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Abstract

Purpose: The efficacy of antibody-based therapeutics depends on successful drug delivery into

solid tumors, therefore there is a clinical need to measure intratumoral antibody distribution. This
study aims to develop and validate an imaging and computation platform to directly quantify and
predict antibody delivery into human head and neck cancers in a clinical study.

Experimental Design: Twenty-four patients received systemic infusion of a near-infrared (NIR)
fluorescence-labeled therapeutic antibody followed by surgical tumor resection. A computational
platform was developed to quantify the extent of heterogeneity of intratumoral antibody
distribution. Both univariate and multivariate regression analysis were used to select the most
predictive tumor biological factors for antibody delivery. Quantitative image features from the
pre-treatment magnetic resonance imaging (MRI) were extracted and correlated with fluorescence
imaging of antibody delivery.

Results: This study not only confirmed heterogeneous intratumoral antibody distribution in line
with many preclinical reports, but also quantified the extent of inter-patient, inter-tumor, and
intra-tumor heterogeneity of antibody delivery. This study demonstrated the strong predictive
value of tumor size for intratumoral antibody accumulation and its significant impact on antibody
distribution in both primary tumor and lymph node metastasis. Furthermore, this study established
the feasibility of using contrast-enhanced MRI to predict antibody delivery.
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Conclusions: This study provides a clinically translatable platform to measure antibody delivery
into solid tumors and yields valuable insight into clinically relevant antibody tumor penetration,
with implications in the selection of patients amenable to antibody therapy and the design of more
effective dosing strategies.

antibody delivery; head and neck cancers; fluorescence; MRI; early-phase clinical trial

Introduction

Heterogeneous patient response to antibody-based therapeutics remains a major challenge in
drug discovery and patient care, especially in oncology and immune therapy (1,2). Although
genomics is sought to predict therapeutic response, limited success has been achieved

(3). An important but often neglected aspect is the measurement of intratumoral antibody
concentration and distribution (4,5), which could guide precision dosing and select patients
with high drug accumulation and thus more likely to respond to therapies (6-8). Current
early phase clinical trials routinely use plasma drug concentrations as a surrogate to guide
dose optimization (9,10), which assumes homogenous intratumoral antibody distribution and
may lead to suboptimal response and resistance (5). Therefore, quantification and prediction
of intratumoral antibody delivery remain a critically unmet need in the clinic.

Since understanding variability and biological correlates of antibody delivery in humans
are not part of drug development routine, our current knowledge on intratumoral antibody
distribution and the underlying biological mechanism has largely originated from preclinical
studies (4,11-18), which has shown low and heterogeneous antibody delivery into solid
tumors. To be effective, systemic anti-cancer agents must extravasate across blood vessels
and diffuse through the interstitial space before binding to its cellular target in optimal
concentrations. Based on this biophysical process, preclinical studies have hypothesized
several barriers to drug transport, including reduced vascular density and disorganized
vascular architecture (4,19), complex composition and structure of the extracellular matrix
(20,21), antigen expression levels (22,23), and sub-optimal antibody dosing (24). Given the
large gap between preclinical efficacies of antibodies and the clinical outcomes (25,26), it
is imperative to directly measure antibody delivery and verify these hypothesis in human
patients.

Although positron emission tomography (PET) imaging of radiolabeled antibodies is an
important clinical approach to evaluate the whole-body antibody distribution at the organ
level non-invasively (27-30), this approach is limited by its high cost, inevitable radiation,
and insufficient resolution (1~2 mm) (27). With the advent of fluorescently labeled
antibodies under good manufacturing practice suitable for patient injection (31,32), it is
now possible to use high-resolution fluorescence imaging to complement organ-level PET
imaging to measure intratumoral antibody distribution and cellular antibody binding and to
correlate with tumor microenvironment factors (5,27).

In this study, we proposed a clinically applicable imaging and computation platform
that integrated pretreatment contrast-enhanced magnetic resonance imaging (MRI) and
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a fluorescently labeled therapeutic antibody to measure and predict antibody delivery

into solid tumors. We systemically administered an anti-epidermal growth factor receptor
(EGFR) antibody (approved anti-cancer drug by the U.S. Food and Drug Administration
(FDA)) conjugated with a near-infrared (NIR) fluorophore (panitumumab-IRDye800CW)
into 24 patients with head and neck squamous cell carcinoma (HNSCC). Using surgical
specimens from these patients, we attempted to quantify the extent of heterogeneity in
antibody distribution within human tumors, to assess the impact of tumor biological
parameters on intratumoral antibody delivery into human tumors, and to evaluate the
feasibility of using contrast-enhanced MRI to predict antibody delivery into human solid
tumors.

