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Abstract

Immune checkpoint drugs have completely changed the way people treat metastatic
melanoma and non-small-cell lung cancer. While the impacts of these immunological
checkpoints and their suppression on T cell function are well characterized, their consequences

on the tumor microenvironment are not.

In a CT26 mouse colorectal cancer model, we employed diffuse reflectance
spectroscopy to track in vivo tumor microenvironmental alterations in response to immune
checkpoint inhibitors. On three separate days, animals bearing CT26 tumor xenografts were
given anti-PD-L1, anti-CTLA-4, a combination of both inhibitors, and isotype control. Within the
first 6 days, monotherapy with either anti-PD-L1 or anti-CTLA-4 resulted in a significant increase
in tumor vascular oxygenation. The combination of increased oxygenated hemoglobin and
decreased deoxygenated hemoglobin caused reoxygenation in anti-CTLA-4-treated tumors,
indicating a probable alteration in tumor oxygen consumption following treatment.
Reoxygenation was predominantly owing to a rise in oxygenated hemoglobin within a minor
change in deoxygenated hemoglobin in anti-PD-L1-treated tumors, indicating a potential
increase in tumor perfusion. Except for tumors treated with both inhibitors in combination, none
of the other tumor groups demonstrated any reduction in tumor volume. Following therapy, there
were no significant changes in tumor oxygenation in the combination treatment group. These
results show that diffuse reflectance spectroscopy may detect changes in the tumor
microenvironment after immunotherapy and that such non-invasive approaches can be used to

predict early tumor response to immune checkpoint inhibitors.
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Introduction

Throughout history, three main pillars have been identified for the treatment against
cancer: surgery, chemotherapy, and radiation therapy. Currently, with the introduction of
immunotherapy, a fourth pillar can be established. Cancer immunotherapy based on targeting
immune checkpoint inhibitors (ICIS) has been proven to produce dramatic responses, including
responses from patients with metastatic melanoma and non-small-cell lung cancer, but only a
small number of patients respond to treatment. Current methods, based on tumor volume
changes, fails to account for the immune responds exhibited in tumors treated with different ICI
agents. These immunotherapeutic agents may provide responses that are not recorded by the
Response Evaluation Criteria in Solid Tumors, such as responses following disease
progression. (RECIST) (1-3). Nevertheless, IClIs offers important advantages over traditional
treatments such as chemotherapy and radiotherapy (4). Due to a lack of understanding of an
immune responsive tumor microenvironment, quantitative data could be used to detect patients
who are resistant to treatment. We employed diffuse reflectance spectroscopy (DRS), a non-
invasive spectroscopy technique, to identify indicators of immune-checkpoint inhibitor
responsiveness in mouse tumor xenografts. As a result, we postulated that immune check point
inhibitors cause alterations in the tumor microenvironment that can be detected using optical

spectroscopy.

Immune checkpoint inhibitors (ICIs)

ICls is one of the options for most successful cancer treatment in recent years, with the
ability to strengthen the response of T cells against the tumor avoiding the action of molecules
capable of inhibiting T cell function. ICIs and immunotherapy in general could be considered as
a type of passive immunotherapy, which facilitates and enhances the existing immune response
of the body. Currently we have two types of drugs with different mechanisms and places of

action: anti CTLA-4 and anti PD / PD-L 1/2.



CTLA-4 is a specialized molecule expressed on T cells during the early stages of their
activation in lymphoid organs, known as the priming or priming stage. CTLA-4 interacts with the
B7 molecule expressed in the antigen-presenting cell in order to avoid an excessive immune
response (unwanted autoimmunity). Thus, CTLA-4 inhibitors, such as ipilimumab, by blocking
the CTLA-4 / B7 interaction, deactivate the inhibition signal by increasing the immune response

of T cells against the tumor (1-3).

