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ARTICLE INFO ABSTRACT
Keywords: Improving responses to neoadjuvant therapy for patients with locally advanced rectal cancer has the potential to
Rectal cancer improve organ preservation and disease-free survival. Knowing which patients may need therapeutic escalation

Transforming growth factor beta
Consensus molecular subtypes
Biomarkers

or de-escalation from standard-of-care treatment remains an area of investigation. We previously reported the
primary and secondary endpoints of our single-arm study combining transforming growth factor beta receptor
inhibitor, Galunisertib, with neoadjuvant chemoradiation in patients with locally advanced rectal cancer. Here
we analyze RNA sequencing data obtained from tissue biopsies at baseline and after 2 weeks of galunisertib.
Differences in expression of genes associated with MYC, inflammation, and epithelial-to-mesenchymal transition
were observed between complete responders (CR) and <CR, with galunisertib upregulating MYC pathway
expression in CR. Radiosensitivity and TGFp response scores demonstrated limited ability to predict for response
to galunisertib + chemoradiation. Typically treatment-resistant consensus molecular subtype 4 (CMS4), char-
acterized by TGFp expression, and metabolic subtype (CMS3) were associated with response to galunisertib +
chemoradiation. Differences in correlations between RNA based measures of cell composition and immunobhis-
tologic quantification of infiltrates and extracted MRI parameters were observed for CIBERSORT, MCPcounter,
and xCell methodologies. Based on these data, we hypothesize that the stromal radioresistant phenotype driven
by TGFp can be overcome by the addition of galunisertib to chemoradiation in rectal cancer.

Research in context:

We previously reported the primary and secondary endpoints of our single-arm Phase II trial of transforming growth factor beta (TGFp) type I receptor inhibitor,
galunisertib, with neoadjuvant chemoradiation in patients with locally advanced rectal cancer. Complete response rate exceeded our predetermined statistical
threshold based on historic controls. We now report an exploratory analysis using bulk RNA sequencing of biopsy samples obtained at baseline and after 2 weeks of
galunisertib. Differential gene expression analysis, pathway enrichment, and transcription factor activity identified alterations in MYC signaling with galunisertib
were associated with complete response consistent with predictors of radiation sensitivity in rectal cancer. Using consensus molecular subtypes (CMS), complete
responders were classified as CMS3 and CMS4. The chemo- and radioresistant phenotype, CMS4, driven by TGFp, was the most frequent baseline CMS phenotype in
complete responders. We demonstrate a patient selection rationale for TGFf inhibition in combination with chemoradiation. In this study, we found patients for
whom standard-of-care modalities typically result in poor disease-free survival strongly benefited from the addition of galunisertib.
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Introduction

Approximately 47,000 cases of rectal cancer are diagnosed in the
United States each year. Definitive management for patients with Stage
II-III disease typically involves neoadjuvant chemoradiation. Response
rates to chemoradiation vary, with complete responses occurring in
8-25 %[1,2]. Pathologic complete response (pCR) rates are associated
with fewer local recurrences and greater likelihood of disease-free sur-
vival[1]. Increasing the time interval from completion of chemo-
radiation to surgery was attempted to improve response rates, however
in order to prevent delays in care, mFOLFOX6 chemotherapy was
administered after chemoradiation, prior to surgery[3]. Based on the
slightly improved pCR rates and similar toxicity profile, the sequencing
of mFOLFOX6 chemotherapy and chemoradiation (termed total neo-
adjuvant therapy or TNT) prior to surgery was evaluated in a random-
ized Phase II trial, demonstrating higher pCR rates with chemoradiation
first followed by chemotherapy[4]. The improved response rates
prompted an evaluation of whether organ preservation via omission of
total mesorectal excision was feasible. At 5 years median follow up,
organ preservation was feasible in 54 % of patient who underwent
chemoradiation followed by mFOLFOX6[5]. Efforts to better determine
which patients are likely to respond or not to chemoradiation would
allow for dose escalation or de-escalation strategies to improve patient
outcome and minimize toxicity.

Leveraging existing datasets, many groups have proposed putative
biomarkers for response to chemoradiation. Colorectal cancer has been
subclassified into 4 consensus molecular subtypes (CMS) — CMS1 (MSI
Immune), CMS2 (Canonical), CMS3 (Metabolic), and CMS4 (Mesen-
chymal). The CMS1 subtype comprises approximately 3 % of rectal
cancers and is characterized by hypermutation, BRAF mutations, im-
mune infiltration and activation[6]. The CMS2 phenotype makes up
approximately half of rectal cancers and is associated high levels of
somatic copy number alterations (SCNA) with WNT and MYC activation
[6]. Approximately 15 % of rectal cancers classify as the CMS3 subtype,
characterized by metabolic deregulation, KRAS mutations, low levels of
SCNA, and CpG Island Methylator Phenotype Low[6]. While about 30 %
of rectal cancers are classified as CMS4, characterized by high levels of
SCNA, stromal immune infiltration, transforming growth factor beta
(TGFp) activation, and angiogenesis[6]. Across all colorectal cancer,
CMS4 phenotype has the worst overall survival and relapse-free sur-
vival, while CMS1 has the worst survival after relapse[6]. When eval-
uating response to chemoradiation by CMS subtype, CMS1 has the
highest likelihood for pCR(2 [7],. This is consistent with improved
survival outcomes and chemoradiation response observed for colorectal
cancer patients with high levels of immune infiltrates[8-10], a feature of
the CMS1 phenotype. By contrast, the least likely CMS group to achieve
PCR with 5-fluorouracil based neoadjuvant chemoradiation was CMS4
[11,7]. Consistent with this, F-TBRS, a fibroblast TGFf signature,
strongly associated with lack of pCR[11]. TGFp is a multipotent cytokine
with roles in angiogenesis, EMT, invasion and metastasis[12], and is a
dominant immunosuppressive cytokine in the tumor microenvironment
[13-16] associated with immune exclusion and resistance to immune
checkpoint blockade[17]. We developed a clinical protocol that trans-
lated our preclinical work demonstrating TGFp type I receptor inhibition
improved tumor immune infiltrate prior to radiation resulting in
improved radiation response[14,18].

We previously published the results of our single-arm Phase II clin-
ical trial of transforming growth factor beta (TGFp) type I receptor in-
hibitor, Galunisertib, in combination with chemoradiation in locally
advanced rectal adenocarcinoma (NCT02688712)[19]. Enrolled pa-
tients received galunisertib for 2 weeks prior to starting 5-FU based
chemoradiation (Supplementary Figure 1). Since galunisertib is dosed
2 weeks on and 2 weeks off, patients received a total of 2 cycles of
galunisertib, with the second cycle concurrent with chemoradiation
(Supplementary Figure 1). The primary endpoint was complete
response (CR) defined as pathologic complete response or clinical
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complete response at 1 year after completion of therapy for patients who
underwent non-operative management. Thirty-two percent of patients
achieved a CR to neoadjuvant treatment, exceeding our predetermined
statistical threshold[19]. Of those who pursued non-operative manage-
ment, and therefore had total neoadjuvant therapy, 70 % had a CR[19].
Planned secondary endpoints included peripheral blood immune
monitoring and immunohistochemical analysis of immune cell infiltrate
from biopsy samples obtained at baseline and day 15 (after 2 weeks of
galunisertib alone), and surgical specimens (obtained 6-10 weeks
following galunisertib + chemoradiation). As reported previously, we
observed a reduction in activated CD8+ effector-memory T cells in the
peripheral blood of complete responders (CR) compared to patients who
did not achieve a complete response (<CR)[19]. Additionally, loss of
peripheral blood CXCR3+ CD8+ T cells correlated with response to
therapy and increased CXCR3+CD8+ T cells infiltrating the tumor[19],
consistent with preclinical work demonstrating TGFp regulation of
CXCR3 expression on CD8 T cells influencing tumor-homing[14]. While
there was no statistical differences in tumor immune infiltrate quantified
by multiplex immunohistology, trends towards increased CD4+ T cells
and reduced regulatory T cells and macrophages were observed in pa-
tients with CR[19]. Patients on study also underwent multiparametric
MRI at baseline (day 0) and following the first 2 weeks of TGFf inhi-
bition (day 15). Exploratory analysis of MRI parameters demonstrated
correlation with treatment response and CD8+ and macrophage tumor
infiltration[20].