Materials and Methods

Clinical Study Overview

Fig. 1 illustrated an overview of the study design. First, patients received the standard-of-
care MRI scan (including the contrast-enhanced T1-weighted imaging sequence). Next,
patients were enrolled into a surgical-window trial in which varying doses (25-95mg) of
panitumumab-IRDye800 were intravenously infused several days before curative resection
of 24 patients with HNSCC (Table S1, Clinicaltrials.gov Identifier: NCT02415881). Fresh
tissue samples from the primary tumor specimen were collected to measure antibody
concentration in tissue. The macroscopic antibody distribution was quantified in 5 mm
thick formalin-fixed tumor specimens, while the mesoscopic and microscopic antibody
distribution were quantified in formalin-fixed paraffin-embedded (FFPE) tissue. The
fluorescent antibody distribution through the whole-tumor specimens were then correlated
back to the imaging features extracted from the contrast-enhanced T1-weighted MRI.
Finally, the impact of tumor biological variables on intratumoral antibody delivery was
assessed using an automated image analysis pipeline for the serial tissue sections of tumor
markers (Fig. 1B, Fig. S1). The study protocol was approved by the Stanford University
Institutional Review Board (IRB). Following IRB approval, the study was conducted in
accordance with the Helsinki Declaration of 1975 and its amendments, FDA’s ICH-GCP
guidelines, and the laws and regulations of the United States. Written informed consent was
obtained from all patients.

Quantitation of Panitumumab-IRDye800 Concentration in Fresh Tissue Specimen

To measure the concentration of panitumumab-IRDye800 in patient samples, tumor or
normal tissue were first disrupted with a homogenizer using chilled lysis buffer (50 mM
Tris-HCI pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS) containing
a protease inhibitor (Roche, Indianapolis, IN). Next, a standard curve was produced by
adding known amounts (0-5 ng/ul) of panitumumab-IRDye800 into three replicates of
control tissue homogenates from non-infused patients in a 96-well half-area black plate.
Then, 100 ul of the tumor, muscle, and skin homogenates from study patients were also
added into individual wells of the same 96-well plate for measurement by a NIR plate reader
(Tecan, Zirich, Switzerland). Subsequently, the concentration of the antibody-dye in the
tissue homogenates was extrapolated from the standard curve. The final concentrations of
antibody-dye were normalized by tissue weight and reported as ng/mg of tissue.
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NIR Fluorescence Imaging of Panitumumab-IRDye800

Macroscopic imaging: Primary tumor specimens were formalin-fixed overnight and
sectioned into 5 mm sections that were imaged with a macroscopic NIR fluorescence
imager (the Pearl Trilogy imaging system, LI-COR Biosciences, Lincoln, NE USA). These
tissues were subsequently formalin-fixed paraffin embedded following standard pathological
workflow.

Mesoscopic imaging: Representative FFPE tissue blocks were cut into 5 um serial tissue
slices for the primary tumor or 4 um serial tissue slices for lymph nodes. These tissue slides
were baked for 1 hour at 60 °C and then imaged using a mesoscopic NIR fluorescence
imager (the Odyssey CLx imaging platform, LI-COR Biosciences, Lincoln, NE USA).

Microscopic imaging: Subsequently, one of the serial tissue sections was deparaffinized
and stained with 4", 6-diamidino-2-phenylindole (DAPI) for imaging under a customized
NIR fluorescence microscope (Leica Microsystems Inc. Chicago, IL). The imaging

system is a fully automated upright microscope mainly consisting of a scientific CMOS
fluorescence camera, multiple fluorescence filter cubes, a motorized XY Z scanning stage,
and a LAS X software workstation. This system is capable of simultaneous imaging of
multiple fluorescence channels, including DAPI: 480nm/527nm, and NIR: 774nm/789nm.
The title scan function was used to scan the entire tumor sections section at a resolution

of 1.3um/pixel and stitched adjacent image fields into a single large mosaic image for
subsequent analysis.

Histopathology and Immunohistochemistry

One of the serial tissue sections was stained with hematoxylin and eosin (H&E) and
reviewed by an experienced pathologist to outline tumor boundaries and identify cancerous
regions. The remaining serial sections were prepared for Masson’s trichrome staining
(collagen) and immunohistochemistry (IHC) staining of EGFR, ERG, and a-SMA. More
details can be found in the supplementary method. All the slides were digitally scanned

at 20x magnification into whole-slide digital images using a NanoZoomer scanner
(Hamamatsu, Japan).

Quantitative Fluorescence Image Analysis

To quantify antibody uptake and distribution on macroscopic images, tumor boundaries
outlined on digital whole-slide images of H&E staining were mapped back to corresponding
tissue breadloafs, and all the breadloafs were stacked back together to reconstruct the
original primary tumor specimen. Similarly, tumor regions within metastatic lymph nodes
were also identified. Next, the fluorescence intensities within the tumor region of all

the breadloafs were extracted to compute the first-order statistical quantifying antibody
uptake (mean fluorescence intensity (MFI)) and distribution heterogeneity (entropy, standard
deviation, uniformity, variance), as well as Haralick texture features (correlation, difference
entropy, difference variance, homogeneity, information measure of correlation) (33).

