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Abstract

Purpose: Small molecule drugs such as tyrosine kinase inhibitors (TKIs) targeting tumoral molecular
dependencies have become standard of care for numerous cancer types. Notably, epidermal growth factor
receptor (EGFR) TKls (e.g., erlotinib, afatinib, osimertinib) are the current first-line treatment for non-small
cell lung cancer (NSCLC) due to their improved therapeutic outcomes for EGFR mutated and overexpressing
disease over traditional platinum-based chemotherapy. However, many NSCLC tumors develop resistance to
EGFR TKI therapy causing disease progression. Currently, the relationship between in situ drug target
availability (DTA), local protein expression and therapeutic response cannot be accurately assessed using
existing analytical tools despite being crucial to understanding the mechanism of therapeutic efficacy.

Procedure: We have previously reported development of our fluorescence imaging platform termed
TRIPODD (Therapeutic Response Imaging through Proteomic and Optical Drug Distribution) that is capable
of simultaneous quantification of single-cell DTA and protein expression with preserved spatial context within
a tumor. TRIPODD combines two complementary fluorescence imaging techniques: intracellular paired agent
imaging (iPAl) to measure DTA and cyclic immunofluorescence (cyCIF), which utilizes oligonucleotide
conjugated antibodies (Ab-oligos) for spatial proteomic expression profiling on tissue samples. Herein,
TRIPODD was modified and optimized to provide a downstream analysis of therapeutic response through
single-cell DTA and proteomic response imaging.

Results: We successfully performed sequential imaging of iPAl and cyCIF resulting in high dimensional imaging
and biomarker assessment to quantify single-cell DTA and local protein expression on erlotinib treated NSCLC
models. Pharmacodynamic and pharmacokinetic studies of the erlotinib iPAl probes revealed that
administration of 2.5 mg/kg each of the targeted and untargeted probe 4 h prior to tumor collection enabled
calculation of DTA values with high Pearson correlation to EGFR, the erlotinib molecular target, expression in
the tumors. Analysis of single-cell biomarker expression revealed that a single erlotinib dose was insufficient to
enact a measurable decrease in the EGFR signaling cascade protein expression, where only the DTA metric
detected the presence of bound erlotinib.

Conclusion: We demonstrated the capability of TRIPODD to evaluate therapeutic response imaging to
erlotinib treatment as it relates to signaling inhibition, DTA, proliferation, and apoptosis with preserved spatial
context.

Keywords: intracellular paired agent imaging, fluorescence imaging, drug target availability, cyclic immunofluorescence, cancer
heterogeneity

Introduction

The era of targeted cancer therapy has delivered  rates by selectively targeting genetic and proteomic
significant progress in improving patient survival vulnerabilities present predominantly in malignant
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tissues. One of the most commonly actionable targets
is cell signaling pathway kinases that are deregulated
in many cancers [1]. Notably, the discovery that ~15%
of all non-small cell lung cancers (NSCLC)
demonstrate dependance on epidermal growth factor
receptor (EGFR) signaling led to the generation of
tyrosine kinase inhibitors (TKI) targeting EGFR
signaling. Phase III trials consistently showed
superior efficacy of first- (e.g., erlotinib) and
second-generation (e.g., afatinib) TKIs over standard
chemotherapies (e.g., platinum-based) for patients
with EGFR-mutated (EGFRmut+) NSCLC, improving
progression-free survival (PFS) from 6 months up to
15 months [2-6]. However, tumor evolution and
subsequent disease progression are still inevitable,
most commonly the result of a T790M mutation in
EGFR exon 20, which sterically hinders binding of
both first- and second-generation EGFR TKIs [7]. A
third-generation EGFR TKI, osimertinib, overcame
this resistance mechanism resulting in superior
efficacy and garnered FDA approval in 2018 as a
first-line NSCLC treatment option, regardless of
T790M mutational status [8, 9]. As with other targeted
therapies, enthusiasm for initial robust response rates
was tempered by inexorable disease progression due
to adaptive resistance mechanisms [10]. Notably,
mechanistic diversity of therapeutic resistance was
further reinforced by the 10-20% of EGFRmut+
NSCLC patients that do not respond to first-line
EGFR targeted therapy. These de novo resistance
mechanism(s) are not fully understood, but may relate
to in vivo pharmacokinetics and could be subverted
using combination therapy [11, 12]. Additional factors
contributing to therapeutic failure include insufficient
drug target availability (DTA) at the molecular site of
drug-protein interaction and off-target accumulation
and activity; however, effective tools to quantify and
validate drug delivery and target engagement at the
single-cell level are lacking [13, 14]. Further, it has
been suggested that suboptimal drug dosing
regimens may play a role in pushing tumor evolution
towards a therapeutically resistant phenotype.
However, existing methods for developing drug
dosing regimens are not capable of measuring in situ
DTA to assess how spatial and temporal variation in
DTA impact tumor response to therapy [15, 16].
Typically, insufficient DTA and off-target
activity are assessed by bulk sampling (e.g., plasma
analysis, western blot [WB]), which are not
representative of the variable cell-to-cell drug
distribution, target binding and off-target effects
[17-19]. Drug delivery characterization in the context
of a highly dynamic tumor microenvironment (e.g.,
dysfunctional vasculature, hypoxic regions, dense
extracellular matrix, immune infiltrate, epithelial to

mesenchymal transition, cancer stem cells, etc.), is a
key missing component in most drug efficacy studies
as it requires in situ spatial interpretation that exceeds
current analytical capabilities [20]. Furthermore,
therapeutic efficacy can be correlated to the spatial
organization of tumor, immune and stromal cells. As
such, significant efforts are underway to interpret
therapeutic response within these complex
environments [21-25]. Numerous small molecule
drugs have been labeled with, for example,
fluorescent, biotin and photoclickable tags to facilitate
direct visualization of drug tissue distribution and
target engagement [17, 26-29]. Conversely, druggable
protein targets have also been genetically modified to
enable direct visualization [30, 31]. While useful,
modifications can vastly alter drug distribution or
target engagement, particularly when the label is
significantly larger than the drug itself. To overcome
this difficulty, various label-free methods have been
developed, including mass spectrometry imaging
(MSI), cellular thermal shift assay (CETSA) and
positron emission tomography (PET) [13, 32-36].
However, quantification of available drug targets
necessitates accounting for both on-target drug
binding and non-specific accumulation in the cells
and tissues due to drug affinity, biodistribution,
pharmacokinetics, and metabolism [21, 37, 38].

To facilitate quantification of specific and
non-specific targeted drug accumulation in tissue, we
have adapted a technique from autoradiography
termed Paired Agent Imaging (PAI) [39]. PAI was
created for quantitative in vive imaging, where
non-specific ~ accumulation of  protein-based,
radiolabeled affinity reagents dominated malignant
tissue signals but could be corrected for by
normalizing the targeted signal to the signal of a
co-administered, control antibody labeled with an
isotope of different energy [40]. In this reinvigorated
technique, spectrally-distinct targeted and untargeted
imaging probes are used to correct for non-specific
uptake to quantify drug target availability (DTA; also
termed “binding potential”) [41-57]. We have
expanded the PAI technique to measure intracellular
targets with the use of spectrally-distinct,
fluorescently-labeled targeted and untargeted drug
derivatives, such as TKIs [58]. DTA is calculated by
collecting images of targeted and untargeted drug
derivatives facilitating calculation of a ratiometric
image between the two fluorescent channels. The
ratiometric imaging performed in intracellular PAI
(iPALI) satisfies the requirement of accounting for both
the drug that binds to its target as well as the drug
that accumulates in the cells and tissues in a
non-specific or untargeted manner enabling spatial
DTA calculation. While the goal of a targeted
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therapeutic is to achieve only on-target binding, in the
complex tumor setting there is always some degree of
untargeted accumulation that can vary on a
cell-by-cell basis in heterogeneous diseases such as
NSCLC. Notably, although our technique relies on
fluorescently labeled drugs for quantification, all
treatment is completed with the parent drug and is
thus classified as a label-free method with
quantitative assessment of the interaction of the
parent drug with its native target.

