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Abstract

Cell-to-cell heterogeneity can substantially impact drug response, especially for monoclonal
antibody (mAb) therapies that may exhibit variability in both delivery (pharmacokinetics) and
action (pharmacodynamics) within solid tumors. However, it has traditionally been difficult to
examine the kinetics of mAb delivery at a single-cell level and in a manner that enables controlled
dissection of target-dependent and -independent behaviors. To address this issue, here we
developed an in vivo confocal (intravital) microscopy approach to study single-cell mAb
pharmacology in a mosaic xenograft comprising a mixture of cancer cells with variable expression
of the receptor HER2. As a proof-of-principle, we applied this model to trastuzumab therapy, a
HER2-targeted mAb widely used for treating breast and gastric cancer patients. Trastuzumab
accumulated to a higher degree in HER2-over expressing tumor cells compared to HER2-low
tumor cells (~5:1 ratio at 24 hrs after administration) but importantly, the majority actually
accumulated in tumor-associated phagocytes. For example, 24 hours after IV administration over
50% of tumoral trastuzumab was found in phagocytes whereas at 48 hrs it was > 80%. Altogether,
these results reveal the dynamics of how phagocytes influence mAb behavior /n vivo, and
demonstrate an application of intravital microscopy for quantitative single-cell measurement of
mAb distribution and retention in tumors with heterogeneous target expression.
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Advances in single-cell profiling have made it clear that tumor tissue can be highly
heterogenous (both within the cancer cell and also the host cell repertoire), and the dynamic
clonal architecture of cancer plays a key role in disease progression and the emergence of
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drug resistance (1). Cell-to-cell variability may be especially important in the context of
drugs that specifically bind amplified or mutated targets, and past studies have shown how
the expression of molecular drug targets can be lost as tumors evolve during treatment (2).
The receptor tyrosine kinase erbB-2, also known as HER2, is a classic example of a drug
target exhibiting this behavior: although HERZ/neu amplification is observed in 15-30% of
breast cancers (3) and 10-30% of gastric cancers (4), its expression level can be mixed
across cancer cells in a given patient (5, 6), and reports have noted interconversion between
HER2-positive and HER2-negative histological phenotypes following HER2-targeted
therapy (7). Moreover, variation in the tumor microenvironment (TME) compounds intrinsic
heterogeneity in cancer cells and their response to treatment. Mixed infiltrates of immune
cells including cytotoxic T-cells and immunosuppressive tumor associated macrophages
provide inflammatory or pro-survival signals to neighboring cancer cells (8), and directly
participate in cytolytic (9) or phagocytic (10) cancer cell killing. Disordered tumor
vascularization can cause hypoxia that impacts both immune and cancer cell behaviors (11),
and leads to heterogeneous drug distribution within tumor tissues, especially for
macromolecular therapies such as monoclonal antibodies (mAbs) that may inefficiently
transport through tissue (12).

MADbs have been used as effective cancer treatments for decades, and benefit from specific
and potent target binding, long circulating half-lives, and an ability to engage with the
immune system to promote cell killing (9). The HER2-targeted trastuzumab (Tzm, marketed
as Herceptin) (13, 14) is one of the oldest and most widely-used mAbs, and is FDA-
approved for the treatment of HER2+ breast and gastric cancers (15). Unfortunately, primary
and acquired resistances to Tzm and other HER2-targeted therapies are frequent in advanced
disease, and many mAbs including Tzm exhibit dose-limiting systemic toxicities (16, 17).
Thus, a clear need exists to understand mechanisms that govern the efficacy and selective
delivery of mAbs, particularly in the context of HER2+ cancers.

One challenge in understanding the /n vivo pharmacology of mAbs lies in the multi-
component nature by which they function in the TME. Tumor-targeted mAbs typically act
through a combination of cancer cell-intrinsic and -extrinsic effects that play out on cellular-
level length scales (9). In the case of Tzm, cell-intrinsic effects include HER?2 binding and
subsequent inhibition of oncogenic kinase signaling (18), while cell-extrinsic effects include
the Fc (fragment crystallizable region)-mediated roles that the immune system plays in
response to mAb binding, such as antibody-dependent cell-mediated cytotoxicity (ADCC)
(19) and antibody-dependent cellular phagocytosis (ADCP) (20). Cell-extrinsic effects have
become even more relevant with the rise of mAb-drug conjugates, bi-specific mAbs,
chimeric antigen receptor therapies, and immune checkpoint blockade. In the context of
heterogeneous target expression, cell-extrinsic effects raise questions of how mAb binding
and immune engagement in some cells can impact the behavior of others, for instance
through bystander or abscopal effects. Collectively, the complexity in mAb pharmacology
underscores the challenges optimizing mAb in a heterogenous TME — and mativate
approaches to study mAb delivery and action /n vivo at subcellular resolution.