Next, a quantitative image analysis pipeline (Fig. 1B) was developed to quantify sets of
serial whole-slide digital images of H&E, Masson’s Trichrome, EGFR, ERG, a-SMA,
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and fluorescence microscopic images. This pipeline encompassed four steps. The first step
was to co-localize the antibody distribution with all the molecular markers within the
tumor region. This was done by co-registering fluorescence microscopic images with H&E,
Masson’s trichrome, and IHC images using a semi-automated control-point based rigid
registration algorithm. Whole-slide digital images were downsized from 20x magnification
to 5x to facilitate fast computing during registration. The second step was to map tumor
boundaries extracted from H&E images onto all the other images. Regions with artifacts

on fluorescence images were excluded from the tumor region. The third step was done by
customized image segmentation algorithms to identify the positive fluorescence and IHC
staining pixels from the tumor region. Specifically, each registered IHC image (5x) was
decomposed into a DAB image and a nuclei image with a color deconvolution algorithm
(34). Positive NIR fluorescence areas were segmented by first calculating the intensity
histogram of the tumor pixels, then fitting the histogram with a “loglogistic” distribution
(MATLAB function), and finally experimentally identifying the threshold based on the
histogram distribution as previously described (35). Positive EGFR and a.-SMA staining
areas within the tumor region were segmented through multilevel Otsu’s thresholding
method (36). The positive ERG staining area was identified with an intensity threshold of 50
through experiment. To identify positive collagen staining, the Masson’s Trichrome image
was first converted from the RGB color space to L*a*b* color space, k-means clustering
algorithm was then used to classify colors in “a*b*” space to identify the blue collagen
staining image, and finally a multilevel Otsu’s thresholding method was applied to segment
collagen positive tumor areas. Binary masks of positive pixels from all these images will be
generated for subsequent computing. The last step of the pipeline was to quantify antibody
uptake within each tumor as the percent positive NIR fluorescence area fraction per tumor
region, and the expression of the molecular markers by computing the percent positive IHC
or collagen staining area fraction per tumor area. A composite image can then be generated
by super-imposing all the single-marker images followed by pseudo-coloring.

To quantify the architectural complexity of EGFR, vessel, collagen, and a-SMA, we
generated binary masks as described above, with the positive objects skeletonized (except
for vessel image). Next, the box-counting algorithm (37) was applied on these binary images
by starting with single box filling the positive objects of the whole image, progressively
reducing the box length e by a factor of two at each step, and counting the minimum
numbers of non-overlapping boxes N(e) required to cover the positive objects. Fractal
dimension (F D) is determined using the following equation:

FD= — lim 1‘ng(8)
e — 0 log(®)

Linear regression using the least-squares method can be performed to obtain the slope of the
double logarithmic plot logN(e) versus log(e) with base 10.

To quantify the penetration depth of antibody-dye, the following method was used to plot
the fluorescence intensity as a function of distance from the nearest vessel. Two serial
images, including the fluorescence image and the vessel image of an adjacent slide, were co-
registered and segmented as described above. Then a Euclidian distance map was calculated
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from the binary vessel mask. Next, the average background signal from the non-tissue area
was subtracted from the raw fluorescence images. Finally, each pixel in the fluorescence
image was sorted based on its distance to the nearest vessel, and the fluorescence intensity
of panitumumab-IRDye800 was averaged over all pixels at any given distance to the nearest
vessel and plotted as a function of distance to the nearest vessel.

Quantitative MRI Data Acquisition and Analysis

Contrast-enhanced T1-weighted MRI scans of the patients prior to surgery were manually
segmented by two experienced radiologists specialized in head and neck cancer radiology
(Dice score = 0.86). Quantitative imaging features, including first-order statistics (entropy,
standard deviation, uniformity, variance) (38) and Haralick texture features (correlation,
difference entropy, difference variance, homogeneity, information measure of correlation)
(33), were automatically computed from the segmented tumor regions. The correlation
coefficients of these features with macroscopic fluorescence image features were calculated.
ROC analysis using significant MRI image features were used to classify patients into low or
high antibody accumulation or distribution heterogeneity (stratified by the median).

Variable Selection with Univariate and Multivariate Lasso Regression

To identify the most important predictors for antibody delivery, both univariate linear
regression and multivariate regression (the least absolute shrinkage and selection operator, or
lasso regression) were used. Univariate linear regression analysis was shown with the linear
curve fit, and 95% confidence intervals (CI) shaded in gray. Both R2 (goodness of fit) and P
value were shown to indicate the importance of each variable.

Lasso regression is a regularized linear regression algorithm that is among the most effective
and efficient methods for feature selection(39). The loss function is defined as follows:

2 p
N
j=1

n p
min Z (yi— Z ﬂjxlj
j=1

Bi=1

where y is the response vector; g is the regression coefficient; x is the predictor variable; A

is the tuning parameter that controls the strength of the shrinkage of the variables. Before
running the method, variables were normalized with a mean of zero and a standard deviation
of one, thereby giving all variables an equal weight in the analysis. The optimal value of

A was determined by five-fold cross-validation (CV) based on the minimum mean squared
error (MSE). The optimal 4 value was then used for variable selection. The five-fold CV was
run for 100 times, and the number of times each variable was selected over the 100 runs
were computed to rank the importance of the selected variables. Lasso regression used in
this study did not assign a statistical significance (P) value for the selected variables.

