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that in combination with CD8" T cell quantification can improve the prediction of
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ABSTRACT

Tailored treatment for patients with rectal cancer requires clinically available markers to predict their response
to neoadjuvant treatment. The quantity of tumor-infiltrating lymphocytes (TILs) in pre-operative tumor biopsies
has been suggested to predict a favorable response, but opposing results exist. A biopsy-adapted Immunoscore
(ISg) based on TILs has recently emerged as a promising predictor of tumor regression and prognosis in (colo)
rectal cancer. We aimed to refine the IS for prediction of response using multiplex immunofluorescence (mIF)
on pre-operative rectal cancer biopsies. We combined the distribution and density of conventional T cell
subsets and yST cells with a type | Interferon (IFN)-driven response assessed using Myxovirus resistance protein
A (MxA) expression. We found that pathological complete response (pCR) following neoadjuvant treatment was
associated with type | IFN. Stratification of patients according to the density of CD8" in the entire tumor tissue
and MxA" cells in tumor stroma, where equal weight was assigned to both parameters, resulted in improved
predictive quality compared to the ISg. This novel stratification approach using these two independent
parameters in pre-operative biopsies could potentially aid in identifying patients with a good chance of
achieving a pCR following neoadjuvant treatment.
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Introduction Granzyme B (GrzB) from cytotoxic T cells (CTLs) enters

Although surgery is the cornerstone for curative treatment in
rectal cancer, neoadjuvant treatment reduces local recurrence
and improves the chance of radical resection. Indeed, up to 20%
of patients respond to neoadjuvant treatment with a clinical com-
plete response’ defined as the absence of a clinically detectable
tumor. However, neoadjuvant treatment increases the risk of post-
operative complications and long-term side effects, and the risk-
benefit trade-off for individual patients is important to consider.
Unfortunately, few predictive markers for response to neoadjuvant
treatment are available to discriminate between good and poor
responders. Evaluating tumor-infiltrating lymphocyte (TILs) den-
sity in colorectal cancer (CRC) has led to the introduction of
immunoscore (IS) as a prognostic indicator for survival®, perhaps
even superior to the anatomically based TNM classification”°.
Still, whether pre-therapeutic density and distribution of TILs
could be used to predict response to neoadjuvant treatment is
uncertain, albeit reported in some studies’ . In particular, the
density of CD8" TILs has been suggested as an independent
predictor of complete response''. However, contradictory results
have been reported'?.

targeted cells through perforin-induced permeabilization and,
via caspases, triggers apoptosis in tumor cells'’. Increased
numbers of intraepithelial GrzB* CTLs'* and upregulation of
gene expression related to cytotoxic activity have been asso-
ciated with higher tumor regression after neoadjuvant
treatment’. Type I Interferon (IFN) can augment the priming
of CTLs by promoting cross-presentation of antigens from
dying target cells'. Tumor cell-derived DNA released from
dying cells stimulates the cGAS-STING pathway, resulting in
type I IEN production. Radiotherapy enhances this process'®'”
Improved tumor antigen presentation via adaptive immune
cells can then occur and fuel the cancer immune cycle leading
to eradication of the the tumor'”'®, Type I interferon binding
to cell surface receptors triggers a signaling cascade inducing
over 300 IFN-stimulated genes (ISGs). ISG15, ISG56 (IFIT1),
myxovirus resistance protein A (MxA), and OAS are ISGs that
serve as surrogate markers for type I interferon activity and are
commonly used in experimental settings. Cells exposed to type
I IFN express MxA through the JAK/STAT signaling
pathway'®. MxA upregulation is solely dependent on type
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I IFN in contrast to other ISGs that are also directly inducible
by dsRNA and viruses’>*'. In addition, immunofluorescence
(IF) staining for MxA has been successfully used to detect the
presence of a type I IFN response in the skin of humans®*.
Hence, MxA can be used as a footprint for type I IFN in the
tumor microenvironment (TME). Despite that yoT cells can
quickly detect transformed cells, the contribution of this small
population of cells, which are rare in the TME, remains
controversial”’. Whether MxA-expressing cells and/or y8T
cells in pre-operative cancer biopsies are indicative of a TME
favorable to generating an effective anti-tumor response fol-
lowing neoadjuvant treatment has yet to be explored.

