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Indications for immunotherapies are still unclear, and there is a great need for real-time patient immune status monitoring. In this
study, we confirmed that the local and systemic immune profiles of an orthotopic osteosarcoma model with or without luciferase
transfection were statistically equivalent. Next, we used flow cytometry to describe systemic immune cell populations influenced
by osteosarcoma disease progression. When compared to vehicle-inoculated sham mice, it was found that tumor-bearing mice
had significant immunophenotype disturbances at approximately 11 weeks after inoculation (at which time 90% of primary
tumor-bearing mice have fulminant pulmonary metastases). Percent populations of natural killer cells and T regulatory cells were
increased in the spleens of tumor-bearing mice (p <0.0083) compared to shams. Additionally, T lymphocytes from spleens of
tumor-bearing mice showed increased Tim-3/PD-1 exhaustion status (p < 0.0083). There were also increases in the percent
populations of myeloid cells and overall M1/M2 macrophage marker expression on tumor-bearing mice spleens versus controls
(p<0.00714). Finally, treatment with 20 ug a-PD-L1 decreased T-cell exhaustion back to sham status, with a corresponding
increase in CTLA-4 expression on cytotoxic T cells in the majority of mice tested. Checkpoint inhibition also increased splenic
monocyte maturation and returned macrophage M1/M2 marker expression back to sham status. These data suggest that cancer
induces systemic immune dysregulation and that these changes may be elucidated and utilized for treatment purposes by sampling
the systemic immune environment via the spleen. In addition, treatment with the checkpoint inhibitor @-PD-L1 may neutralize
but not overcome the systemic immunological changes induced by a progressing malignancy.

1. Introduction

Osteosarcoma is an extremely aggressive tumor of bone, and
no new therapeutics have been implemented clinically in
over three decades [1]. Its extreme pleomorphism and high
antigenic load [2, 3] make it a seemingly prime candidate for
tumor immunotherapies, which can induce sustainable
immunity against cancer cell neoantigens, thus providing a
viable therapeutic strategy for overcoming heterogeneity;
however, no immunotherapies are currently implicated as

standard of care in the treatment of osteosarcoma. As the
malignant process can lead to generalized immune dys-
function and disease progression [4-6], there has been
success across multiple tumor types with the introduction of
various immunotherapies into systemic circulation in-
cluding monoclonal antibody checkpoint blockers like those
against programmed death-ligand 1 (PD-L1) and its re-
ceptor, programmed cell death protein 1 (PD-1) [7]. PD-L1
is expressed on tumor and antigen presenting cells (APCs),
while its receptor PD-1 is expressed on activated T cells; this
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interaction suppresses T-cell activity and is associated with
T-cell exhaustion (TCE), a state of depressed effector
function and anergy brought on by chronic antigen exposure
and hypoxia [8]. Osteosarcoma tumors are often positive for
PD-L1, and its expression has been shown to upregulate in
metastatic versus primary lesions [9]. While blockade of this
protein interaction has experienced clinical success in some
cancers, there is still confusion surrounding its specific
indications and only a minority shows a response [10];
preclinical mouse models of metastatic osteosarcoma have
shown resistance to PD-L1/PD-1 blockade [11]. Moreover,
there is currently no reliable way of monitoring or predicting
patient responses to any immunotherapies including
checkpoint blockers, and the search for relevant biomarkers
is ongoing [12]. Indeed, data of this nature would potentially
allow clinicians to adjust regimens as necessary for maximal
efficacy in real-time and may uncover reasons as to why
tumors like osteosarcoma have remained largely un-
responsive to immunotherapies despite their high neo-
antigen load. From the few studies currently available on
osteosarcoma tumor immunology, data have emerged that
support the importance of macrophage M1/M2 polarization
and T-cell exhaustion and activation in tumor clearance,
although the scope has generally been limited to the primary
lesions [11, 13-21]. We suggest that these data warrant
further investigation regarding the translation of macro-
phage-T cell dynamics systemically and how we might use
this information clinically to trigger antitumor immunity in
patients. In the present study, after confirming immunologic
equivalency between two models of osteosarcoma (with or
without introduction of a nonviral luciferase reporter vector
for In Vivo Imaging System (IVIS) visualization), we further
defined the immunological consequences of osteosarcoma
disease progression over time. We also investigated the
systemic effects of monotherapy with checkpoint blockade
of PD-L1 using the spleen as a barometer of immune status.
The overarching hypothesis is that the spleen can be used as a
barometer to assess clinically relevant changes in the sys-
temic macrophage-T cell immunophenotype brought on by
osteosarcoma disease progression and immunotherapy.

2. Materials and Methods

2.1. Animals. Female BALB/c mice aged 4-5 weeks and
between 20 and 25 grams (mean = 22.5 grams) in mass were
obtained from The Jackson Laboratory (Bar Harbor, ME).
Mice were housed individually in ventilated Allentown cages
at ambient temperatures within specific pathogen-free fa-
cilities on corncob bedding with 12 hour light/dark cycles,
automatic lixit water, and ad libitum food access. All ex-
periments were approved by the Institutional Animal Care
and Use Committee.

2.2. Growth and Preparation of Transfected and Wild-Type
K7M2 Cells. K7M2 cells were grown and prepared as pre-
viously described [22]. Briefly, wild-type (WT) and genome-
stable luciferase-transfected (TF) K7M2 cells were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM)
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containing 10% fetal bovine serum (FBS) and 100 units/mL
penicillin and streptomycin (Thermo Fisher Scientific,
Waltham, MA). Passage one cells were used for orthotopic
implantation at a density of one million cells in 25uL of
phosphate buffered saline (PBS) without calcium or mag-
nesium (Corning Inc., Corning, NY).

2.3. Osteosarcoma BALB/c K7M2 Syngeneic Mouse Model.
K7M2 cells or vehicle were surgically inoculated into the
tibias of female BALB/c mice as previously described [22].
Briefly, 25uL of PBS containing one million TF or WT
K7M2 cells were dispensed into a cortical window made
through the center of the tibia at the level of the proximal
tibial flare.

WT and TF tumor-bearing mice were monitored as
previously described [22] in accordance with our in-
stitution’s tumor burden scoring system. Tumors were
monitored daily using digital calipers (greatest width x
greatest length). Tumor volume was calculated using the
formula V = (length x width?)/2. The health of each animal
was assessed using a tumor score ranging from 0 to 60 (0 =
healthy animal; 60 = requires euthanasia) based on criteria
established by our institution regarding overall animal
health as previously described [22]. Once mice reached a
tumor score of 60 (approximately 11 weeks after in-
oculation), animals were humanely euthanized using carbon
dioxide asphyxiation.

Tumors were harvested as previously described [22].
Briefly, animals whose tumors reached an average of 1.7 cm’
underwent palliative amputation by dissection and hip
disarticulation. Skin edges were closed using 4-0 vicryl
suture. Tumors were dissociated and prepared for flow
cytometry analysis as described below. Once tumor scores
reached 60 (approximately 11 weeks after inoculation),
animals were euthanized and their spleens harvested and
prepared for flow cytometry (FC) analysis.

2.4. Flow Cytometry Analysis of Tumors and Spleens. The
excised primary tumor and spleen from each mouse were
minced and digested enzymatically using the MACS Tissue
Dissociation Kits (Miltenyi Biotec, Auburn, CA), according
to the manufacturer’s guidelines. After dissociation, each
sample was filtered through a 70 uM filter (Miltenyi Biotec)
and centrifuged at 300 xg for 10 min; the cell pellet was
resuspended in RPMI-1640. Each single-cell suspension was
split into two. One half of the tumor single cell suspension
was treated with Red Blood Cell Lysis Solution (Miltenyi
Biotec), washed twice, and counted.

Spleen single-cell suspensions and the other half of the
tumor single cell suspensions were layered over Ficoll-Paque
premium (GE Healthcare Life Sciences, Pittsburgh, PA) and
centrifuged at 400 xg for 40 min at 20°C to allow density
gradient separation of the leukocytes. After Ficoll, the leu-
kocytes (bufty coat) were harvested, washed twice with PBS,
and counted.

Single-cell suspensions were stained following standard
protocols. Briefly, cells were washed using FACs buffer (PBS,
2% FBS, and 0.02% sodium azide). Cell pellets were
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resuspended, blocked using Rat IgG and Mouse IgG
(Jackson ImmunoResearch, West Grove, PA), washed, and
incubated with the appropriate antibodies described below.
After incubation, the cells were washed, fixed in para-
formaldehyde, and stored at 4°C.