In addition to assays for directly measuring
target engagement, biomarkers are a popular proxy
measure for target occupancy that have demonstrated
reliable insight into interactions between a drug and
its target in vivo. If a drug produces an expected
therapeutic effect on its target biomarker, then it is
assumed that the mechanism was tested and
validated as an effective therapeutic. Additionally,
common proteomic assays for assessing biomarkers
(e.g., conventional immunohistochemistry [IHC] or
immunofluorescence [IF]) can provide in situ spatial
context to therapeutic effect. Historically, these assays
were limited to measuring 2-5 antigens per sample
due to spectral quantification constraints; however, an
evolution of highly multiplexed immunostaining
techniques using two distinct methods has emerged:
(1) conventional antibody staining (i.e., IF or IHC) in a
cyclic fashion [59, 60] or (2) mass spectrometry
imaging (MSI) using rare earth metal labeled
antibodies [23, 61-71]. While both of these approaches
provide high-dimensional spatial proteomic tissue
maps, they are inherently limited due to their
destructive signal removal methods in cyclic imaging
workflows and limited sensitivity to low abundance
antigens using MSI. In response, we have optimized a
technique utilizing oligonucleotide conjugated
antibodies (Ab-oligo) to perform cyclic immuno-
fluorescence (cyCIF). In our Ab-oligo cyCIF, a
complementary, fluorescently labeled oligonucleotide
sequence is used for in situ detection [72]. We have
also demonstrated an Ab-oligo cyCIF signal
amplification strategy as well as the flexibility of
integrating Ab-oligo cyCIF with both conventional
indirect and direct IF reagents for enhanced spatial
proteomics assessment [73, 74].

In summary, the ideal assay to measure thera-
peutic response requires concomitant measurement
of: 1) the extent and heterogeneity of DTA across a
tissue as well as 2) drug interactions with the drug
target protein along with off-target effects that allow
for correlations to be made between efficacy, toxicity
and dosing [13]. To bridge this unmet analytical gap,
we have previously reported our novel fluorescence
imaging platform, Therapeutic Response Imaging
through Proteomic and Optical Drug Distribution

(TRIPODD) [75]. TRIPODD facilitates simultaneous
single-cell quantification of DTA with iPAI and the
associated tumor biology through accurate
segmentation of spatially aligned tumor cells based on
Ab-oligo cyCIF. To date, TRIPODD is the only
methodology to visualize and quantify the complex
interactions that define effective cancer therapy. Here
we optimized administration of the erlotinib iPAI
probes and extended TRIPODD to analyze thera-
peutic response in EGFRmut+ NSCLC xenografts as
measured by changes in DTA and EGFR signaling
pathway protein expression demonstrating the
capability of TRIPODD to generate a mechanistic
understanding of therapeutic response (Fig. 1).

Materials & Methods
Overall study design

The overall goals of the studies described herein
were to finalize development and validate the
quantitative capabilities of the TRIPODD platform on
tissues collected from a treatment study. Optimization
of the iPAI administration was performed through
pharmacodynamic and pharmacokinetic profiling to
identify the ideal iPAI probe dose and administration
time prior to tissue collection, respectively. Following
iPAI administration optimization, a treatment study
was performed on NSCLC xenograft bearing mice.
The mice were treated with erlotinib (Erl), a first
generation, reversible TKI targeting EGFR, followed
by iPAI probe administration at various time points
within 24 h after Erl treatment. The goal of this study
was to assess the relationship between time after Erl
administration to therapeutic response as quantified
by DTA. A cohort of control mice were also included
in these studies that were not treated with Erl. After
the completion of the study, xenograft tissues were
collected, sectioned and imaged for iPAI probe
fluorescence intensity followed by Ab-oligo cyCIF
staining and imaging. Downstream analysis was
performed on treated and control tissues, permitting
the use of the iPAI fluorescence intensities to calculate
DTA maps for each tissue sample. The DTA maps
were aligned with the Ab-oligo cyCIF images for each
tissue sample enabling single-cell quantification of
each biomarker using cell segmentation. The
single-cell feature data for each biomarker was then
visualized to assess the relationship between drug
treatment time, DTA and proteomic expression (Fig.
1A). The details of all the methods and reagents are
described below.

Synthesis of fluorescently labeled erlotinib

The targeted and untargeted intracellular paired
agent imaging (iPAI) probes used in this study were
derivatives of Erl. Briefly, site selection for synthetic
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modifications of erlotinib to generate the targeted (T)
and untargeted (UnT) drug derivatives was guided by
the structure of the parent drug bound to the EGFR
crystal structure [76, 77]. Our novel OregonFluors
(OF), OF550 and OF650, were selected for probe
labeling due to their spectral separation, overall
charge, charge distribution, molecular weight,
structural similarity and stability in varied biological
environments [58]. This new class of tetramethyl-
rhodamine (TMR)/silicon-TMR (Si-TMR) probe
derivatives enable maintained biodistribution
similarity between the targeted and wuntargeted
probes, while improving stability in varied biological
environments. The detailed synthetic procedure for
OF550, OF650 and the two iPAI probes labeled with
these novel fluorophores, which were utilized in the
studies described herein, have been previously
published [58]. The two iPAI probes were (1)
OF650g(1) used as the cell membrane permeant iPAI
targeted probe with a maximum excitation/emission
peak at 649/668 nm and (2) OF550gqwunt) used as the
cell membrane permeant iPAI untargeted probe with
a maximum excitation/emission peak at 552/575 nm
(Fig. 1B-D). The targeted and untargeted behavior of
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developed and staining patterns were validated for
the Ab-oligo cyCIF workflow (Table 1). All Ab-oligos,
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Figure 1: TRIPODD methodology workflow and administered reagents. A. The TRIPODD workflow is faciliated by (1) growing cell line-derived xenografts (CDX) in athymic nude
mice followed by (2) treatment with the parent drug (e.g., erlotinib) and (3) intravenous (IV) administration of the corresponding iPAl probe pair. (4) After tumor resection and
preservation as fresh frozen blocks, (5) 10 pm sections were collected for (6) whole slide iPAI microscopy. (7) iPAIl probes were removed by saline washes permitting proteomic
assessment using Ab-oligo cyCIF and whole slide microscopy of the same tissue section. (8) The iPAl and Ab-oligo cyCIF datasets were combined for downstream analysis of
DTA and proteomic biomarker signatures. The small-molecule drug used in the treatment studies and to develop the iPAl probes was B. erlotinib, which was fluorescently
labeled resulting in the C. targeted iPAl probe, OF650k(m), and the D. untargeted iPAl probe, OF550eiunT).
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manufacturer’s instructions. A primary antibody
targeting human MEK1/2 was purchased (AbCam)
pre-labeled with Alexa Fluor (AF) 488. A primary
antibody reactive to human phospho-EGFR (CST,
pEGFR) was purchased and used unconjugated for
indirect immunofluorescence with a donkey
anti-rabbit secondary (dRb) antibody conjugated to
Cyanine-7 (Cy7).

Table 1: Validated antibody panel for multiplex cyCIF imaging.

Biomarker Protein Imaging Strategy
Tumor Area CK8 Ab-oligo 2xFL IS
E-Cad Ab-oligo 2xFL IS
Tumor Viability Ki67 Ab-oligo 2xFL IS
CC3 Ab-oligo Amp
EGREF Signaling Pathway EGFR Ab-oligo 2xFL IS
pEGFR Indirect IF
MEK 1/2 Direct IF
PMEK 1/2 Ab-oligo Amp
AKT Ab-oligo Amp
PAKT Ab-oligo Amp

*Ab-oligo 2xFL IS = oligonucleotide conjugated antibodies visualized using
hybridization to a complementary imaging strand (IS) with a fluorophore on each
end (2xFL).

**Ab-oligo Amp = oligonucleotide conjugated antibodies visualized using
hybridization to a complementary amplification (Amp) strand that has multiple
repeating locations for a fluorophore labeled imaging strand (IS) to hybridize.

Cell lines

The human lung adenocarcinoma cell line,
HCC827, the human pancreatic ductal adenocarci-
noma cell line, PANC-1, and human the colorectal
adenocarcinoma cell line, SW620, were purchased
from ATCC (Manassas, VA) and maintained
mycoplasma free at passage numbers <25 for all
studies. The cell lines were expanded in their
respective optimal growth media (HCC827: RPMI
1640 [ThermoFisher Scientific] + 10% fetal bovine
serum [FBS] + 1% penicillin/streptomycin/
glutamine; PANC-1: DMEM [ThermoFisher Scientific]
+10% FBS + 1% penicillin/streptomycin/ glutamine;
SW620: Leibovitz L-15 [ThermoFisher Scientific] +
10% FBS + 1% penicillin/streptomycin/glutamine)
and stored at 37 °C in either a 5% (HCC827 and
PANC-1) or 0% (SW620) CO, incubator.

