor o _ o0 H FD-1 inhibitor
T .
E
1a00 4 T
2 so0
=
z
g =0
=
g 400
g
E =0
El
= 200
100
i
08 11 18 18 25 = w42 a T 1o
trrtrr Pttt
PO-1 inhibitar ¥ PO-1 inhibitor

c
100
&0

04

D45+ cell (%)

204 — pBS-tentol
— nli-curable responcer

Confrol vs durable responders
ws non-durable responders

AN, ot Figritieand

narr

0BT p=
L 1
n=0.2m

p=0.

= clirable responcer
T

o & & &
& F =S
é‘éf & 5 &
i £ @ 5
éﬁ oy Q:\Qé,* c}-: &
S e < S
§ & s& £
Sl N J?d;.-;‘s@ bl
P QQr n‘, ‘t.m \@,
&
5 §
& _?é'

21

MD A-MVEB -231 xenograft
innen-humanizedHSG

&

Park N, et al. J Immunother Cancer 2020; 8:e001513. doi: 10.1136/jitc-2020-001513



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

71 Supplementary figure S4. In vivo efficacy test of PD-1 inhibitor in MDA-MB-231

72 xenografted humanized mice

73 (A) In the 17 humanized mice with MDA-MB-231 xenograft, 5 mice were PBS- treatment
74  control and 12 mice received PD-1 inhibitor. Eleven of 12 mice treated with PD-1 inhibitor,
75  showed response. In 8 of 11 responders, response was durably sustained up to 120 days (i.e.,
76  durable responder), whereas in 3 of 11 responders, tumors started to grow again from around
77  day 35 (i.e., non-durable responder). One case did not respond to PD-1 inhibitor (i.e., non-

78  responder).

79  (B) Comparison of results of PD-1 inhibitor efficacy tests in our humanized versus non-
80  humanized NSG mice. Paired bar graphs (black and gray bars) indicated average tumor sizes
81  in the PBS-control (gray bar) and PD-1 inhibitor treatment (black bar) groups at the same
82  time point. In the humanized mice, PD-1 inhibitor treatment group showed tumor growth halt
83  unlikely the PBS-control group showing progressive tumor growth by time, whereas, in non-
84  humanized mice, similar pattern of progressive tumor growth was seen in both PBS-control

85  and PD-1 inhibitor treatment groups. Data are presented as mean + standard deviation.

86  (C) Comparison of hCD45+ cells in the peripheral blood based on response durability to PD-
87 1 inhibitor in humanized mice. The levels of hCD45+ cells at indicated time points [11w post
88  engraftment with hCD34+4+ HSCs, before PD-1 inhibitor treatment, 24 days post PD-1
89 inhibitor treatment (peak point), and 120 days post PD-1 inhibitor treatment (final point)]
90  were represented. P-values were calculated at indicated time points by ANOVA with post hoc
91  LSD test. At all time points, P-values were not significant but only P-values at the final time

92 | point were marked in the graph. Data are presented as mean + standard deviation.

93
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94  Supplementary methods

95  Cell lines

96 The MDA-MB-231 human breast cancer cell line was purchased from the American Type
97  Culture Collection (ATCC, VA, USA #HTB-26). The cells were maintained in Roswell Park
98  Memorial Institute (RPMI) 1640 medium and supplemented with 10% fetal bovine serum

99  (FBS) and 1% penicillin/streptomycin, and were incubated at 37°C, 5% CO; in an incubator.

100  Hematoxylin & eosin (H&E) staining and immunohistochemistry (IHC)

101 Immune cell infiltration in the tumor was determined by IHC using 4% paraformaldehyde-
102  fixed, paraffin-embedded tissues. All paraffin sections were cut at a 3 um thickness,
103  deparaffinized through xylene, and dehydrated with graded ethanol. For H&E staining, slides
104  were stained with Harris hematoxylin solution and eosin Y solution. For IHC analysis, heat-
105 induced antigen retrieval with 0.01 M citrate buffer (pH 6.0) was used for indicated
106  antibodies. Endogenous peroxidase activity was blocked with 3% H,0, in methanol, and
107  primary incubations were performed with human CD8 (1:500) or CD4 (1:500) antibody
108  (Abcam, MA, USA) overnight (4°C). Subsequently, sections were incubated with secondary
109  antibody (HRP-conjugated) for 1 h at room temperature, visualized with 3,3-
110  diaminobenzadine tetrahydro-chloride (DAB; Thermo fisher Scientific, USA) for
111 chromogenic development, washed, and counterstained with hematoxylin. The slides were
112 dehydrated with graded ethanol and mounted with Canada balsam (Junsei, Japan). For
113 quantification of IHC staining, positively stained cells were counted in five random x400
114 microscopic fields for each tissue section. A total of five different sections were counted and
115  the average percentage with standard deviation of positive cells per section is shown.

116
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117  TUNEL assay

118  Paraffin-embedded tissue sections were cut at a 3-um thickness, deparaffinized through
119  xylene, and dehydrated with graded ethanol. Multiple sections were stained using the
120  Apoptag Plus Peroxidase In Situ Apoptosis Detection Kit (EMD Millipore Corp, CA, USA).
121 Slides were treated with proteinase K for 15 min at room temperature, and TdT for 1 h at
122 37°C. The slides were incubated with an anti-dioxigenin-peroxidase secondary substrate at
123 room temperature and 37°C, and slides were counterstained with hematoxylin. The slides
124  were dehydrated with graded ethanol and mounted with Canada balsam (Junsei, Japan). For
125  quantification of IHC staining, positively stained cells were counted in five random x400
126  microscopic fields for each tissue section. A total of five different fields were counted and the

127  average percentage of positive cells per section with standard deviation is shown.
128  Invitro T cells proliferation assay

129  MDA-MB-231 cells (1.5 x 10’ cells/well) were seeded in 6 well plates. Next day, Jurkat cells
130 (1.5 x 10° cells/well) were co-cultured with MDA-MB-231 cells by adding T cell stimulator,
131 10 pg/ml of phytohemagglutinin (PHA) in the media. Then, those cells were treated with the
132 human PD-1 inhibitor for 24 and 48 h. Suspended cells were collected and stained with

133 indicated antibodies. Stained cells were analyzed by flow cytometry.

134
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