Here we report a new exploratory analysis of bulk RNAseq data
obtained from patients enrolled on study NCT02688712 at baseline and
after two weeks of TGFp inhibition. We describe differentially expressed
genes and pathways enriched in patients with complete response. We
evaluate RNA based measures of cellular composition and correlate
these with multiplex IHC based cell counts and MRI based imaging pa-
rameters. We evaluate whether prior metrics of chemoradiation
response including RSS and F-TBRS are valid in our cohort. Finally, we
report that typically chemoradiation resistant CMS4 phenotypes, char-
acterized by high TGFp signaling, are associated with complete response
in our cohort suggesting addition of TGFp inhibition in these patients
could improve rates of organ preservation and potentially disease-free
survival.

Materials and methods
Study design

Patients with locally advanced rectal cancer for whom neoadjuvant
chemoradiation was the standard of care, were offered participation in
single-arm, Phase 2 clinical trial NCT02688712 evaluating the addition
of Galunisertib to chemoradiation (Supplementary Figure 1). Primary
study design and endpoints were previously published[19]. Herein, we
report exploratory endpoints utilizing bulk RNAseq of biopsy samples.
Forceps biopsies were obtained at baseline (Day 0) and after 2 weeks of
Galunisertib (Day 15) (+3 days), and stored in RNAlater. Of the 38
enrolled patients, 37 underwent study treatment. Therefore 74 samples
were obtained for RNAseq analysis. Library preparation and RNA
sequencing were successful in 73 of 74 samples. Quality control metrics
were acceptable for the 73 samples (n=36 at day 0, n=37 at day 15).

Library prep

Total RNA were purified from forceps biopsy specimens stored in
RNALater using DNA/RNA AllPrep reagents (Qiagen) according to the
manufacturer’s instructions. Library preparation using the Illumina
TruSeq RNA Exome kit converts total RNA into a library of known strand
origin, and then capture the coding regions of the transcriptome using
the following workflow.

The RNA is fragmented using divalent cations under elevated tem-
perature. cDNA is generated from the cleaved RNA fragments using
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random priming during first and second strand synthesis. Then,
sequencing adapters are ligated to the resulting double-stranded cDNA
fragments. The coding regions of the transcriptome are captured from
this library using sequence-specific probes to create the final library.
Captured library pools were normalized and loaded onto a Illumina
Novaseq 6000 for sequencing.

RNA preprocessing

RNA sequencing reads were aligned to GRCh38 human reference
genome, and transcript-level expression was quantified using Salmon
v0.12.0[21]. A total of 175,775 transcripts corresponding to over 20,
598 genes were initially detected. Transcript-to-gene level summariza-
tion was performed using the tximport package in R. Transcripts per
million (TPM) values were used as input for immune cell deconvolution
analyses with xCell[22], CIBERSORT[23], and MCPcounter[24].

QC and differential expression analysis

73 samples passed sequencing QC and 1 sample failed QC (TGF01
Day 0). Normalization and differential gene expression analysis were
conducted using limma[25] and edgeR[26]. Genes with a maximum
counts per million (CPM) value below 20 across all samples were
excluded from the analysis, resulting in 12,932 genes for downstream
analyses.

Celltype deconvolution

Cell type deconvolution was performed using xCell[22], MCPcounter
[24], and CIBERSORT[23], with TPM gene expression levels as input.
xCELL was used to perform cell type enrichment analysis from gene
expression data for 64 immune and stroma cell types, whereas CIBER-
SORT provides absolute and relative abundance of different immune cell
types depending on the specified gene set. In the present analysis, the
LM22 signature provided by CIBERSORT was applied. We used
MCPcounter to estimate the abundance of immune cell population.
MCPcounter quantifies abundance of tissue-infiltrating eight immune
and two stromal cell populations based on transcriptome profile.

Principal component analysis and heatmaps

Principal component analyses and heatmaps were generated using
the ClustVis tool (https://biit.cs.ut.ee/clustvis/).

Transcription factor activity enrichment

Transcription factor activity was calculated using the decoupleR
(v2.10.0)[27] R package. CollecTRI[28] regulons and DGE t-values were
input into the run_mlm function to get transcription factor activity
enrichment scores. The run_mlm function fits a multivariate linear
model for each sample and calculates how well the given transcription
factor’s regulon weights can predict the given t-values. The function
then generates an additional t-value that is interpreted as the enrich-
ment score.

Molecular subtyping

Predicted Consensus Molecular Subtype (CMS) classifications were
calculated based on gene expression data via the CMScaller function
with default settings implemented in the CMScaller R package[29].
MRI parameters

Patients on study underwent multiparametric MRI at baseline (day 0)

and following the first 2 weeks of TGFf inhibition (day 15).MRI pa-
rameters were obtained as described in [20]. Day O parameters were
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available on 36 patients. Day 15 parameters were available on 19
patients.

Statistics

Data was analyzed using GraphPad Prism. Comparisons between
groups or timepoint were performed using t-tests or ANOVA. Fisher
exact test was used to compare treatment outcomes with experimental
parameters (e.g. radiosensitivity signature). For correlation matrices,
Pearson correlations were calculated with r and p-values reported. False
discovery rate corrections to correlation p-values were performed using
the Benjamini and Hochberg method with a false discovery rate of 30 %.

Role of the funding source

The clinical trial was partially funded through the EXIST mechanism
from Eli Lilly and Company, who owned Galunisertib, and provided the
study drug. The remainder of the study was funded by The Providence
Foundation. The sponsors had no role in study design, collection, anal-
ysis, or interpretation of the data; in the writing of the report; nor in the
decision to submit the paper for publication.

Results

Patients with locally advanced rectal cancer for whom neoadjuvant
chemoradiation was the standard of care, were offered participation in
single-arm, Phase 2 clinical trial NCT02688712 evaluating the addition
of Galunisertib to chemoradiation (Supplementary Figure 1). We have
previously published the primary and secondary endpoints including
favorable safety profile, clinical efficacy (a complete response rate of 32
%), peripheral blood immune monitoring data, and multiplex immu-
nohistochemistry data. Herein, we report exploratory endpoints utiliz-
ing bulk RNAseq of biopsy samples. Forceps biopsies were obtained at
baseline (Day 0) and after 2 weeks of Galunisertib (Day 15) (+3 days),
and stored in RNAlater. Of the 38 enrolled patients, 37 underwent study
treatment. Therefore 74 samples were obtained for RNAseq analysis.
Library preparation and RNA sequencing were successful in 73 of 74
samples. Quality control metrics were acceptable for the 73 samples.

Gene expression and signaling pathway changes

Differentially expressed genes were evaluated at day O and day 15
comparing complete responders (CR) to those who had less than a
complete response (<CR). At day 0, CR had alteration of genes associ-
ated with inhibition of MYC signaling, mTOR signaling, inflammation,
epithelial-to-mesenchymal transition (EMT), and metabolism (Supple-
mentary Figure 2A-B, Table 1A-B). Conversely, at day 15, after 2 weeks
of TGFp inhibition, complete responders demonstrated gene alteration
associated with upregulation of MYC signaling, but consistently
demonstrated downregulation of the NFKB pathway, inflammation,
EMT, and hypoxia (Supplementary Figure 2C-D, Table 2A-B). While
CR at day 0 downregulated pathways associated with glycolysis, at day
15 they downregulated pathways associated with fatty acid oxidation,
suggesting a change in metabolic processes (Supplementary
Figures 2A-D). Several upregulated genes noted in Table 2A-B are
associated with antigen presentation (TAP2 and HLA-DRs) and vascular
activation (CHST4) suggesting immune potential. Next, we queried the
impact of TGFp inhibition by evaluating the change in gene expression
within each patient from day O to day 15, then comparing CR to <CR
(Fig. 1A-B, Table 3A-B). In this analysis, CR demonstrated significant
upregulation of pathways associated with NFKB signaling, interferon
signaling, and inflammatory responses, while down-regulating EMT,
consistent with the expected impact of TGFf inhibition. To further
evaluate the impact of TGFp inhibition on gene expression, we compared
day 15 versus day 0, without respect to responder status (Supplemen-
tary Figure 2E-F, Table 4A-B). Interestingly, there is upregulation of
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Table 1A
Upregulated in CR at baseline.