This study used multiplex immunofluorescence (mIF) to
determine if the density and spatial distribution of T cell sub-
sets in pre-operative biopsies from patients with rectal cancer
could predict the response to neoadjuvant treatment. In addi-
tion, we investigated MxA expression, as a type I IFN footprint,
to determine whether this could further improve the predictive
capacity.

Materials and methods
Population clinical variables and parameters

1774 patients treated for rectal cancer at Sahlgrenska
University Hospital/Ostra Sjukhuset, Gothenburg in Sweden
between 2007 and 2019 were identified in the Swedish
Colorectal Cancer Registry. Of these, 130 patients were
included in the study as they were treated with neoadjuvant
therapy with an interval to surgical resection >14 days that
enables a possible tumor regression after treatment. Clinical
data were retrieved from the registry. Reasons for exclusion are
presented in a flow chart in Figure S1. Demographic character-
istics of the study population and clinical parameters, including
T-stage and type of neoadjuvant treatment that are possible
factors that may predict response to neoadjuvant treatment™*
are presented in Table 1.

Immunofluorescence staining

Formalin-Fixed Paraffin-Embedded (FFPE) blocks of the pre-
operative biopsies were sectioned with a Microtome into 4 pm
sections and fixed on Superfrost Plus microscope slides
(Thermo Scientific; Braunschweig, Germany). Slides were
kept at room temperature overnight and then incubated at
60°C for 1 h. Deparaffinization prior to staining was performed
by submerging the slides for 5 min in xylene (twice) and in
ethanol [99.5% (twice), 95%, 70%] and distilled water.
Deparaffinized slides were stained as previously described.
Antibodies and TSA reagents used for the mIF are specified in
Table S1.

Hematoxylin and Eosin (H&E)

Deparaffinized slides were stained with Hematoxylin solution
(Histolab; Gothenburg, Sweden) for 5 min, followed by
a 3-min wash in water and then stained with Eosin (Histolab)
for 30 s. The slides were then placed in ethanol [70%, 95%

Table 1. Demographic characteristics of the study population.
Patients n 130

Female n (%) 43 (33)
Age mean (range) 63 (25-88)
Clinical stage n (%) T1-2 7 (5)
73 62 (48)
T4 59 (45)
X 2(2)
NO 35(27)
N1-2 93 (72)
NX 2(2)
Mo 111 (85)
M1 19 (15)
Pathological stage n (%) T0 8 (6)
T1 32
72 27 (21)
73 68 (52)
T4 19 (15)
missing 5(4)
NO 59 (45)
N1 42 (32)
N2 24 (18)
missing 5(4)
UICC stage n (%) 0 11 (8)
1 13 (10)
2 31 (24)
3 54 (42)
4 19 (15)
missing 2(2)
Neoadjuvant tr. n (%) SCRT 57 (44)
CRT 68 (52)
CcT 5(4)
Surgical procedure n (%) Ant. Res. 41 (32)
Hartmann 14 (11)
APE 73 (56)
Other 2(2)
TRG (AJCQC) n (%) 0 13 (10)
1 16 (12)
2 58 (45)
3 43 (33)

SCRT: Short course Radiotherapy (5x5 Gy), CRT: Chemoradiotherapy, CT: Chemotherapy,
Ant.Res.: Anterior Resection.

99.5% (twice)] for 10 quick dips which followed by two 5-min
incubations in xylene before mounting with Pertex (Histolab).

Image analyses

All pre-treatment biopsy specimens were stained with H&E
and examined by a pathologist, who also marked the invasive
tumor areas. The corresponding areas were then localized on
immunofluorescence-stained  sections  (Figure  S2a).
Immunofluorescence-stained slides were scanned with
TissueFAXS (TissueGnostics; Vienna, Austria) and analyzed
with the StrataQuest Software (v. 7.0.1.189; TissueGnostics) as
in*. In addition, the intensity of the antibody fluorescently
labeled markers was defined and used to identify the different
cell types. To confirm the proper cutoff detection level, 10
samples were randomly selected in the cohort; several smaller
areas in the sections were defined and the number of cells in
these areas was counted separately by two investigators. The
mean values of manually counted cells were then used to
validate the numbers counted by the software. The staining
intensity of CD3 varied slightly between sections. Therefore,
three different groups were identified based on the mean
intensity of CD3 staining: weak (<8000), intermediate (8000-
10000), and strong (>10000). The cutoff value used for defining
CD3 expressing cells was set accordingly.