Animal care and use

All animal experiments were approved by the
Oregon Health and Science University (OHSU)
Institutional Animal Care and Use Committee
(IACUC). All mice were hosted in the AAALAC
certified OHSU vivarium, and supplied with food,
water and daily inspection to monitor for pain or
distress for the duration of experimentation. Mice
were placed on a chlorophyll-free diet (Animal
Specialties, Inc., Hubbard, OR) one week prior to
tumor resection. All rodent surgical procedures,
described herein, were performed under full
anesthesia composed of a 90/10 mixture of

ketamine/xylazine. Ketamine (Hospira Inc., Lake
Forest, IL) was administered at a dose of 100 mg/kg
and xylazine (AnaSed, Shenandoah, IA) was
administered at dose of 10 mg/kg by intraperitoneal
(IP) injection. The toe pinch method was employed to
verify the depth of anesthesia prior to commencement
of any surgical procedures. The standard method of
euthanasia for mice was inhalation of carbon dioxide
under full anesthesia at the end of each experiment.
Euthanasia was confirmed by physical examination to
ensure cessation of heartbeat and respiration and is
consistent with the recommendations of the Panel on
Euthanasia of the American Veterinary Medical
Association.

Mouse xenograft models

Mixed male and female athymic nude mice
(Homozygous 490, Charles River Laboratories,
Wilmington, MA) were purchased at 32-38 days old.
After at least 48 h of acclimation, mice were
subcutaneously implanted with HCC827, PANC-1 or
SW620 cell xenografts described briefly as follows.
Cells were trypsinized, counted and resuspended in
their appropriate growth media to a concentration of
2 x 107 cells/ml. The mice were implanted with cells
into each rear flank at a final concentration of 1 x 106
cells/flank in 50% v/v Matrigel (Corning Inc.,
Corning, NY), resulting in two tumors/mouse. A total
of n = 35 nude mice were implanted with HCC827 cell
line derived xenograft (CDX) models and n = 7 nude
mice per cell line were implanted with PANC-1 or
SW620 CDX models. The mice were monitored daily
after implantation for tumor growth. Tumors were
allowed to grow to a maximum size of 1.2 cm3 with
growth times varying for each cell line (HCC827: ~7-8
weeks; PANC-1 and SW620: ~4 weeks). Mice weighed
~20-25g and tumor volume ranged from 1-1.2 cm?® at
the time of iPAI probe administration prior to
euthanasia and tissue collection.

Flow cytometry

HCC827, PANC-1 and SW620 cells were
trypsinized, counted, and fixed in 4%
paraformaldehyde (PFA) for 10 min. A three min
permeabilized step (0.5% Triton-X) was followed by 2
x 5 min washes in phosphate buffered saline (PBS). 2
x 100 cells per cell line were blocked for 15 min with
5% FBS. Without removing blocking buffer, the cells
were then incubated with 5 mg/ml cetuximab directly
conjugated to AF647 (1:1.7 antibody to fluorophore
conjugation ratio). The cells were washed 1 X 5 min
with PBS + 0.1% Tween 20, followed by 2 x 5 min PBS
washes, and finally resuspended in fresh PBS prior to
analysis on a Becton Dickinson LSR Fortessa (Becton,
Dickinson and Company, Franklin Lakes, NJ). The
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flow cytometer was configured with a 640-1 (670/30)
Cy5 channel to detect AF647. A minimum of 1 X
10°cells were counted for each sample. To quantify
EGEFR receptor number, Quantum™ Alexa Fluor® 647
molecules of equivalent soluble fluorophore (MESF)
beads (Bangs Laboratories, Inc., Fishers, IN) were
quantified prior to the cellular samples.

Fluorescence microscopy of tissue sections

All fluorescence microscopy of tissue sections
was performed using the following methods. Frozen
tissue blocks were cryosectioned at 10 pm thickness
(Leica  Biosystems, Wetzlar, Germany) onto
SuperFrost Plus glass slides (ThermoFisher).
Fluorescence images of whole tissue sections were
acquired on a Zeiss AxioScan.Z1 microscope (Carl
Zeiss AG, Oberkochen, Germany) equipped with a
Colibri 7 light source (Carl Zeiss AG) and Orca Flash4
v.2 camera (Hamamatsu Photonics, Hamamatsu,
Shizouka, Japan). Images were collected using the
following filter sets: Zeiss 38HE (Cy2/AF488 [Carl
Zeiss AG]), Zeiss 43HE (Cy3/ AF555 [Carl Zeiss AG]),
Zeiss 50 (Cy5/AF647 [Carl Zeiss AG]) and Chroma
49007-ET-Cy7 (Cy7/AF750 [Chroma Technology
Corporation, Bellows Falls, VT]). Excitation light was
filtered using the following bandpass (BP) filters:
470/40 (38HE), 550/25 (43HE), 640/30 (50) and
710/75 (49007-ET-Cy7) for Cy2, Cy3, Cy5 and Cy7
channels, respectively. Emission light was filtered
using the following BP filters: 525/50 (38HE), 605/70
(43HE), 690/50 (50) and 810/90 (49007-ET-Cy7) for
Cy2, Cy3, Cy5 and Cy7 channels, respectively. DAPI
was imaged using a Semrock filter set (Zeiss), where
excitation was filtered at 405 nm and emission was
filtered using a 410/480 BP filter. Images were
captured at 20X (Plan-Apochromat, 0.8NA)
magnification, where image tiles with 10% overlap
were stitched together using the Zeiss Zen software to
produce a single tissue map.

Pharmacokinetic study of iPAIl probes

To characterize the pharmacokinetic activity of
iPAI probes, the OF650Er1(T) and OF550Erl(UnT) iPAI
probes were injected simultaneously via tail vein
injection to n = 18 HCCB827 CDX bearing mice at 2.5
mg/kg for both the targeted and untargeted iPAI
probes. Mice (n = 3 per timepoint) were sacrificed and
tumors resected and flash frozen in optimal cutting
temperature (OCT) compound at 15, 30, 60, 120, 240 or
480 min after iPAI probe injection. Injection vehicle
for all systemically administered TKI and iPAI probes
was a co-solvent mixture of a ratio of 10% dimethyl
sulfoxide ([DMSO], Sigma-Aldrich, St. Louis, MO),
5% Kolliphor (Sigma-Aldrich), and 85% of 75%
FBS/PBS (VWR Scientific). A 10 um thick tissue

section from each frozen tissue block was collected
and imaged as described above. The targeted iPAI
probe was imaged in the Cy5 channel, the untargeted
iPAI probe was imaged in the Cy3 channel and tissue
autofluorescence imaged in the Cy2 channel was used
to generate a focus map. After image acquisition, a
custom MATLAB script (10.5281/zenodo.4004647)
was used to calculate ratiometic DTA images on a per
pixel basis for each tissue image. DTA, as previously
reported [75], was calculated as

1 (lunt

L3 R

SF

Drug Target Availability (DTA) =

where Ir is the targeted iPAI probe fluorescence
intensity, lunr is the wuntargeted iPAI probe
fluorescence intensity and SF is a scaling factor to
account for fluorescence signal intensity difference
between the target and untargeted probes. The scaling
factor was quantified by imaging the targeted and
untargeted probes at titrated concentrations on the
Zeiss AxioScan.Z1 to generate a linear calibration
trend line for each probe, where the scaling factor was
calculated as the ratio of the slope of the untargeted
probe trend line to the slope of the targeted probe
trend line and was built into the MATLAB analysis
script. Targeted probe, untargeted probe and DTA
signal for each tissue section was quantified by
manual segmentation of the tissue in Image] v1.51
(National Institute of Health, Bethesda, MD) and the
mean value for each channel from the tissue sections
was extracted. The mean fluorescence signal or DTA
value from each tissue section was divided by the
highest mean fluorescence or DTA value,
respectively, to calculate relative fluorescence
intensity or DTA values. Box and whisker plots
comparing tissue sections resected at different times
after iPAI probe injection were generated in Prism
v9.0 (GraphPad, San Diego, CA).