Up in CR

LogoFC

-logyo P-value

IGHV3-15
IGHV3-21
INSL5
HLA-A
CAl

CA4

7ZGl6
CLCA4
CLDN8
IGHV3-74
SI
SLC30A10
TMIGD1
GCG
MS4A12
PYY
SLC6A19
GUCA2B
ALDH1A2
CD177
HOXD13
CA7

SST
IGHV4-4
ANOS
SULT1E1l
GUCA2A
IGHV1-3
SLC4A4
SCNN1B
SLC26A3
TMEM132C
FDCSP
TCL1A
CA2
ABCG2
TRIM31
SERPINB7
HOXA13
HSPA1B
HOXD10
JCHAIN
VSIG2
HOXD11
Cllorf86
SELENOP
IGKV1-17
VNN1
BTNLS
GPAT2
TRANK1
SCGB2A1
LYPD8
DHRS9
IGLV2-8
BTNL3
ALPI
EVX1
IGHA1
CEACAM7
THRB
CIDEC
AKR1B10
USP2
TRPM6
IGHV4-61
REEP1
TM4SF20
CDKN2B
MMP28
HOXB13
ABCB1
LGALS2
HPGD

3.680692353
3.546180414
3.251673608
3.232566948
3.070769828
2.88729395
2.855055644
2.830305957
2.823247277
2.744637748
2.728844996
2.71941202
2.644234798
2.62038555
2.602604213
2.5722606
2.563142691
2.535815802
2.524363254
2.474681761
2.426202919
2.411557468
2.35600295
2.321797299
2.283091369
2.261808339
2.253961622
2.193863682
2.180074019
2.177771286
2.147260504
2.139892948
1.995795753
1.976609944
1.968600478
1.962632593
1.938395474
1.893926001
1.8931401
1.849653556
1.838872257
1.796666138
1.760782161
1.757325108
1.741942646
1.73206319
1.723404278
1.721675532
1.711941348
1.705490037
1.678914374
1.661073559
1.655633976
1.644272619
1.634327143
1.624308856
1.587474274
1.560423926
1.559518936
1.517988876
1.505165025
1.495578019
1.467234962
1.45527924
1.45196534
1.45146834
1.442589408
1.413588874
1.378596347
1.377924417
1.375321491
1.338692307
1.310580087
1.307698526

1.923821909
2.867027321
2.068184416
1.879004416
1.795067074
2.568515615
1.717400882
1.946920826
1.313107037
1.697372333
2.184448549
2.082169128
1.34728986
1.846298311
1.312493084
1.733290348
1.32129759
1.449984969
3.125309493
1.6405865
1.997706693
1.743422064
2.118514343
2.525020602
1.854543717
1.731284905
1.743168982
1.468235858
1.5107296
1.425997953
1.570060433
1.592152196
1.592361814
1.721756446
1.529122431
1.643092559
1.751144908
1.527271817
1.766345075
1.977386237
1.944728267
1.743083284
1.335167616
1.783699448
1.741815179
2.180632845
1.380579683
2.65457353
2.262264749
2.34947315
1.90261374
1.337553253
1.806157655
1.948745884
1.724881852
2.136170382
1.390626689
1.698222207
1.563987314
1.395367661
1.634315822
1.522164296
1.507404339
2.299032412
1.329174241
1.378104476
1.531899874
1.33806798
1.558924706
1.658338495
1.351670644
1.70090455
1.426658186
1.536270104

Translational Oncology 66 (2026) 102690

Table 1A (continued)

Up in CR Log,FC -logio P-value
HOXD9 1.289531704 1.515299456
PKIB 1.264369027 1.847570686
PDK4 1.259645061 2.135016377
SLC51B 1.243955894 1.607775401
PCDH19 1.211162213 1.345932797
TBX10 1.205402016 1.426788399
CDHR2 1.198565946 2.352661244
XDH 1.193417324 1.868281145
CASP5 1.178450545 1.876675743
TSPAN1 1.166462218 1.808359296
DPP4 1.16312411 1.647237073
LTK 1.140809684 1.354020698
BAMBI 1.128466304 1.693302814
GPT 1.087127564 1.4052001
GDA 1.078946689 2.442806662
SLCO2A1 1.073799104 1.679411001
ISX 1.072239888 1.716093895
SYTLS 1.06634314 1.334768311
ZNF813 1.063334045 2.182606862
MALL 1.06083464 1.442998582
KCND3 1.057960047 1.459694231
GCNT3 1.043153633 1.391234283
SAMD9 1.039231754 1.701825258
SMPDL3A 1.010856996 1.37156421
MT-ND3 1.009092638 2.587602627
SECTM1 1.001850942 1.316898048
Table 1B
Downregulated in CR at baseline.

Down in CR Log,FC -logyo P-value
INPPSD -1.017 1.777443285
BEX3 -1.065 1.521209879
PGBD5 -1.1242 1.487180655
XKRX -1.1435 1.483606572
ALOX15B -1.2077 1.320164458
MAPK15 -1.2211 1.339143189
IGFBP2 -1.2888 1.326990748
EPHX3 -1.3467 1.524753597
RPL17-C180rf32 -1.4518 1.411198172
MBOAT7 -1.4735 1.744230825
FGD1 -1.5971 1.739857651
CCNP -1.6569 1.355376269
IL36G -1.7289 1.73226633
PADI3 -2.4215 1.782136043
ARC -2.476 2.983092374
ZBTB22 -2.8798 1.343603704
KLK8 -3.4702 1.997910778

several hallmark pathways (Supplementary Figure 2F), but no path-
ways are downregulated. Consistent with Fig. 1B, there is upregulation
of TNFa signaling, inflammation, complement, IL6/STAT3, apoptosis,
IL2/STATS5, and heme metabolism, suggesting shared mechanisms that
are more exaggerated in CR than <CR. However, unique pathways in
Fig. 1B that are not observed in Supplementary Figure 2F include
downregulation of E2F, EMT, and myogenesis, the latter of which were
on average upregulated at Day 15. Additionally, hypoxia pathways,
which should skew towards radioresistance, were upregulated in CR vs
<CR (Fig. 1B), but no differences were observed when considering all
patients (Supplementary Figure 2F). Increased metabolism was seen at
day 15 including oxidative phosphorylation and fatty acid metabolism
(Supplementary Figure 2F). Finally, at day 15 MYC and KRAS path-
ways were upregulated (Supplementary Figure 2F). Together these
data suggest that Galunisertib impacted cellular metabolism, inflam-
mation, and signaling pathways, while complete responders down-
regulated EMT and upregulated interferon pathways.

Based on the change in MYC pathway activity in responders between
day 0 and day 15 (Supplementary Figure 2B,D), we performed a
transcription factor activity analysis. There was increased MYC activity
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Table 2A

Upregulated in CR at Day 15.

Translational Oncology 66 (2026) 102690

Table 2B
Downregulated in CR at Day 15.