2.4.1. Panel 1 Antibodies. a-CD45-phycoerithrin cyanine5
(BD Biosciences, San Jose, CA), «-CD4-BV510 (BD Bio-
science), a-Ly6G-V450 (BD Biosciences), a-CD8a-Alexa
Fluor 488 (BD Biosciences), a-NKp46-PE-eFluor 610
(eBioscience, San Diego, CA), a-CD11b-Alexa Fluor 700
(eBioscience), and a-Foxp3-phycoerithrin (eBioscience)

2.4.2. Panel 2 Antibodies. a-CD45-phycoerithrin cyanine5
(BD Biosciences) and «-PD-L1-phycoerithrin cyanine7
(eBioscience)

2.4.3. Panel 3 Antibodies. a-CD45-phycoerithrin cyanine5
(BD Bioscience), a-CD4-BV510 (BD Bioscience), a-CD8a-
Alexa Fluor 488 (BD Bioscience), a-Tim-3-PerCP/Cy5.5
(BioLegend, San Diego, CA), «-PD-1-eFluor 450 (Thermo
Fisher Scientific), a-CTLA-4-PE/Cy7 (BioLegend), and
a-Foxp3-phycoerithrin (eBioscience)

2.4.4. Panel 4 Antibodies. a-CD45-phycoerithrin cyanine5
(BD Biosciences), a-CD11b-Alexa Fluor 700 (eBioscience),
a-Ly6G-V450 (BD Bioscience), a-Ly6C-PerCP/Cy5.5
(eBioscience),  a-CXCL9-phycoerithrin  (eBioscience),
a-NOS2-PE-cyanine7  (BioLegend),  a-Tgm2-Alexa488
(Novus Biologicals, Littleton, CO), and a-Argl-APC
(R&D Systems, Minneapolis, MN)

All cell populations and/or pertinent markers as they are
used in this manuscript are defined in Table 1.

For Foxp3 staining, after washing cells with FACS buffer,
the cells were processed using a Foxp3/transcription factor
staining buffer set (eBioscience) according to the manu-
facturer’s instructions. Briefly, the cell pellet was resus-
pended and 1.0mL of diluted (1:3 ratio) Foxp3 fixation/
permeabilization buffer was added. Samples were vortexed
and incubated at 4°C overnight. The next day, the cells were
washed twice with 1X Foxp3 buffer and incubated with
a-Foxp3-phycoerithrin (eBioscience), washed with 1X
Foxp3 buffer, and resuspended in FACS buffer.

Panel 4 included intracellular staining of M1/M2 mac-
rophage markers. For this panel, after washing cells with
FACS buffer, the cells were further processed for in-
tracellular antigens using the intracellular antigen staining
buffer set (BioLegend) according to the manufacturer’s
instructions. Briefly, cell pellets were resuspended, and
100 4L of intracellular-fixation buffer was added. After a
pulse vortex, the cells were incubated at 4°C overnight. The
next day, the cells were washed twice with 1X per-
meabilization buffer, incubated with a master-mix of
a-CXCL9-phycoerithrin ~ (eBioscience), = a-NOS2-PE-
cyanine7 (BioLegend), «-Tgm2-Alexa488 (Novus Bi-
ologicals), and a-Argl-APC (R&D Systems), washed twice

TaBLE 1: Specific cell populations discussed and their corre-
sponding defining markers.

Cell population Defining markers

Tumor cells and stroma CD45 PD-L1*
Cytotoxic T lymphocyte CD45"CD8"
T helper lymphocyte CD45"CD4"
Myeloid lineage cell CD45"CD11 b*
CD45'CD11
Granulocyte b'Ly6G'Ly6C"
CD45"CD11
Monocyte/macrophage b Ly6C Ly6G
+ + e
Exhausted cytotoxic T lymphocyte D45 CD83iPD_1 Tim-
+ + +re
Exhausted T helper lymphocyte D45 CD‘;iPD_l Tim-
1CTLA-4-expressmg cytotoxic T CD45"CDS*CTLA-4*
ymphocyte
M1-like macrophage Cxcl9*Nos2*
M2-like macrophage Argl*Tgm2*

PD-L1 = programmed death-ligand 1; PD-1 = programmed cell death
protein 1; Tim-3 = T-cell immunoglobulin and mucin-domain containing-
3; CTLA-4" = cytotoxic T-lymphocyte-associated protein 4; Cxcl9 =
chemokine (C-X-C) motif ligand 9; Nos2 = nitric oxide synthase 2; Argl =
arginase 1; Tgm2 = transglutaminase 2.

with 1X permeabilization buffer, and resuspended in FACS
buffer.

Cells were analyzed, and the data were collected on the
BD LSRFortessa (BD Biosciences) using BD FACS Diva
version 8.0 software located in the Flow Cytometry & Single
Cell Core Facility. Single stained controls were generated
using OneComp beads eBeads (eBiosciences). A minimum
of 50,000 cells were analyzed for each sample. Data analysis
was performed using FCS Express 6 Software (De Novo
Software, Glendale, CA).

2.5. T-Cell Exhaustion Status (TCES). T cells expressing the
exhaustion markers PD-1 and/or T-cell immunoglobulin
and mucin-domain containing-3 (Tim-3) exhibit depressed
effector functions and an inability to proliferate [23-25];
exhausted Tim-3" and PD-1" T cells have been found in
osteosarcoma tumor tissues [26]. In order to properly
compare expression of these TCE markers on the T-cell
repertoire across mice with different cell counts, we nor-
malized for total T-cell percent population to yield an overall
exhaustion status we refer to as the TCE status (TCES)
calculated by the following equation:

TCES = total%PD1 expressioncyy 1y, + total%Tim3cpy
- total%CTL + total%Th '

(1

In words, the TCES equals the total PD-1 and Tim-3
percent expression on both CD4" T helper cells (Th) and
CD8" cytotoxic T cells (CTLs) divided by the total percent
population of all T cells (both CD4" and CD8") sampled.
This equation yields the ratio of exhaustion-marker
expressing T lymphocytes per total lymphocyte percent
population and is driven by peer-reviewed data showing that
PD-1 and Tim-3 expression on T cells correlates with the



extent of TCE [23, 27-29]. Normalizing for total T-cell
percent populations allows comparisons to be made across
multiple different samples with varying T-cell counts.

2.6. a-PD-L1 Treatment. Mice were given 20 ug (1 mg/kg)
a-PD-L1 (clone MIHS5, eBioscience) via intraperitoneal
injection every Monday and Thursday starting when tumors
were first palpable and continuing until euthanasia (ap-
proximately 11 weeks following tumor cell inoculation). The
standard dosing used throughout the literature is 200 ug
(10 mg/kg); however, 1 mg/kg is the dosage at which clinical
activity in advanced human cancer starts [7], although ex-
tended treatment periods with doses as high as 20 mg/kg
have been shown ineffective against metastatic K7M2 tu-
mors [11]. For this manuscript, which focuses purely on the
immunological changes associated with PD-L1 blockade, the
minimum dose needed to produce a measurable immune
response (1 mg/kg) was used as there is no known a-PD-L1
dose that produces clinical benefit in osteosarcoma.

2.7. Statistical Analysis. Statistical significance between
groups was assessed using a Student’s T-test with alpha =
0.05 and Bonferroni correction. A minimum of three ani-
mals per group were used, which is a widely used starting
number and allows for the determination of potential
outliers.

3. Results and Discussion

3.1. The Local and Systemic Immune Environments of BALB/c
Mice Orthotopically Inoculated with Luciferase(+) TF or
Luciferase(—) WT K7M2 Cells Are Statistically Equivalent.
Our laboratory previously developed an orthotopic model of
metastatic osteosarcoma using BALB/c syngeneic K7M2
tumor cells transfected with a luciferase reporter for real-
time disease monitoring using IVIS. This model allows for
sensitive visualization and assessment of primary and
metastatic lesions without euthanasia in an immunocom-
petent mouse. From a clinical outcomes perspective, both
luciferase(+) TF and luciferase(—) WT models were pre-
viously shown to result in statistically equivalent rates of
primary lesion formation and pulmonary metastasis [22].
However, as luciferase is a foreign intracellular protein
under a constitutively active promoter, it is presented on
MHC class I molecules [30] and has the potential to elicit
atypical immune reactions [31, 32]. As this manuscript
focuses exclusively on characterizing antitumor immune
responses, we considered it extremely important to first
examine whether the luciferase antigen significantly affected
the immune microenvironment. To accomplish this goal, we
assessed the local (tumors harvested at approximately
1.7 cm® in volume) and systemic (splenic) immune micro-
environments by flow cytometry. The spleen is a large lymph
node-like immune organ with direct access to blood-borne
pathogens and antigens and thus a good representation of
systemic immune function.

To determine if the local tumor immune microenvi-
ronments were influenced by the presence of the luciferase
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antigen, we surveyed a variety of key myeloid and lymphoid
lineage immune cells (six populations in total) with maximal
clinical relevance in both WT tumor-bearing (n = 11)
and TF tumor-bearing (n = 15) mice using Antibody
Panel 1. The populations investigated included CD45"CD8"
CTLs, CD45"CD4" Ths, CD45"CD4"Foxp3™ T regulatory
cells (Tregs), CD45"NKp46® natural killer (NK) cells,
CD45°CD11b* myeloid lineage cells (MLCs), and
CD45"CD11b*Ly6G" granulocytes. A sample gating schema
is shown in Supplementary Figures 1-3. Using the Bon-
ferroni correction, individual comparisons were made
using a = 0.0083 and all populations were deemed statis-
tically equivalent (p>0.0083) between the two groups
(Table 2). Additionally, as PD-L1 expression in tumors has
been speculated to play an important part in osteosarcoma-
mediated immune suppression [33, 34], we also examined
whether PD-L1 expression differed between groups. We
looked for expression of PD-L1 on tumor cells using the
CD45"~ gate (which identified all nonleukocyte populations
within the tumor) in Antibody Panel 2; a sample gating
schema is shown in Supplementary Figure 4. No statistical
difference (p>0.05) was observed in percent PD-L1 ex-
pression on tumors generated from both TF tumor-bearing
(n = 15) and WT tumor-bearing (n = 11) mice (Table 3).