Tumor regression

Tissue slides from the surgical specimens were retrieved for all
patients, and the tumor regression grade (TRG) according to the
AJCC*® was determined by a pathologist (G.D.). TRG is graded
from 0 to 3, where 0 denotes pathological complete response,
and 3 denotes no response to the neoadjuvant treatment.
Uncertainties regarding tumor regression were resolved by con-
sulting a second, senior gastrointestinal pathologist. TRG served
as a determinator of response to neoadjuvant treatment.
Investigators involved in preparing and analyzing the pre-
operative tissue slides were blinded to the TRG, until the point
of statistical analysis when all mIF analyses were completed.

Heat-map based Immunoscore determination

The ranked percentiles of CD8" T cell density in tumor tissue
and MxA™ cells density in tumor stroma for each patient were
first separately determined. Each patient was then assigned to
one of the three categories: high (>70; pink), intermediate
(25-70; white), or low (<25; blue) for the CD8 as well as the
MxA values. The cutoff values (high, intermediate, and low)
were based on the previously published biopsy-adapted
Immunoscore (ISg)’. Results were then color-coded in the
heat-map as follows: dark red (if both CD8 and MxA values
were high), red (if one value was high and the other was
intermediate), light red (if one value was high and the other
was low), white (if both values were intermediate), light blue
(if one value was intermediate and the other was low), and
dark blue (if both values were low). These categories formed
the basis for the subsequent analyses.
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Statistical analysis

Cell densities were compared using Wilcoxon’s rank sum test.
Associations between markers were based on Pearson correla-
tion coefficient analyses. Unilateral linear-by-linear association
test was used to analyze the ordinal data. Logistic regression
analyses were performed using the glm() function in R. Tests
were considered significant at p < 0.05. All analyses were per-
formed using GraphPad Prism software, v.9.0.2. (San Diego,
CA, USA) and R language and environment for statistical
computing, v.4.2.1 (Vienna, Austria).

Results

Number and spatial distribution of tumor infiltrating
lymphocytes and response to neoadjuvant treatment

Multiplex IF stainings were performed (Table S1; Figure S2)
and cells of interest were counted digitally within the defined
tumor border (Figure S2a-b, S3). To ensure the accurate quan-
tification of conventional T cells, y§TCR-expressing cells were
subtracted from CD3" cells and analyzed separately. The med-
ian density of conventional CD3" and CD3*CD8"T cells were
1065.43 (range: 102.51-3766.39) and 184.34 (range: 10.1-
1633.8) cells/mm” in the biopsy, respectively (Figure S3). The
mean densities of the T cell subsets were plotted according to
TRG (Figure la). There was no significant difference in the
number of conventional T cells or y8T cells between complete
responders and non-responders (Figure 1a-d). Similarly, when
patients with TRG 0 were compared to the pooled TRG 1-3
group, no significant differences were observed.
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Figure 1. Enumerationof T cells subsets in tumor tissue according to the effectiveness oftreatment. (a) Bar charts show the mean density +SEM of the CD3.* T
cells, CD3*CD8™ T cells, CD3*CD8*GrzB* Cytotoxic T cells, and ySTCR*cells per mm?of the area according to the patients’ response to treatment in whole tumor tissue.
(b) In the epithelium 50pm surrounding area (c) and only epithelium. (d) Bar charts show the mean density +SEM of the T cells subsets per mm?of the whole tumor
tissue in complete responders v.s non-responders in whole tumor tissue. (€) In the epithelium and the area with 50um width around it (f) and only epithelium. GrzB:
Granzyme B, TRG: Tumor Regression Grade. Wilcoxon's rank sum test p <0.05 considered significant; n=130.
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To assess the potential impact of spatial distribution of TILs in
pre-operative biopsies, the tumor center (PanCK" cells), tumor
stroma (the remaining area within the tumor), and stromal area up
to 50 um from the tumor cells were annotated (Figure S2), and
T cell subsets quantified digitally. No significant differences were
detected in the number of conventional T cells or yOT cells,
between complete responders (TRG 0) and non-responders
(TRG 3). Similarly, there was no difference when TRG 0 was
compared to a pooled TRG 1-3 group, regardless of whether
cells were assessed in the tumor epithelium alone or together
with 50 pm of surrounding stroma and only a trend was detected
when assessing CD8"GrzB" T cells, e.g. CTLs (Figure 1b-f).