To help address these questions, here we present a high-resolution intravital microscopy
(IVM) platform to study the single-cell pharmacology of tumor-targeted mAb in a tumor
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with defined heterogeneity in target expression. As a proof of principle, we focus on Tzm
since it is widely used clinically. New biologics and cell therapies have built upon Tzm in
targeting HER2, and Tzm drug resistance continues to be a challenge (16, 21). As a model
of intratumoral heterogeneity in HER2 expression (22, 23), we developed a mosaic
xenograft model composed of a mixture of tumor cells with variable HER2 expression. We
found that although Tzm binds efficiently and selectively on HER2+ cells, its accumulation
was actually highest in tumor-associated phagocytes such as macrophages. On tumor cells,
Tzm accumulation peaked after 24 h post-administration, while levels in neighboring
phagocytes gradually increased for 2 days. Although HER2 over-expression on cancer cells
was not required for a baseline accumulation of Tzm in tumor-associated phagocytes, it
caused Tzm uptake by phagocytes to be ~3-fold enhanced on a per-cell basis. Altogether,
these results provide a complementary perspective to recent studies examining the impact of
tumor associated phagocytes on mAb biodistribution and action (24, 25), and demonstrate a
proof-of-principle study of how IVM enables the tracking of mAbs through a heterogeneous
tumor at a single-cell level. We anticipate this approach will be useful for studying the
impact of mAbs on evolving intratumoral heterogeneity, and for investigating the roles
macrophages and other immune cells play in promoting or blocking mAb action.

Materials and Methods

Cell Culture, transfection, and transduction.

SKBR3 and HCC1954 breast cancer cells were cultured in McCoy’s 5A modified media
(Corning) or RPMI1640 media (Corning), respectively. MCF7 breast cancer cells, MDA-
MB-231 breast cancer cells (MDA-231), and Raw 264.7 phagocytes, and HT-1080
fibrosarcoma cells (HT) were all cultured in Dulbecco’s modified eagle medium (Corning).
All growth media were supplemented with 10% fetal bovine serum (Gibco), 100 IU
penicillin, and 100 ug/mL streptomycin (Invitrogen). All cells were obtained from American
Type Culture Collection (ATCC), cultured at 5% CO» and 37°C, and were routinely tested
for mycoplasma contamination.

To generate HT cells expressing HER2 fused to GFP at the c-terminus (HT-HER2-GFP),
parental HT cells were transfected with plasmid carrying HER2-GFP gene (Addgene
plasmid # 39321, a gift from Dr. Martin Offterdinger) using Lipofectamine 3000
(Invitrogen) according to manufacturer protocols. Cells stably expressing HER2-GFP were
clonally selected after initial 500 ug/ml geneticin selection for 7-10 days. HT-1080 cells
expressing cytoplasmic BFP (HT-BFP) were generated by transducing wild-type HT-1080
cells with pLVX-BFP-IRES-PURO, and were subsequently selected with growth media
containing 10 pg/ml of puromycin for 7 days. Cells with high expression of the fluorescent
proteins were selected via fluorescence activated cell sorting (MGH Flow Cytometry Core).
Despite clonal expansion in HT-HER2-GFP cells, heterogeneous expression emerged after
serial passaging, which provided a range of HER2 expression to examine in subsequent
experiments.
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Fluorescent Tzm labeling

Trastuzumab (Herceptin ®) was generously provided by Genentech via material transfer
agreement, and was conjugated to AlexaFluor647 (A647) via N-Hydroxysuccinimide (NHS)
-ester chemistry (Tzm-A647). Briefly, Tzm was dissolved in 0.1 M sodium bicarbonate at 10
mg/mL. AlexaFluor647 NHS ester (Thermo) was dissolved to 10 mg/mL in 0.5 mL
anhydrous N,N-dimehtylformamide, which was then added to Tzm and stirred at room
temperature for 1 h. 7K MWCO Zeba Spin Desalting Columns (Thermo) were used for
purification following manufacturer guidelines. Molar ratio of fluorophore conjugation was
determined by Nanodrop following manufacturer guidelines.

Flow cytometry

Flow cytometry analysis assessed the binding of Tzm to a panel of HER2-high and HER2-
low cells, as well as the expression of HER2-GFP fusion protein in HT-HER2-GFP cells.
Briefly, wash buffer was prepared as 3% fetal bovine serum (Gibco) in phosphate buffered
saline (PBS, Corning) and kept on ice. All cells were trypsinized, washed, and incubated
with 2 pg/mL of Tzm-A647 on ice for 90 minutes. Cells were again washed 3x and fixed
with 1% paraformaldehyde (PFA) prior to analysis on a LSR Il flow cytometer (BD
Bioscience, equipped with 405, 488, and 633 nm lasers). Cells were included for analysis
based on FSC-A x SSC-A gating criteria, while doublets were excluded from analysis based
on FSC-A x FSC-H gating criteria. A647 and GFP signals from the cells were recorded and
analyzed with FlowJo (Treestar).

Imaging of Tzm binding to HER2+ cells in vitro

Parental HT-1080, HT-BFP, HT-HER2-GFP, and SKBR3 cells were plated overnight at 50%
confluency on 96-well plates (Ibidi). Tzm-A647 was incubated with the cells for 30 minutes
at 5% CO, and 37 °C at 5 pg/mL. The cells were then washed 5 times with PBS, and fixed
with 4% PFA (EMS). The cells were imaged with a DeltaVision (Applied Precision)
modified BX63 microscope (Olympus) fitted with a camera (Andor).