On the other hand, the T lymphocyte stimulated against an antigen expresses on its
surface a PD (programmed death receptor) molecule that prevents an over-activation of the
immune system. The inactivation signal occurs after the receptor binds to its ligand PD-L1 or
PD-L2, usually expressed by dendritic cells or macrophages. However, this mechanism is used
by multiple tumors that express large amounts of PD-L1 or PD-L2 on their surface, escaping
from the immune system and continuing to proliferate. PD1/2 and PD-L1 / 2 inhibitors, such as
atezolizumab, avelumab and durvalumab, act on T cells, being able to stimulate the immune
response against tumor cells (1). Patients tolerate anti-CTLA-4 or anti-PD-1 monotherapy quite
well, although response rates are poor, with just 13% to 40% of patients showing objective
response (2). Patients who get both anti-CTLA-4 and anti-PD-1 therapy had a higher objective
response rate, with 55% of patients showing complete response (3). Patients with severe
immune-related side events or toxicities, such as dermatitis, colitis, or hepatitis, account for
almost the same percentage of patients. In addition, roughly a quarter of individuals who react
well to treatment develop secondary resistance. There is strong evidence that changes in the
functional and molecular landscape of the tumor microenvironment (TME) between patients

account for the considerable inter-patient heterogeneity in responsiveness to ICls.

Metabolism of an ICI treated tumor
There are certain characteristics of the TME that make it either permissive or restrictive

for T cells. Knowing a tumor's functional and molecular profile, as well as how it responds to



ICIs, can help us figure out what elements of the TME allow T cells to assault cancer cells and
so enhance response rates. As a result, we will be able to develop more effective therapeutic

strategies that can be employed alone or in combination with existing traditional treatments.

T cell metabolism is a fundamental component of the immune response to infection or
malignancy and plays an important role in determining immunological response. T cells'
metabolic program shifts during an immune response, from oxidative phosphorylation at rest to
aerobic glycolysis during clonal proliferation and effector function development (4). Several
research have added to our knowledge of the TME's impact on immune cell function (5, 6).
Tumors cause a disruption in tissue homeostasis, resulting in a metabolically demanding
environment that impacts the stroma and infiltrating immune cells. Aerobic glycolysis, also
known as the Warburg effect, refers to the breakdown of glucose to lactate even in the presence
of oxygen, which supports cancer cell development. Tumor cells can quickly create the
precursors they need for biosynthesis and proliferation thanks to aerobic glycolysis. Although
the route is not required for T cell proliferation or survival, it is essential for T cell effector activity
(7). These circumstances cause competition between cancer cells and immune cells, increasing
the demand for resources, critical metabolites, and oxygen imposed by cancer cell proliferation,
resulting in a hostile environment that reduces T cell response (8). When tumor growth
outpaces the vasculature's ability to adequately perfuse the microenvironment with oxygen,
hypoxia develops, which has a substantial impact on the function of infiltrating T lymphocytes.
Tumors treated with anti-PD-1 showed innate anti-PD-1 resistance, which was linked to
increased expression of genes involved in mesenchymal transition, cell adhesion, ECM
remodeling, and angiogenesis (9). Furthermore, investigations have revealed that PD-L1
expression is linked to glycolysis rate and, as a result, glycolytic enzyme expression. Immune
checkpoint blockade, such as PD-L1, causes an increase in extracellular glucose in tumors,

which aids in the function of infiltrating T cells and results in a good therapy response (8).



Diffuse reflectance spectroscopy

The ability to noninvasively investigate and measure longitudinal biological changes
inside tissue is provided by diffuse reflectance spectroscopy. DRS illuminates tissue using
visible to near-infrared light through optical fibers and collects diffusely reflected light after
several scattering and absorption events in tissue. Tissue scattering (cells, nuclei, mitochondria,
collagen) and absorption (oxygenated and deoxygenated hemoglobin, beta-carotene, melanin)
are known to alter with illness progression and are important contributors to our appraisal of
disease pathophysiology. DRS can assess volume-averaged vascular oxygenation within
sampled tissue using the differential absorption properties of oxygenated and deoxygenated
hemoglobin. We discovered that DRS-based sO- readings are inversely associated to tumor
hypoxia (10). In response to fluctuating oxygen levels, simultaneous and real-time tracking of
sO; using DRS and tumor pO; using oxygen-sensing microelectrodes has showed significant
concordance between both measurements (11). We and others have observed different
longitudinal changes in tumor vascular oxygenation in response to radiation therapy using
DRS's sensitivity to changes in oxygenation, which could potentially aid distinguish between
treatment responders and non-responders (12-15). However, no studies have used optical
spectroscopy and imaging to track changes in the tumor microenvironment as a result of
immune checkpoint inhibitors. The identification of biomarkers of primary and secondary

resistance to ICl treatment can be aided by knowledge of such changes.