Up in CR Log,FC -logyo P-value Down in CR Log,FC -logyo P-value
TAP2 4.144366884 2.283873907 OASL -1.0056 1.526569874
HLA-DRB5 3.523610184 2.536548206 DDX60 -1.0092 2.095597357
HLA-DRA 3.463796131 1.650859546 PDK4 -1.0177 1.481276277
PRRC2A 3.363056345 1.399736293 SLC16A14 -1.0334 1.676872844
UBD 3.269176227 1.676018996 F13A1 -1.0438 1.571735547
PPP1R11 2.889007791 1.795481223 KCND3 -1.0622 1.352687277
TRIM15 2.622975791 1.448284716 ST6GALNAC3 -1.063 1.52872084
SOX2 2.610424167 2.765436815 KRT20 -1.0808 1.384424489
CHST4 2.563150527 1.695133654 HDGFL3 -1.0894 1.584587151
TRIM71 2.491390574 2.206933127 CPM -1.0915 1.304916638
SIM2 2.475933221 3.631962785 MMRN1 -1.0925 1.395483817
WDR46 2.411578253 2.142471886 ACHE -1.1132 1.426604608
FOXC1 2.395791838 1.681602042 HSD17B2 -1.1587 1.464385432
TMEM178B 2.32666174 2.51722239 PLA2G10 -1.1617 1.518645008
IGF2 2.258771231 1.729015294 GBP3 -1.2225 1.681080041
GAL 1.75445946 1.46619442 CMPK2 -1.2235 2.077181015
SCN2A 1.748556178 1.611053938 SAMD9 -1.2348 2.282795066
LGR6 1.706699103 2.629219717 SECTM1 -1.2457 1.693464017
NEB 1.541214328 1.497215679 PPARGC1A -1.2781 1.864589414
ARHGEF35 1.46627397 1.676897056 SIGLEC14 -1.3027 1.580648343
LPAR3 1.455090345 2.166081068 IGLV2-11 -1.3239 1.325785818
PRODH 1.435623078 1.821872251 IGLV3-1 -1.3287 1.704144066
VARS1 1.391007109 1.711958694 TMEM220 -1.3489 1.549549232
SNCAIP 1.388270785 2.08823143 Cc7 -1.3637 1.658938925
IGF2BP3 1.362104404 1.684740104 WSCD1 -1.3991 1.712294989
PNPLA3 1.360288833 1.556914967 IGHV3-53 -1.4004 1.433034993
RNF183 1.327016351 1.983069299 B3GALT1 -1.4054 1.315995896
HHLA1 1.311536362 1.524124585 IGKV1-9 -1.4292 1.30830983
PWP2 1.257511133 1.393977436 BTNL3 -1.4597 1.814222285
ABHD12B 1.18950343 1.501834903 MUC12 -1.5373 1.83403502
NKD2 1.1806073 1.533232724 TSEN34 -1.5967 1.912991022
PUF60 1.172118755 1.720314078 CAPN14 -1.6221 1.643364004
SULT1C4 1.15828535 1.344931919 FIBCD1 -1.7206 1.443004056
ONECUT3 1.140938602 1.535168692 IGLV6-57 -1.7266 1.699339987
GRIN2B 1.0706943 1.61508428 RSAD2 -1.7566 1.965492813
NHS 1.062552294 3.247694236 B3GNT6 -1.7679 1.364633243
BTNLS -1.7726 1.981791298
ST6GAL2 -1.7766 1.722990487
in non-CR at day O (Supplementary Figure 3A). This was associated LDHD -1.7918 1.800794595
with differential gene expression of MYC associated target genes (Sup- ALPI -1.9632 1.791982018
. . . . TRANK1 -1.9661 1.999724269
plementary Figure 3B). Consistent with our pathway analysis, at day IGHV3-33 1974 1.646570449
15, we saw an upregulation of MYC activity in complete responders SCNN1G 2.0321 1.361802327
(Supplementary Figure 3C). Alteration of MYC pathway target genes IGHV1-2 -2.0538 1.458081483
demonstrated reciprocal expression patterns compared to baseline IGHV1-69 -2.0583 1.509874495
: : : CA2 -2.2431 1.900608423
measures. Previously published analyses have demonstrated increased oAd 59577 1705398815
MYC pathway activity correlates with complete response to neoadjuvant IGHV1-69D _2:2594 1:3 44472955
chemoradiation in rectal cancer(2). Our data would suggest that two SCNN1B -2.2666 1.584172861
weeks of TGFf inhibition were sufficient to flip MYC activity promoting GCG -2.4304 1.543119964
improved responsiveness to chemoradiation. INSL5 -2.4761 1.428191523
CAl -2.6071 1.306528246
ANO5 -2.687 1.583789534
Radiosensitivity and TGFj responsesignatures ZG16 -2.6953 1.657605735
IGHV3-21 -2.7453 2.051381193
. . . CLCA4 -2.8936 1.914736244
Previous studies demonstrated response to neoadjuvant chemo- IGHV3-43 3.614 3.807745659

radiation in rectal cancer was predicted by a 33-gene signature termed
the radiosensitivity score (RSS), where higher values correspond to
better response to chemoradiation(2). Pathway analysis of the RSS
included upregulation of inflammatory pathways and MYC targets, and
downregulation of EMT(2). We evaluated whether RSS predicted
response in our cohort of patients and found that patients with CR had a
higher average RSS, but this did not reach statistical significance
(Fig. 2A, Day 0: 0.5037 [CR] vs 0.4254 [<CR], NS; Day 15: 0.5687 [CR]
vs 0.5037 [<CR], NS). Using a midpoint cutoff of 0.5 (RSS range is 0-1),
the RSS failed to predict complete response at baseline (Fig. 2Bi, Fisher
exact test, p=0.1410), at day 15 (Fig. 2Bii, Fisher exact test, p=0.4821),
or combined for all time points (Fig. 2Biii, Fisher exact test, p=0.0746).
Given that pathways associated with EMT are strong drivers of a low
RSS, we predicted that inhibition of TGFp, a major driver of EMT
pathways, may negate the predictive validity of this biomarker.

Based on the role of TGFf in regulating the tumor stroma, we

subsequently evaluated for differences in the fibroblast TGFf response
signature (F-TBRS) which was previously shown to predict response to
neoadjuvant chemoradiation(2). No significant differences were seen in
F-TBRS scores between CR and <CR (Fig. 2C, Day 0: 0.03619 [CR] vs
0.0006110 [<CR], NS; Day 15: 0.1130 [CR] vs -0.07078 [<CR], NS).
Using the published cutoffs for low, medium, or high expression[30],
there was no association with F-TBRS and CR at baseline (Fig. 2Di,
Fisher exact test, p=0.6399), day 15 (Fig. 2Dii, Fisher exact test,
p=0.2236), or at all time points combined (Fig. 2Diii, Fisher exact test,
p=0.1255). Fourteen patients F-TBRS score changed from baseline to
day 15 (3 CR and 11 <CR), six patients score increased to a higher
category (1 CR and 5 <CR), eight decreased to a lower category (2 CR
and 6 < CR). Direction or magnitude of change in F-TBRS did not
correlate with response (Fig. 2C and data not shown). Based on these
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Fig. 1. Complete response associated with upregulation of inflammatory pathways and downregulation of epithelial-to-mesenchymal transition path-
ways. A) Difference in gene expression between Day 15 (D15) and day 0 (DO) within each patient, comparing CR vs <CR. Upregulated genes in CR shown on the
right (blue), downregulated genes in CR shown on the left (red). B) Hallmark pathway analysis of pathways altered between D15 and DO per patient corresponding to
(A). Upregulated pathways are shown in red, size of circle reflects size of effect.

Analysis of immunecellinfiltration
Table 3A 4 f f

Increased between baseline and Day 15 in CR.

Up in CR Delta Log,FC -logio P-value
HBA1 2.899489425 1.520020658
PAH 2.796091411 2.263179341
EDNRA 2.558196192 1.332398718
PKLR 2.159122935 1.630182263
SKIV2L 1.972034676 1.433740132
TBC1D3L 1.65127389 1.512361546
KIF26B 1.648568486 1.701356602
DLC1 1.534502859 2.077646807
ITGA11 1.451309525 1.377274911
ELN 1.435279051 1.415671224
ABHD16A 1.304479208 1.673081376
CCDC183 1.175822315 2.401851969
CRB2 1.116806821 1.680786099
HSF4 1.100504889 1.598703515
LZTR1 1.060088589 3.492242567
SLC19A3 1.034189908 1.561238409
AMT 1.009059839 2.657285546

data, the addition of a TGFf inhibitor invalidates the inverse correlation
between F-TBRS and response to neoadjuvant chemoradiation. In fact, a
higher percentage of patients with complete response had a medium or
high F-TBRS (91 %) compared to <CR (75 %). We next evaluated TGFf
response signatures in T cells (T-TBRS), macrophages (M-TBRS), and
endothelial cells (E-TBRS). We observed no significant differences be-
tween CR and <CR in any of these signatures at baseline or day 15
(Supplementary Figure 3A-F). However, there was a significant asso-
ciation between high/medium endothelial TGFJ response signature
(E-TBRS) and complete response when all time points were combined
(Supplementary Figure 3Fiii, Fisher exact test p=0.0253), and a trend
towards significance with all timepoints combined for the macrophage
signature (M-TBRS, Supplemental Figure 3Diii, Fisher exact test
p=0.0512). These data suggest complete response to neoadjuvant che-
moradiation plus galunisertib is more frequent in patients with high/-
medium stromal TGFf expression.