Animal models and intravital microscopy

All animal research was carried out in compliance with guidelines from the Institutional
Subcommittee on Research Animal Care (MGH). HT-BFP and HT-HER2-GFP mosaic
xenograft tumors were established in dorsal skin-fold window chambers on female 6-12
weeks old nu/nu mice (Cox 7, MGH). Briefly, while mice were anesthetized with 2%
isoflurane supplied with 2 L/min O,, titanium window chambers (APJ Trading Co.) were
surgically implanted on the back of the animals under sterile conditions. 106 HT-HER2-GFP
and 108 HT-BFP cells were mixed and injected with 50 pL of PBS under the fascia layer of
the skin inside the windows. Chambers were then sealed with sterile coverslips, and mice
were prophylactically supplied with antibiotic in drinking water. Analgesic buprenorphine
was administered before and for 3 days following surgery. Tumors grew for 2 weeks prior to
imaging experiments. 24 h prior to imaging, AlexaFluor555 (A555)-labeled 500 kDa dextran
(dex-A555) was administered to mice intravenously (i.v.) via tail-vein to label phagocytes
including macrophages. On the day of the imaging experiment, the mice were anesthetized
with isoflurane, tail-vein catheters were placed, and subjects were immobilized onto a heated
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microscope stage (37 °C) and monitored under anesthesia for the experiment duration. 200
ug of Tzm-A647 in 100 uL of PBS was administered by catheter, and time-lapse VM was
recorded with a FluoView FVV1000 multi-photon confocal imaging system (Olympus) for 50
min. Separate imaging sessions were performed at 3 h, 24 h, and 48 h post-injection with
Tzm, allowing for recovery from anesthesia and return to animal housing in between.
Imaging the same low magnification field of view in repeated imaging sessions was
achieved by a combination of cartesian positioning within the window chamber’s defined
structural features using a computer-guided stage, and identifying recognizable features in
vascular and tumor shape. Low-magnification images of the tumor were taken with a
XLFluor 2x air objective (NA=0.14, Olympus), while high-magnification images were
recored with a XLUMPLFLN 20x water immersion objective (NA=1.0, Olympus). BFP,
GFP, A555, and A647 were excited sequentially with 405 nm, 473 nm, 559 nm, and 635 nm
diode lasers, respectively, in combination with DM405/473/559/635 nm dichroic beam
splitters. The emitted light was separated with SDM473/560/640 nm beam splitters. BFP,
GFP, A555, and A647 signals were then detected with BA430-455 nm, BA490-540 nm,
BA575-620 nm, and BA655-755 nm emission filters (Olympus), respectively. For confocal
imaging, images were collected at 10 um interval in z-direction. Although an additional laser
system is available for multiphoton imaging with the F\V1000 microscope, here we solely
used single-photon excitation with diode lasers. This improved the acquisition and post-
processing workflow, particularly for time-lapse data, but restricted our imaging depth to
within ~100 um. In contrast, ex vivo imaging of optically cleared tissue was not restricted to
the surface (see below). Single-fluorophore control experiments were performed with HT-
BFP cells, HT-HER2-GFP cells, dex-A555 treated Raw 264.7 cells, and Tzm-A647 treated
Raw 264.7 cells to ensure no bleed-through between imaging channels.

Optical clearing and ex-vivo tumor imaging

Xenografts were implanted on the back of the nu/nu mice without using window chambers.
108 HT-BFP were injected with 50 uL of PBS into one flank, while 106 HT-HER2-GFP
were injected contralaterally. Tumors grew roughly 2 weeks until palpable, and A555-
labeled 500 kDa dextran was i.v. injected 24 h prior to Tzm-A647 injection. 24 h post-
administration with Tzm, mice were perfused with 20 mL of PBS followed by 10 mL of 4%
PFA via cardiac puncture. Tumors were excised and further fixed in 4% PFA overnight,
optically cleared with a modified CUBIC solution (26) for 2—3 days, and placed into a glass
chamber for confocal imaging.

Image analysis

Images were analyzed with Fiji (NIH) and Matlab (MathWorks), and in some cases z-
projections of the 3D image stacks were generated. Region of interests (ROIs) were
produced by automatic thresholding and watershed segmentation. Cell segmentation was
performed from 2D images in the x-y plane. ROIs were generated to define the boundaries
of the tumor cells, phagocytes, or whole tumors for quantification. Specifically, cell borders
of the phagocytes were estimated by automated thresholding of the Gaussian-blur filtered
A555 channel using the RenyEntropy method, as described previously (27), and
implemented here using Fiji. Segmented cells were then gated for dextran accumulation and
size. For Tzm intensity quantification, the average fluorescence intensities (background
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subtracted, or percent increase over background for ease of comparison in Fig. 5B) were
calculated for each ROI. The automated procedure yielded values that highly correlated with
measurements of total cellular uptake attained by manual segmentation (Pearson correlation
coefficient >0.95). For fluorescent line profile quantification (Fig. 6C), a straight line was
drawn from outside of the tumor to the tumor core, and fluorescence intensities along such
lines were quantified.

Statistical analysis

Results

Throughout the manuscript, results were displayed as means +/- standard error of mean
(s.e.m), and a = 0.05 level of significance was used. Statistical analyses (two-tailed t test,
ANOVA tests with Tukey post test, Spearman correlation test, and Pearson correlation test)
were performed with GraphPad Prism 7.0.