To further evaluate the immunological equivalence be-
tween TF and WT models, we sought to determine whether
the systemic immune microenvironments were influenced
by the presence of luciferase. Previous data had shown that
approximately eleven weeks following tumor cell in-
oculation, 90% of mice in both TF and WT tumor-bearing
groups developed pulmonary metastases [22]. At this time,
mice were euthanized and splenocytes were immunophe-
notyped with Antibody Panel 1 to determine if splenic
immunomodulation in response to late-stage disease was
consistent between groups. Using the Bonferroni correction,
individual comparisons were made using o = 0.0083 and like
that for primary tumors, the splenic microenvironments of
mice from both groups were almost uniformly statistically
equivalent (p>0.0083), except for the percentage of gran-
ulocytes (WTgn = 15.27 + 21.82%: n = 10; TFq,, = 52.33
19.02%: n = 9; p = 0.0011). The statistics for these analyses
are shown in Table 4.

Whenever a foreign reporter protein is introduced into
in vivo systems, there is the potential for it to interfere with
normal immune processes; however, this aspect of tumor
immunology is often overlooked in the literature even
though it has the potential to invalidate conclusions. As this
manuscript focuses on elucidating the antitumor responses,
we provide evidence to support that introduction of a lu-
ciferase reporter did not dramatically alter the antitumor
immune response. The white blood cell (WBC) populations
examined in Panel 1 presented a broad overview of
key mediators of tumor immunology including NK cells,
CTLs, Ths, Tregs, and MLCs. Overall, out of the 13 com-
parisons made between TF and WT tumor-bearing models,
only one population (percent CD45"CD11b"Ly6G" gran-
ulocytes in the spleen) was deemed statistically inequivalent.
However, we dismissed it as the probable consequence of a
type 1 error at the 95% confidence interval and concluded
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TaBLE 2: Population distribution comparisons of WBCs isolated
from primary tumors of BALB/c mice inoculated with TF (n = 15)
or WT (n = 11) K7M2 cells.

Population WT % expression  TF % expression p
NK cells 19.76 + 4.76% 20.94 £+ 12.67% 0.77
CTLs 5.45 £ 3.09% 6.07 £ 7.55% 0.8

Ths 6.96 £ 1.69% 5.42 + 3.39% 0.18

Tregs 16.95 + 10.44% 24.02 + 15.37% 0.2
MLCs 36.5 £ 23.12% 34.74 £ 17.53% 0.95
Granulocytes 35.8 + 18.32% 36.59 + 16.38% 0.91

The statistics for each group are summarized accordingly with significance
being assigned to those populations presenting p value < 0.0083 from a two-
tailed Student’s T-test with Bonferroni correction and 95% confidence as
denoted by an asterisk. WBC = white blood cell; TF = transfected; WT =
wild-type; NK = natural killer; CTL = cytotoxic T lymphocyte; Th = T helper
cell; Treg = T regulatory cell; MLC = myeloid lineage cell.

TaBLE 3: Non-WBC cell PD-L1 expression of primary tumors
isolated from BALB/c mice inoculated with TF (n=15) or WT (n=
11) K7M2 cells.

Marker WT % expression TF % expression p
PD-L1 1.96 £ 0.77% 1.91 + 1.28% 0.9
Statistical significance was assessed using a two-tailed Student’s T-test and

95% confidence. WBC = white blood cell; PD-L1 = programmed death-
ligand 1; TF = transfected; WT = wild-type.

TaBLE 4: Population distribution comparison of WBCs isolated
from the spleens of BALB/c mice inoculated with TF (n =9) or WT
(n = 10) K7M2 cells.

Population WT % expression TF % expression p
NK cells 5.35 + 4.58% 7.55 + 5% 0.33
CTLs 723 £ 2.41% 5.03 £ 2.64% 0.08

Ths 18 £ 13.61% 11.71 £ 12.95% 0.32

Tregs 12.68 £ 6.01% 16.19 + 8.43% 0.31
MLCs 52 £ 11.41% 9.76 + 10.76% 0.38
Granulocytes 15.27 + 21.82% 52.33 + 19.02%  0.0011*

The statistics for each group are summarized accordingly with significance
being assigned to those populations presenting p values < 0.0083 from a
two-tailed Student’s T-test with Bonferroni correction and 95% confidence
as denoted by an asterisk. WBC = white blood cell; TF = transfected; WT =
wild-type; NK = natural killer; CTL = cytotoxic T lymphocyte; Th = T helper
cell; Treg = T regulatory cell; MLC = myeloid lineage cell.

that constituent expression of the luciferase reporter did not
significantly affect the local (tumor) or systemic (splenic)
immune responses. Therefore, we continued our study of the
systemic immune response to osteosarcoma using only the
TF luciferase(+) model which allows for bioluminescent
detection and quantification of disease burden.

3.2. Using the Spleen to Identify the Baseline Systemic Immune
Fingerprint Associated with Disease Progression and Metas-
tasis in the Luciferase(+) K7M2 Orthotopic BALB/c Mouse
Model of Osteosarcoma. There is a critical gap in knowledge
regarding the effects of malignancy on a patient’s systemic
immune status, especially in the context of tumor immu-
notherapy. Many immunotherapies (including monoclonal

antibody checkpoint blockers) used in both preclinical and
clinical settings are given systemically via the blood and can
modulate interactions between T cells and APCs like mac-
rophages [35-39]; however, our understanding of what
systemic immunomodulations underlie tumor clearance (or
resistance) is incomplete. Immunotherapies targeting this
axis have shown great antitumor potential and, for the case
of Mifamurtide, come the closest to regular clinical use in
osteosarcoma [40]. Additionally, there is currently no reli-
able way to monitor immune activation changes over time
once primary tumors are removed. Therefore, we sought to
establish a baseline systemic immunological profile for the
TF tumor-bearing mouse model that can be used by other
investigators to examine tumor and/or treatment-induced
immunomodulation. The spleen was chosen as a marker of
systemic immune status as it is a central hub for circulating
immune cells (including mature macrophages) and is the
main filter for blood-borne antigens (including circulating
tumor cells and debris). From a feasibility and clinical
translational standpoint, splenic biopsies performed with
fine-needle aspirates are an effective cytological monitoring
platform with low complication rates in humans [41]. At 11
weeks after inoculation (at which time 90% of tumor-bearing
mice have fulminant pulmonary metastases), we used An-
tibody Panels 3 and 4 to monitor the cellular changes of
lymphoid lineage cells (LLCs) and MLCs, respectively, oc-
curring alongside disease progression in the spleens of TF
tumor-bearing mice. Antibody Panel 3 examined the fol-
lowing four LLC subsets of WBC populations: CD45"CD8"
CTLs, CD45°CD4" Ths, CD45'CD4 Foxp3" Tregs, and
CD45"NKp46" NK cells (example gating schema seen in
Supplementary Figure 5). We also investigated the ex-
haustion status of the CD4" and CD8" T-lymphocyte
populations using the prototypical cell-surface markers PD-
1 and Tim-3. TCE is a phenomenon characterized by
decreased effector cell function first described in the
instance of chronic viral infection that correlates with
increases in the expression levels of PD-1 and Tim-3
[23, 27-29]. Indeed, it has been shown that, like viral in-
fections, cancers can cause similar immunological disrup-
tions in lymphocyte function [42]. An additional T-cell
surface molecule included in the LLC panel is cytotoxic
T lymphocyte-associated protein 4 (CTLA-4) which com-
petes with CD28 for binding to the B7 molecules CD80 and
86 on APCs inhibiting CTL function can also play a role in
the immunological response to cancer [43]. An example
gating schema for PD-1, Tim-3, and CTLA-4 expression on
T cells can be seen in Supplementary Figure 6. The ex-
pression profile data for Antibody Panel 3 from the spleens
of five mice are shown in the left column of Table 5. In
summary, NK cell percent population averaged 10.78 +
4.5%; percent populations of CTLs, Ths, and Tregs averaged
2.73 £ 1.22%, 6.45 £ 3.08%, and 21.09 + 5.12%, respectively.
CTLA-4 expression on CTLs and TCES averaged 18.35 +
10.12% and 18.23 + 4.58%, respectively.