Thesis Statement

DRS has previously been shown to be capable of detecting changes in tumor
oxygenation. Therefore, we hypothesize that optical spectroscopy can identify changes in the
tumor microenvironment caused by immune check point inhibitors. The overall purpose of this
study was to see how the tumor microenvironment changed over time in response to immune

checkpoint inhibitors, which are currently utilized to treat NSCLC and metastatic melanoma. To



produce tumor xenografts in mice, we used the CT26 colorectal cancer cell line. To achieve this

goal, we established three specific aims:

1. Generate 4 groups of tumor xenografts for four different types of immune-checkpoint
inhibition. The CT26 cell line was chosen for this study because it was used in early pre-
clinical investigations to explore ICI responsiveness. Control IgG antibodies, anti-CTLA-
4, anti-PD-L1, or a combination of anti-CTLA-4 and anti-PD-L1 antibodies were used to
treat tumors.

2. Determine changes in vascular oxygenation (sO2) and tissue scattering in response to
different immune-checkpoint inhibitors and determine the correlation between changes
in tumor volume and vascular oxygenation post-treatment and pre-treatment functional
parameters

3. Implement a random forest algorithm to test the functional profiles of the generated

treatment groups based on the optical parameters acquire through DRS.



Materials and Methods
Cell culture and Tumor xenografts

The American Type Culture Collection (ATCC CRL-2638, Lot Number: 58494154)
provided the CT26 colorectal cancer cells, which were passaged according to recognized
techniques. For tumor inoculation, cells from the third and fourth passages were employed.
Cells were injected into the hind flanks of 6-8-week-old Jackson Laboratories Balb/c mice (n =
33). The mice were kept at the University of Arkansas Central Laboratory Animal Facility, where
they were given ad libitum access to food and water and were given 12 hour light/dark cycles.
The University of Arkansas' Institutional Animal Care and Use Committee authorized all of the
research (IACUC protocols 18066, 20025). Mice were assigned to one of four treatment groups:
mouse IgG isotype (control, n = 10), anti-mouse CTLA-4 (CTLA4, n = 8), anti-mouse PD-L1
(PDL1, n =7) or a combination of CTLA4 and PDL1 (COMB, n = 8). The study's design is

depicted in a diagram, Fig. 1a.

Immunotherapy Agents

BioXcell provided the immunotherapy medicines (IgG: MPC-11, CTLA4: UC10-4F10-11,
PDL1: 10F.9G2). Mice were given three doses of 100 g anti-CTLA-4, 200 g anti-PD-L1, a
combination of the two medicines, or 100 g of IgG control dissolved in 100 | of sterile saline
through intraperitoneal injection once tumor sizes reached 80-120 mm3 (16-18). The doses
were given on Days 1, 4, and 7, with Day 1 denoting the start of the treatment (Fig. 1a). Three
days following their last dose, the animals were euthanized, and tumors were removed and

snap-frozen for histology.

Diffuse Reflectance Spectroscopy and quantification of physiological parameters
The portable DRS equipment that was used in this study was previously described in full