Pharmacodynamic study of iPAIl probes

The pharmacodynamic profiles of iPAI probes
were assessed in HCC827, PANC-1 and SW620 CDX
mouse models, where the targeted and untargeted
iPAI probes were simultaneously administered via
tail vein injections at 5, 2.5 or 1.25 mg/kg for both
targeted and untargeted iPAI probes. For equivalent
group size comparison, each dose group was
comprised of n = 2 mice per CDX model. Injection
vehicle for all systemically administered TKI and iPAI
probes was a co-solvent mixture of 10% DMSO, 5%
Kolliphor, and 85% of 75% FBS/PBS. For all CDX
models, tumors were resected 4 h after systemic
administration and flash frozen in OCT compound.
An additional n = 1 mouse per CDX model was
injected with co-solvent vehicle only to quantify tissue
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autofluorescence in each CDX model. A 10 pm thick
tissue section was collected from each frozen tissue
block and imaged on a Zeiss AxioScan.Z1, where
images were collected in the Cy5 (targeted iPAI
probe), Cy3 (untargeted iPAI probe) and Cy2
(autofluorescence used to generate focus map)
channels. Mean fluorescence intensity for each image
was calculated in Image] through manual segmenta-
tion of the tissue image. The relative fluorescence
intensities for each image were calculated by dividing
the mean fluorescence intensity of an image by the
highest mean fluorescence intensity of that particular
image channel (ie., Cy5 and Cy3). The previously
described MATLAB script was used to calculate DTA
images for the HCC827, PANC-1 and SW620 iPAI
injected tissues (Equation 1). Box and whisker plots
comparing tumor types were generated in Prism v9.0.

To identify the iPAI dose that provided
quantitative imaging, the targeted probe, untargeted
probe and DTA signals on all tissue sections collected
above were correlated to their EGFR and pEGFR
protein expression as measured by indirect immuno-
fluorescence. Following iPAI microscopy of tissue
sections of all tumors from all three CDX models in all
dose groups (n=2 mice/CDX/dose group [6
mice/CDX]), iPAI probes were removed with 3 x 5
min saline washes to render the tissue available for
immunofluorescent staining. Each tissue section was
then stained following the protocol described below
with  primary EGFR (Cetuximab, Eli Lilly,
Indianapolis, IN) and pEGFR antibodies. The stained
slides were mounted in Fluoromount-G (Southern
Biotech, Birmingham, AL) and cover-slipped for
imaging. The stained slides were imaged on a Zeiss
AxioScan.Z1. Images were collected in the DAPI, Cy3
and Cy5 channels. EGFR and pEGEFR signals for each
tissue section were quantified by manual
segmentation of the tissue in ImageJ v1.51, where the
mean value for each channel was calculated. Scatter
plots and Pearson’s correlations for all dose groups
correlating EGFR and pEGFR expression to targeted
probe, untargeted probe and DTA signal were
generated in Prism v9.0.

Erlotinib treatment of HCC827 xenografts

TRIPODD was wused to investigate the
relationship between erlotinib dosing regimen and
therapeutic response to erlotinib in HCC827 CDX
bearing mice. Erlotinib was dissolved in 0.3%
weight/volume of sodium carboxymethylcellulose
(Sigma-Aldrich) and 0.1% volume/volume of Tween
80 (Sigma-Aldrich) in PBS (VWR Scientific) and
administered by oral gavage as a single dose of 50
mg/kg when HCC827 CDX tumors reached a
minimum size of 150 mm?3 [78, 79]. Control and

treatment cohorts were created so that n =12 HCC827
CDX mice were randomly assigned to a treatment
group (n =9 mice) or the untreated, control group (n =
3 mice). The n = 9 mice selected for treatment were
further randomly divided into groups where mice
were euthanized at 6, 12 or 24 h (n = 3 per timepoint)
after erlotinib administration followed by tumor
resection. iPAI reagents, OF650g:ir) and OF550&xunr),
were co-administered systemically via tail vein
injection at a dose of 2.5 mg/kg for each probe 4 h
prior to euthanasia. After resection, all tumors (n = 36
tumors, 2 tumors/mouse) were flash frozen in OCT
compound.

DTA quantification of erlotinib treatment
study

A 10 pm thick tissue section was collected from
each frozen tissue block and imaged on a Zeiss
AxioScan.Z1, where images were collected in the Cy5
(targeted iPAI probe), Cy3 (untargeted iPAI probe)
and Cy2 (autofluorescence used to generate focus
map) channels. The previously described MATLAB
script was used to calculate ratiometric DTA images
for tissue sections (Equation 1) [75].

Ab-oligo cyCIF imaging of erlotinib treatment
kinetics

Following iPAI microscopy of tissue sections,
iPAI probes were removed with 3 X 5 min saline wash
to render the tissue available for Ab-oligo cyCIF
imaging. Each tissue section was incubated in 2% PFA
at room temperature (RT) for 15 min and then washed
with 1x PBS, pH 7.4 (3 x 5 min). The tissue was then
permeabilized using 1X PBS, pH 7.4 + 0.3% Triton
X-100 for 15 min at RT and washed with pH 7.4 PBS (3
x 5 min). The slides were blocked at RT for 30 min in
Ab-oligo blocking and dilution buffer which
contained 2% bovine serum albumin (BSA,
bioWORLD, Dublin, OH), 0.5 mg/mL sheared salmon
sperm DNA (ThermoFisher) and 0.5% dextran sulfate
(Sigma-Aldrich) in 1X PBS, pH 7.4. Each tissue section
was covered with 40 pL of unconjugated pEGFR
antibody diluted to a concentration of 15 pg/mL and
incubated for 1 h at RT. An additional tissue section
was incubated with blocking buffer without primary
antibody to serve as a negative control. Excess pEGFR
antibody was removed by washing with 2X SSC
buffer, pH 7 for 3 x 5 min. Each tissue section was
then fixed using a 15 min incubation of 2% PFA at RT
and washed with 2X SSC pH 7 (3 x 5 min). pEGFR
was labeled with dRb secondary antibody conjugated
to Cy7. The secondary antibodies were diluted in
dilution buffer containing 2% BSA, 0.5 mg/mL
sheared salmon sperm DNA and 0.5% dextran sulfate
in 2x SSC buffer. The dRb-Cy7 was diluted to a final
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protein concentration of 350 nM. Each tissue section,
including the negative control, was covered with 40
pL of the diluted secondary antibody and incubated
for 45 min at RT in a humidified chamber protected
from light. Excess secondary antibody was removed
by washing with 2x SSC buffer for 3 X 5 min. Then to
facilitate Ab-oligo cyCIF imaging, the eight Ab-oligo
conjugates (Table 1) were mixed at a concentration of
15 pg/mL per antibody into a single cocktail. Each
tissue section was covered with 40 uL of the diluted
antibody cocktail and incubated at 4 °C overnight in a
humidified chamber. The negative control slide was
again incubated with blocking buffer without any
antibody. The next day, the sections were washed
with 2x SSC buffer for 3 X 5 min. The sections were
fixed in 2% PFA for 15 min at RT, then washed again
in 2x SSC buffer (3 X 5 min).

Cycles of imaging strand (IS) application, image
collection and signal removal were performed to
specifically label E-Cad, Ki67, pAkt, CK8, CC3,
pMEK, EGFR, and Akt. Each marker was
fluorescently labeled using one of two unique IS
labeling strategies. The first strategy employed the
use of a 26 nucleotide (nt) IS with a fluorophore
conjugated through a photocleavable linker (PCL) at
both the 3" and 5" ends of the oligo (2xPCL-FL IS) [72].
This strategy was applied for labeling E-Cad, Ki67,
CK8 and EGFR. A second strategy capable of
amplifying the fluorescence was incorporated into
this study to label pAkt, CC3, pMEK and Akt [74].
Importantly, these two strategies were used
simultaneously in rounds of imaging as follows. First,
the amplification strand (AmpS) for all markers to be
imaged in a given round were diluted to 350 nM in
dilution buffer containing 2% BSA, 0.5 mg/mL
sheared salmon sperm DNA and 0.5% dextran sulfate
in 2x SSC buffer. The mixture was then heated to 85
°C for 3 min to decrease formation of any secondary
structures. Then any 26 nt, 2xPCL-FL IS were added
to the mixture for a final concentration of 350 nM of
each IS. 40 pL of the diluted oligo cocktail was applied
to each slide and incubated at RT for 45 min while
protected from light. Unbound 26 nt IS and AmpS
was removed by washing with 2x SSC buffer (3 x 5
min). Then the amplification IS (Amp IS) was diluted
to a final concentration of 7 pM and 40 pL dispensed
onto each tissue. The Amp IS was incubated at RT for
45 min while protected from light. Unbound Amp IS
was removed by washing with 2x SSC buffer (3 x 5
min). DAPI was then applied to all stained samples at
300 nM for 10 min at RT and the samples were
washed in 2x SSC buffer (2 X 5 min). All stained
slides were mounted with Fluoromount-G and
cover-slipped for imaging.