Antibody Panel 4 investigated the MLC component of
the splenic immunophenotype. The three cell populations
examined included CD45"CD11 b"™ MLCs, CD45"CD11
b*"Ly6G Ly6C" monocytes/macrophages, and CD45"CD11
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TaBLE 5: Population distribution comparison of LLCs isolated from the spleens of mice from TF tumor-bearing (n = 5) and SH (n = 4)

groups.

Population TF % expression/TCES SH % expression/TCES p
NK cells 10.78 + 4.5% 1.85 + 0.4% 0.006*
CTLs 2.73 + 1.22% 3.72 + 0.86% 0.21
Ths 6.45 + 3.08% 7.72 + 1.1% 0.46
Tregs 21.09 + 5.12% 7.25 + 0.23% 0.0011*
CTLA-4" CTLs 18.35 + 10.12% 1.72 + 0.42% 0.014
TCES 18.23 + 4.58 0.16 + 0.054 0.0001*

The statistics for each group are summarized accordingly with significance being assigned to those populations presenting p values < 0.0083 from a two-tailed
Student’s T-test with Bonferroni correction and 95% confidence as denoted by an asterisk. LLC = lymphoid lineage cell; TF = transfected; NK = natural killer;
CTL = cytotoxic T lymphocyte; Th = T helper cell; Treg = T regulatory cell; CTLA-4" CTL = cytotoxic T-lymphocyte-associated protein 4 positive cytotoxic T

lymphocyte; TCES = T-cell exhaustion status.

b Ly6C Ly6G" granulocytes (example gating schema in
Supplementary Figure 7). Additionally, the expression of the
following four macrophage polarization markers transglu-
taminase 2 (Tgm?2), arginase 1 (Argl), chemokine (C-X-C
motif) ligand 9 (Cxcl9), and nitric oxide synthase 2 (Nos2)
was also assessed (example gating schema in Supplementary
Figure 8). Tgm2/Argl and Cxcl9/Nos2 are classical M2-and
M1-like macrophage markers typically associated with pro-
tumor anti-inflammatory or antitumor pro-inflammatory
properties, respectively. CD45"CD11b" MLCs were sepa-
rated into Ly6C'Ly6G~ monocytes and Ly6G'Ly6C~
granulocytes. From there, the total percent expression of
the following four MI1/M2 macrophage markers on
Ly6C*Ly6G™ monocytes was determined, and the expression
profile data for these markers from the spleens of five mice is
shown in the left column of Table 6. In summary, MLC,
monocyte/macrophage, and granulocyte percent pop-
ulations averaged 5.27 +1.11%, 4.92 + 1.29%, and 57.49 +
9.62%, respectively. Percent expression of individual M1/M2
markers Tgm2, Argl, Cxcl9, and Nos2 on macrophages was
18.58 + 5.69%, 0.3 + 0.56%, 18.28 + 5.38%, and 97.99 +
1.62%, respectively.

Here, we have developed two in-depth antibody panels
(Panels 3 and 4) that can be used to assess the splenocyte
immune fingerprint. The data gathered can be used as a
baseline by which to assess immunomodulation in response
to therapeutic intervention. To date, the splenic lymphoid
and myeloid immune fingerprints of osteosarcoma tumor-
bearing mice at the time of pulmonary metastasis have never
been investigated. Note that, in this study, macrophages
were not classified overtly as M1 or M2; rather, we report
only the percent expression of each individual marker
expressed by the entire macrophage population. As opposed
to studies that choose the presence or absence of a single
marker to identify M1/M2 polarization, our paradigm
provides a more objective view of macrophage phenotypes as
complex disease processes like cancer influence macro-
phages to take on intermediate phenotypes and co-express
both M1 and M2 markers [44, 45]. Analyzing the percent
expression of each individual marker on the macrophage
population allows for the full spectrum of macrophage
phenotypes to be appreciated, compared with using single
markers to incorrectly generalize and simplify a complex
population.

TaBLE 6: Population distribution comparison of MLCs isolated
from the spleens of mice from TF tumor-bearing (n = 5) and SH (n
= 4) groups.

. TF % SH %

Population . . p
expression expression

MLCs 527 £ 1.11%  1.39 + 0.4%  0.00031"
Monocytes/ 492 £129% 749+ 17%  0.036
macrophages
Granulocytes 57.49 £ 9.62%  74.69 £ 4.55 0.014
Tgm2" macrophages 18.58 + 5.69% 4.22 + 2.66%  0.0025*
Argl” macrophages 0.3 + 0.56% 0+ 0% 0.32
Cxcl9" macrophages 18.28 + 5.38% 1.44 + 1.23% 0.00052*

97.99 + 1.62% 16.56 + 10.19% 4.2E-07*

The statistics for each group are summarized accordingly with significance
being assigned to those populations presenting p values < 0.00714 from a
two-tailed Student’s T-test with Bonferroni correction and 95% confidence
as denoted by an asterisk. MLC = myeloid lineage cell; TF = transfected;
Tgm?2 = transglutaminase 2; Argl = arginase 1; Cxcl9 = chemokine (C-X-C)
motif ligand 9; Nos2 = nitric oxide synthase 2.

Nos2" macrophages

3.3. Osteosarcoma Disease Progression and Metastasis Induce
Systemic Immunomodulation as Visualized by Splenocyte
Immunophenotyping. Evidence suggests that both lymphoid
and myeloid lineage activation status in both the local and
systemic immune environments may carry clinically useful
information regarding osteosarcoma disease progression,
metastasis, and survival [16, 17, 46]. However, once the
primary tumor is removed, it can no longer provide up-to-
date information on the evolving antitumor immune re-
sponse. Peripheral blood has been used to determine im-
mune status outside of the primary tumor with promising
results in other cancers [47-51]; however, the story is in-
complete as mature macrophage data cannot typically be
obtained in this fashion. Therefore, we sought to determine if
the spleen can be used to detect tumor-induced immuno-
modulation by comparing the spleens of TF tumor-bearing
mice to those undergoing sham (SH) surgery procedures to
examine the extent of systemic splenic immunomodulation
induced by malignancy. SH mice underwent the same
surgical procedures and Antibody Panels 3 and 4 as tumor-
bearing mice; however, they were inoculated with vehicle as
opposed to tumor cells. Using the Bonferroni correction,
individual comparisons were made between TF tumor-
bearing (n = 5) and SH (n = 4) mice via Student’s T-test
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using « = 0.0083 and & = 0.00714 for Antibody Panels 3 and
4, respectively, to assess significance at the 95% confidence
interval. Between the two panels, numerous statistically
significant differences between TF tumor-bearing and SH
mice were discovered. For Panel 3, NK cell (TFyx = 10.78 +
4.5%; SHyk = 1.85 + 0.4%; p = 0.006, Figure 1(a)) and Treg
(TF1req = 21.09 + 5.12%; SHyeq = 7.25 + 0.23%; p = 0.0011,
Figure 1(b)) percentages were significantly increased in
the spleens of TF tumor-bearing versus SH mice. Also, the
exhaustion status of T cells was significantly elevated in
the spleens of tumor-bearing compared to SH mice
(TFrcps = 18.23 + 4.58; SHycps = 0.16 £ 0.054, p = 0.0001,
Figure 1(c)). Interestingly, there was also an increase in
the percentage of CTLA-4" CTLs in tumor-bearing mice
that was trending toward statistical significance
(p=0.014). Importantly, the overall population per-
centages of CTLs and Ths were statistically equivalent
(p>0.0083). For Panel 4, the overall percentage of MLCs
within the tumor-bearing mouse spleens was significantly
elevated compared to SH (TFyrc =5.27 + 1.11%; SHyp c =
1.39 + 0.4%, p =0.00031, Figure 2(a)). However, the
percent populations of both monocytes/macrophages and
granulocytes from tumor-bearing mouse spleens versus
SH were decreased and trending toward statistical sig-
nificance (p = 0.036 and 0.014, respectively), potentially
suggesting a percent increase of immature MLCs exhib-
iting intermediate phenotypes. Strikingly, the M1 markers
Cxcl9 and Nos2 and M2 marker Tgm2 were significantly
upregulated in the macrophage populations of tumor-bearing
mice (p = 0.00052 (Figure 2(b)), 4.2E-07 (Figure 2(c)), and
0.0025 (Figure 2(d)), respectively), displaying no clear tran-
sition in terms of polarization. The M2 marker Argl did not
stain well in any of the populations examined. The statistics
for each panel are summarized in Tables 5 and 6 for Panels 3
and 4, respectively.