All of the above image analysis and regression analysis were conducted with software
developed in-house that operates in a MATLAB environment (MATLAB 2018b,
MathWorks).
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Statistical Methods

Results

Mann-Whitney test was used to compare between two groups, and the Spearman rank-order
test or Pearson’s correlation test was used for correlation analysis, as appropriate. All
statistical tests were two-tailed, and significance was set at a P value less than 0.05.
Statistical analyses were performed by the GraphPad Prism software.

Tumor size significantly correlates with intratumoral concentration of panitumumab-

IRDye800

Using surgical specimens from HNSCC patients who were infused with panitumumab-
IRDye800, we first verified the integrity of the panitumumab-IRDye800CW bioconjugate
using the blood and tumor samples from study patients by sodium dodecy! sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The bioconjugate was not different from
the reference standard (152 kDa), nor did we identify the detectable level of antibody-

dye fragments or free IRDye800 (Fig. S2), which was consistent with our previous

findings nonhuman primates (40), and patient samples after systemic injection of cetuximab-
IRDye800 (32). Identification of the intact bioconjugate suggested fluorescence could serve
as a surrogate for the localization of the antibody in patient tumor samples.

To understand the impact of tumor biological variables on antibody delivery into

HNSCC in the clinical setting, we calculated the Pearson’s correlation coefficient between
patient clinicopathologic factors and intratumoral concentration of panitumumab-IRDye800
in primary tumors (Table S2). Patient age, sex, and body weight did not correlate

with the intratumoral antibody concentration (~>0.05). In addition, history of drinking
alcohol, smoking, prior chemoradiation, recurrence status, HPV status, and time between
infusion and tissue sampling also did not influence intratumoral panitumumab-IRDye800
concentrations (P>0.05). Interestingly, tumor size showed a strong and significantly negative
correlation (Pearson’s r = —0.60, A= 0.0048). Next, we conducted a multivariate analysis
with lasso regression. Tumor size, vessel density, EGFR FD, and dose were the most
important determinants selected by lasso regression to predict panitumumab-IRDye800
concentration in fresh patient tumor tissue (Fig. 2A). An inverse correlation was observed
between antibody concentration and tumor size (Fig. 2B). To avoid the compounding effect
of variations in dose, we normalized the tumor size by antibody dose, and the inverse
correlation was still significant (Fig. 2C). More importantly, as tumor size increased, vessel
area fraction decreased (Fig. 2D) and EGFR FD increased (Fig. 2E), suggesting that

tumor size is the dominant factor predicting intratumoral antibody accumulation. Although
several other tumor biological variables including vessel FD, collagen FD, and a.-SMA area
fraction and FD were also significantly correlated with tumor size (Table S3) and some

of these variables showed significant association with intratumoral antibody accumulation
in univariate analysis (Table S4), these variables were not selected during the multivariate
analysis, suggesting these variables were not as important as vessel area fraction and EGFR
FD in predicting antibody delivery.
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Tumor growth aggravates the spatial heterogeneity of panitumumab-IRDye800 in both
primary and metastatic lesions

Based on microscopic fluorescence imaging of FFPE tissue sections, we analyzed the
influence of tumor size on spatial heterogeneity of antibody distribution. Higher spatial
heterogeneity was observed in the larger tumors, despite homogenous EGFR expression
throughout the tumor (Fig. 3A). We consistently identified higher fluorescence at the
periphery compared to the interior of the larger tumors. To quantify the spatial heterogeneity,
we calculated the ratio of MFI between the periphery and the interior in representative tissue
sections of patients (n = 22) and correlated with tumor size as well as tumor size normalized
by dose (Fig. 3B-C), which demonstrated larger differential delivery as tumor size became
larger. A comparison of representative regions of interest (ROIs) from the periphery (Fig.
3D) and the interior (Fig. 3E) showed comparable EGFR expression, but higher fluorescence
signal, higher vessel area fraction, and lower collagen and a-SMA area fraction in the tumor
periphery.

A similar analysis of lymph node metastasis revealed that tumor size was also a significant
determinant of antibody delivery into tumor metastasis (Fig. 4). Quantitative analysis
revealed a significant inverse relationship between the size of lymph node metastasis and
the percent antibody uptake in the metastatic islands of tumor cells (Fig. 4A), and this
negative correlation persisted when size was normalized by dose (Fig. 4B). Furthermore,

a significant inverse correlation was observed between the vessel area fraction and size of
the metastasis (Fig. 4C), while a significant positive relationship was found between EGFR
FD and the size of the metastasis (Fig. 4D). A ratio between the fluorescence intensity

of the periphery and the interior in representative cross-sections of lymph node metastasis
showed a positive correlation with the size of metastasis as well as the size normalized by
dose (Fig. 4E—F), suggesting higher spatial heterogeneity of antibody distribution in larger
metastasis. Analysis of spatial distribution at the microscopic level was performed on lymph
node metastasis of different sizes (Fig. 4G). Three representative examples of lymph node
metastasis (ranging from 0.8 mm to 8.5 mm) illustrated homogenous antibody distribution
across the smaller metastatic tumor islands (Fig. 4G, first row), but heterogeneous in larger
metastatic lesions (Fig. 4G, last two rows), despite relatively even distribution of EGFR
expression. Moreover, the distance of antibody extravasation from the nearest vessels was
shorter in larger size lymph node metastasis. Consistent with our finding in primary tumors,
the antibody was limited to the periphery of the larger metastasis (Fig. 4G) while the
interior region had comparatively low fluorescence. This data suggested that tumor size is
a significant predictor of the inter-patient and intra-tumoral variations of antibody uptake in
both primary tumor and metastatic lesions.