(20). It is made up of a tungsten halogen lamp (HL-2000, Ocean Optics; Dunedin, FL) for



illumination, a fiber optic spectrometer (Flame, Ocean Optics; Dunedin, FL) for spectrum
acquisition, and a fiber optic probe (Fiber Tech Optica, Ontario, Canada). The probe is made up
of four source fibers (diameter: 200 m, NA: 0.22) and five detector fibers spaced 2.25 mm from
the source fibers' center. On each day, about 10-15 spectra in the wavelength range of 475-650
nm were collected from each tumor. DRS spectra were collected every day for ten days in a
row. Prior to ICl administration, spectra were collected on treatment days. We used an empirical
lookup table (LUT)-based model (19, 20) developed specifically for this source-detector
separation (10) to fit the acquired spectral data and quantify total hemoglobin concentration,
oxygenated and deoxygenated hemoglobin, vascular oxygenation, and tissue scattering. Light

scattering in tissue was assumed to have a negative power-law dependence on wavelength:

s’ Q) = ps' (). (7\/}\0)“3, where Ao is a reference wavelength at which light absorption is

minimum and is set to 600 nm and s’ is the reduced scattering coefficient. The absorption
coefficient is calculated as the linear sum of absorption coefficients of individual absorbers,
namely oxygenated and deoxygenated hemoglobin, and animal skin: p,(2) = [Hb][aoype, () +
(1 - a)ogup,M)] + [MI]mel(A), where [Hb] and [MI] respectively are total hemoglobin
concentration and skin absorption. a is vascular oxygen saturation representing the ratio of
oxygenated (HbO>) to total hemoglobin concentration [Hb]. The extinction coefficients of these
absorbers have previously been established. Because we have proven that such effects are
minor at wavelengths over 500 nm, the absorption coefficient includes a correction factor for
pigment packaging (21). MATLAB was used to analyze the data (MathWorks, Natick,

Massachusetts).

Statistical analysis
Optical properties are presented in this manuscript as either absolute values or fold changes.
Raw optical properties from Day 1 through 10 were normalized by treatment group to the group

mean of the baseline (Day 1 value). Fold change in each optical property is calculated by



dividing the optical property on a given day by the pre-treatment baseline value on Day 1 (Day
X/Day 1). A nested, two-way analysis of variance (ANOVA) was implemented to determine

statistically significant differences in tissue scattering, hemoglobin concentration and vascular
oxygenation across the four treatment groups. Post-hoc Tukey’s tests were used to determine

statistical significance between specific groups.

Immunohistochemistry

For lipid staining, snap frozen tumors were sectioned on to glass slides and coated with
a 0.5 percent Oil Red O in propylene glycol solution and incubated for 45 minutes. After being
cleaned and counterstained in Hematoxylin, the slides were dipped in differentiation solution
and blue buffer. Before imaging, the slides were mounted with Fluoromount G. A subset of snap
frozen tumors was sent to Johns Hopkins University, where they were treated in formalin,
embedded in paraffin, and sectioned on glass slides for histopathology and Masson's trichrome
staining for collagen visualization. A Nikon fluorescent microscope with a 20X objective was

used to image all the slides.

Radom Forrest Analysis

Additionally, to test how the DRS optical phenotype describes from treatment response
to ICIs, we employed random forests to test classification of the different treatment groups. The
TreeBaggerclass in MATLAB was implemented with 100 trees the code was generate utilizing
Dr. Banerjee code and further develop for our study (21). leave-one-mouse-out training strategy
was implemented to prevent representation of test mice in the training dataset. The random
forests classifiers are trained on the entire optical properties acquired through DRS dataset by
excluding all the optical parameters from one mouse at a time and the obtained models are
used to test the optical parameters of the left-out mouse. The majority predicted label among all

the spectra determines the final predicted label for the test mouse.



Results

Ouir first objective was to generate four different types of tumor xenografts for four
different immune-checkpoint inhibitors treatment. The CT26 cell line was chosen for this study
because it had previously been utilized in preclinical studies to investigate ICI responsiveness.
The tumor growth curves for each treatment group are shown in figure 1b. While there were no
significant differences between groups over the course of the 10-day period, mice receiving a
combination of two ICIls (COMB) grew at a slower rate than mice receiving monotherapy (CTLA-
4 or PD-L1) or IgG control, this trend is observed in previous studies where the application of a
combination treatment consisting of anti-CTLA-4 and anti-PD-L1 had a slow growth rate.
Between the groups, there were no significant differences in the mean tumor volume at which

therapy was started (Fig. 1c).