Hence, the number of y8T cells, conventional T cells, and
subsets thereof were not significantly different in the pre-
operative tumor biopsies of complete responders (the total
tumor area, the proximity, and/or the tumor epithelium) com-
pared to other patients with lesser or no response to neoadjuvant
treatment.

Extent of stromal type | interferon footprint and response
to neoadjuvant treatment

MXxA is expressed in cells exposed to type I or III IEN, but the
capacity to respond to the latter is limited to intestinal epithelial
cells, while cells in the lamina propria respond to type I IFN*”. We
hypothesized that cells expressing MxA would indicate an envir-
onment permissive to mount a strong anti-tumor response follow-
ing irradiation. The density of MxA™ cells in the tumor stroma was
determined digitally and plotted against the TRG groups
(Figure 2a and Figure S2b). A significantly increased number of
MxA™ cells were observed when TRG 0 was compared to TRG 3 or
to the pooled group of TRG 1-3 (Figure 2). However, no correla-
tion between the number of MxA™ cells and either of the T cell
subsets, including the CTLs, in the tumor was observed (Figure
S4). Finally, a logistic regression model was constructed to explore
the explanation of tumor regression based on cell densities, but the
model did not reach significance neither for MxA nor CD8" T cells
(Table S2).
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Figure 2. Enumeration of MxA* cells in tumor stroma. (a) Bar charts show the
mean density +SEM of MxA* Pan-CK™ cells per mm? of the tumor stroma
according to the patients’ response to the treatment. (b) Bar charts show the
mean density +SEM of the MxA* cells per mm? of tumor stroma amongst
complete responders and non-responders. TRG: Tumor Regression Grade.
Wilcoxon's rank sum test; p <0.05 considered significant; n=130.

Collectively, this shows that quantification of MxA expression
in the tumor stroma could aid in identifying patients with the
capacity to mount a strong response to neoadjuvant treatment.

IF-based quantification models and response to
neoadjuvant treatment

Using the biopsy-adapted Immunoscore (ISp), determined
within a cohort of patients by the mean value of the ranked
percentile of CD3" and CD8" cell densities (Figure S5a), the
cohort was divided into high (>70), intermediate (25-70) and
low (<25) (Figure S5a). As previously reported,” we also found
an accumulation of ISp high (46.1%) and few ISg low (7.7%) in
the TRG 0 group (Figure 3a). In contrast, in the TRG 3 group
ISg high constituted 20.9% and ISp low 27.9%. Dividing the
cohort into three percentiles based on MxA densities in the
tumor stroma yielded a very similar pattern as observed with
the ISp score as well as with CD3 and CD8 separately
(Figure 3a). The association between the MxA and TRG scores
was determined to be significant using unilateral linear-by-
linear association tests. The densities of CD8" cells and MxA™
cells (Figure S4), as well as the ranked percentile of CD8" and
MxA" cells (Figure S5b), were not correlated. The combination
of these two parameters (Figure 3a) did not result in improved
separation. Thus, we used a heat-map approach to display the
patients in the respective percentiles based on either CD3*CD8"
in tissue or MxA" cells in tumor stroma (Figure S6). This
revealed that among the patients with TRG 0, all but one were
classified as high percentile of either CD8 or MxA (Figure 3b
and S6). This extended analysis based on both parameters also
showed that none of the patients with TRG 0 were in the low
percentiles of both parameters, while among TRGs 1-3 this
group constituted approximately 10% (Figure 3b and Figure
S6). Furthermore, a pattern of gradual increase of patients that
were in the high percentile of both parameters was noted as the
effect of the neoadjuvant treatment increased - i.e., from TRG 3
toward TRG 0 (Figure 3b). The association between the heat-
map approach and complete tumor regression was also tested
using logistic regression (Table S2). Here, the heat-map
approach did reach significance (p <0.01). Including clinical
parameters known to be associated with tumor regression
(T-stage and type of neoadjuvant treatment) in a multivariable
regression model diminished the significance of the heat map-
based approach (p <0.01). Neither of the clinical parameters
were significant, which could be due to lack of power.