We subsequently performed RNA based cell quantification using
CIBERSORT, MCPcounter, and xCELL. In our prior publication, we
quantified infiltrating CD4+ T cells, CD8+ T cells, regulatory T cells,
and Macrophages using multiplex immunohistology. We found no sta-
tistical association between cell counts and complete response, though
there were trends towards reduced regulatory T cells and macrophages
in responders[19]. We evaluated whether RNA-based cell quantifica-
tions were consistent with immune cell counts from multiplex immu-
nohistology. The immune cell density data from forceps biopsy
specimens was obtained concurrently with tissue stored in RNAlater for
this analysis[19]. Very few correlations were observed between mIHC
and RNA-based methods (Fig. 3). Each algorithm had a few successes:
CIBERSORT was able to predict CD4+ T cells at baseline (Fig. 3Ali,
R?=0.15, p=0.0251 [CD4 resting memory], R>=0.16, p=0.0192 [CD4
Sum] and CD8+ T cells at day 15 (Fig. 3Aii, R2:0.27, p=0.0014 [CD8];
MCPcounter has no significant correlations; and xCell significantly
correlated with of CD4+ memory T cells (Fig. 3Bi, R?=0.27, p=0.015),
CD8-+ central memory T cells (Tcm) (Fig. 3Bii, R2:0.16, p=0.019), and
M1 macrophages (Fig. 3Biii, R?=0.17, p=0.013) all at day 15. We then
compared whether the different deconvolution methods correlated with
one another. Generally, there was stronger agreement between xCell and
MCPcounter, particularly in monocyte, macrophage, and dendritic cell
estimations (Supplementary Tables 1-3). CIBERSORT estimations of
CD8+ T cells correlated with xCell CD8+ T cells, CD8+ effector memory
(CD8+ Tem) and naive CD8+ T cells, while it correlated with both CD8
T Cells and T cell estimates by MCPcounter (Supplementary
Table 1A-B). CIBERSORT measures of CD4 memory resting cells
correlated with xCell CD4+ memory cells at day 0 (Supplementary
Table 2A), while at day 15 the CD4 memory activated estimates
correlated with several xCell based measures of CD4 T cells and
MCPcounter estimates (Supplementary Table 2B). CIBERSORT and
xCell measures of M2 macrophages at day 0 and day 15 correlated, while
only MCPcounter measures at day 15 correlated with CIBERSORT
(Supplementary Table 3A-B). CIBERSORT and xCell measures of reg-
ulatory T cells did not correlate at either time point(Supplementary
Table 4A-B).

We have previously published correlations between MRI features
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Table 3B
Decreased between baseline and Day 15 in CR.
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Table 4A
Upregulated at Day 15.

Down in CR Delta Log,FC -logyo P-value Up at D15 Log2 FC -log10 P-value
IL6R -1.0033963 1.374448304 DDX39B 3.355606175 2.073663277
SLC15A1 -1.004462393 1.498272298 KDMS5D 2.764185082 1.794262881
MAFF -1.030649073 1.834206945 DDX3Y 2.736466451 1.700617011
SERPIO1 -1.062235303 1.587441132 BNIPL 2.38718522 4.76497285
ABCA13 -1.072346356 1.526276199 UTY 2.361319866 2.401674795
ADGRF1 -1.076970342 1.314536926 ZFY 2.331171866 1.776432088
GPAT3 -1.082611479 1.713134266 PADI3 2.172032377 3.145948002
NFIL3 -1.102969366 1.782570825 USP9Y 1.950962432 2.037802719
AQP3 -1.115136584 1.748911263 MALRD1 1.916524986 2.452931074
SEMA7A -1.127545628 2.161786142 SULT1E1 1.773021363 1.779757415
NFKBIA -1.13343885 1.464506434 EIF1AY 1.762046763 2.744680654
SIK1 -1.144341565 1.408176303 HSPA1B 1.595638414 2.514235003
NKX3.1 -1.145615135 1.400949205 CA9 1.561014215 1.706601669
DUSP5 -1.160964937 2.149547148 PLA2G3 1.556103304 1.615703922
EVI2A -1.169226687 1.426469919 SLC28A3 1.53316434 3.938398177
PFKFB3 -1.207033398 1.399619356 ELF5 1.490140418 1.756613764
CXCR4 -1.226966808 1.49996304 TFAP2A 1.484590258 2.623026298
CD14 -1.232715968 1.516710143 PCDHA4 1.418298491 7.617441477
Cl60rf54 -1.233055039 1.424073777 POTEI 1.375397311 2.187654247
HMOX1 -1.238822223 1.831264599 POU6F2 1.366829908 4.564508725
TRGC1 -1.26204302 1.493265512 RETNLB 1.327365235 1.65951483
CD55 -1.276668134 1.536063138 CTNNA2 1.312344691 1.710447417
CYTIP -1.326774792 1.682515648 ZNF750 1.304751474 1.643340364
TDRD9 -1.359133418 1.342729424 GOLGA6L9 1.30352553 3.617463026
ALOX5AP -1.380500025 1.427340454 WDR72 1.296110054 2.186957284
NR4A3 -1.39445686 1.356308819 SHC2 1.295838663 3.722186305
PLAUR -1.413739809 1.861903385 LRRN1 1.289678148 1.861798587
PRKCB -1.431620612 1.558179619 GABRP 1.254725208 3.182336943
IL1R2 -1.431972736 1.728462811 ALDH3B2 1.23677603 2101916162
ADM -1.454296319 2.190007673 NPC1L1 1.228826249 1.684846777
ANGPTL4 -1.459668631 1.721062431 CLDN18 1.203632693 1.641664341
CAMK1G -1.517473105 1.309763295 KCNJ3 1.196401186 2.156304926
ADORA2A -1.550965235 1.55282001 CBLIF 1.188012962 1.670663697
PHACTR1 -1.596988723 1.475877218 ADH7 1.166956765 3.474719708
SRGN -1.608051963 1.482616357 RANBP17 1.154158404 4.502486624
SH2D1B -1.608057476 1.883378777 ZNF488 1.145677816 3.003125147
A4GALT -1.611764753 1.435575659 DUOX1 1.144589405 3.624055371
CD69 -1.657964009 1.668354485 TRIM72 1.133466889 4.058597501
CAPN14 -1.658263089 1.376624113 TMEM40 1.127998822 2.633151461
RIPOR2 -1.658361595 1.338805988 AMER3 1.125811361 3.254740256
MGAM -1.658811522 1.346341934 CADPS 1.124112883 3.332715532
PDE4B -1.694292487 1.444115511 TMEM45A 1.115667828 5.120157135
VNN2 -1.696507712 1.382728465 PCDHB9 1.114915205 3.91836073
1L23A -1.735337069 1.430431785 SHISA9 1.099087125 4.073990696
DSG3 -1.807199477 1.966780174 GSDMC 1.092283759 2109129673
VNN1 -1.835339646 1.514879234 PCDHGAS8 1.091212994 3.688952707
HSPA6 -1.836938348 2.295094467 CAPN12 1.085736996 2.771023517
PLEK -1.85936928 1.380939302 CALML3 1.084980787 1.562679108
BCL2A1 -1.861950018 1.429719878 PLEKHS1 1.083633912 3.723503606
IL1IRN -1.894234307 1.390748985 PRDM16 1.08209691 2.571345881
G0S2 -2.084587046 1.541682342 SAA2 1.078169641 2.638678028
SPRR2D -2.152676206 1.407169713 CECR2 1.076009071 2.270504772
ALDH1A2 -2.239164959 1.766966584 CATSPERB 1.071845341 4561346785
HCAR2 -2.339609091 1.388537566 EPPIN 1.061395059 3.229617163
PROK2 -2.385055951 1.327064405 CLEC18A 1.056048381 3.548041703
SPRR2A -2.451789563 1.304711777 FAM241A 1.036960098 4.495380328
SLC30A10 -2.616116813 1.795824858 CYP4F8 1.036760252 3.557582731
CA4 -3.141971903 2.019208892 KLK7 1.032715821 1.82717693
NEB 1.030691203 1.56472252
HHLA1 1.021470728 1.945538976
and immune cell counts by immunohistology at day 15[20]. We found PNPLA3 1.019932314 1.8732787