Images were collected on a Zeiss AxioScan.Z1 in

the DAPI, Cy2, Cy3, Cy5, and Cy7 channels for each
round of staining. All stained and imaged slides were
treated with UV light for 15 min followed by washing
10 times with 0.1 x SSC and remounted with
Fluoromount-G. Finally, the slides were imaged with
the same settings used prior to UV treatment to
confirm complete signal removal. Subsequent rounds
of IS addition, imaging and signal removal were
repeated until all Ab-oligo conjugates were imaged.
Autofluorescence images for background
subtraction were acquired after collection of all
antibody marker imaging data by removing
coverslips and quenching the fluorescence by
incubating the slides for 30 min in a solution of 3%
peroxide and 20 mM sodium hydroxide (NaOH) in
PBS. The slides were then labeled with DAPI,
mounted in Fluoromount-G and cover-slipped for
imaging. The slides were imaged again on a Zeiss
AxioScan.Z1 in the DAPI, Cy2, Cy3, Cy5 and Cy7
channels to collect autofluorescence images for
background subtraction in downstream analysis.

TRIPODD analysis of erlotinib therapeutic
response kinetics

The iPAI and antibody imaging datasets for each
tissue section were spatially registered. Images
acquired during cyCIF were registered based on
DAPI features imaged in each round of staining using
a custom MATLAB script [80]. The generated DTA
tissue map for each tissue section was manually
registered to the EGFR image, due to pattern
similarity of DTA images, with the built-in Image]
registration plugin, “Align image by line ROI”. Cell
segmentation, feature extraction and image
visualization of the fully registered dataset was
performed with QiTissue Software (Quantitative
Imaging Systems, LLC, Pittsburg, PA). A previously
reported analysis pipeline was then utilized for
feature extraction and data filtering [81]. Briefly, the
features that were extracted included nuclear size and
mean intensity for each marker, including
autofluorescence in each wavelength. Autofluores-
cence in the Cy3 channel and nuclear size were used
to filter outliers cells, where cells >95% quantile for
Cy3 autofluorescence were removed and cells with
nuclear sizes <5t quantile and >95% quantile were
removed. These removed cells were flagged as
outliers since they possessed either high
autofluorescence suggesting tissue artifact or their
size was unlikely to be an accurately segmented
nucleus in a xenograft tissue sample comprised of
largely the same cell type, which are of similar size.
Additionally, only xenograft cancer cells were
selected for downstream analysis by filtering for cells
expressing the epithelial markers, CK8 and E-Cad.
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Autofluorescence background subtraction was
performed by dividing all autofluorescence and
marker mean intensities by their respective exposure
time. The autofluorescence value was subtracted from
each cell’s biomarker value based on the respective
wavelength in which the marker was imaged. To scale
all fluorescence intensity for cyCIF and DTA
calculations, the data for each biomarker was z-scored
using the median and standard deviation across all
cells from the untreated control tissues for each
biomarker. Violin plots were generated to evaluate
changes in biomarker expression based on treatment
cohort using a custom python script.

Statistical analysis

To facilitate pharmacokinetic evaluation of iPAI
probes, fluorescence intensity of iPAI and calculated
DTA from HCC827 xenografts collected at each
timepoint were compared to HCC827 xenografts
administered only injection vehicle. To enable
pharmacodynamic evaluation of iPAI probes,
comparison of the iPAI fluorescence intensity and
calculated DTA at each iPAI probe dose in xenograft
tissues with positive EGFR expression, PANC-1 and
HCCB827, were compared to all other iPAI doses as
well as xenograft tissue where only injection vehicle
was administered. In all analyses, significance was
evaluated using a one-way analysis of variance
(ANOVA) followed by Fisher's least significant
difference (LSD) multiple comparison test. The a
value was set to 0.05 for all analyses. P-values for
significance are denoted by the number of asterisks
above the box and whisker plot as follows: *p < 0.05,
**p < 0.01, **p < 0.001, and **p < 0.0001. All
statistical analyses were completed using Prism v9.0.

Results
Pharmacokinetic evaluation of iPAI probes in
HCCB827 xenografts

iPAI probe pharmacokinetics (PK) were

characterized to facilitate resection of tumor tissues
with the highest accumulated fluorescence intensity
to permit the greatest dynamic range for DTA map
calculations. The iPAI probe PK profiles were
evaluated in HCC827 xenograft tissues that were
resected 15, 30, 60, 120, 240, or 480 min after systemic
administration of 2.5 mg/kg each of the targeted and
untargeted iPAI probes (Fig. 2). Whole tissue section
fluorescence images from tumors (n = 3
mice/timepoint, 2 tumors/mouse) were used to
quantify the mean signal intensities in the targeted
(Cy5 - OF650gqm) and untargeted (Cy3 -
OF550kniunt)) channels, facilitating calculation of the
DTA tissue maps and mean DTA for each image.

Variation in the spatial localization of the targeted and
untargeted probe distribution was observed across
evaluated timepoints. Notably, the fluorescence
intensity of the targeted probe was highest at the
240 min timepoint. The untargeted fluorescence
intensity was also highest at the 240 min timepoint,
which was not substantially different than the
untargeted fluorescence intensity at the 120-min
timepoint. The calculated DTA was substantially
higher at the 240 min timepoint as compared to all
other evaluated timepoints (Fig. 2A). Quantification
across tissue sections from each tumor within the
timepoint group showed similar results where, the
highest median targeted fluorescence was at the 240
min timepoint, which was also significantly greater
than autofluorescence intensity in the vehicle injected
control group (Fig. 2B). Similar median intensities
were seen in the untargeted channel at 60, 120 and 240
min with no significant difference observed between
any timepoint and vehicle autofluorescence. Notably,
for the untargeted fluorescence intensity, one tissue
section sampled at the 120 min timepoint had
fluorescence equivalent to tissue autofluorescence
level, showing high variance in the untargeted probe
accumulation (Fig. 2C). The calculated DTA maps,
demonstrated that the 240 min timepoint resulted in
the highest median DTA from all tissue sections (Fig.
2D) and was thus selected as the optimal PK
timepoint for future studies.

Pharmacodynamic assessment of iPAI probes
in varied EGFR expressing tissues

iPAI probe pharmacodynamic (PD) activity was
assessed to optimize iPAI probe dose and permit the
greatest dynamic range for DTA tissue map
calculations. The iPAI PD activity was quantified in
xenograft tissues with varied endogenous EGFR
expression in vitro to assess the effect of varied iPAI
target protein levels on DTA calculations (Fig. 3).
EGFR number for each cell line, as quantified by flow
cytometry, demonstrated high EGFR expression for
the HCC827 (average EGFR per cell = 2.4 x 109),
mid-level EGFR expression for the PANC-1 (average
EGEFR per cell = 6.7 x 10%) and low EGFR expression
for the SW620 (average EGFR per cell = 2.3 x 102) cell
lines (Fig. 3G). Whole tissue section fluorescence
images were collected from each distinct CDX cohort
grown from the cell lines with varied EGFR
expression after administration of 1.25, 2.5 or 5 mg/kg
of each iPAI probe (n = 4 mice per dose, 2
tumors/mouse). The mean fluorescence intensities for
the targeted (Cy5 - OF650kqT)) and untargeted (Cy3 -
OF550gq[unt))  probes were qualitatively and
quantitatively evaluated to select an optimal iPAI
probe dose. The targeted and untargeted fluorescence
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images were used to both generate DTA maps and
quantify mean DTA for each tumor. Relative
fluorescence and DTA values were calculated per
imaging channel per CDX type (Fig. 3A-C). In the
1.25-mg/kg dose group, PANC-1 xenografts had the
highest relative targeted and untargeted iPAI probe
fluorescence intensity as well as the highest relative
DTA (Fig. 3A). The representative image of the
HCCB827 xenograft tumor showed the highest relative
targeted fluorescence in the 2.5 mg/kg cohort as well
as the highest relative DTA of all displayed tissue
sections (Fig. 3B). The displayed SW620 xenograft in
the 2.5 mg/kg dose group resulted in the highest
relative untargeted fluorescence within the dose
group. The 5 mg/kg dose group showed the highest
relative targeted and wuntargeted fluorescence
intensities from the displayed SW620 xenograft
section (Fig. 3C). The SW620 xenograft sections also
resulted in the highest relative DTA in comparison to
the displayed PANC-1 and HCCS827 xenograft
sections in the 5 mg/kg dose group. The lower
quartile, median, and upper quartile values were
calculated from the targeted, untargeted and DTA
images for all xenograft tissues in all dose groups (Fig.