To statistically compare the quantifications using ranked
percentiles of CD3", CD8", or MxA™ with ISz (CD3" and
CD8"), (CD8" and MxA™) and the heat-map based (CD8" or
MxA™) models, the sensitivity, specificity, and diagnostic odds
ratio were determined (Table 2). This revealed that the (CD8"
or MxA") model had a slightly reduced specificity but
increased sensitivity compared to the other single-cell quanti-
fications or models and, importantly, resulted in the highest
diagnostic odds ratio (Table 2). In conclusion, an intracohort
scoring system based on equal weighing of two separate quan-
tifications (total CD8" T cells and stromal MxA) in the rectal
cancer patient’s pre-operative biopsy can help to predict the
extent of tumor regression ensuing the neoadjuvant treatment.
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Figure 3. Classification of the patients according to the effectiveness of treatment. (a)The frequency of patients with CD3" (Left-Upper), CD8* (Middle —~Upper)
and MxA* (Right-Upper), low (Blue), intermediate (White), and high (Red) according to tumor regression and the frequency of ISg (Left-Lower) and ISyarcps” (Right-
Lower) low, intermediate, and high according to tumor regression. (b) The frequency of patients with either CD8* or MxA* p <0.05 considered significant; n=130

Discussion

Categorizing CRC patients using Immunoscore has previously
been shown to have a strong prognostic power. Indeed, this

may even surpass the anatomical-based TNM classification for

predicting post-operative surviva

1>?%, A prediction tool

designed for biopsies from rectal cancer patients (ISg) has
recently shown considerable positive correlation between the
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Table 2. Sensitivity, specificity, and diagnostic odds ratio of immune markers in
prediction of response to treatment.

Diagnostic

Sensitivity Specificity odds ratio
D3 0.38 0.71 6.48
CD8 0.54 0.73 16.53
MxA 0.62 0.74 27.52
1Sg 0.46 0.74 10.53
ISmxarcos 0.23 0.76 2.67
MxA or CD8 (Heat-map) 0.77 0.64 83.33

density of TILs and neoadjuvant treatment response’. Here, we
aimed to assess if improving the quality of predictability (sen-
sitivity and/or specificity) by extending the parameters enum-
erated using mIF could be achieved.

Using mIF, we found similar densities of CD3 and CD8-
expressing cells in biopsies as previously described’, but there
was no significant difference according to TRG. The trend of
increased TILs and pathological complete response pCR was
slightly improved when the expression of GrzB was included,
but even when CD8"GrzB™ TILs, i.e., CTLs in the tumor center
were quantified, the prediction was not sufficient. Some studies
have found a strong correlation between T cell infiltration in the
tumor and response to neoadjuvant treatment in rectal cancer””’
and other types of cancers®”°. Yang et al. observed that a high
baseline influx of CD8" T cells in rectal cancers was significantly
associated with pCR". This has also been reported in studies of
CRC'*'*73% In contrast, other studies have not found
a significant correlation between TIL density in pre-operative
biopsies and tumor shrinkage after neoadjuvant treatment'>>.
This discrepancy may be due to the different evaluation systems
used for TRG, cutoff values set for high and low influx of TILs,
size of the cohorts, and/or intracohort dependency in the quan-
tification model. It is also possible that our mIF approach could
result in slightly increased variability compared to a colorimetric
analysis of single parameters. Gene expression analyses of biop-
sies from patients with rectal cancer have revealed upregulation
of GrzB in patients showing complete or partial response to
neoadjuvant treatment”>°. These findings are in line with the
slight increase in the capacity to separate pCR from other
patients we observed when the GrzB parameter was included.
We found no association between y§TILs and tumor regression
after neoadjuvant treatment. However, these unconventional
T cells are emerging as a double-edged sword in the TME>’
with both cytotoxic and immunosuppressive effects®. Indeed,
an imbalance between the subtypes of y§ TILs with these oppos-
ing roles has been proposed in rectal cancer’”. Therefore, eval-
uating the predictive capacity of y8TILs for neoadjuvant
treatment response in rectal cancer might require subset ana-
lyses, which was not possible here due to the limitation of cell
markers in multiplex staining.