that texture-based features positively correlated with CD8+ T cell
counts, while they inversely correlated with macrophage counts[20].
We next assessed whether RNA-based cell counts correlated with MRI
features at day O or day 15. CIBERSORT measures of CD4+ T cells and
myeloid cells (monocytes, MO macrophages, and dendritic cells) corre-
lated with MRI based measures of the tumor microenvironment (Sup-
plementary Figure 5A). MCPcounter based measures of T cells,
cytotoxic lymphocytes, and NK cells correlated with MRI based mea-
sures at day 15, which is somewhat consistent with correlations to mIHC
based cell counts (Supplementary Figure 5B and (22)). Finally, xCell
based measures of CD4+ T cells and monocytes at baseline correlated
with MRI based measures, while CD8+ T central memory cells

PLINS 1.011497396
ANKRD18A 1.005115934

3.208153444
2.640186704

correlated with MRI measures at day 15 (Supplementary Figure 5C).
After relaxed false discovery rate corrections based on sample size and
the exploratory nature of this analysis, we found no significant corre-
lations using MCPCounter or CIBERSORT, but with xCell there remained
significant correlations between Day 0 Axial Diffusion-AV and CD4+
Tem and Tem, Day O Axial Inertia and CD4+ Tem, as well as Day 15
Skewness Gabor and Monocytes. Whether these metrics bear clinical
significance remains to be determined.
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Table 4B

Downregulated at Day 15.

Down at D15 Log2 FC -log10 P-value
IRF4 -1.0052029 2.525074453
MRGPRF -1.0120462 2.942244031
MFAP4 -1.0125946 2.054220646
SPARC -1.0142874 3.150902662
IGFBP6 -1.0158667 2.495205134
ADGRF4 -1.0174452 3.259581059
MTRNR2L6 -1.0191197 1.599039669
SLC51B -1.0235564 2.268568256
MMP2 -1.0281927 2.773431815
AKR1B10 -1.0344428 1.670883369
MYOCD -1.0365763 2.028046942
THY1 -1.0391114 2.621289245
SELE -1.0405125 1.823426733
CD79A -1.0413398 2.093533301
ANGPTL2 -1.0461687 2.938833255
POSTN -1.046519 2.262130056
APLNR -1.0483134 2.471178791
FOLH1 -1.0541064 1.772971205
CIDEC -1.0554174 1.653504707
WNT5B -1.0566446 2.55262788
SLC16A9 -1.0966196 1.619174347
IGHM -1.0967334 1.884794032
SCARA5 -1.108745 1.54688833
ACSL6 -1.111459 1.754581992
RPL17-C180rf32 -1.1125784 2.524504185
DHRS9 -1.1141819 1.872895817
ECHDC3 -1.1161149 2.270188937
APOC4-APOC2 -1.1263141 1.900024169
PLVAP -1.1332881 3.06794862
GPNMB -1.1352284 3.664109387
JCHAIN -1.1370655 1.62364527
EGF -1.1376875 1.924347717
IGFBP5 -1.1395728 3.21455477
IGLV2-11 -1.148493 1.618335885
CD248 -1.1493039 3.021704256
RSPO3 -1.1535568 1.864184923
ERP27 -1.1614245 2.582900227
CCR3 -1.1694047 3.217752578
IGKV2-30 -1.1941144 1.681192448
ACTA2 -1.1970454 4.49928712
IGHG1 -1.2107732 1.962033523
ACTG2 -1.2152384 2.745414257
IGHV3-48 -1.2303015 1.827765005
IGLV3-21 -1.2342393 1.873199158
CDH16 -1.2434097 1.812603829
IGKV1-17 -1.253521 1.524280242
CEACAM7 -1.2626239 1.932653737
MTRNR2L3 -1.2878544 2.095081748
IGLC3 -1.2906071 1.862799815
IGKV2-24 -1.2956172 2.145444145
VIP -1.3131165 1.651734347
VSTM2L -1.323814 2.043664779
IGKV1-6 -1.3240729 2.002900646
HOXA13 -1.3296355 1.656332266
IGHV3-53 -1.3424375 2.130490788
IGKV3D-20 -1.35321 1.677892605
IGKV1-12 -1.3641773 2.081662007
IGKV1-16 -1.3817283 1.941124043
IGLC1 -1.3935728 2.694382558
MTRNR2L10 -1.4003055 1.998647359
KDR -1.4025695 1.568644145
IGKV6-21 -1.4147421 1.740210217
IGKC -1.4157543 2.594030013
IGLL5 -1.4187499 2.507796152
IGKV4-1 -1.4409644 2.768508826
IGHV3-73 -1.4418694 1.570014668
IGKV3-20 -1.4545121 2.830582436
MTRNR2L1 -1.4550349 1.578354697
IGLV7-43 -1.4604215 2.373510675
IGHA1 -1.4611654 2.622593081
IGKV2-28 -1.4647695 2.777629778
SLC26A3 -1.4737395 1.649104433
IGHV3-11 -1.4836573 1.874766836
ST6GAL2 -1.4898095 2.121486915
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Table 4B (continued)

Down at D15 Log2 FC -log10 P-value
HLA-DMB -1.4944375 1.717111036
IGKV1-5 -1.5169146 2.559764374
CCL11 -1.5214294 3.484274754
IGHG4 -1.530975 2.040686015
IGLV1-51 -1.5310012 3.087478079
IGLV2-23 -1.5489729 2.871693834
IGLV3-25 -1.5744331 3.15304392
IGHV4-59 -1.5779991 3.031040505
IGHV2-5 -1.5983584 3.007858465
IGHV3-30 -1.5992702 2.666617118
CACNG4 -1.6065297 1.900828692
IGKV1-33 -1.6273115 2.72498484
IGLV4-69 -1.6444541 3.156002586
IGLV2-18 -1.6446853 2.17829353
IGLC2 -1.6737573 3.654131957
IGHV4-4 -1.6957483 2.924648242
IGLV1-47 -1.7014071 3.262967747
ZIC2 -1.7390915 2.053963086
IGHV5-51 -1.7481311 2.615308652
IGLV3-19 -1.7565623 3.295168634
IGKV1D-39 -1.761169 2.587092144
IGLV8-61 -1.7671028 3.047943054
LY75-CD302 -1.7711289 4.457798281
HOXD13 -1.7741166 2.176758891
IGKV3-11 -1.7756773 3.334433436
IGLV7-46 -1.7833271 3.06497251
IGKV1-39 -1.7863222 1.92163447
IGLV3-9 -1.788492 3.312014113
CST1 -1.7886692 2.344909196
MTRNR2L11 -1.8030634 2.40551266
IGLV1-40 -1.8307265 3.906063503
IGHV3-23 -1.844605 3.853615827
IGHV3-49 -1.8546938 3.085379508
IGKV1D-16 -1.8627109 2.163347892
IGKV1D-13 -1.8833867 2.675205771
IGLV3-1 -1.8879636 3.626999793
IGHV3-33 -1.9086467 1.999448262
IGHV1-3 -1.9135656 2.397307295
IGKV1-27 -1.9222628 3.014874821
INSL5 -1.9495226 1.573995171
IGHV1-18 -1.9641615 1.909746698
IGHV4-39 -1.990833 2.046879275
MTRNR2L12 -1.9934478 1.945092544
IGLV6-57 -2.0423464 3.319596114
IGKV3-15 -2.0506431 3.424700534
IGHV1-69D -2.1146963 1.868207332
CEP20 -2.1985611 2.118067522
IGHV3-21 -2.3034741 1.884054109
MTRNR2L8 -2.3608605 2.584743458
HLA-DQB1 -2.5370577 1.518189019
IGHV3-15 -2.63408 2.181811695
IGHV1-69 -2.6890022 3.409251187
FGF2 -2.7152405 3.370161905
IGLV1-44 -3.0393683 2.558370919