Out of the thirteen cell populations compared between
TF tumor-bearing and SH groups, seven were found to be
statistically significant. On the lymphoid side, we saw sig-
nificant increases in both NK cells and Tregs; this increase in
splenic Tregs has been observed across multiple tumor types
in preclinical models, correlates with tumor size, and is
generally associated with an overall state of immune sup-
pression [52, 53]. The splenic myeloid compartment of
tumor-bearing mice was altered both in terms of MLC pool
and macrophage maturation, which reflects a situation of
increased inflammatory monocyte recruitment that may act
as a reservoir for fast deployment to peripheral tissues
during disease processes [54]. Additionally, it may also
represent an accumulation of immature myeloid cells with
immunosuppressive phenotypes, as suggested for other
tumor models [55]. The status of macrophage activation was
also significantly altered in tumor-bearing mice. In-
terestingly, the expression of macrophage M1 markers Nos2/
Cxcl9 and M2 marker Tgm2 all increased significantly, with
no clear M1/M2 bias. These data support the evolving hy-
pothesis that macrophages with intermediate phenotypes
predominate in microenvironments associated with com-
plex tumorigenic processes and that simple M1/M2 classifi-
cation may lead to gross oversimplifications that lead to

incorrect conclusions. Overall, these data suggest that there is a
systemic dysregulation of lymphocyte and myeloid pop-
ulations created by malignancy, which can be monitored using
these panels we described. The next step in this process is to
more clearly define the specific functions that are associated
with the observed phenotypes and what clinical outcomes they
associate with, which may be used to help determine extent of
disease progression and inform prognostics.

3.4. The Spleen Can Be Used as a Barometer of the Systemic
Immune Response to Treatment with Monoclonal Antibody
and Immunological Checkpoint Blocker a-PD-L1. In Section
3, we determined that our antibody panels could accurately
characterize malignancy-induced immunomodulations oc-
curring alongside disease progression. As such, if we are able
to assess how the immune system is changing in response to
immunotherapeutics in real-time, we may be able to adapt
treatment regimens so that the appropriate immune re-
sponses are elicited in the right way at the right time on a
patient-by-patient basis. Therefore, if patients’ systemic
immune systems are sampled regularly, important tumor
immune escape mechanisms such as these may be exposed
and properly accounted for therapeutically. Therefore, we
sought to determine whether the spleen could be used as a
systemic immunologic barometer to assess immunotherapy-
induced microenvironment changes. The immunotherapy
chosen for this portion of the study was a-PD-L1, which is
used in different cancers with varying success rates [6]. As
a-PD-L1 blockade activity is already well-established in the
literature [56, 57] and overall treatment efficacy was not the
desired outcome of the study, no isotype controls were
deemed necessary. For these studies, TF tumor-bearing mice
(n = 3) were treated intraperitoneally with 20 yg of a-PD-L1
antibody in PBS twice a week starting at the first palpable
sign of primary lesion. Primary tumors were removed at
approximately 1.7 cm’, and mice were euthanized at ap-
proximately 11 weeks after inoculation. Harvested spleens
were subjected to a modified (mod) Panel 3 (lacking the
NKp46 NK cell identifier) and Panel 4. Using the Bonferroni
correction, individual comparisons to assess significance
between a-PD-L1 treated (n = 3) and untreated (n = 5) TF
tumor-bearing mice were made via Student’s T-test using «
=0.01 and « = 0.00714 for Antibody Panels 3 (mod) and 4 at
the 95% confidence interval, respectively. Of those pop-
ulations investigated in Panel 3 (mod), a-PD-L1 treatment
was shown to significantly reduce splenic TCES (TF_4pp_L1)
= 18.23 + 4.58; TF(,app.r1) = 0.79 % 0.71, p = 0.00072) as
shown in Figure 3(a). Interestingly, however, two out of the
three mice that showed decreased TCES in response to
a-PD-L1 therapy also showed a large increase in the
percentage of CTLA-4" expressed on CTLs (Figure 3(b)),
perhaps suggestive of a potential escape mechanism by
which tumors can depress T-cell activity. a-PD-L1
treatment also greatly increased the percent population
of monocytes/macrophages (Figure 3(c): TF_,pp.11) =
4.92 £ 1.29%; TF(opp-L1) = 12.8 £ 2.92%, p =0.0016)
and decreased the percentage of macrophages ex-
pressing Tgm2 (Figure 3(d): TF_4pp.11) = 18.58 + 5.69%;
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FIGURE 1: Osteosarcoma induces systemic immunomodulation in splenic LLC populations at 11 weeks. The spleens of TF tumor-bearing
(n =5) and SH (n = 4) mice were harvested at time of metastatic disease (approximately 11 weeks) after inoculation and analyzed via flow
cytometry for LLC immunophenotyping. The data spread of the following percent populations (a) CD45"NKp46® NK cells and
(b) CD45"CD4 Foxp3™ Tregs between groups are displayed. (c) Data spread of TCES (total PD-1 and Tim-3 expression normalized to total
percent T-lymphocyte population) for each group. An asterisk denotes statistical significance (p < 0.0083) between groups as determined by
a two-tailed Student’s T-test with Bonferroni correction and 95% confidence. LLC: lymphoid lineage cell; TF: transfected; SH: sham; NK:
natural killer; Treg: T regulatory cell; TCES: T-cell exhaustion status; PD-1: programmed cell death protein 1; Tim-3: T-cell immunoglobulin

and mucin-domain containing-3.

TF(app-11) = 2.1 £ 2.17%, p = 0.0034), Cxcl9 (Figure 3(e):
TF(—ozPD—Ll) :1828 + 538%, TF(+0¢PD7L1) = 152 + 124%,
p =0.002), and Nos2 (Figure 3(f): TF_app.11) = 97.99 +
1.62%; TF(4pp-11) = 50.89 + 18.07%, p = 0.00086), es-
sentially normalizing the M1/M2 macrophage polariza-
tion distribution back to SH status. Complete data summaries
can be found in Tables 7 and 8 for Panels 3 (mod) and 4,
respectively.

Immunotherapies that include PD-1/PD-L1 blockade
have shown prolonged clinical activity against various
human malignancies [58-60] excluding osteosarcoma
[10, 61], despite the fact that there is evidence that PD-L1
contributes to osteosarcoma disease progression [33, 34].
Therefore, a-PD-L1 was chosen as our quintessential
immunotherapeutic for the dual purposes of testing the
ability of our antibody panels to detect therapy-induced
changes in splenic microenvironment and to potentially
shed some light on the immunologic mechanisms behind
its therapeutic shortcomings. Interestingly, we found that
while both a-PD-LI treated and nontreated mice even-
tually succumbed to disease, a-PD-L1 monotherapy alone
was sufficient to substantially reverse many immuno-
logical phenomena observed in nontreated tumor-bearing
mice. However, while individual M1 and M2 markers

between treated and untreated groups did show significant
changes, the M1: M2 marker ratios were statistically equiv-
alent (p = 0.21). The data suggest that a-PD-L1 monotherapy
alone can stabilize but not induce generalized M1I-biased
macrophage polarization that has been associated with de-
creased metastasis [62]. Still, these data offer a possible ex-
planation for why combination therapies including a-PD-L1
therapy are more effective [61], as it appears to neutralize
many of the immunological effects induced by malignancy.
Interestingly, two out of three mice treated with a-PD-L1
therapy showed drastically increased expression of CTLA-4
on CTLs, revealing perhaps a compensatory mechanism by
which tumors can circumnavigate a-PD-L1 monotherapeutic
intervention which supports previous findings [61]. Taken
together, these data argue for the use of immunotherapeutic
“cocktails” that target multiple pathways similar to the ap-
proach taken for human immunodeficiency virus/acquired
immune deficiency syndrome (HIV/AIDS) therapy. Fur-
thermore, we have provided a reasonable explanation for why
a-PD-L1 monotherapy for osteosarcoma has been less suc-
cessful in the past. As such, we propose that the spleen may
serve as a barometer for real-time monitoring of disease
progression and patient response to immunotherapy and
deserves further investigation.
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FIGURE 2: Osteosarcoma induces systemic immunomodulation in splenic MLC populations at 11 weeks. The spleens of TF tumor-bearing
(n=5) and SH (n = 4) mice were harvested at time of metastatic disease (approximately 11 weeks) after inoculation and analyzed via flow
cytometry for MLC immunophenotyping. The data spread of the percent parent populations (a) CD45"CD11 b MLCs is shown. Also, the
spreads of an M2 macrophage polarization marker (b) Tgm2 and two M1 macrophage polarization markers (c) Cxcl9 and (d) Nos2 on
CD45"CD11 b"Ly6C"Ly6G™ monocytes/macrophages are shown. An asterisk denotes statistical significance with p value < 0.00714 from a
two-tailed Student’s T-test with Bonferroni correction and 95% confidence. MLC: myeloid lineage cell; TF: transfected; SH: sham; Tgm?2:
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transglutaminase 2; Cxcl9: chemokine (C-X-C motif) ligand 9; Nos2: nitric oxide synthase 2.
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FIGURE 3: Treatment with a-PD-L1 significantly reverses osteosarcoma-induced immunomodulation in LLC and MLC populations in the
spleens of tumor-bearing mice. Spleens were harvested at time of metastatic disease (approximately 11 weeks) after inoculation and analyzed
via flow cytometry for LLC and MLC immunophenotyping from # = 5 (=) a-PD-L1 and n = 3 (+) a-PD-L1 TF tumor-bearing mice using
Antibody Panels 3 (mod) and 4, respectively. For treated mice, 20 ug of a-PD-L1 was given in phosphate buffered saline via intraperitoneal
injection twice a week (Mondays and Thursdays) starting when tumors were first palpable. The data spreads of (a) TCES and (b) CTLA-4"
CTLs from Antibody Panel 3 (mod) are shown with significance being assigned to those populations presenting p value < 0.01 from a two-
tailed Student’s T-test with Bonferroni correction and 95% confidence as denoted by an asterisk. The data spreads of (c) monocytes/
macrophages, (d) Tgm2" macrophages, (e) Cxcl9" macrophages, and (f) Nos2" macrophages from Antibody Panel 4 are shown with
significance being assigned to those populations presenting p value < 0.00714 from a two-tailed Student’s T-test with Bonferroni correction
and 95% confidence as denoted by an asterisk. PD-L1: programmed death-ligand; LLC: lymphoid lineage cell; MLC: myeloid lineage cell; TF:
transfected; TCES: T-cell exhaustion status; CTLA-4: cytotoxic T-lymphocyte-associated protein 4; CTL: cytotoxic T lymphocyte; Tgm2:
transglutaminase 2; Cxcl9: chemokine (C-X-C motif) ligand 9; Nos2: nitric oxide synthase 2.