We assessed the response to type I IFN by quantification of
MxA-expressing cells selectively in the tumor stroma. This
revealed a significantly higher density of MxA-expressing
cells in tumor stroma of patients with pCR compared to
patients with a partial or no response, suggesting that patients
with pCR are exposed to higher levels of type I IFN. The
importance of type I IFN in the cancer immune cycle has
been ascribed to promoting a vigorous anti-tumor response

by fostering cross-priming of CTLs'’. A recent study using
murine colon carcinoma cells determined that during the anti-
tumor response, type I IFN controls the effector function of
CTLs by triggering the STAT3-GrzB axis resulting in GrzB
transcription in immune cells*’. However, only a very weak
correlation between the density of cells exposed to type I IFN
and TIL subsets, including CTLs, was detected in our cohort.
One could speculate that CTLs have already migrated from the
stroma under the influence of type I IFN and entered the tumor
epithelium to perform effector functions. However, no signifi-
cant association was found at this location either. When we
used an approach similar to that used to create the ISy tool
(dividing the cohort into low, high, and intermediate ranked
quartiles), but instead used the density of MxA-expressing cells
in the stroma, we found comparable - actually slightly
improved - sensitivity compared to ISg. This supports that
a type I IFN footprint could be an independent factor in
identifying rectal cancer patients in whom pCR could be
achieved after neoadjuvant treatment. Although MxA is widely
used as a marker when measuring type I IFN biological activity,
it does not show the direct presence of the cytokine, which
subtype of type I interferon that is secreted or which cell that is
the actual producer. Hence, additional studies are required to
address this in the TME of rectal cancers.

Although our attempts to use CD3 and/or CD8 densities to
predict the response to neoadjuvant treatment did not reach
statistical significance, our use of the ISy tool resulted in similar
results to those previously published”. Our qualitative heat-
map approach stratified the patients into six groups according
to either CD8" cell count in the tumor and/or MxA* cells in
tumor stroma. This quantification method found a significant
association with tumor regression in response to neoadjuvant
treatment. Furthermore, our method achieved a higher diag-
nostic odds ratio, compared to either ISy (CD3 and CD8) or
MxA and CD8 as single parameters implying improved ability
to classify patients’ response. Our approach also revealed that
all patients except one (7.7%) in the pCR group were in the
high quartile of either CD8 or MxA and that 23.1% were high
in both, while none were low in both. In contrast in the group
with no detectable response (TRG 3) only one patient (2.3%)
was in both high quartiles. The stronger response to neoadju-
vant treatment in patients with high numbers of TILs prior to
treatment could be due to the fact that, although productive
priming of tumor-specific CTLs has occurred, the level of
activation is insufficient to overcome the suppressive TME to
enable tumor eradication. However, following neoadjuvant
treatment, tumor antigens are released from dying cells and
taken up by professional antigen presenting cells (pAPCs) in
tumor tissues that, with sufficient co-stimulation, can reinvi-
gorate and unleash the CTLs in patients with higher numbers
of TILs. Indeed, tumors with type I IFN driven-inflammation
can create a TME permissive for TIL-mediated tumor
eradication*'. Such tumors would be identified by increased
density of MxA-expressing cells. Neoadjuvant treatment could,
through the induction of tumor cell death, release sufficient
antigens to allow pAPCs under the influence of type I IFN to
ignite the cancer immune cycle and activate tumor-specific
T cells. This may explain why a TME with both a high number
of CTLs and a type I IFN footprint would be the most



proficient in generating an anti-tumor response following
neoadjuvant treatment, while either could suffice on their own.

In this study, we explored the correlations between infil-
tration of T cell subsets, type I IFN response, and tumor
regression following neoadjuvant treatment. We stratified
the patients according to the density of CD8" and MxA"
cells in the entire tumor tissue and tumor stroma, respec-
tively, with a heat-map approach. We also added clinical
data previously suggested to predict tumor response, and
still our model provided better correlation with treatment
response. The lack of a validation of the heat-map approach
in an independent cohort is a limitation of the study.
Ongoing studies will hopefully validate these data in the
future. Following a successful verification, this novel
approach could aid in identifying patients with a good
chance of achieving a pCR. The stratification could poten-
tially also be used to identify patients who would benefit
from intratumoral immune cell reinvigoration preceding, or
in combination with, neoadjuvant treatment to replace
surgery.
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