CMS subtypesand treatmentresponse

We next performed consensus molecular subtype (CMS) classifica-
tion at baseline and day 15. CMS subtype distributions vary based on
location in the colon/rectum. For example, MSI-high, hypermutated
CMS1 subtype tumors are most frequently found in the right colon (31 %
of right colon tumors) and are found least frequently in the rectum,
comprising just 3 % of rectal tumors. In our study, baseline CMS clas-
sification distribution was consistent with these reports (Fig. 4A). CMS1
phenotype represented 5 % of tumors, CMS2 13.5 %, CMS3 16 %, and
CMS4 35 %, while 30 % did not segregate into a CMS classification
(Fig. 4A). After 2 weeks of TGFp inhibition, CMS classifications were
altered (Fig. 4B-C). There was a decrease in CMS4 classification (35 % to
19 %, Figs. 4A-B), consistent with a reduction in TGFp activation. There
was an increase in CMS2 and CMS3 classification (Figs. 4A-B). Change in
CMS classification by patient suggests that many patients with CMS4
baseline classification altered phenotypes towards a nonclassified (NA)
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Fig. 2. Radiosensitivity score (RSS) and fibroblast TGFp response score (F-TBRS) associations with response. A) RSS at baseline (Day 0) and Day 15 in
patients with CR vs <CR. B) Response predictions of RSS using cutoff of 0.5 at i) Day 0, ii) Day 15, or iii) Combined across all time points. Fisher exact test (FET) listed
for each. C) F-TBRS at Day 0 and Day 15 in patients with CR vs <CR. D) Association between low vs high/medium F-TBRS and CR vs <CR at i) Day 0, ii) Day 15, or

iii) Combined across all time points. Fisher exact test (FET) listed for each.

expression pattern or CMS3 pattern (Fig. 4C). The increase in CMS2
phenotype at day 15 was primarily related to unclassified (NA) tumors at
day 0 (Fig. 4C).

With the addition of CMS phenotype, we evaluated whether RNA-
based cell quantifications or MRI based features were able to cluster
patients by CMS phenotype or treatment response (CR vs <CR). Prin-
cipal component analysis and hierarchical clustering failed to identify
patients based on CMS phenotype or treatment response at baseline or
after TGFf inhibition using (Supplementary Figures 6A-B (CIBER-
SORT), 7A-B (MCPcounter), 8A-B (xCell)). MRI features also failed to
correlate with molecular subtype or response at baseline (Supplemen-
tary Figure 9A) or after galunisertib (Supplementary Figure 9B). Since
our original publication failed to show an association between immune
cell density and response, the cellular deconvolution data are not
entirely surprising. However, we have previously shown a correlation
between MRI parameters and chemoradiation response, but those pa-
rameters included both the texture features presented here combined
with deformation features, which we did not include in this analysis as
those features did not correlate with immune cell counts in the prior
analysis. Therefore, the limitations in grouping CMS subtype or response
by MRI features may be due to the omission of these data.

Finally, we evaluated whether specific CMS phenotypes were asso-
ciated with response. Complete responders had predominately CMS3
and CMS4 classifications at baseline and after TGFp inhibition (Fig. 4D).
CMS3 and CMS4 phenotype were positively correlated with complete
response (p=0.0321, Fig. 4E). This is particularly notable as the CMS4
phenotype is typically poorly responsive to neoadjuvant chemoradiation
in rectal cancer(2, [31]. When evaluated individually (e.g. CMS4 vs all
others) there was no individual CMS category that associated with
complete response. There was a trend that favored complete response in
males with CMS3 and CMS4 phenotype (p=0.0923, Fig. 4F), whereas
<CR patients had equal distribution of males and females across CMS
subtypes (Fig. 4G). These data suggest the strongest benefit of galuni-
sertib was observed amongst patients with CMS3 and CMS4 phenotypes,
while CMS2 patients did not appear to benefit.

Discussion

Improving response to neoadjuvant therapy for patients with locally
advanced rectal cancer has the potential to improve organ preservation,
quality of life, and disease-free survival[1,5,32]. Molecular classifica-
tion of tumors has the potential to stratify patients based on tumor
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Fig. 3. RNA based cell counts and their correlation with quantitative immunohistology measures. A) CIBERSORT cell classifications associate with immune
infiltrate measures by immunohistology for i) CD4+ cells at Day 0 and ii) CD8+ T cells at Day 15. B) xCell measures of i) CD4+ Memory T cells, ii) CD8+ central
memory (Tcm), and iii) M1 macrophages at day 15 associate with immunohistology measures.

biology and therapeutic response. The consensus molecular subgroups
for colorectal cancer have correlated with response to neoadjuvant
chemoradiation, with CMS1 demonstrating higher probability of com-
plete response, while CMS4 demonstrating the lowest probability of
complete response(2, [7]. Patients with CMS4 phenotypes have the
poorest prognosis, with worse disease-free and overall survival. Retro-
spective analyses suggest patients with CMS4 tumors respond better to
irinotecan containing chemotherapy regimens vs oxaliplatin[33], but
outcomes are still poor. Preclinical modeling using patient-derived xe-
nografts demonstrated improved response in the chemoresistant CMS4
subtype when 5-FU chemotherapy was combined with HSP90 inhibitor,
luminespib, which was not observed in the chemosensitive CMS2 xe-
nografts[34]. Similarly, HSP90 inhibitors have also shown promise as
radiation sensitizers in radioresistant cell lines[35], though this has not
been tested across tumors from differing CMS subtypes. Our data sug-
gests that targeting one of the key biologic drivers of CMS4 phenotype,
TGFp, with galunisertib resulted in altered gene expression patterns and
improved response to chemoradiation.

One of the factors limiting the successful translation of TGFf in-
hibitors to the clinic has been challenges with patient selection. These
data provide key biologic rationale for patient selection or trial strati-
fication. TGFp is a critical driver to epithelial-to-mesenchymal transi-
tion, which has been associated with poor response to chemoradiation
(2) and immune checkpoint blockade[36]. Enriching for stromal-rich or
EMT gene signatures in trials of TGFp inhibitors, may be one strategy to
select for patients with the highest probability of response. While
baseline TGFp response signatures failed to correlate with response,
these may reflect genes acutely altered by the presence of TGFf, while
the stromal-rich phenotype or EMT signatures may reflect prolonged
TGFp exposure, and are therefore more likely to benefit from galuni-
sertib therapy. Medium or high TGFp response signatures, when com-
bined across timepoints, did correlate with response to treatment. This
may also suggest prolonged TGFf signaling or simply reflect higher
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power to detect differences when more data points are included in the
analysis. Both the stromal TGFp response signatures (E-TBRS and
M-TBRS) and CMS4 phenotype, could be implemented for better patient
selection for TGFp inhibitors, a key barrier faced clinically.

We also saw complete response in patients with baseline CMS3 and
non-distinct (NA) phenotypes, but not in CMS1 and CMS2 where
response to chemoradiation alone would be predicted to be greater.
Based on these data, if we move forward with the addition of a TGFf
inhibitor in neoadjuvant rectal cancer treatment, we would favor
excluding CMS1 and CMS2 patients, the former of which would now
likely receive immune checkpoint blockade[37], and the latter which
may not benefit from the addition of TGFp blockade. Since
RNAseq-based stratification methods are cost and time prohibitive in
many community settings, adoption of histology-based classifications,
such as the imCMS, may provide a readily adaptable approach to
identifying and stratifying patient treatments[31]. Importantly, we
found that CMS phenotypes are dynamic, with reclassification occurring
for most patients. We do not have an untreated cohort to compare to, so
it remains unknown whether CMS classifications change in the absence
of treatment, based on differences in sampling or tumor evolution.
Therefore, further evaluation of CMS as a stratification strategy is war-
ranted. Additionally, while we demonstrated alterations in gene signa-
tures, monotherapy with TGFf inhibitors alone may not be sufficient to
reduce tumor burden. Similar to using HSP90 inhibition as a chemo-
sensitizer[34], TGFp inhibition may be viewed as a sensitizer to
chemotherapy, radiation, and/or immunotherapy. Ongoing trials
combining TGFp targeting strategies with immune checkpoint blockade
(NCT06788990 and NCT06603844), or chemoradiation (NCT06044311
and NCT06767813) may provide further data to support patient selec-
tion criteria.