Treatment with PD-L1 and CTLA-4 antibodies increases tumor vascular oxygenation

The second objective was to evaluate the link between changes in tumor volume and
vascular oxygenation post-treatment and pre-treatment functional characteristics. The fold-
changes in vascular oxygenation (top row) and total hemoglobin concentration (bottom row) for
the three treatment groups — PD-L1, CTLA-4, and COMB - during a 10-day period are shown in
Figure 2. Each plot includes data from the control IgG group for a one-to-one comparison with
each treatment group. The IgG group mean sO; declined gradually throughout the 10-day
period, reaching 0.5x of the Day 1 baseline by Day 10, with a corresponding increase in total
hemoglobin concentration. In the first six days, treatment with aPD-L1 or aCTLA-4 alone
resulted in an increase in vascular oxygenation. aCTLA-4 group mean f-sO2 increased
significantly (1.5X baseline sO-) 24 hours after the first dosage. The largest fold-change in sO2

was on day 5, 24 hours after the second dose, and decreased to pre-treatment levels by day 10.

On any given day, however, there were no significant changes between the IgG and aCTLA-4

groups. In addition, there were no significant differences in cHb from baseline. The mean f-sO»



in the aPD-L1 group increased gradually, with a peak value of fold-change at Day 6 and a
significant difference between the aPD-L1 and IgG control groups (p 0.001). On Day 10, the
fold-change in cHb was much higher than the fold-change on the previous five days. In
comparison to the aPD-L1 and aCTLA-4 groups, mean sO, and cHb fluctuated very little over

time.

We looked at the trends in oxygenated (HbO,) and deoxygenated (Hb) Hb to see what
was causing the variations in sO2 and cHb in each of the treatment groups (dHb). The 1gG
group's gradual decline can be explained almost completely to a considerable increase in dHb
over time, implying an increase in oxygen demand and consumption as tumors grow larger (Fig.
3). We discovered that the substantial rise in sO2 24 hours after the initial dosage in aCTLA-4 -
treated mice was related to a decrease in dHb and a corresponding increase in HbO,. There
was a 28% decrease in mean dHb and a 25% increase in mean HbO: in particular. This trend of
elevated HbO; and decreased dHb continued for the next 4 days until Day 6. Beginning Day 7,
we observe an increase in dHb and a corresponding decrease in HbO, that contributes to the
decrease in sO2. On the other hand, the increase in sO: in the tumors treated with PD-L1 were
driven by change in HbO- only, with very minor changes in dHb. Finally, both HbO; and dHb in
the COMB group showed little to no variation over the 10-day period, which explains the lack of

change in mean sO- of the COMB group.

Changes in Vascular Oxygenation is negatively correlated to baseline SO,

Following data processing, we looked at whether changes in tumor oxygenation after
therapy were influenced by pre-treatment, baseline vascular oxygenation in each group. Tumor
reoxygenation was observed to be moderately to substantially adversely linked with baseline
vascular oxygenation 24 hours after each dosage of ICI treatment (Fig. 4). In the aPD-L1 group,
there was a very weak association between fold-change in sO, on Day 2 and baseline sO,,
although this correlation grew stronger by Day 5 (r = -0.55) and was statistically significant by

10



Day 8 (r =-0.75, p = 0.02). Furthermore, on Day 2 (r = -0.7, p = 0.05), we found a statistically
significant negative correlation in the combined therapy group (r = -0.7, p = 0.05), and this
negative correlation was high across all three evaluation time points (r = -0.66 to -0.73).
Similarly, we wanted to test whether changes in tumor volume in response to ICls are correlated
with pre-treatment vascular oxygenation or Hb. In figure 5, correlation plots for vascular
oxygenation and total hemoglobin content for aCTLA-4, PD-L1 and COMB against the percent
change in tumor volume on day 9. Anatomical changes in tumor volume in response to ICls are

not correlated with pre-treatment vascular oxygenation or cHb.