Targeted 3>

Untargeted

DTA

3D-F). For the targeted and untargeted probes, a
positively correlated dose dependent relationship
with the median was found (Fig. 3D & 3E). For the
calculated DTA, the highest median and maximum
DTA values were found in the 2.5 mg/kg dose group
(Fig. 3F).

To assess the relationship between iPAI dose and
EGFR expression, all tissues from all CDXs were
immunostained to quantify EGFR and pEGFR
expression. Pearson’s correlation coefficients were
calculated and scatterplots were utilized to compare
EGFR and pEGEFR expression to DTA, targeted probe
and untargeted probe fluorescence signals (Fig. 4). In
the DTA and targeted imaging channels, only the 2.5
mg/kg dose group demonstrated significant
correlation between EGFR and pEGFR expression to
either DTA or targeted probe signal (Fig. 4A, 4B, 4D &
4E). In the untargeted probe imaging channel, there
were no significant correlations calculated between
the untargeted probe signal to EGFR or pEGFR
expression in any dose group (Fig. 4C & 4F).
Comparison of iPAI probe intensity to injection
vehicle autofluorescence was also performed with
EGFR-positive xenograft tissues, HCC827 and
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Figure 2: Pharmacokinetic characterization of iPAl probe tissue fluorescence intensity and DTA. HCC827 CDX tumors were resected 15, 30, 60, 120, 240 or 480 min after the mice were
systemically administered 2.5 mg/kg each of the targeted and untargeted iPAl probes. A. Representative fluorescence images of tumor tissue sections (n=4 tumors per timepoint)
of the targeted, untargeted and calculated DTA tissue maps. To enable fluorescence signal spatial pattern visualization, all the targeted and untargeted images are displayed with
auto-contrast levels for visualization while the DTA tissue maps are scaled equivalently. Relative signal intensities for each imaging channel (insets) for each representative tissue
section were calculated. Assessment of B. targeted and C. untargeted probe uptake as well as D. DTA variability across all analyzed tumors was performed. Points of the same
shape signify that the tumors were collected from the same mouse at each timepoint. The black dashed line indicates the level of tissue autofluorescence as quantified from HCC827
xenograft tissue following a vehicle only injection. The timepoints were compared to vehicle autofluorescence (AF) using a one-way ANOVA, where significance is denoted by the

number of asterisks as follows: *p < 0.05.
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PANC-1. To avoid data artifact caused by EGFR-
negative tissues, where there were minimal targeted
iPAI probe binding sites, the SW620 xenograft tissues
were excluded from this analysis. The targeted probe
fluorescence intensity was significantly greater than
vehicle-injected xenografts in the 2.5 mg/kg and 5
mg/kg dose cohorts, while the 1.25 mg/kg dose
cohort was not significantly different than vehicle
injected control autofluorescence (Fig. 4G).
Additionally, there was no statistical difference in
targeted probe fluorescence intensity between the 2.5
mg/kg and 5 mg/kg cohorts. The same trend was
seen in the untargeted probe imaging channel, where
the 1.25 mg/kg cohort was not significantly greater
than vehicle injected control autofluorescence, while
the 2.5 mg/kg and 5 mg/kg cohorts were significantly
greater than vehicle injected control autofluorescence
(Fig. 4H). The median DTA was observed to be
greatest in the 2.5 mg/kg cohort, which was only
significantly greater than the 5 mg/kg cohort median
DTA (Fig. 41). Thus, the 2.5 mg/kg dose was selected
as the optimal iPAI probe dose for future studies.

TRIPODD analysis of single- and multi-dosed
HCCB827 xenografts

DTA was evaluated at varied timepoints after
parent erlotinib therapy using the iPAI probe pairs at
the selected optimal dose (2.5 mg/kg) and imaging
timepoint following iPAI probe administration (240
min [4 h]). iPAI probes were administered 6, 12 and 24
h after a therapeutic dose of the parent erlotinib (50
mg/kg) was administered to HCC827 xenograft

HEC827
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bearing mice. The goal of these studies was to
evaluate the relationship between DTA and
biomarkers of the EGFR signaling cascade (i.e., EGFR,
pEGEFR, Akt, pAkt, MEK, pMEK) as well as viability
(i.e., Ki-67 and cleaved caspase 3 [CC3]). Biomarker
expression z-scores for all cells in each tissue sample
were calculated and single-cell data displayed as
violin plots for each timepoint after parent drug +
iPAI probe administration to visualize expression
level and distribution for each cohort (Fig. 5). The
erlotinib target, EGFR, and its phosphorylation
measured by pEGFR, showed minimal change in
expression across all treatment cohorts (Fig. 5A & 5B).
In contrast to pEGFR, DTA displayed a decrease in its
median (white dot) at the 12 h timepoint with a shift
in the distribution to a greater proportion of cells
having below median value DTA in comparison to the
distributions in the No Treatment (No Tx) and 6 h
timepoints (Fig. 5C). The 24 h cohort exhibited DTA
similar to that of the No Tx and 6 h cohorts.
Additionally, the EGFR signaling cascade markers
Akt and pAkt showed minimal expression change
across all timepoints with similar median values
(white dot) and expression distribution represented
by the shape of the violin plot (Fig. 5D & 5E). Ki67, a
marker of proliferation, remained similar in
expression across all treatment timepoint groups as
well (Fig. 5F). In contrast to Akt and pAkt, EGFR
signaling cascade markers MEK and pMEK showed
more variable expression across timepoints largely in
the 6 and 24 h treatment groups, which showed lower
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Figure 3: Pharmacodynamic assessment of iPAl probes in xenografts with varied EGFR expression. Mice bearing HCC827, PANC-1 and SW620 CDX tumors were systemically
administered A. 1.25 mg/kg, B. 2.5 mg/kg or C. 5 mg/kg of the targeted and untargeted iPAI probes, which were resected 4 h after injection. Representative images of targeted
and untargeted probe uptake from (n=4 tumors/CDX/dose) HCC827, PANC-1 and SW620 tissue sections displayed with auto-contrast, where inset values represent relative
signal intensity normalized across imaging channels. Targeted and untargeted tissue images enabled calculation of DTA spatial maps and relative DTA values (insets) for each
representative tissue section with all images displayed at the same contrast levels. Assessment of D. targeted and E. untargeted probe uptake as well as F. DTA variability across
all analyzed tumors was completed. The black dashed line indicates the average level of tissue autofluorescence (AF) as quantified from HCC827, PANC-1 and SW620 xenograft
tissues (n=2 tumors per cell line) following a vehicle only injection. G. Quantification of EGFR expression in SW620, PANC-1 and HCC827 cells was performed by flow

cytometry.
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median  value expression while expression
distribution remained similar across treatment
timepoints (Fig. 5G & 5H). Notably CC3, a marker of
apoptosis, showed a marked increase in expression in
the 12 and 24 h treatment cohorts, where both cohorts
displayed similar expression levels and distribution to
one another in contrast to the expression level and
distribution in the earlier timepoint cohorts (Fig. 5I).
Signal intensity of all markers was also visually
assessed in representative regions of interest (ROlIs)
from each treatment time cohort (Fig. 6). Height maps
of DTA signal permitted three-dimensional (3D)
visualization of DTA intensity, where the height per
pixel represented the quantified level of DTA per
pixel. Height maps were scaled equivalently across
cohorts for qualitative comparison (Fig. 6, top images
per panel). Additionally, the contrast level of each
immunostained biomarker and DTA was set
equivalently across treatment time cohorts enabling
qualitative assessment of signal intensity in both the
3D height map and the two-dimensional (2D)
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representative ROI images (Fig. 6, white box in top
images depicts ROI for 2D images in bottom rows).
Comparison of DTA height maps across cohorts
showed that DTA levels were similar in the No Tx, 6h
Tx and 24h Tx cohorts (Fig. 6A, 6B and 6D), where
there were consistently elevated DTA levels in the
height map across the representative ROL In contrast,
the 12h Tx cohort displayed DTA expression
topography that was flatter than all other cohorts,
indicative of lower DTA levels (Fig. 6C). Assessment
of the signal patterns of DTA, visualized by
comparing pseudocolored intensity, in the 3D height
maps also showed the lowest DTA signal level in the
12h Tx timepoint. Ki67 and pEGFR expression levels
appeared stable across all cohorts in the 3D height
maps (Fig. 6A-D), while CC3 was elevated in 12 and
24h Tx 3D images (Fig. 6C & 6D). In the 2D ROlIs
where DTA was not displayed, E-Cad and CK8 were
pseudocolored the same color to provide a tumor area
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immunostained biomarkers revealed that no major
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Figure 4: Pearson’s correlation of iPAl signal to EGFR expression and pharmacodynamic assessment of iPAl probes in EGFR-positive xenografts. Pearson correlation coefficients
were calculated to compare EGFR expression to A. DTA, B. targeted probe and C. untargeted probe mean fluorescence intensity (MFl). Pearson correlation coefficients were
also calculated to study the relationship between pEGFR expression and D. DTA, E. targeted probe and F. untargeted probe MFI. Solid lines represent the linear regression
trendline and are the color of their respective dose group. Calculated correlation coefficients per dose group are also color coded using the same scheme. HCC827 and PANC-1
CDX bearing mice were injected with either vehicle, 1.25 mg/kg, 2.5 mg/kg, or 5 mg/kg of iPAl probes and G. targeted probe fluorescence intensity, H. untargeted fluorescence
intensity and I. DTA were measured. Significance in all plots is denoted by the number of asterisks as follows: *p < 0.05, **p < 0.01 and **p < 0.001.
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change in expression of the EGFR signaling cascade
proteins (i.e.,, EGFR, pEGFR, Akt, pAkt, MEK and
PMEK) was observed in these representative ROIs in
any treatment time cohort (Fig. 6). Importantly, the
qualitative comparison of signal intensity for all
markers is in alignment with the quantified results
(Fig. 5 & 6).