To understand the differential influence of tumor biological variables on antibody delivery
into the primary tumor and lymph node metastasis, we calculated antibody delivery as the
number of fluorescent pixels normalized for the number of EGFR-positive pixels within

the same tumor region, and compared antibody delivery in primary and metastasis. In this
analysis, antibody delivery in macrometastatic lesions ((>2mm) was significantly lower than
either the primary tumor or micrometastatic lymph nodes (< 2mm) (Fig. 5A), although there
was no significant difference in EGFR expression of primary and metastasis (Fig. 5B). One
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reason for these observations may be a reduction of vessel area fraction in larger metastatic
lesions (Fig. 5C). The lower collagen density in micrometastasis than the primary tumor
may also contribute to the differential uptake (Fig. 5D), while the density of a-SMA didn’t
show a significant difference between primary and metastasis (Fig. 5D). This data suggested
the differential antibody delivery into primary and metastatic lesions may be attributed to the
variations in vessel density and collagen density rather than antigen expression or a-SMA.
More importantly, tumor size also plays an important role in the differential uptake of the
antibody between primary tumors and lymphatic metastasis.

MRI-derived tumor parameters predict intratumoral concentration and spatial
heterogeneity of panitumumab-IRDye800

We hypothesized that contrast-enhanced MRI scan could predict fluorescently labeled
antibody delivery into HNSCCs because both MRI contrast agent and fluorescence contrast
agent accumulation within the tumors are dependent on the tumor microenvironment.

To validate this hypothesis, we developed a quantitative image analysis pipeline (Fig.

6A). Given the strong predictive performance of tumor size for intratumoral antibody
concentration, we measured tumor volume from contrast-enhanced T1-weighted MRI. We
found significantly higher intratumoral antibody concentration in patients who have smaller
tumor volumes (Fig. 6B). More importantly, ROC analysis using the MRI tumor volume
showed a sensitivity of 100% and specificity of 87.5% in stratifying patients into low and
high antibody uptake (Fig. 6C.).

To assess macroscopic drug distribution, we serially sectioned primary tumor specimens
into 5 mm thick tissue sections (Fig. 6D), which then underwent macroscopic fluorescence
imaging (Fig. 6E). After imaging, tumor sections were histologically processed into
hematoxylin and eosin (H&E) slides and reviewed by a board-certified pathologist to
delineate tumor boundaries that were then mapped back to the tissue sections (regions within
the black dash line in Fig. 6E) to reconstruct the volumetric tumors. Areas of more intense
fluorescence appeared at the periphery suggesting the higher antibody uptake in periphery
regions than the interior sections (Fig. 6E). Next, we computed the first-order statistics

and the texture features of the fluorescence images of the reconstructed whole-tumor
specimen to characterize the uptake and spatial heterogeneity of the antibody to correlate
with MRI features. Significantly higher heterogeneity (measured by the inverse of Haralick
correlation (33) of the fluorescence intensities in the whole tumor) of antibody distribution
was observed in patients with higher heterogeneity (measured by the inverse uniformity of
voxel intensities over the volumetric tumor) of MRI contrast distribution in tumors (Fig. 6F),
and ROC analysis showed a sensitivity of 88.9% and a specificity of 60% using this MRI
metric to classify patients into cohorts of high and low antibody distribution heterogeneity
(Fig. 6G). Significant associations were also identified between the entropy and uniformity
of MRI tumor intensity with (Haralick) correlation, difference entropy, difference variance,
homogeneity, and information measure of correlation of the tumor fluorescence intensity
(Fig. S3).
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The dose of panitumumab-IRDye800 positively correlates with intratumoral antibody

delivery

The concentration of antibody-dye (ng/mg of tissue) was measured in tissue homogenates
of the fresh tumor and uninvolved skin and muscle tissue samples (available in 22 patients).
Patients receiving 25 mg of panitumumab-IRDye800 had significantly lower tumor drug
concentration than those infused with more than 25 mg (Fig. S4 A), indicating that antibody
concentration within the tumors arose in a dose-dependent fashion (/£<0.05), but the
concentrations in non-target tissue did not increase significantly (P>0.05). A strong positive
correlation (P<0.0005, Fig. S4 B) was seen between intratumoral antibody concentration
results from the NIR plate reader and the MFI of all the tumor sections, indicating that

MFI of the tumor volume could be used as a qualitative surrogate of actual antibody
concentration. Moreover, the intratumoral antibody accumulation (measured as tumor MFI
from fluorescence images of macroscopic sections) in both primary tumor (Fig. S4 C)

and lymphatic metastasis (Fig. S4 D) increased with increasing dose, suggesting that
macroscopic fluorescence imaging could be a valuable tool to assess dosing schedules.
Finally, we compared primary tumor and metastatic lymph nodes at the macroscopic

level, using tumor MFI in the low dose (25mg) and high dose cohort (>25mg) and found
significantly higher antibody uptake in the primary tumor compared to the metastasis in both
dosing cohorts (Fig. S4 E).