PD-L1 antibody treatment causes significant changes in tissue scattering

Figure 6 presents a comparison in scattering content between the control group IgG
against the treatment groups aCTLA-4, aPD-L1 and COMB. Figure 6C, scattering content
across the three dosages for the 1IgG and COMB groups showed no significant changes.
aCTLA-4 group denotes a slight increase in scattering content after the first dosage of treatment
(figure 4A). This upward trend is carried up to the third treatment dosage where it does show a
decrease in the scattering content. On the other hand, the aPD-L1 treatment group shows
significant difference on nine consecutive days in comparison to day one of DRS (figure 6B).
The main source of scattering in diffuse reflectance spectroscopy comes from collagen content
within the tissue of interest. These results potentially showed a difference in collagen content in

the aPD-L1 group in comparison to aCTLA-4 and COMB.

Classification of optical parameters through Random Forrest Analysis allows prediction of ICI’s

Our third objective consisted of using the optical parameters obtained from DRS in a
random forest algorithm to test classification of the ICI treatment groups. Because spectrum
datasets from CT26 tumors treated with two different immune checkpoint inhibitors, aCTLA-4

and aPD-L1, and a combination treatment were available, we were able to use random forest

11



classification analysis to test the functional parameters. In table 1, we observed predicted labels
against the true labels of the tested optical parameters. The IgG group was correctly classified
with 7 out of 8 animals categorized as being part of the control IgG group. Similarly, the aPD-L1
treatment group denoted a 78% positive classification where 7 out of 9 animals were
categorized correctly, while the remaining mice were categorized in the COMB group. The
aCTLA-4 had a success greater than 50%, where 6 out of the 9 animals were classified in their
true labels. However, the three remaining were categorized in the aPD-L1 and the COMB
group. From the tested, the random forest algorithm showed difficulties classifying the COMB
group. Only 36% percent of the animals, meaning 3 out of the 8 mice, were classified correctly.
The remaining mice in the COMB group were categorized as follow, one in the 1gG group, 3 out
of the 8 in the aPD-L1 treatment group, and the remaining mouse in the aCTLA-4 group. Figure
7 shows representative hematoxylin and eosin (H&E)-stained pictures for each group and
Masson’s Trichrome images. While tumor volume did not change significantly between
treatment groups at the time of excision, the animals in the combination treatment group
(COMB) showed higher degrees of necrosis than the isotype control and monotherapy groups
(Fig. 7G). Similarly, it is noted that the aPD-L1 has higher levels of collagen staining

represented by the blue hue in figure 7F.

12



Discussion

Metabolic reprogramming of tumor cells and the tumor microenvironment has emerged as a
critical component in controlling immune cell infiltration and ICI response (22, 23). Increased
mitochondrial oxidative metabolism in cancer cells, which leads to intratumoral hypoxia and T
cell exhaustion due to a lack of oxygen supply, inhibits T cell proliferation and, thus, response to
ICIs, in the same way that tumor hypoxia causes poor clinical outcomes in tumors treated with
radiation therapy (24-27). Tumor hypoxia is a metabolically restricted environment that
increases the stimulation of immunosuppressive regulatory T cells, reduces T cell receptor
signaling, inhibits effector T cell function, and lowers cytokine output (28, 29). Several research
have investigated the ability of noninvasive optical imaging and spectroscopy to track changes
in tumor oxygenation after traditional cancer treatments like radiation and chemotherapy (12-15,
30-32). Using diffuse reflectance spectroscopy, we offer the first assessment of functional
alterations within the tumor microenvironment in response to ICls. We employed CT26
colorectal cancer cells to produce tumor xenografts in mice and measured changes in tumor
vascular oxygenation, hemoglobin content, and tissue scattering over time after treating these

tumors with either single ICls or a combination of ICls.

While there were no significant variations in tumor volume between the treatment groups
at the time of excision, the animals treated with PD-L1 and CTLA-4 in combination had a lower
tumor volume than the other groups. Furthermore, when compared to the isotype control and
monotherapy groups, these tumors had higher levels of necrosis (Fig. 7). While monotherapy
and combination therapy normally produce responses in roughly 20% and 50% of tumors,
respectively, the lack of meaningful improvement seen here is most likely attributable to the
research design. We waited for palpable tumor masses (about 80-150 mm3) to develop to

ensure we could perform baseline optical spectroscopy on tumors prior to treatment, unlike

13



most ICI studies, which involve cancer cell inoculations followed by ICI treatment in a short

period of time (within 2-3 days).