Development of a 4-channel intravital microscopy approach to monitor trastuzumab
pharmacology

To study Tzm behavior in a tumor environment with heterogenous tumor cell populations,
we designed an 1VM approach based on mosaic xenografts containing cancer cells with
mixed HER2 expression (Fig. 1a). Human HT1080 fibrosarcoma cancer cells were used as
an endogenously HER2-negative model that has been extensively characterized by IVM in
the dorsal window chamber mouse xenograft system (28, 29). These HER2-negative cells
were stably labeled with blue fluorescent protein (mTagBFP; Aex = 402nm), hereafter
referred to as HT-BFP. As matched HER2-positive cells, parental HT1080 were transfected
to express a HER2-GFP fusion protein construct that had previously been employed in
microscopy studies of HER2 subcellular trafficking (30). Stable HT-HER2-GFP
transfectants were then mixed with HT-BFP cells and co-injected into mice to form tumors
with heterogeneous HER2 expression from cell to cell. Tumor associated macrophages have
been shown to play critical roles in the biodistribution of nanomedicines (29). In this work,
we imaged tumor-associated phagocytic cells including macrophages with intravenously
administered AlexaFluor555-labeled 500 kDa dextran (dex-A555). Fluorescently labeled
dextrans have been widely used in intravital microscopy to label phagocytes including
macrophages within the TME. Although 70 kDa dextran is commonly utilized in past
literature, in this work we used 500 kDa dextran, which extravasates more slowly into tissue
and therefore could be useful for more extended visualization of microvasculature upon
administration. At 24 hr post-injection, both 70 kDa and 500 kDa dextran are known to
accumulate in phagocytes, and both have been used in past reports for macrophage imaging
(27, 31). Tzm was labeled with AlexaFluor647 (Aex=650 nm) via N-Hydroxysuccinimide
(NHS)-ester conjugation (Fig. 1b), with a 6:1 (molecule of dye:molecule of mAb) degree of
labeling, following previous guidelines (32). Overall, this 4-channel (BFP/GFP/A555/A647)
setup enables the comparison of Tzm uptake by HER2+ and HER2- tumor cells and
phagocytes in a matched TME. Each of the 4 fluorescence channels were imaged
sequentially using unique excitation and emission filters (Fig. 1a), thus yielding minimal
fluorescence bleed-through between channels as determined through single-color controls
(Supplementary Fig. 1). Importantly, the mosaic imaging approach mitigates confounding
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variable effects, such as differences in vascularization or extracellular matrix content, that
might occur when comparing behavior across separate HER2— and HER2+ tumors. In
addition, the mosaic tumor model may also be somewhat representative of intratumoral
heterogeneity that is found in patients, for instance as has been noted in HER2-expressing
breast and especially gastric cancers (6, 33) (Fig. 1c).

We first performed /n vitro studies to characterize the 4-channel imaging approach. To
confirm that A647-labeled Tzm (Tzm-A647) exhibited sufficient fluorescence and efficient
HER2 binding affinity, we treated a panel of cells expressing high HER2 (HCC1954 and
SKBR3) or low HER2 (MCF7, MDA231, and parental HT1080) with Tzm. Flow cytometry
analysis showed Tzm bound at 70 * 40 fold higher levels (z s.d.) to cells with high HER2
(SKBR3 and HCC1954) compared to cells with low HER2 (MCF7, MDA231, and parental
HT1080; Fig. 2a). Consistent with these data, past reports indicate that SKBR3 express >106
HER?2 receptors per cell, while MCF7 express ~20-fold less (34). In another example,
MDAZ231 were previously reported as having 40,000 HER2 receptors per cell while SKBR3
had approximately 30-fold higher (1.2 x 10%) (35), and in the present study we found Tzm
binding to be roughly 50-fold higher in SKBR3 compared to MDA231 (Fig. 2a).
Importantly, the parental HT1080 cells show even lower Tzm binding than the MCF7 and
MDAZ231 breast cancer cells, which are traditionally classified as HER2-negative. As
expected, HT-BFP and parental HT1080 cells bound similarly low levels of Tzm (Fig. 2a).
In contrast, HT-HER2-GFP cells exhibited Tzm binding comparable to other HER2-high
breast cancer cell lines (HCC1954 and SKBR3). More precise interpretation of fold-change
Tzm accumulation across cell lines would need to account for possible cell line
heterogeneity among prior studies and would employ additional controls for absolute
quantification, such as with synthetic bead standards (36). More importantly, HER2-GFP
and Tzm signals on HT-HER2-GFP cells co-localized on a pixel-by-pixel basis, as seen by
fluorescence microscopy (Fig. 2b—c, Supplementary Fig. 2). Taken together, these results
demonstrate that Tzm selectively binds HER2-GFP fusion protein in the HT1080 model, and
that HT-HER2-GFP approximates HER2+ breast cancer cells in their level of HER2
expression and Tzm binding.

To examine the ability to accurately distinguish HT-BFP and HT-HER2-GFP cells /n vivo,
we mixed the cells 1:1 and injected them into the dorsal window chamber of nu/nu mice.
Upon tumor formation ~2 weeks later, IVM confirmed the establishment of mosaic tumors
containing both BFP+ and GFP+ cells intermingled with each other (Fig. 3a). At a single
cell (Fig. 3a) and pixel-by-pixel level (Fig. 3b), no substantial overlap of BFP and GFP
signals was observed, indicating HER2+ and HER2- cells can be accurately distinguished
from each other.