TaBLE 7: Treatment with a-PD-L1 significantly reduces TCES but does not affect parent populations of LLCs in the spleens of TF tumor-
bearing mice.

Population TF () a-PD-L1 % expression/TCES TF (+) a-PD-L1 % expression/TCES p
CTLs 2.73 £ 1.22% 2.85 + 1.13% 0.9
Ths 6.45 £ 3.08% 5.14 + 3.74% 0.61
Tregs 21.09 £ 5.12% 26.63 £ 7.02% 0.24
CTLA-4" CTLs 18.35 + 10.12% 44.95 £ 37.19% 0.16
TCES 18.23 + 4.58 0.79 £ 0.71 0.00072"

Spleens were harvested at approximately 11 weeks post-inoculation and the tissue was subjected to Panel 3 (mod) for immune cell population analysis from
n=>5(-) a-PD-L1 and n = 3 (+) a-PD-L1 TF tumor-bearing mice. For treated mice, 20 ug of a-PD-L1 was given in PBS via intraperitoneal injection twice a
week starting when tumors were first palpable. The statistics for each group are summarized accordingly with significance being assigned to those populations
presenting p values < 0.01 from a two-tailed Student’s T-test with Bonferroni correction and 95% confidence as denoted by an asterisk. PD-L1 = programmed
death-ligand 1; TF = transfected; LLC: lymphoid lineage cell; CTL = cytotoxic T lymphocyte; Th = T helper cell; Treg = T regulatory cell; CTLA-4" CTL =
cytotoxic T-lymphocyte-associated protein 4 positive cytotoxic T lymphocyte; TCES = T-cell exhaustion status.

TaBLE 8: Treatment with a-PD-L1 dramatically affects macrophage maturation and M1/M2 polarization in the spleens of TF tumor-bearing
mice.

Population TF (=) a-PD-L1 % expression TF (+) a-PD-L1 % expression p
MLCs 527 + 1.11% 5.73 + 1.68% 0.65
Monocytes/macrophages 492 £ 1.29% 12.8 £ 2.92% 0.0016"
Granulocytes 57.49 + 9.62% 51.37 £ 9.11% 0.41
Tgm2" macrophages 18.58 + 5.69% 21 £217% 0.0034*
Argl™ macrophages 0.3 + 0.56% 0.23 £ 0.17% 0.84
Cxcl9" macrophages 18.28 + 5.38% 1.52 + 1.24% 0.002*
Nos2"™ macrophages 97.99 + 1.62% 50.89 + 18.07% 0.00086"

Spleens were harvested at approximately 11 weeks post-inoculation and the tissue was subjected to Panel 4 for immune cell population analysis from n =5 (-)
a-PD-L1 and n = 3 (+) a-PD-L1 TF tumor-bearing mice. For treated mice, 20 ug of a-PD-L1 was given in PBS via intraperitoneal injection twice a week
starting when tumors were first palpable. The statistics for each group are summarized accordingly with significance being assigned to those populations
presenting p values < 0.00714 from a two-tailed Student’s T-test with Bonferroni correction and 95% confidence as denoted by an asterisk. PD-L1 =
programmed death-ligand 1; TF = transfected; MLC = myeloid lineage cell; Tgm2 = transglutaminase 2; Argl = arginase 1; Cxcl9 = chemokine (C-X-C) motif
ligand 9; Nos2 = nitric oxide synthase 2.
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4. Conclusions

Introduction of a nonviral luciferase reporter vector into
K7M2 osteosarcoma tumor cells had no significant effect on
the local or systemic immune responses to disease pro-
gression and metastasis in an orthotopic murine model of
osteosarcoma, confirming its utility for accurately modeling
complex immune microenvironment dynamics despite the
luciferase reporter transfection. Our model can be used to
accurately assess both disease burden (via IVIS) and immune
dynamics with confidence that the reporter protein will not
cause significant immunological disturbances. Additionally,
it was shown that osteosarcoma disease progression and
metastasis induce systemic dysregulation of immune cell
populations including macrophage maturation and M1/M2
marker expression, TCES, and NK cell percent populations
when compared to disease-free SH controls. These data
suggest that osteosarcoma-induced immunomodulation is
observable in the spleen with the antibody panels described
and offer new insight into the complex roles that macro-
phages play in osteosarcoma disease progression. Indeed,
both the prevalence of tumor-associated macrophages and
expression of single macrophage MI1/M2 polarization
markers have been previously associated with disease events
that when taken together seem contradictory [13, 26, 62, 63]. In
this study, we showed that osteosarcoma disease progression
induces clear dysregulation of macrophage activation with
increased expression of both M1 and M2 markers, offering
further proof as to why single marker M1/M2 macrophage
identifiers do not accurately assess polarization status in
complex malignant settings. Our studies also showed that low-
dose «a-PD-L1 therapy alone normalized osteosarcoma-
induced systemic immunodysregulation back to that of SH
status without changing clinical outcome; however, a com-
pensatory increase in the immunosuppressive marker CTLA-4
on CTLs was observed following PD-L1 blockade indicating a
potential tumor escape mechanism. These data suggest that
immune escape mechanisms like PD-L1/CTLA-4 counter-
regulation may be uncovered by immunophenotyping sys-
temic immune organs like the spleen, which could be extremely
useful clinically by adapting therapies to the immunopheno-
type that is occurring at a specific time point.
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Supplementary Materials

Supplementary Figure 1: example gating schema for myeloid
lineage cells, monocytes/macrophages, and granulocytes
from Antibody Panel 1. Cells were gated into CD45" and
CD45™ groups; from there, CD4"CD8 CDI11 b" cells my-
eloid lineage cells were gated into Ly6C'Ly6G~
macrophages/monocytes and Ly6G*Ly6C™ granulocytes.
Supplementary Figure 2: example gating schema for T helper
cells, cytotoxic T cells, and T regulatory cells from Antibody
Panel 1. Cells were gated into CD45" and CD45™ groups;
from there, cells were gated into CD4" T helper cells and
CD8" cytotoxic T cells. CD4" cells were further gated using
Foxp3" as a defining marker of T regulatory cells. Supple-
mentary Figure 3: example gating schema for natural killer
cells from Antibody Panel 1. Cells were gated into CD45"
and CD45" groups; from there, CD45" cells were gated into
NKp46" natural killer cells. Supplementary Figure 4: ex-
ample gating schema for PD-L1 positive non-white blood
cell tumor cells from Antibody Panel 2. Tumor cells were
gated into CD45" and CD45™ groups; from there, CD45~
non-white blood cell tumor cells were assessed for pro-
grammed death-ligand 1 (PD-L1) positivity. Note that, al-
though the figure displays staining for CD95 positivity, this
marker was not included in the analysis for PD-L1 ex-
pression in the manuscript. Supplementary Figure 5: ex-
ample gating schema for cytotoxic T cells, T helper cells,
natural killer cells, and T regulatory cells from Antibody
Panel 3. Cells were gated into CD45" and CD45™ groups;
from there, CD45" cells were gated into NKp46" natural
killer cells, CD45*CD8" cytotoxic T cells,and CD45"CD4" T
helper cells. CD45"CD4" T cells were further gated for Foxp3
positivity to define CD45"CD4 Foxp3™ T regulatory cells.
Supplementary Figure 6: example gating schema for T-cell
exhaustion and functional status from Antibody Panel 3.
CD4" T helper cells and CD8+ cytotoxic T cells were
assessed for expression of the T-cell exhaustion markers
programmed cell death protein 1 (PD-1) and T-cell im-
munoglobulin and mucin-domain containing-3 (Tim-3).
CD8" T cells were also separately assessed for expression
of inhibitory molecule cytotoxic T lymphocyte-associated
protein 4 (CTLA-4). Supplementary Figure 7: example
gating schema for myeloid lineage cells, monocytes/
macrophages, and granulocytes from Antibody Panel 4.
Cells were gated into CD45"CD11 b* myeloid lineage cells;
from the CD45"CD11 b* quadrant, cells were further gated
into  Ly6C'Ly6G~  macrophages/monocytes  and
Ly6G'Ly6C™ granulocytes. Supplementary Figure 8: ex-
ample gating scheme for markers of macrophage M1/M2
polarization from Antibody Panel 4. CDI11 b*Ly6C*
monocytes/macrophages were assessed for expression of M1
activation markers chemokine (C-X-C motif) ligand 9
(Cxcl9) and nitric oxide synthase 2 (Nos2) and M2 acti-
vation markers transglutaminase 2 (Tgm2) and arginase 1
(Argl). (Supplementary Materials)


http://downloads.hindawi.com/journals/sarcoma/2018/8694397.f1.docx

12

References

[1] S.S. Bielack, S. Hecker-Nolting, C. Blattmann, and L. Kager,
Advances in the Management of Osteosarcoma, Vol. 5,
F1000Research, London, UK, 2016.