Discussion

The efficacy of targeted therapy with antibodies depends on successful drug delivery into the
tumor, therefore there is a critical clinical need to measure intratumoral antibody uptake and
distribution to guide dose optimization and patient selection. Although preclinical studies
have observed heterogeneous antibody delivery into solid tumors and suggested the impact
of many tumor biological variables on drug delivery, there is limited clinical data to confirm
these reports and hypotheses in human tumors. The large gap between preclinical efficacy
and clinical outcomes necessitates direct measurement and prediction of drug delivery in
human patients. To bridge the knowledge gap, we developed a clinically applicable imaging
and computational platform and presented the first-in-human clinical data that evaluated the
feasibility of this platform to measure and predict antibody delivery into human HNSCC.

To the best of our knowledge, this work is the first of its kind to demonstrate the feasibility
of using contrast-enhanced MRI to predict intratumoral antibody delivery into patients. This
study suggested that fluorescently labeled therapeutic antibodies could be used as a valuable
tool in the clinic to validate the preclinical hypotheses about drug delivery and to evaluate
potential strategies to increase the distribution of antibodies and other macromolecular drugs
in solid tumors. Furthermore, this study may have implications for dose optimization and
response prediction in antibody-based therapeutics across multiple tumor types in early
phase clinical trials.

Using surgical specimens from patients who were systemically infused with fluorescently
labeled therapeutic antibody, this study not only confirmed heterogeneous intratumoral
antibody distribution in line with many preclinical reports (14,15,17,24), but also quantified
the extent of inter-patient, inter-tumor, and intra-tumor heterogeneity of antibody delivery in
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patients. Overall, larger tumors have more heterogeneous antibody distribution than smaller
tumors, and primary tumors have significantly more heterogeneous antibody distribution
than lymph node metastasis. While macrometastasis in the lymph nodes suffered from
non-uniform antibody distribution, micrometastasis and smaller tumors seemed to have a
more uniform distribution. We showed that this differential antibody delivery was related to
the differences in vessel and collagen area fraction but not target expression levels, which
supported the previous hypothesis that small tumors were prevascularized with shorter
diffusion distances and less stromal barriers (7). In addition, despite homogenous antigen
expression across the tumor, up to three-fold differences were observed between antibody
accumulation in the periphery and interior of the primary tumor and lymph node metastasis.
Interestingly, this concentration gradient was not as dramatic as predicted by preclinical
models (41,42). At the microscopic level, heterogeneous antibody distribution was observed
in isolated tumor nests or islands, with perivascular antibody distribution in larger tumor
nests but full antibody penetration into smaller tumor nests. This data provided the first
microscopic clinical data to directly confirm the binding-site barrier that was proposed by
Weinstein and colleagues (22,43,44), which described that antibody penetration into solid
tumors could be prevented by the very fact of their successful binding to the target antigen.
Collectively, this study represented the first-in-human imaging and quantification of the
antibody distribution heterogeneity in human HNSCC at both macroscopic and microscopic
levels, which can motivate cancer researchers to develop new strategies to increase the
homogeneity of intratumoral antibody distribution and also provide a clinically applicable
platform to evaluate these strategies.

A further novel finding is the strong predictive value of tumor size for intratumoral antibody
accumulation and spatial distribution in both primary tumor and lymph node metastasis.
Building on previous reports about the impact of various tumor biological parameters on
antibody delivery into solid tumors (12,14,20-22,32,41), this study used a machine learning
algorithm (LASSO regression) to rank the relative predictive value of representative tumor
biological variables. Among tumor size, and the positive area fraction and fractal dimension
of the vessel, target antigen (EGFR), collagen, and a-SMA, this study identified tumor

size as the most important variable to predict the intratumoral accumulation into HNSCC.
Although vessel area fraction and EGFR fractal dimension were also identified as important
predictors, both metrics showed significant correlation with tumor size. Other variables

that significantly correlate with tumor size include vessel FD and collagen FD in both
primary and metastasis, but these two variables were not predictive of intratumoral antibody
concentration, suggesting not all the tumor biological parameters are equally important.
Furthermore, the spatial heterogeneity of antibody distribution also increased as tumor size
increased in both primary and metastasis, as evidenced by the larger differences in antibody
accumulation between the periphery and interior of tumors. These findings suggest that

as tumors grow larger, tumor microenvironment factors evolve accordingly to create more
pathophysiological barriers, leading to low and heterogeneous antibody delivery into larger
tumors. This is in accordance with the preclinical hypothesis that the interstitial pressure
and solid stress increase as tumors grow larger, which prevent the antibody from penetrating
deeper into larger tumors (41,42). Most importantly, we showed the feasibility of using
tumor volumes measured by the standard-of-care MRI to stratify patients into groups of
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low and high intratumoral antibody accumulation with good sensitivity and specificity,
suggesting the strong translational potential of this finding. This finding has significant
implications in the identification of patients most likely to have improved drug penetration
(thereby identifying patients for treatment or reduced dose) in early phase clinical trials.