Systemic pharmacokinetics and single-cell accumulation using time-lapse IVM

We used time-lapse IVM to evaluate the first step of Tzm drug delivery to tumor: the
extravasation of Tzm from blood vessels into the tumor interstitium. Within 10 minutes of
i.v. injection, Tzm reached the tumor microvasculature surrounded by a mixture of HT-
HER2-GFP and HT-BFP tumor cells (Fig. 4a). Over the course of 24 h, Tzm began
extravasating from microvasculature into the interstitial space occupied by tumor cells, as

Cytometry A. Author manuscript; available in PMC 2020 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 8

evident by the decreasing Tzm signal intensity in the vessels and a corresponding increase in
intensity outside of the vessels (Fig. 4a—d). Quantification of intravascular Tzm revealed an
initial (or distribution-phase) blood half-life of roughly 40 min and terminal (or elimination-
phase) blood half-life of 1.6 days according to a two-phase-exponential decay model (Fig.
4c¢), which is similar to previously reported values for an anti-PD1 mAb in a mouse
xenograft model (24). 3 h post injection, a significant portion of Tzm had entered tumoral
space, especially near tumor vasculature, and limited penetration into poorly vascularized
tumor regions was noted (Fig. 4b,d). By 24 h, intratumoral Tzm signals were decreased
compared to what was observed at 3 h inside the tumor, presumably due to the clearance of
unbound drug. Tzm was hardly detectable in the tumor blood vessels at 24 h post injection
compared to levels seen in tissue (Fig. 4b—d).

Complementary high-magnification IVM allowed us to quantify Tzm biodistribution within
the tumor at a single-cell level. Tumor-associated phagocytes including macrophages were
visualized with dex-A555, which was injected 24 h prior to Tzm administration. Images
were then acquired at 3 h, 24 h, and 48 h post-injection of Tzm. BFP, GFP, or A555
fluorescence signals were observed to be individually high in HT-BFP, HT-HER2-GFP, or
dex-A555+ cells, respectively, indicating minimal bleed-through among all three
fluorescence channels /n vivo and an ability to accurately distinguish cell-types from each
other (Supplementary Fig. 3). In contrast to the strong co-localization observed between
HER2-GFP and Tzm found /n vitro (Fig. 2b), IVM revealed more modest Tzm accumulation
in HT-HER2-GFP cells /n vivo (Fig. 5a). Instead, a notably high degree of co-localization
was seen between dex-A555+ phagocytes and Tzm at all time points (Fig. 5a,
Supplementary Fig. 3). To quantify drug uptake at single cell level, fluorescent signals from
each cell-type were segmented to delineate the boundary of these cells (Fig. 5a), and Tzm
fluorescence was quantified on a cell-by-cell basis (Fig. 5b). As expected, Tzm uptake in
HT-BFP cells was minimal, amounting to a range of only 20-80% increase in signal
intensity above the auto-fluorescent background across the three time points. In contrast,
Tzm signals in phagocytes were on average 400-950% above the background, as a range
across the three time points. Phagocytes showed 470% increase in average Tzm uptake
compared to HT-BFP tumor cells at 3 h, and 4000% increase in average uptake at 48 h.
Phagocyte uptake of Tzm was also heterogenous, such that some dex-A555+ cells
accumulated less Tzm than HT-BFP tumor cells, while others accumulated >30-fold more.

Although HT-HER2-GFP cells accumulated less Tzm than phagocytes, the average levels of
Tzm associated with HT-HER2-GFP cells ranged from 100-600% more than that of HT-
BFP cells across all time points (Fig. 5b). Moreover, Tzm uptake in HT-HER2-GFP cells
substantially correlated with HER2-GFP fusion protein expression on a cell-by-cell level at
3 hand 24 h after Tzm administration (Fig. 5c), suggesting specific binding of Tzm to its
targets. As a negative control, Tzm uptake by HT-BFP cells in the same mosaic tumor was
quantified, and no correlation between Tzm uptake and BFP signal intensity was detected
(Supplementary Fig. 4). This control thus suggests that the correlation between Tzm and
HER2-GFP is not likely to have arisen from confounding factors such as tumor hypoxia/
necrosis, which might have explained both inefficient fluorescent protein expression and
poor drug delivery.
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While Tzm bound selectively to HER2+ tumor cells in a manner that quantitatively
correlated with HER2 expression and peaked at 24 h, accumulation was nonetheless highest
in tumor-associated phagocytes (Fig. 5d). The change in Tzm distribution from 24 h to 48 h
post-injection suggests that phagocytes actively accumulated an increasing fraction of Tzm
in the tumor. In this late time frame, tumor-cell associated Tzm decreased, while phagocyte
uptake continued to increase. Moreover, the cell-by-cell correlation between HER2-GFP
expression and Tzm accumulation decreased by 70% from 24 h to 48 h (Fig. 5¢). Indeed, at
24 h, the top 20% highest HER2-expressing tumor cells all had moderate Tzm accumulation
(20th percentile or higher), while only 54% did by 48 h (Supplementary Fig. 5). This
suggests that Tzm on HER2+ cells was removed or degraded by 48 h.

We also used IVM to quantify the relative abundance of tumor cells and phagocytes in the
mosaic tumor (Fig. 5e). Although phagocytes were less abundant than tumor cells, they
contributed to ~50% of total Tzm accumulation in the tumor at the first 24 h due to their
high Tzm uptake on a per-cell basis (Fig. 5f). By 48 h, phagocytes accounted for 82 + 19%
of total Tzm accumulation in the tumor. This trend is explained by both an increase in
phagocyte uptake and a decrease in Tzm association with tumor cells on a per-cell basis, as
the cellular composition of the tumor did not change as substantially over the course of 48 h
(Fig. 5e and Supplementary Table 1). In sum, these data suggest that phagocytes are the
main reservoir for tumoral Tzm in this model, especially at late time -points following Tzm
administration.