MYC is a proto-oncogene required for normal intestinal epithelial
renewal. However, MYC overexpression is present in up to 80 % of
colorectal cancers. APC mutations increase f-catenin mediated
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Fig. 4. CMS phenotypes 3 and 4 correlate with response to neoadjuvant chemoradiation with Galunisertib. A) CMS phenotypes at baseline (Day 0). B) CMS
phenotypes after 2 weeks of galunisertib at Day 15. Migration of CMS phenotypes between Day 0 and Day 15 in all patients (C) and exclusively within CR (D). E)
Relationship between CR and CMS phenotype. Fisher’s exact test value below. F) Association of sex with CMS phenotype in CR. G) Association of sex with CMS

phenotype in <CR.

transcription of MYC. MYC regulates global metabolic reprogramming
of colorectal cancers, and inhibition of pyrimidine synthesis genes can
overcome MYC overexpression[38]. MYC also plays a role in ER stress
promoting the unfolded protein response pathway[39]. Prolonged ER
stress can lead to immunogenic cell death. MYC expression has posi-
tively correlated with response to chemoradiation(2, [40]. Interestingly,
baseline samples from patients with complete response had low MYC
expression, but after 2 weeks of galunisertib, they exhibited MYC
overexpression. These data suggest low MYC expression may be an in-
direct selection criteria for patients who might respond better to galu-
nisertib + chemoradiation.

Our study was exploratory in nature, and with a small sample size,
and we should exercise caution in interpreting the data. While we were
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able to see changes in CMS classification, differential gene expression,
and transcription factor activity with just 2 weeks of galunisertib, given
heterogeneity of patient samples and the number of comparisons
employed, few significant differences remained after correction for
multiple testing. Multimodal measurements including imaging and
cellular component analyses remain largely descriptive and provide a
basis for further investigation. Despite high levels of variability,
consistent patterns were observed with similar biologic pathways
altered, which support our hypothesis that TGFf drives a stromal radi-
oresistant phenotype which can be overcome by addition of galunisertib
to chemoradiation.

Data Sharing Statement: Since this involves patient data, any un-
aligned or aligned sequencing reads are considered PHI and will not be
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shared. De-identified RNA counts are available at GEO Accession Viewer
(GSE318268).

SUPP

Supplementary Figure 1. Trial Schema. Enrolled patients
completed a 14-day course of Galunisertib, followed by chemoradiation
with continuous infusion 5-fluorouracil or capecitabine with radiation
to 50.4-54 Gy in 28-30 fractions. On day 30, patients underwent
another 14-day course of Galunisertib concurrent with chemoradiation.
Five to nine weeks after completing their neoadjuvant therapy, patients
underwent a response assessment. Those with complete response by
physical exam, proctoscopy, and MRI, could opt for non-operative
management and proceed to mFOLFOX6. Those with less than a com-
plete response underwent surgical resection. The primary endpoint was
complete response rate, which was a composite of pathologic complete
responses from those patients who proceeded to surgery, and clinical
complete responses maintained at 1 year after completion of therapy for
those who chose non-operative management. Forceps biopsy and MRI
were obtained at baseline (day 0) and after first course of galunisertib
(day 15). Created using BioRender.

Supplementary Figure 2. Differentially expressed genes and
pathways associated with complete responders. Volcano plots of
differentially expressed genes between CR and <CR at A) baseline (DO)
with B) hallmark pathway analysis for differentially expressed genes.
Volcano plots of differentially expressed genes between CR and <CR at
C) day 15 (D15) with D) hallmark pathway analysis for differentially
expressed genes. E) Difference in gene expression between day 15 and
day 0 in all patients regardless of response. F) Hallmark pathway anal-
ysis corresponding to E. For volcano plots, upregulated genes in CR (A,
C) or at day 15 (E) shown on right (blue), downregulated genes shown
on the left (red). Individual genes highlighted in Tables 1-4. For
pathway analysis, upregulated pathways are shown in red, size of circle
reflects size of effect.

Supplementary Figure 3. Myc transcription factor activity at
baseline and day 15 associate complete response. A) Transcription
factor activity score differences between complete responders (CR) and
less than complete responders (Non-CR) at baseline (D0). B) Differen-
tially expressed genes between CR and non-CR at DO. Genes positively
associated with Myec transcription factor are red, while genes negatively
associated with Myc activity are blue. C) Transcription factor activity
score differences between CR and Non-CR at after galunisertib (D15). D)
Differentially expressed genes between CR and non-CR at D15

Supplementary Figure 4. TGFf response signatures do not
associate with treatment response. A) T cell TGFp response signature
(T-TBRS) does not correlate with treatment complete response (CR) or
<CR. B) Proportion of patients with high/medium score vs low score at
i) baseline, ii) day 15, or iii) all time points combined. Fisher exact test
(FET) values as indicated. C) Macrophage TGFp response signature (M-
TBRS) for CR and <CR at indicated time points. D) Proportion of pa-
tients with high/medium score vs low score at i) baseline, ii) day 15, or
iii) all time points combined. FET values as indicated. E) Endothelial
TGFp response signature (E-TBRS) for CR and <CR at indicated time
points. D) Proportion of patients with high/medium score vs low score at
i) baseline, ii) day 15, or iii) all time points combined. FET values as
indicated. ns=not significant

Supplementary Figure 5. Correlation between RNA based cell
quantification and MRI-based measures of the tumor microenvi-
ronment. Uncorrected Pearson Correlation coefficients for association
between indicated cell types and MRI features using A) CIBERSORT, B)
MCPcounter, or C) xCell based cell quantification methods. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001. White squares indicate insuffi-
cient data to correlate.

Supplementary Figure 6. CIBERSORT cell quantification. A)
Baseline (Day 0) i) principal component analysis and ii) hierarchical
clustering failed to discriminate patients based on CMS classifier or
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treatment response (CR vs <CR). B) After 2 weeks of galunisertib (Day
15) i) PCA and ii) hierarchical clustering were still unable to discrimi-
nate patients based on CMS classifier or treatment response (CR vs
<CR).

Supplementary Figure 7. MCPcounter cell quantification. A)
Baseline (Day 0) i) principal component analysis clusters CMS3 and
CMS4 together and ii) hierarchical clustering failed to discriminate pa-
tients based on CMS classifier or treatment response (CR vs <CR). B)
After 2 weeks of galunisertib (Day 15) i) PCA mildly clusters CMS3 and 4
together while ii) hierarchical clustering was still unable to discriminate
patients based on CMS classifier or treatment response (CR vs <CR)

Supplementary Figure 8. xCell cell quantification. A) Baseline
(Day 0) i) principal component analysis and ii) hierarchical clustering
group many CMS3 and 4 patients together but failed to discriminate
patients based on CMS classifier or treatment response (CR vs <CR). B)
After 2 weeks of galunisertib (Day 15) i) PCA and ii) hierarchical clus-
tering group CMS3 and 4 together, but were still unable to discriminate
patients based on CMS classifier or treatment response (CR vs <CR).

Supplementary Figure 9. MRI parameters. A) Baseline (Day 0) i)
principal component analysis and ii) hierarchical clustering based on
MRI parameters failed to discriminate patients based on CMS classifier
or treatment response (CR vs <CR). B) After 2 weeks of galunisertib (Day
15) i) PCA and ii) hierarchical clustering unable to discriminate patients
based on CMS classifier or treatment response (CR vs <CR).
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