Discussion

Targeted therapeutics (e.g., erlotinib) that aim to
inhibit molecular dependencies present in tumors
often outperform previous standard of care therapies
(e.g., chemo- and radiation-therapy), improving
overall patient quality of life and survival outcomes.
However, therapeutic response to targeted therapies
is rarely durable as tumors evolve to escape
therapeutic inhibition through various routes,
resulting in the outgrowth of resistant subpopulations

routes of therapeutic failure, particularly insufficient
drug delivery and cell signaling pathway reprogram-
ming as mechanisms of therapeutic resistance. Our
previously reported novel fluorescence imaging
platform, TRIPODD, is capable of generating a
mechanistic understanding of therapeutic response
and resistance that correlates DTA and proteomic
therapeutic response at the single cell level to inform
on therapeutic strategy design. Optimization of iPAI
and extension of the TRIPODD platform to analyze
erlotinib therapeutic response at varied times after
parent drug treatment was preformed herein as a
proof-of-concept demonstration of the TRIPODD
platform to quantify therapeutic response (Fig. 1). The
validated TRIPODD methodology could be used in
future studies to unravel the mechanism(s) of
treatment response and resistance, with a focus on
developing combination therapy that target resistant

of cancer cells. Crucially, current tumor analysis cell populations to improve cancer treatment
methodologies are unable to unravel the multifaceted ~ durability.
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Figure 5: Single-cell quantification of erlotinib therapeutic response and DTA. The single-cell z-scored expressions for each biomarker in each treatment cohort were combined to
compare the control, untreated cohort (NoTx) to the erlotinib therapeutic response measured in the erlotinib treated cohorts (i.e., 6h, 12h or 24h). The signal levels of A.
EGFR, B. pEGFR, C. DTA, D. Akt, E. pAkt, F. Ki67, G. MEK, H. pMEK and I. CC3 were quantified for cohort comparison.
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Figure 6: TRIPODD imaging of control and erlotinib treated tissues. Representative regions of interest (ROI) from whole tissue images of HCC827 xenografts imaged with
multiplexed cyCIF and iPAl are displayed based on treatment cohorts of A. No treatment (No Tx), B. 6h Tx, C. 12h Tx and D. 24h Tx. The top panel of each cohort’s image
set is presented with DTA as a 3D height map where DTA can be visualized both by its green pseudo color and the height of the pixels. DTA height map scaling is applied
equivalently across all treatment cohorts. The images below the 3D height map panel show 2D representations of the ROl outlined by the white dashed box in the 3D image
where all measured biomarkers are visualized. Markers displayed in each image are set to equivalent contrast settings across treatment groups. Nuclear DAPI signal is displayed
in white in all images. Scale bar = 50 pm.
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The optimal timepoint to resect tissues after
systemic iPAI probe administration was evaluated
through a pharmacokinetic profile study. Distribution
of the iPAI probes and calculated DTA at varied
timepoints after injection (15, 30, 60, 120, 240, or 480
min) were quantified to determine differences in
signal intensity over time and maximize dynamic
range of the DTA metric (Fig. 2). Variation was
observed in both DTA and fluorescence intensity
between and within timepoints, but only tumors
resected after 60 and 240 min had both targeted and
untargeted median fluorescence intensities above the
quantified level of tissue autofluorescence in the
vehicle injected control group (Fig. 2B & 2C). Notably,
the only timepoint with fluorescence intensity
significantly greater than autofluorescence in the
vehicle injected control group was the 240 min
targeted probe group (Fig. 2B). Also, the highest
median DTA was calculated at the 240 min timepoint,
which led to its selection as the optimal timepoint to
resect tissue after iPAI administration (Fig. 2D).
Furthermore, this selected timepoint was also in
alignment with previously reported pharmacokinetic
profile for erlotinib where 240 min (4 h) was the time
required for the drug to reach Cuax in plasma [82].

Xenografts with varied EGFR expression levels
(HCC827 > PANC-1 > SW620) that were systemically
administered varied doses of iPAI probes displayed a
dose dependent relationship between median
targeted and untargeted probe fluorescence intensity
(Fig. 3D & 3E). Notably, the lowest tested dose of 1.25
mg/ kg resulted in tissues with fluorescence intensity
near that of tissue autofluorescence as quantified from
the vehicle injected control group. Furthermore, the
low EGFR expressing SW620 tissues showed high
targeted and untargeted fluorescence intensity signals
at the highest dose (5 mg/kg), suggesting that
quantitative imaging may not be possible at this dose
(Fig. 3D-F). Importantly, the iPAI based correction for
non-specific uptake was observed in the 2.5 mg/kg
group, where the highest EGFR-expressing tissue,
HCC827 (Fig. 3G), yielded DTA values greater than
that of the other lower EGFR expressing xenograft
tissues, resulting in quantitative imaging of EGFR at
this dose (Fig. 3F). To confirm that 2.5 mg/kg was the
optimal iPAI dose, a study to correlate EGFR and
PEGFR expression to iPAI signal in all analyzed
tissues was performed (Fig. 4). Both EGFR and pEGFR
expression were significantly correlated to DTA and
targeted signal in the 2.5 mg/kg group, while no
correlation was seen for any other dose group, further
supporting the selection of this dose as optimal for
iPAI probe administration (Fig. 4A, 4B, 4D & 4E). No
correlation between EGFR or pEGFR expression was
seen for any dose of the untargeted iPAI probe, which

was expected due to the designed non-specific
accumulation of the untargeted probe (Fig. 4C & 4F).
Additionally, the slopes of the majority of the
calculated trendlines from the untargeted iPAI probe
fluorescence intensity were low, signifying that
untargeted probe signal alone had minimal
relationship to expression of the targeted protein,
EGEFR.

Further analysis of only EGFR-positive
xenografts (i.e., HCC827 and PANC-1) collected in the
pharmacodynamic assessment of iPAI probes allowed
for comparison of the fluorescence intensity for each
iPAI probe in each dose cohort in comparison to a
vehicle injected control group (Fig. 4G-I). The
HCC827 and PANC-1 xenografts were analyzed
without the including of SW620 xenografts since they
had minimal EGFR expression. Given their low
protein target expression, inclusion of the SW620
xenografts in this analysis could skew comparison of
iPAI probe uptake, particularly for the targeted probe,
since there were inherently few EGFR binding sites
which may result in low targeted probe fluorescence
intensity or fluorescence intensity due to non-specific
accumulation of the targeted probe. The resulting
analysis of HCC827 and PANC-1 xenografts
administered at varied doses of iPAI probes revealed
that the 1.25 mg/kg cohort did not have targeted or
untargeted fluorescence intensity significantly greater
than vehicle autofluorescence (Fig. 4G & 41) and thus
was a suboptimal iPAI probe dose. The targeted probe
fluorescence intensity of the 2.5 mg/kg and 5 mg/kg
dose cohorts were mnot significantly different,
suggesting the targeted iPAI probe binding sites
become saturated near the 2.5 mg/kg dose (Fig. 4G).
However, the untargeted probe fluorescence intensity
was significantly greater in the 5 mg/kg dose cohort
than all other cohorts (Fig. 4H). Therefore, while
targeted probe binding sites may be saturated at doses
>2.5 mg/kg, continued non-specific accumulation of
the untargeted probe may negatively impact the
accuracy of the DTA calculation. As a result of
continued untargeted probe uptake in the 5 mg/kg
cohort, the median DTA of the 2.5 mg/kg was
significantly greater than the 5 mg/kg median DTA
(Fig. 4I). It should also be noted that the while the
calculated DTA values in the 2.5 mg/kg and 5 mg/kg
dose cohorts were significantly different, this
difference could be corrected by scaling cohorts
equivalently, so greater DTA alone could not
distinguish the 2.5 mg/kg as the optimal iPAI dose.
However, when the DTA was put into the context of
the calculated Pearson’s correlation coefficients, 2.5
mg/kg was shown to be the optimal iPAI probe dose,
where iPAI probe fluorescence intensity was
significantly above vehicle autofluorescence, while
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biologically correlative to targeted probe uptake and
DTA calculations. Given these combined factors, 2.5
mg/kg was selected as the optimal dose for iPAI
administration to facilitate accurate DTA calculations.