[2] X. Chen, A. Bahrami, A. Pappo et al., “Recurrent somatic
structural variations contribute to tumorigenesis in pediatric
osteosarcoma,” Cell Reports, vol. 7, no. 1, pp. 104-112, 2014.

[3] D. Wang, J. Wang, X. Niu et al., “Clone evolution and ge-
nomic alteration analysis of osteosarcoma and matched lung
metastasis,” Journal of Clinical Oncology, vol. 35, no. 15, article
11032, 2017.

[4] W. von Bernstorft, M. Voss, S. Freichel et al., “Systemic and
local immunosuppression in pancreatic cancer patients,”
Clinical Cancer Research, vol. 7, no. 3, pp. 925s-932s, 2001.

[5] B. E. Lippitz, “Cytokine patterns in patients with cancer: a
systematic review,” The Lancet Oncology, vol. 14, no. 6,
pp. €218-e228, 2013.

[6] D.I Gabrilovich and S. Nagaraj, “Myeloid-derived suppressor
cells as regulators of the immune system,” Nature Reviews
Immunology, vol. 9, no. 3, p. 162, 2009.

[7] J. R. Brahmer, S. S. Tykodi, L. Q. Chow et al.,, “Safety and
activity of anti-PD-L1 antibody in patients with advanced
cancer,” New England Journal of Medicine, vol. 366, no. 26,
pp. 2455-2465, 2012.

[8] Y. Zhang and H. C. Ertl, “Starved and asphyxiated: how can
CD8+ T cells within a tumor microenvironment prevent
tumor progression,” Frontiers in Immunology, vol. 7, p. 32,
2016.

[9] Y. T. Sundara, M. Kostine, A. H. Cleven, J. V. Bovée,
M. W. Schilham, and A. M. Cleton-Jansen, “Increased PD-L1
and T-cell infiltration in the presence of HLA class I ex-
pression in metastatic high-grade osteosarcoma: a rationale
for T-cell-based immunotherapy,” Cancer Immunology, Im-
munothempy, vol. 66, no. 1, pp. 119-128, 2017.

[10] W. Ma, B. M. Gilligan, J. Yuan, and T. Li, “Current status and
perspectives in translational biomarker research for PD-1/
PD-L1 immune checkpoint blockade therapy,” Journal of
Hematology and Oncology, vol. 9, no. 1, p. 47, 2016.

[11] D. M. Lussier, L. O’Neill, L. M. Nieves et al., “Enhanced T-cell

immunity to osteosarcoma through antibody blockade of PD-

1/PD-L1 interactions,” Journal of Immunotherapy, vol. 38,

no. 3, pp. 96-106, 2015.

S. L. Topalian, J. M. Taube, R. A. Anders, and D. M. Pardoll,

“Mechanism-driven biomarkers to guide immune checkpoint

blockade in cancer therapy,” Nature Reviews Cancer, vol. 16,

no. 5, p. 275, 2016.

E. P. Buddingh, M. L. Kuijjer, R. A. Duim et al., “Tumor-

infiltrating macrophages are associated with metastasis sup-

pression in high-grade osteosarcoma: a rationale for treat-
ment with macrophage-activating agents,” Clinical Cancer

Research, vol. 17, no. 8, pp. 2110-2119, 2011.

J. H. Pahl, K. M. Kwappenberg, E. M. Varypataki et al.,

“Macrophages inhibit human osteosarcoma cell growth after

activation with the bacterial cell wall derivative liposomal

muramyl tripeptide in combination with interferon-y,”

Journal of Experimental and Clinical Cancer Research, vol. 33,

no. 1, p. 27, 2014.

[15] Q. Xiao, X. Zhang, Y. Wu, and Y. Yang, “Inhibition of
macrophage polarization prohibits growth of human osteo-
sarcoma,” Tumor Biology, vol. 35, no. 8, pp. 7611-7616, 2014.

[16] X.Li, Y. Chen, X. Liu et al., “Tim3/Gal9 interactions between
T cells and monocytes result in an immunosuppressive
feedback loop that inhibits Thl responses in osteosarcoma

(12

(13

(14

Sarcoma

patients,” International Immunopharmacology, vol. 44,
pp. 153-159, 2017.

[17] H. Liu, L. Zhi, N. Duan, and P. Su, “Abnormal expression of
Tim-3 antigen on peripheral blood T cells is associated with
progressive disease in osteosarcoma patients,” FEBS Open Bio,
vol. 6, no. 8, pp. 807-815, 2016.

[18] M. F.Heymann, F. Lézot, and D. Heymann, “The contribution
of immune infiltrates and the local microenvironment in the
pathogenesis of osteosarcoma,” Cellular Immunology, 2017, In
press.

[19] A. Nardin, M. L. Lefebvre, K. Labroquere, O. Faure, and
J. P. Abastado, “Liposomal muramyl tripeptide phosphati-
dylethanolamine: targeting and activating macrophages for
adjuvant treatment of osteosarcoma,” Current Cancer Drug
Targets, vol. 6, no. 2, pp. 123-133, 2006.

[20] L. Endo-Munoz, A. Evdokiou, and N. A. Saunders, “The role
of osteoclasts and tumour-associated macrophages in oste-
osarcoma metastasis,” Biochimica et Biophysica Acta (BBA)-
Reviews on Cancer, vol. 1826, no. 2, pp. 434-442, 2012.

[21] S. F. Jia, L. L. Worth, C. L. Densmore, B. Xu, X. Duan, and
E. S. Kleinerman, “Aerosol gene therapy with PEI: IL-12
eradicates osteosarcoma lung metastases,” Clinical Cancer
Research, vol. 9, no. 9, pp. 3462-3468, 2003.

[22] B. T. Grisez, J. J. Ray, P. A. Bostian, J. E. Markel, and
B. A. Lindsey, “Highly metastatic K7M2 cell line: a novel
murine model capable of in vivo imaging via luciferase vector
transfection,” Journal of Orthopaedic Research, 2018, In press.

[23] K. Sakuishi, L. Apetoh, J. M. Sullivan, B. R. Blazar,
V. K. Kuchroo, and A. C. Anderson, “Targeting Tim-3 and
PD-1 pathways to reverse T cell exhaustion and restore anti-
tumor immunity,” Journal of Experimental Medicine, vol. 207,
no. 10, pp. 2187-2194, 2010.

[24] M. Ahmadzadeh, L. A. Johnson, B. Heemskerk et al., “Tumor
antigen-specific CD8 T cells infiltrating the tumor express
high levels of PD-1 and are functionally impaired,” Blood,
vol. 114, no. 8, pp. 1537-1544, 20009.

[25] A. C. Anderson, “Tim-3, a negative regulator of anti-tumor
immunity,” Current Opinion in Immunology, vol. 24, no. 2,
pp. 213-216, 2012.

[26] Q. Han, H. Shi, and F. Liu, “CD163+ M2-type tumor-
associated macrophage support the suppression of tumor-
infiltrating T cells in osteosarcoma,” International Immuno-
pharmacology, vol. 34, pp. 101-106, 2016.

[27] J. Fourcade, Z. Sun, M. Benallaoua et al., “Upregulation of
Tim-3 and PD-1 expression is associated with tumor
antigen-specific CD8+ T cell dysfunction in melanoma pa-
tients,” Journal of Experimental Medicine, vol. 207, no. 10,
pp. 2175-2186, 2010.

[28] L. Baitsch, S. A. Fuertes-Marraco, A. Legat, C. Meyer, and
D. E. Speiser, “The three main stumbling blocks for anticancer
T cells,” Trends in Immunology, vol. 33, no. 7, pp. 364-372,
2012.

[29] E.J. Wherry and M. Kurachi, “Molecular and cellular insights
into T cell exhaustion,” Nature Reviews Immunology, vol. 15,
no. 8, pp. 486-489, 2015.

[30] J. J. Monaco, “A molecular model of MHC class-I-restricted
antigen processing,” Immunology Today, vol. 13, no. 5,
pp. 173-179, 1992.