In tumors treated with anti-CTLA-4 and anti-PD-L1 monotherapy, we discovered a
significant increase in vascular oxygenation or reoxygenation. The cause of the alteration,
however, was different in both groups. While an increase in oxygenated hemoglobin and a
corresponding drop in deoxygenated hemoglobin drove reoxygenation in anti-CTLA-4-treated
tumors, anti-PD-L1-treated tumors only demonstrated an increase in oxygenated hemoglobin
and no change in deoxygenated hemoglobin. These data show that inhibiting immunological
checkpoints promotes vascular oxygenation, implying that tumor hypoxia is reduced. Different
mechanisms are at work to induce these changes, according to data from oxygenated and
deoxygenated hemoglobin. Variations in supply or demand could cause changes in vascular
oxygenation. Cancer cell death and decreased oxygen consumption by tumor cells cause the
vasculature to use less oxygen, resulting in a drop in deoxygenated hemoglobin, an increase in
oxygenated hemoglobin, and, as a result, an increase in vascular oxygenation. Increased
perfusion in response to microenvironmental perturbations, on the other hand, will result in an
increase in oxygenated hemoglobin, which will lead to an increase in vascular oxygenation.
Data from isotype-treated tumors demonstrate a progressive decrease in vascular oxygenation
(increased hypoxia) caused by a rise in deoxygenated hemoglobin, indicating increasing oxygen
demand. The formation of new tumor vasculature to supply the proliferating cancer cells in
these untreated tumors is illustrated by the equivalent increase in total hemoglobin content.
Tumors treated with anti-PD-L1 showed an increase in oxygenated hemoglobin with no change
in deoxygenated hemoglobin, indicating a likely increase in perfusion. Further studies on
excised tumors at specific timepoints of interest in this study will be necessary to evaluate
whether these perfusion-related changes were associated with or due to increased immune cell

infiltration. In the first 5 days following treatment with anti-CTLA-4, the increased sO2 was due
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to a combination of increased HbO2 and decreased dHb. Since this did not lead to an
appreciable decrease in total hemoglobin concentration, these data indicate that these changes
were likely due to decreased oxygen consumption by the tumor cells. Furthermore, based on
our random forest classification these functional changes can be potentially used to categorize
treatment response to ICI’s. We know that the use of checkpoint inhibitors, specifically anti-PD-
L1, have been shown to decrease tumor glycolysis and increase the availability of glucose for
effector T cells in the tumor microenvironment (8,9). In addition, elevated mitochondrial
oxidative metabolism in tumor cells has been shown to decrease the efficacy of anti-PD-1
therapy in pre-clinical and clinical studies (26). By introducing a non-invasive technique

functional profile can be acquire to further study patient’s reaction to treatment.

Anti-CTLA-4 and anti-PD-L1 therapy resulted in a considerable increase in collagen |
deposition in an orthotopic model of CT26 tumors, according to previous research (33).
However, in the combined therapy group, we found no significant alterations in tissue scattering,
which includes collagen as one of its origins. The anti-PD-L1 therapy group had a slight but
substantial increase in tissue scattering compared to the control group. While the increase in
tissue dispersion and perfusion in response to anti-PD-L1 treatment was minor, it warrants
additional exploration into the possibility of immune cell infiltration. While collagen, cells, nuclei,
and mitochondria are thought to be important contributors to overall tissue scattering, little is
known about the contributions of immune cell infiltration to tissue scattering and if they are big
enough to cause major changes. Furthermore, necrotic tissue has been linked to an increase in
optical scattering. When comparing the monotherapy and isotype control groups, histological
analysis of the tumor groups revealed that the combination treatment group had higher degrees

of necrosis. The longitudinal variations in optical scattering, however, do not reflect this.