HER2 expression in tumor cells enhances phagocyte uptake of Tzm

We next investigated whether HER2 expression on tumor cells was required for phagocyte
uptake of Tzm in tumor. To answer this question in a controlled manner, we established a
xenograft model in which HT-BFP were injected in one flank, and HT-HER2-GFP were
contralaterally injected (Fig. 6a). Unlike the mosaic tumor model, the contralaterally
implanted HT-BFP and HT-HER2-GFP tumors exhibited relatively homogenous low or high
HER2 expression, respectively. Tzm was injected intravenously following tumor formation,
and the tumors were then excised 24 h later, optically cleared with CUBIC solution (26), and
confocally imaged. Phagocyte uptake of Tzm was detectable in both type of tumors.
However, Tzm uptake in the HT-HER2-GFP tumors was 3.6-fold (or 260% increase) that of
the HT-BFP tumors (Fig. 6b—d). Most Tzm accumulated at the tumor periphery for both
tumor types (Fig. 6¢ and Supplementary Fig. 6), where phagocytes including tumor-
associated macrophages are known to reside at high levels, especially in the HT1080 model
used here (31, 37, 38). Indeed, high-magnification images showed that most Tzm
accumulated within phagocytes rather than tumor cells, regardless of HER2 expression (Fig.
6e). Although the amount of phagocytes in either tumor type was not significantly different
(Fig. 6f), the phagocyte uptake of Tzm in HT-HER2-GFP tumors, on a per-cell basis, was
3.8-fold that of the HT-BFP tumors (Fig. 6g). Importantly, phagocyte uptake of dex-A555
showed no such difference (Supplementary Fig. 7), indicating enhanced Tzm uptake by
phagocytes in HER2+ tumors was not due to underlying differences in general phagocytic
capacity or tumor vasculatures. These results demonstrate that even though HER2
expression is not required for phagocyte uptake of Tzm in tumor, it can nonetheless lead to a
higher tumoral mAb accumulation.
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Discussion

This study presents an 1\VM-based approach to simultaneously track i) the pharmacokinetics
and selective association of mAb with its putative targets in tumors, ii) heterogeneous target
expression on cancer cells, and iii) infiltrating immune populations, all at the single-cell
level. This work builds on the growing development of IVM as a tool for studying drug
pharmacology in cancer, and previous reports have used VM to examine the behavior of
cytotoxic chemotherapies (28, 39-44), targeted kinase (45-48) and poly-ADP ribose
polymerase (44, 49) inhibitors, nanoparticle-encapsulated therapeutics (29, 50-54), and anti-
PD1 immune checkpoint blockade mAb therapy (24, 26, 27). In several cases, mosaic
xenograft models have been successfully used to test the impact of a particular protein on
drug pharmacology, while holding other features of the TME relatively constant. For
instance, IVM visualized the difference in drug accumulation and resistance caused by
multi-drug resistance mutation 1 (MDRZ1) over-expression, and the mosaic strategy allowed
intracellular drug levels to be compared between MDR1-positive and adjacent MDR1-
negative cells in the same tumor region (28). In the present work, we extended the mosaic
xenograft VM strategy to study tumor-targeted mAbs, using HER2-targeted Tzm as a proof
of principle model. Although Tzm has been studied and clinically used for decades, the
contributions of tumor heterogeneity and immune uptake to its activity continue to be
extensively studied. HER2-targeting remains highly relevant with next-generation
immunotherapies, the clinical need remains great as patients frequently develop resistance,
and over 300 Tzm clinical trials are currently registered as ongoing or recruiting. As an
initial demonstration, we relied on a well-characterized and experimentally robust model
based on the subcutaneous implantation of HT1080 cells, which has the advantage of using
the dorsal window chamber for stable time-lapse imaging. In the present application, this
model also has the advantage of lacking substantial levels of endogenous HER2 expression,
such that the majority of HER2 expression in the TME is directly quantifiable through its
fusion GFP reporter. Nonetheless, IVM setups have already been developed and applied for
imaging cancer cell metastasis in orthotopic and autochthonous models of breast cancer,
including with the use of a mammary fat pad window chamber and with HERZ/neu driven
genetically engineered mouse models (55). Such models may be especially valuable for
studying drug distribution in a fully competent immune system and TME features specific to
the mammary fat pad, but may face trade-offs in terms of imaging resolution, stability,
restriction to mADbs targeting rodent instead of human antigen, and investment of resources.

Single-photon excitation was used in our intravital experiments. No signs of phototoxicity,
as assessed by changes in cell morphology or blebbing, were observed in the present study
or in prior reports that used similar imaging parameters (27). However, it is possible that
more frequent imaging at higher power density could be phototoxic, potentially influencing
HER?2 expression in cancer cells and phagocytic activity in immune cells. Multiphoton
microscopy may be especially appropriate in this case, since it is known to be less
phototoxic than single-photon approaches in some applications (56). Moreover, in the
present study, images were collected at 10 um intervals in z-direction, and cell segmentation
was performed from 2D images in the x-y plane. Higher z-axis resolution is technically
feasible and has been successfully used in the past to support 3D segmentation (53, 57).
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Such increased resolution may potentially improve quantification of Tzm uptake but comes
with the trade-off of added time for image acquisition, which can impact spatial coverage of
the TME and create a greater potential for photobleaching.