[31] A. M. Ansari, A. K. Ahmed, A. E. Matsangos et al., “Cellular
GFP toxicity and immunogenicity: potential confounders in
in vivo cell tracking experiments,” Stem Cell Reviews and
Reports, vol. 12, no. 5, pp. 553-559, 2016.

[32] V. P. Baklaushev, A. Kilpeldinen, S. Petkov et al., “Luciferase
expression allows bioluminescence imaging but imposes



Sarcoma

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

[42]

(43]

(44]

(45]

(46]

(47]

(48]

limitations on the Orthotopic mouse (4T1) model of breast
Cancer,” Scientific Reports, vol. 7, no. 1, p. 7715, 2017.

W. Zheng, H. Xiao, H. Liu, and Y. Zhou, “Expression of
programmed death 1 is correlated with progression of oste-
osarcoma,” APMIS, vol. 123, no. 2, pp. 102-107, 2015.

P. Koirala, M. E. Roth, J. Gill et al., “Immune infiltration and
PD-L1 expression in the tumor microenvironment are
prognostic in osteosarcoma,” Scientific Reports, vol. 6, no. 1,
article 30093, 2016.

J. D. Wolchok and Y. Saenger, “The mechanism of anti-
CTLA-4 activity and the negative regulation of T-cell acti-
vation,” Oncologist, vol. 13, no. 4, pp. 2-9, 2008.

Y. E. Latchman, S. C. Liang, Y. Wu et al., “PD-L1-deficient
mice show that PD-L1 on T cells, antigen-presenting cells, and
host tissue negatively regulates T cells,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 101, no. 29, pp. 10691-10696, 2004.

Y. Zhang, Y. Zhou, J. Lou et al.,, “PD-L1 blockade improves
survival in experimental sepsis by inhibiting lymphocyte
apoptosis and reversing monocyte dysfunction,” Critical Care,
vol. 14, no. 6, p. R220, 2010.

J. Lau, J. Cheung, A. Navarro et al., “Tumour and host cell PD-
L1 is required to mediate suppression of anti-tumour im-
munity in mice,” Nature Communications, vol. 8, article
14572, 2017.

E. A. Lafleur, S. F. Jia, L. L. Worth, Z. Zhou, L. B. Owen-
Schaub, and E. S. Kleinerman, “Interleukin (IL)-12 and IL-12
gene transfer up-regulate Fas expression in human osteo-
sarcoma and breast cancer cells,” Cancer Research, vol. 61,
no. 10, pp. 4066-4071, 2001.

R. Jimmy, C. Stern, K. Lisy, and S. White, “Effectiveness of
mifamurtide in addition to standard chemotherapy for high-
grade osteosarcoma: a systematic review,” JBI Database of
Systematic Reviews and Implementation Reports, vol. 15, no. 8,
pp. 2113-2152, 2017.

D. Gochhait, P. Dey, A. Rajwanshi et al., “Role of fine needle
aspiration cytology of spleen,” APMIS, vol. 123, no. 3,
pp. 190-193, 2015.

C. Blank and A. Mackensen, “Contribution of the PD-L1/PD-
1 pathway to T-cell exhaustion: an update on implications for
chronic infections and tumor evasion,” Cancer Immunology,
Immunotherapy, vol. 56, no. 5, pp. 739-745, 2007.

K. Vandenborre, S. W. Van Gool, A. Kasran, J. L. Ceuppens,
M. A. Boogaerts, and P. Vandenberghe, “Interaction of
CTLA-4 (CD152) with CD80 or CD86 inhibits human T-cell
activation,” Immunology, vol. 98, no. 3, pp. 413-421, 1999.
F. O. Martinez and S. Gordon, The M1 and M2 Paradigm of
Macrophage Activation: Time for Reassessment, Vol. 6,
F1000Prime Reports, London, UK, 2014.

P. J. Murray, J. E. Allen, S. K. Biswas et al., “Macrophage
activation and polarization: nomenclature and experimental
guidelines,” Immunity, vol. 41, no. 1, pp. 14-20, 2014.

B. Fritzsching, J. Fellenberg, L. Moskovszky et al., “CD8+/
FOXP3+-ratio in osteosarcoma microenvironment separates
survivors from non-survivors: a multicenter validated ret-
rospective study,” Oncoimmunology, vol. 4, no. 3, article
€990800, 2015.

A. M. Wolf, D. Wolf, M. Steurer, G. Gastl, E. Gunsilius, and
B. Grubeck-Loebenstein, “Increase of regulatory T cells in the
peripheral blood of cancer patients,” Clinical Cancer Research,
vol. 9, no. 2, pp. 606-612, 2003.

N. A. Giraldo, E. Becht, Y. Vano et al., “Tumor-infiltrating and
peripheral blood T cell immunophenotypes predict early

(49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

(60]

(61]

(62]

(63]

13

relapse in localized clear cell renal cell carcinoma,” Clinical
Cancer Research, vol. 23, no. 15, pp. 4416-4428, 2017.

M. Mego, H. Gao, E. N. Cohen et al., “Circulating tumor cells
(CTCs) are associated with abnormalities in peripheral blood
dendritic cells in patients with inflammatory breast cancer,”
Oncotarget, vol. 8, no. 22, article 35656, 2017.

M. Grimm, O. Feyen, H. Hofmann et al., “Immunopheno-
typing of patients with oral squamous cell carcinoma in
peripheral blood and associated tumor tissue,” Tumor Biology,
vol. 37, no. 3, pp. 3807-3816, 2016.

O. Marini, C. Spina, E. Mimiola et al., “Identification of
granulocytic myeloid-derived suppressor cells (G-MDSCs) in
the peripheral blood of Hodgkin and non-Hodgkin lym-
phoma patients,” Oncotarget, vol. 7, no. 19, article 27676,
2016.

Y. Du, X. Chen, Z. M. Huang, X. H. Ye, and Q. Niu, “Increased
frequency of Foxp3+ regulatory T cells in mice with hepa-
tocellular carcinoma,” Asian Pacific Journal of Cancer Pre-
vention, vol. 13, no. 8, pp. 3815-3819, 2012.

J. Y. Liu, X. S. Zhang, Y. Ding et al., “The changes of CDh4*
CD25%/CD4" proportion in spleen of tumor-bearing BALB/c
mice,” Journal of Translational Medicine, vol. 3, no. 1, p. 5,
2005.

F. K. Swirski, M. Nahrendorf, M. Etzrodt et al., “Identification
of splenic reservoir monocytes and their deployment to in-
flammatory sites,” Science, vol. 325, no. 5940, pp. 612-616,
2009.

D. 1. Gabrilovich, S. Ostrand-Rosenberg, and V. Bronte,
“Coordinated regulation of myeloid cells by tumours,” Nature
Reviews Immunology, vol. 12, no. 4, p. 253, 2012.

F. Hirano, K. Kaneko, H. Tamura et al., “Blockade of B7-H1
and PD-1 by monoclonal antibodies potentiates cancer
therapeutic immunity,” Cancer Research, vol. 65, no. 3,
pp. 1089-1096, 2005.

J. Hamanishi, M. Mandai, N. Matsumura, K. Abiko, T. Baba,
and I. Konishi, “PD-1/PD-L1 blockade in cancer treatment:
perspectives and issues,” International Journal of Clinical
Oncology, vol. 21, no. 3, pp. 462-473, 2016.

T. Powles, J. P. Eder, G. D. Fine et al., “MPDL3280A (anti-PD-
L1) treatment leads to clinical activity in metastatic bladder
cancer,” Nature, vol. 515, no. 7528, p. 558, 2014.

O. Hamid, J. A. Sosman, D. P. Lawrence et al., “Clinical
activity, safety, and biomarkers of MPDL3280A, an engi-
neered PD-L1 antibody in patients with locally advanced or
metastatic melanoma (mM),” Journal of Clinical Oncology,
vol. 31, no. 15, p. 9010, 2013.

M. Reck, D. Rodriguez-Abreu, A. G. Robinson et al,
“Pembrolizumab versus chemotherapy for PD-L1l-positive
non-small-cell lung cancer,” New England Journal of Medi-
cine, vol. 375, no. 19, pp. 1823-1833, 2016.

D. M. Lussier, J. L. Johnson, P. Hingorani, and J. N. Blattman,
“Combination immunotherapy with a-CTLA-4 and a-PD-L1
antibody blockade prevents immune escape and leads to
complete control of metastatic osteosarcoma,” Journal for
Immunotherapy of Cancer, vol. 3, no. 1, p. 21, 2015.

C. Dumars, J. M. Ngyuen, A. Gaultier et al., “Dysregulation of
macrophage polarization is associated with the metastatic
process in osteosarcoma,” Oncotarget, vol. 7, no. 48, article
78343, 2016.

P. A. Meyers, C. L. Schwartz, M. D. Krailo et al., “Osteo-
sarcoma: the addition of muramyl tripeptide to chemotherapy
improves overall survival-a report from the Children’s On-
cology Group,” Journal of Clinical Oncology, vol. 26, no. 4,
pp. 633-638, 2008.