While earlier research has looked at the negative effects of hypoxia, acidification, and
decreased glucose availability on immune cells and immune checkpoint inhibitor activity, there

15



has been little research into how immune checkpoint inhibitors affect tumor metabolism. Other
studies addressing changes in tumor oxygenation following therapy with immune checkpoint
inhibitors were not found in the literature. Our findings show a significant increase in tumor
oxygenation after ICI treatment, and that the source of reoxygenation is likely depending on the
ICI type. The magnitude of reoxygenation was inversely proportional to baseline sO2. However,
to determine the contributions of immune cells to the functional changes shown here, these

findings must be examined in immuno-compromised animals lacking mature T cells.
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Figure 1. Study design for immune check-point inhibitor treatment. (A) Timeline for the
schedule of immune-checkpoint inhibitors injection and spectroscopic measurement. The red
circles indicate treatment injection for the different groups. As indicated by the arrows, DRS was
performed for 9 consecutive days. On days of treatment, DRS spectra were collected
immediately after ICI injection. Comparison of the fold change of tumor growth for the treatment
groups, IgG, CTLA-4, PD-L1 and COMB (B) and baseline values comparison of tumor volume,
vascular oxygenation, total hemoglobin content and tissue scattering (C, D, E, F, respectively).

20



CTLA-4 PD-L1 COMB
2.5+ 2.5+ 2.5+
2.0 2.0

~ 1.5 i ~ 1.5+
g g
< 1.0 “ 1.0
0.5 » 0.5
o'c T T T T T T T T T T o.n T
B 12 3 4 5 6 7 8 9 10 2
2.0 Days 2.0
1.5+ 1.5+
e 2
T 1.0 & T 1.0
& = .t B
0.5 0.5

Days

Days

|+ CTLA-4 = PD-L1-+ COMB -o- |gG|

Figure 2. (A) Linear plots for percent change in vascular oxygenation for CTLA-4, PD-L1 and
COMB against the control group IgG across the 10 days of DRS. (B) Percent change in total
hemoglobin content for the four treatment groups across 10 days of spectroscopy. Data are
presented as group mean (line) +SEM (represented by error bars). Significant differences
among treatments in specific days are illustrated with black pounds (#) while significant
differences of specific days within groups are represented by asterisk of their respective color
indicating a statistical significance at p < 0.05.
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Figure 3 (A) Linear plots for percent change in oxygenated hemoglobin for CTLA-4, PD-L1 and
COMB against the control group IgG across the 10 days of DRS. (B) Percent change in
deoxygenated hemoglobin content for the four treatment groups across 10 days of
spectroscopy. Data are presented as group mean (line) £SEM (represented by error bars).
Significant differences among treatments in specific days are illustrated with black pounds (#)
while significant differences of specific days within groups are represented by asterisk of their
respective color indicating a statistical significance at p < 0.05.
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Figure 4 Scatter plots representing the relationship between fold changes in SO, and base line

vascular oxygenation for the groups CTLA-4, PD-L1 and COMB 24 hours the respective

dosage, day 2 (A), day 5 (B), and day 8 (C). Linear regressions for the respective groups are
represented by the solid lines, r and p values are shown for old the groups with a significant
difference at p < 0.05.
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represented by the solid lines, r and p values are shown for old the groups with a significant
difference at p < 0.05.
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Figure 7. Histopathological H&E and Masson’s Trichrome images in response to immune-
checkpoint inhibitors. Image (A,B) from the control group IgG, image (C,D) from the PD-L1 group,
image (E,F) from the CTLA-4 group, and image (G,H) from the COMB group. The scale bars
represent 250 pm.
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Table 1. Classification of ICI treatment. The results for leave-one-mouse-out random forest
classification are shown for the prediction of-different ICI treated.

True Labels
L IgG PD-L1 CTLA-4 COMB
§ 19G 7/8 0/9 0/9 1/8
B | PD-L1 | 1/8 7/9 1/9 3/8
% CTLA-4 | 0/8 0/9 6/9 1/8
g COMB | 0/8 2/9 2/9 3/8
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