We found that even though cellular uptake of Tzm can be highly heterogenous, Tzm still
clearly associated with HER2+ tumor cells to a degree that correlated with the amount of
HER2 expression. Despite this demonstrated specificity in mAb targeting, we nevertheless
found that tumor-associated phagocytes accumulated even more Tzm than the highest-
expressing HER2+ tumor cells, and roughly 80% of Tzm was phagocyte-associated by 48 h
post-administration. Controlled experiments on matched tumors expressing or lacking HER2
showed that phagocytes in HER2+ tumors accumulated ~280% more Tzm than those in
HER2- tumors, even though Tzm uptake by phagocyte was detectable in both. All in all,
these results suggest both HER2 dependent and independent pathways of Tzm uptake by
phagocytes, and previous experiments have confirmed that such dextran-accumulating
phagocytes are primarily macrophages (58).

In principle, substantial differences in vascularization, vascular permeability, interstitial fluid
pressure, and other microenvironment features could contribute to mechanisms of enhanced
Tzm accumulation in HER2+ compared to HER2- tumors that don’t actually depend on
HER2-Tzm binding. As with mAbs, high molecular-weight 500 kDa dextran transport into
tumor tissue can be limited by tumor perfusion and extravasation out of vessels, and we
hypothesized that differences in vascularization between HER2+ and HER2- tumors would
also lead to differential dextran accumulation. However, no such difference was observed,
therefore suggesting both tumors enabled comparable degrees of macromolecular
accumulation (Supplementary Fig. 7). Additional control studies may be performed to more
thoroughly characterize potential differences in the microanatomical structure of HER2+ and
HER2- tumors that extend beyond the present report, and additional non-HER?2 targeting
compounds could also be compared, such as non-targeted mAbs. Further, it is possible to
evaluate HER2-dependent Tzm uptake by phagocytes with /n7 vivo competition experiments
using no-fluorescent Tzm. However, we note that such competition experiment could be
complicated to interpret, as prior reports have counter-intuitively found that co-
administration of multiple types of HER2-targeted mAbs can lead to enhanced tumor
penetration, for instance by mitigating the impact of the binding site barrier (59).

Is phagocyte uptake of mAbs beneficial for efficacy? Based on prior studies, HER2-
independent phagocyte uptake may involve scavenging of interstitial Tzm, for instance via
nonspecific macropinocytosis or Fc-mediated uptake of unbound mAbs by macrophages
(60-62). In contrast, HER2-dependent enhancement in phagocyte uptake likely involves the
interaction between HER2-bound Tzm and highly-expressed Fcy receptors (FcyR) on
phagocytes. Chimeric mAbs with humanized Fc domain (63), such as Tzm and rituximab,
engage with murine FcyR, and pro-inflammatory FcyRIII contributes to their efficacy (19,
64). Activating FcyR on immune cells can engage tumor-bound mAbs and trigger ADCP
and ADCC. Moreover, in the context of antibody drug conjugates (ADCs), Fc-mediated
ADC uptake by tumor associated macrophages can contribute to ADC efficacy, even for
non-targeted IgG ADCs (65). This latter result bears similarity to findings seen with drug-
loaded nanoparticles, which also can accumulate in tumor associated macrophages. IVM has

Cytometry A. Author manuscript; available in PMC 2020 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 12

visualized drug payload in these nanoparticles as slowly leaching out of the macrophages
and transferring to surrounding cancer cells (29). In contrast, another IVM study found that
Fc-mediated macrophage uptake of mAbs could actually be detrimental to efficacy by
sequestering mAbs and preventing them from acting on their target: PD1-targeted mAbs that
were bound to CD8+ T cells could be stripped and transferred to macrophages. mAb transfer
did not involve ADCP, but instead depended on Fcglycosylation (24). These data collectively
show important if complicated roles for macrophages, and time-lapse VM has proven to be
a powerful tool for dissecting them. Hence, further studies are still needed to clarify what
determines the balance of beneficial vs. detrimental mAb uptake by phagocytes. Key factors
may involve biased engagement with activating and inhibiting FcyRs, and myeloid
phenotypes along the spectrum of M1 to M2 polarization.

We envision that the experimental strategy presented here can be extended to the
pharmacokinetic study of other tumor- and immune-targeted mAbs, bi-specifics, ADCs, and
even CAR-T or CAR-phagocytic cells (66). We demonstrated the utilities of this approach
by uncovering the dynamics of Tzm accumulation in heterogeneous tumor cells and
especially in tumor-associated phagocytes, therefore highlighting a potential value in
monitoring and manipulating the TME and phagocyte content of tumors to improve
therapeutic outcomes. Since phagocyte uptake can be mediated by FcyR, our results help
provide context to the observation that FcyR polymorphisms correlate with patient
responses to Tzm treatment (67), and motivate Fc-domain engineering (24). Importantly, the
IVM approach developed in this study could be used to evaluate the efficacy of such new
treatment strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Multichannel intravital microscopy setup.
(a) Schematic of the 4-channel intravital microscopy (IVM) strategy using a xenograft