To facilitate clinical translation of the proposed platform, we showed the feasibility of using
clinically available MRI to predict intratumoral antibody accumulation and distribution,
which could be used to select patients most likely to respond to antibody-based therapeutics.
The rationale for using noninvasive clinical imaging as a diagnostic companion to predict
patient response can be from two different perspectives. The first one is to select patients
with high intratumoral drug accumulation based on the enhanced permeability and retention
(EPR) effect. Recently, MRI imaging of ferumoxytol nanoparticle in tumor lesions has
been correlated with lesion shrinkage in response to nanoliposomal irinotecan (6). In
another study, positron emission tomography (PET) imaging of nanoparticle deposition

in tumors has been shown to correlate with favorable patient response to trastuzumab

(45). These studies suggested that noninvasive clinical imaging of contrast agents can

be predictive of patient response to systemic therapy. Another rationale involves the use

of artificial intelligence to infer the correlation between radiomic imaging features and
patient responses. Two recent studies reported the feasibility of using radiomics signature
from pre-treatment contrast-enhanced CT to predict patient response to immunotherapy
using checkpoint inhibitors (monoclonal antibodies) (46,47). Our study utilized the strong
predictive value of tumor size to predict intratumoral antibody accumulation. Moreover, we
extracted imaging features describing contrast distribution within the tumor to correlate
with fluorescently labeled antibody distribution in the same tumor. The integration of
pre-treatment contrast-enhanced MRI with fluorescence measurement is highly novel with
significant implications in dose optimization and patient selection in early phase clinical
trials.

To achieve sufficiently high and homogenous antibody distribution in solid tumors, it is
critically important to determine the optimal dose for individual patients. It has been
increasingly recognized that the measurement of antibody penetration into solid tumors

is an important but missing piece of information towards personalized dosing (5,8,48).
Conventional dosing strategy based on the maximum tolerated dose (MTD) is generally
considered inappropriate for targeted agents since dose-response relationships more closely
relate to adequate target occupancy and inhibition rather than toxicities (49). During early-
phase clinical trials, dose optimization for therapeutic antibodies can be difficult since
therapeutic efficacy and toxicity can vary across patients. Current pharmacokinetic studies
of anticancer drugs rely on plasma drug concentration as a surrogate for tumor drug level,
but blood pharmacokinetics is a poor indicator of tumor phamacokinetics. The concentration
of panitumumab-IRDye800 measured in tumors, when delivered in a sub-therapeutic range,
did not correlate with traditional dosing parameters such as patient body weight (£ < 0.05).
Instead, we identified the tumor size to be a key determinant for reduced antibody delivery
and increased spatial homogeneity in both primary tumors and regional nodal metastasis.
This is consistent with recent data challenging the strategy of dosing monoclonal antibodies
by patient body weight based on years of data on toxicity and efficacy (50). Because we
have shown that the antibody is minimally altered by the addition of the dye (40), this
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molecular imaging approach may allow the study of other antibody-based therapeutics in
clinical trials.

In summary, we developed a clinical applicable platform to measure and predict

antibody delivery into HNSCC that can be broadly applicable and valuable to studying
macromolecular drugs including therapeutic antibodies, antibody-drug conjugates, immune
check-point inhibitors, nanomedicines, etc. in multiple cancer types in the clinic, especially
those that are difficult to model in animal models such as desmoplastic microenvironment
and metastatic lesions. The proposed clinical workflow may enable us to identify the right
patients and the right dose in early-phase clinical trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational relevance:

This study developed and validated a clinically translatable imaging and computation
platform to quantify and predict antibody delivery in head and neck cancers in a clinical
study. We uncovered significant inter-patient, inter-tumor, and intra-tumor heterogeneity
of antibody distribution, and identified tumor size as a key predictor for intratumoral
antibody accumulation, which has significant implications for dose optimization and
response prediction in antibody-based therapeutics. This study casts new light on the
understanding of clinically relevant antibody distribution in human solid tumors. The
proposed platform can be used to bridge the gap between preclinical hypothesis and
clinical findings and to assess new strategies to improve antibody dosing and delivery
into solid tumors in early phase clinical trials.
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Overview of the clinical study design. (A) This study involved three major components:
firstly, patients received contrast-enhanced T1-weighted MRI scans and imaging features
were computed from the MRI data to correlate with antibody delivery. Secondly,
patients were enrolled into a surgical-window trial during which they were systemically
administered with panitumumab-1RDye800 and then underwent surgical tumor resection.
The intratumoral antibody concentration was measured from tumor homogenates as ng/mg
of tumor tissue. The macroscopic drug distribution was quantified from the reconstructed
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whole-tumor specimen. The microscopic drug distribution was quantified on FFPE tissue
slides. Finally, tumor biological parameters were measured from multiple IHC staining of
serial tumor sections to correlate with microscopic antibody distribution. (B) The proposed
quantitative image analysis pipeline was used to derive metrics for measuring tumor
biological parameters. This pipeline involved co-registration and segmentation of the whole-
slide digital pathology images of multiple tumor markers, including immunohistochemistry
(IHC) staining of EGFR, ERG (vessel), a-smooth muscle actin (a-SMA), and collagen
(Masson’s trichrome stain), etc. Positive staining area fraction and fractal dimension were
computed from the segmented tumor areas of these images to represent the density and the
architectural complexity of individual markers.
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Fig. 2.
Tumor size was identified as the most important predictor for intratumoral antibody