Extension of TRIPODD to assess therapeutic
response to erlotinib over a 24 h period following a
single therapeutic dose was performed on HCC827
xenografts that were collected 6, 12 or 24 h after
erlotinib treatment and compared to control,
untreated tissues. TRIPODD analysis of these tissues
was enabled by iPAI probe injection coupled with a
flexible Ab-oligo cyCIF approach integrating indirect
IF, direct IF and the Ab-oligo reagents. While a
measurable therapeutic effect of erlotinib within 24 h
of treatment has been reported [83], quantification of
the immunostaining showed no measurable change in
pEGFR or total EGFR, the molecular target of
erlotinib, at any treatment timepoint (Fig. 5A & 5B).
Analysis of downstream EGFR signaling cascade
proteins further supported this finding, where no
substantial change in downstream protein expression
was observed after erlotinib treatment. For example,
MEK and pMEK displayed decreased expression at
the 6 and 24 h treatment timepoints, but not 12 h after
treatment. Importantly, expression distribution, as
visualized using violin plots, remained stable across
treatment timepoints and was similar to control tissue
expression distribution suggesting there were not
unique populations of cells reacting to erlotinib
treatment.

While the EGFR signaling cascade proteins
appeared largely unaffected by erlotinib treatment,
CC3, an apoptosis marker, showed a clear increase
beginning at the 12 h timepoint and remained
elevated at the 24 h timepoint (Fig 5I). This
observation was also supported in representative
images where CC3 signal was more abundant 12 and
24 h after treatment when qualitatively compared to
control tissues and tissues treated for 6 h in
representative ROIs (Fig. 6). CC3, when expressed,
represents proteolysis during apoptosis and its
expression signifies a binary switch of a viable cell to
an apoptotic cell in contrast to the gradient of
expressions more typical for EGFR cell signaling
proteins. Thus, one explanation for this measurable
increase in CC3 signal was the high signal intensity
and punctate staining pattern that is typical for CC3
as measured by IF. Therefore, by scaling markers by
z-score in this analysis, positive CC3 cells
demonstrated a marked increase above median
control tissue CC3 signal, which were largely negative
for CC3. Additionally, CC3 was measured with the
Ab-oligo amplification strategy, further increasing
sensitivity to its expression [74].

Notably, while therapeutic response measured

by changes in pEGFR, EGFR and downstream protein
expression did not reveal signatures of erlotinib
treatment in any treatment cohort, DTA decreased at
the 12 h timepoint and then returned to baseline
control tissue DTA level at 24 h (Fig. 5C). This
suggests that erlotinib was bound to its EGFR target at
12 h, where a decrease in DTA signified more EGFR
binding sites were occupied by the previously
administered parent erlotinib. At the 24 h timepoint,
the parent erlotinib had cleared from the tissues,
resulting in a return of DTA to baseline levels. This
suggests the DTA metric was more sensitive to the
presence of bound parent erlotinib drug than EGFR
expression or its signaling proteins” expression levels.
This DTA change was also visualized in
representative ROIs from each treatment timepoint
cohort, where comparison of DTA can be qualitatively
performed based on 3D height maps of DTA
expression or 2D images where height map scaling
and contrast levels for DTA were set equivalently
(Fig. 6). The 3D height map of DTA from the No Tx
sample demonstrated baseline DTA topography,
where there were many areas of elevated DTA present
in the ROI (Fig. 6A). The DTA signal pattern (green)
and pEGEFR signal intensity (red) also provided a
baseline measure of both markers in these control
tissues where erlotinib was not present. Across all
other timepoints where erlotinib treatment occurred,
PEGER signal intensity remained similar while DTA
showed a marked decrease in the 12h Tx ROI, but
then a return to baseline levels in the 24h Tx ROI (Fig.
6B-D). Additionally, assessment of DTA topography,
demonstrated that DTA was largely low across the
ROI in the 12h Tx ROI with only small visible peaks
(Fig. 6C). In comparison to the DTA topography of the
control tissue as well as the 6 and 24h Tx ROI, the 12 h
Tx DTA topography was notably flatter, indicative of
widespread bound erlotinib in the tumor tissue. This
observation was in alignment with the known
pharmacokinetic profile of 50 mg/kg parent erlotinib
treatment after a single-dose, where the plasma
half-life is 25.5 h [84]. Further at 150 mg/kg parent
erlotinib dosing, the pharmacokinetic profile of
erlotinib does not reach steady state until 7-8 days
after daily administration of the drug, providing the
rationale for the daily dosing regimen of erlotinib to
generate sustained EGFR inhibition [82, 85]. This
further supports the observation that DTA decreased
12 h after a single dose of erlotinib, but then 24 h after
treatment a substantial proportion of erlotinib was
cleared from plasma permitting DTA increase to close
to baseline levels. Thus, the treatment study described
herein provides evidence that DTA can serve as a
spatially resolved, single-cell metric for quantification
of dosing regimens in the target tissue.
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Overall, the antibody-based approaches for
biomarker labeling (i.e., flexible Ab-oligo cyCIF) were
not of sufficient sensitivity to detect any proteomic
changes in the EGFR cell signaling cascade after a
single-dose of erlotinib. In contrast, the DTA metric
had the sensitivity to detect the presence of bound
erlotinib. Notably, a variety of immunostaining
reagent types were utilized including indirect IF and
Ab-oligo reagents with signal amplification that, in
theory, provide greater sensitivity to protein
expression perturbations due to the greater signal
dynamic range. Therefore, in this study, DTA was
validated as more sensitive than IF approaches for
measuring cell signaling inhibition after a single-dose
of parent erlotinib therapy. Subsequent treatment
studies involving tumor bearing animals receiving
daily treatment with erlotinib will further explore the
relationship between DTA, protein expression and
therapeutic response.

Limitations of our study include that only a
specific therapy, erlotinib was assessed in a single
NSCLC cell line with known sensitivity to erlotinib
treatment. Thus, the results of our current work
demonstrate the potential utility of the TRIPODD
platform in this specific proof-of-concept model.
While the NSCLC HCC827 xenografts served as a
useful model for validation of the TRIPODD
methodology, future studies will include more
complex model systems (e.g., orthotopic models,
genetically engineered mouse models, syngeneic
models) to investigate clinically relevant therapeutic
strategies. It is important to note that the optimal iPAI
probe administration and tissue collection parameters
identified in this work are specific to erlotinib. Further
extension of the TRIPODD methodology to different
therapeutics will require additional iPAI probe
synthesis as well as optimization of administration
parameters due to drug-to-drug difference in
pharmacokinetic and pharmacodynamic profiles.
With the use of more complex model systems as well
as evaluation of varied therapeutics, Ab-oligo cyCIF
antibody panels will also require incorporation of
biomarkers to characterize immune and stromal cells
to assess the role the tumor microenvironment plays
in drug distribution and binding to its molecular
target. In summary, optimal iPAI probe dose
administration and tissue resection time were
identified herein for erlotinib therapy in NSCLC
tumor models. Application of these optimal
parameters for the TRIPODD platform will enable
future analysis of erlotinib response and resistance to
molecularly targeted therapy. In future work, the
TRIPODD methodology can be expanded to evaluate
other therapeutics and varied cancer types to unravel

the nuances between drug dosing strategies, drug
delivery to the tumor target and therapeutic response.
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