mouse model of cancer. Mosaic tumors are grown subcutaneously in a dorsal window
chamber for repeat imaging across hours and days. (b) Trastuzumab (Tzm) is labelled with
AlexaFluor647 (A647) via NHS-ester coupling. (c) From the Human Protein Atlas
(www.proteinatlas.org, version 18.1), representative immunohistochemistry of HER2
expression in patient biopsies from invasive ductal carcinoma of the breast (left) and gastric
cancer (right). Tumors with high HER2 expression (more than 75% of tumor cells showing
positive stain, top), intermediate HER2 expression (mosaic expression with 50% of cells
showing expression, middle), and low HER2 expression (less than 25% of cells showing
expression) are shown. Scale bar=100 um.
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Figure 2. A647 labeled Tzm efficiently and selectively binds HER2 and transgenic HER2-GFP in

vitro.

(a) Representative flow cytometry of Tzm-A647 binding to various HER2-high (HCC1954,
SKBR3, and HT-HER2-GFP) and HER2-low (MCF7, MDA231, HT-wt, and HT-BFP)
cancer cells. HT-wt denotes parental HT1080, and all non-HT cells are breast cancer.
Contour lines denote density of single-cell data points. (b-c) Representative fluorescent
microscopy (b, scale bars = 10 um) and pixel-by-pixel correlation (c) of Tzm and HER2-
GFP signal intensity showing strong sub-cellar co-localization of Tzm and HER2-GFP
fusion protein in HT-HER2-GFP cells (c, data are means * s.e.m.; n=15 cells).
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Figure 3. IVM enables segmentation of intermixed HER2- and HER2+ tumor cells in a mosaic
xenograft model.
(a-b) HT-BFP and HT-HER2-GFP cells were mixed 1:1, injected into the dorsal window

chamber of nu/nu mice, and imaged by IVM upon tumor formation. Representative VM
with single-cell segmentation (a) and corresponding pixel-by-pixel analysis of BFP and GFP
fluorescence intensities (b) show minimal overlap and an ability to distinguish HER2- and
HER2+ cells. Data are means * s.e.m. from all pixels, scale bars: top left panel=0.5 mm;
bottom left panel=50 um; right panels=20 pm.
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Figure 4. Time-lapse IVM quantifies systemic clearance of Tzm and its accumulation in tumor
tissue.
(a-d) Mosaic tumor-bearing nu/nu mice were injected i.v. with Tzm and imaged by IVM at

high (a, scale bar=50 pm; white outline: blood vessel; yellow outline: tumor cells) and low
(b, scale bar=500 pm; white arrow: blood vessels; yellow outline: tumor) magnifications. (c)
IVM quantified Tzm concentration in tumor microvasculature to calculate its systemic blood
half-life (data are means * s.e.m., with purple shading denoting the 95% CI of exponential
model fit across n > 45 blood vessel regions from 4 tumors). (d) IVM quantified Tzm
concentration in extravascular tumor tissue (line and shading denotes means * s.e.m., n>20
regions from 4 tumors).
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Figure 5. Tzm association with HER2+ tumor cells peaks at 24 h, and shifts to tumor associated
phagocytes by 48 h.

(a-b) Representative VM of the mosaic tumor model (a) and single-cell quantification (b)
reveals Tzm association with HT-BFP, HT-HER2-GFP, and dextran-A555+ phagocytes over
time (data are means + s.e.m from n > 100 cells across 4 tumors, ****: p<0.0001, ***:
p<0.001, **: p<0.01, ANOVA test). Scale bars = 20 um. (c) Correlations of HER2-GFP
expression and Tzm association were calculated by VM on a cell-by-cell basis,
corresponding to data in a-6 (Spearman and Pearson correlation R and p-values reported, n >
150 cells). (d) Dynamics of Tzm association in each sub-compartment of the mosaic tumor
were calculated (mean £ s.e.m. from combined n > 300 cells and n > 15 blood vessel regions
across 4 tumors). (e-f) The relative prevalence of the 3 imaged cell-types was tabulated from
IVM data (e), and these data were combined with observed single-cell Tzm levels to
calculate overall accumulation of Tzm in each of the three cell-types (f). For e-f, data are
means £ s.e.m. from n > 70 cells per group across 6 tumor regions.
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Figure 6. Biodistribution of Tzm in uniformly matched HER2+ or HER2- tumors.
(a) HT-HER2-GFP cells were s.c. injected contralateral to HT-BFP cells in nu/nu subjects.

Upon tumor formation, tumors were excised 24 h post-administration with Tzm and dextran-
A555. (b) Representative confocal microscopy of CUBIC-clarified tumors (white outline
denotes tissue edge, scale bar=1 mm). (c-d) Radial profiles of Tzm distribution were
measured as function of normalized distance from the tumor center (c, line and shading
denote means + s.e.m.). The areas under the profile curves were calculated to assess Tzm
uptake in the whole tumor (d, mean + s.e.m. across 30 profiles and 6 tumors; ***: p<0.001,
t-test). (e-g) Representative high-magnification confocal microscopy (e; scale bars=50 um)
corresponding to a-b is quantified as the relative abundance of tumor cells and phagocytes in
tumors (f), along with phagocyte’s association with Tzm (g). For f-g, data are means +
s.e.m. from n > 250 cells across 6 tumors (***p<0.001, n.s.=not significant, t-test).
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