accumulation. (A) Tumor size, vessel density, EGFR FD, and dose were the most important
determinants of antibody concentration in tumor tissue as selected by lasso regression. (B-C)
Intratumoral antibody concentration of individual patients was negatively correlated with
tumor size. (D-E) Both vessel area fraction and EGFR FD were significantly correlated with
tumor size.
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Fig. 3.

Tr?e microscopic spatial heterogeneity of antibody distribution within primary tumors

was dependent on tumor size. (A) A representative example showed higher antibody
accumulation in the tumor periphery than the interior despite consistent EGFR expressions
across the tumor. (B-C) The ratio of the mean fluorescence intensity between the periphery
and interior of tumors increased with larger tumor size. (D-F) Comparison of selected
regions (ROI D&E) of the tumor in panel (A) demonstrated comparable EGFR expression,
higher antibody uptake, higher vessel area fraction, lower collagen area fraction, and lower
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a-SMA area fraction in the periphery than the interior tumor area. When antibody delivery
(measured in MFI) was plotted against the distance from the nearest blood vessel, the
periphery had much higher fluorescence signal, while the interior had minimal fluorescence
signal. (G-H) Despite homogeneous EGFR expression, antibody only penetrated a few

cell layers in larger tumor nests while fully penetrated smaller tumor nests, and antibody
distribution showed peri-vascular pattern. (Mann-Whitney test, error bar means standard
error).
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Fig. 4.
Microscopic heterogeneity of antibody distribution in metastatic lymph nodes was

dependent on the size of metastasis. (A-B) Antibody delivery negatively correlated with
metastatic tumor size, even when normalized for dose. (C-D) Consistent with the findings
in primary tumors, increased tumor size correlated with a reduced vessel area fraction and
increased EGFR FD. (E-F) The ratio of the mean fluorescence intensity between periphery
and interior of metastatic lesions significantly increased with tumor size. (G) Spatial
heterogeneity of antibody distribution within lymph node metastasis increased as metastatic
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tumor size increased despite homogenous EGFR expression. The plots of fluorescence
intensity as a function of distance to the nearest vessels for the selected ROIs showed
reduced penetration distance in larger metastasis. (Scale bar: 200 pm).
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Fig. 5.

Cgmparison between primary tumor and lymph node metastasis showed their differential
uptake was related to tumor size. (A) The ratio of positive NIR fluorescence area
normalized by EGFR positive tumor area for the micrometastasis and primary tumors
were significantly higher than that in the macrometastasis. (B) The EGFR expression
showed no significant difference between the primary and metastasis. (C) The vessel area
fraction for micrometastasis and primary tumors were significantly higher than that in
macrometastasis. (D) Collagen area fraction was significantly higher in primary tumor than
that in metastasis. (E) a-SMA area fraction showed no difference between primary and
metastasis. (ns: P>0.05, */<0.05, **F<0.01, ***/F<0.001, Mann-Whitney test, error bar
means standard error). (F-H) Representative images of the primary tumor, macrometasis,
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and micrometastasis from the same patient showed heterogeneous NIR fluorescence
microscopic image (green: NIR, blue: DAPI nuclei) despite homogenous EGFR expression,
which may be due to the differential expression of vessel and collagen in these tumor
regions. (Scale bar: 100 pm)
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Fig. 6.

MRI can predict antibody delivery into patient HNSCC. (A) The MRI image analysis
pipeline included tumor segmentation, feature extraction, and correlation analysis with
antibody delivery. (B) Intratumoral antibody concentration was significantly higher in
patients with smaller MRI tumor volume. (C) ROC analysis showed that MRI tumor

volume can predict intratumoral antibody concentration with good sensitivity and specificity.
(D-E) showed the standard-of-care pathological grossing procedure involving cutting the
primary specimen into individual 5-mm thick tissue sections which were imaged with a
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macroscopic fluorescence imager. The whole-tumor specimen was reconstructed to measure
the antibody distribution at the macroscopic level. (F) Antibody distribution heterogeneity
measured in the reconstructed tumor specimen was significantly higher when MRI contrast
heterogeneity of the same patient tumor was high. (G) ROC analysis showed that MRI
contrast heterogeneity can predict antibody distribution heterogeneity. (Mann-Whitney test,
error bar means standard deviation, * denotes P<0.5).
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