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Abstract

Macromolecular cancer drugs such as therapeutic antibo-
dies and nanoparticles are well known to display slow extrav-
asation and incomplete penetration into tumors, potentially
protecting cancer cells from therapeutic effects. Conventional
assays to track macromolecular drug delivery are poorly
matched to the heterogeneous tumor microenvironment,
but recent progress on optical tissue clearing and three-
dimensional (3D) tumor imaging offers a path to quantitative
assays with cellular resolution. Here, we apply transparent
tissue tomography (T3) as a tool to track perfusion and
delivery in the tumor and to evaluate target binding and
vascular permeability. Using T3, we mapped anti–
programmed cell death protein-ligand 1 (PD-L1) antibody
distribution in whole mouse tumors. By measuring 3D pen-
etration distances of the antibody drug out from the blood
vessel boundaries into the tumor parenchyma, we determined

spatial pharmacokinetics of anti–PD-L1 antibody drugs in
mouse tumors. With multiplex imaging of tumor compo-
nents, we determined the distinct distribution of anti–PD-
L1 antibody drug in the tumor microenvironment with dif-
ferent PD-L1 expression patterns. T3 imaging revealed CD31þ

capillaries are more permeable to anti–PD-L1 antibody trans-
port compared with the blood vessels composed of endothe-
lium supported by vascular fibroblasts and smooth muscle
cells. T3 analysis also confirmed that isotype IgG antibody
penetrates more deeply into tumor parenchyma than anti-
Her2 or anti-EGFR antibody,whichwere restrained bybinding
to their respective antigens on tumor cells. Thus, T3 offers
simple and rapid access to 3D, quantitative maps of macro-
molecular drug distribution in the tumor microenvironment,
offering anew tool for development ofmacromolecular cancer
therapeutics.

Introduction
Macromolecular agents including antibodies, proteins, poly-

mer–drug conjugates, and drug-loaded nanoparticles for chemo-
therapy, hormone therapy, targeted therapy and/or immunother-
apy are critical tools in the cancer treatment armamentarium
(1–4). Macromolecular drugs display distinct pharmacokinetic
and tumor distribution profiles from small-molecule drugs (5).
The enhanced permeability and retention (EPR) effect (6), based
on the hypothesis that a disordered vasculature that favors mac-
romolecule accumulation would be a common feature of tumors,
has longprovided a rationale for development ofmacromolecular
oncology drugs (7–9). However, real-world performance has
been disappointing, with many agents displaying very low tumor
specificity (10–12). Furthermore, what does reach the tumor may
only reach perivascular cells, leaving much of the parenchyma

untreated (13). Subsequent work has revealed multiple barriers
that limit tumor delivery, leading to a range of pharmacologic and
physical approaches to enhancing extravasation and penetration
(14–16). These studies have exposed a critical need for assays to
trackmacromolecular drug delivery in three dimensions andwith
cellular resolution.

Amajor advantage of in vivo drug trackingmethods such as PET
with CT or MRI is access to real-time monitoring of appropriately
tagged macromolecular drugs in large volumes, but these
approaches are limited to millimeter resolution and offer limited
anatomic detail (17, 18). Although intravital fluorescencemicros-
copy offers cellular resolution, imaging is often limited to a
specific tumor region and just one or two features, such as the
drug and microvasculature (19). Biopsy followed by fixation,
embedding, and sectioning enables analysis by multiplexed IHC
or immunofluorescence (20), allowing simultaneous detection of
the drug along withmultiple features of themicroenvironment at
micrometer resolution (21, 22). However, the tortuous micro-
vasculature makes estimating delivery from 2D thin sections
unreliable, while 3D reconstruction from serial sections may be
impractical for multiple samples (23).

Recent advances in tissue optical clearing combined with
multiplex immunofluorescent detection and new microscopy
methods have dramatically improved capabilities to map cellular
markers in "whole mount" samples such as intact organs and/or
tissue fragments that are stained and imaged without sectioning
(24, 25). Several tissue clearing methods have been successfully
applied to tumor tissue, providing high-resolution, 3D images of
the microenvironment and demonstrating feasibility for tracking
nanoparticle and macromolecular drug delivery (26, 27). At the
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same time, these pioneering efforts have exposed potential
drawbacks of current approaches including slow processing
speed, antigen loss, and destructive methodologies that may
limit their application to drug distribution and pharmacokinetic
studies (28).

To address these challenges, we have adapted transparent tissue
tomography (T3; ref. 29), a simple and fast tissue clearing and
multiplex 3D imaging method, to track macromolecular drug
distribution in the tumor microenvironment. With T3, perfusion
and extravasation of macromolecular drugs are readily measured,
and the agents can be localized with respect to their molecular
target and in the context of cell types and other features in the
microenvironment. To apply T3 to track protein drug delivery, we
modeled immune checkpoint blockade with anti–programmed
cell death protein-ligand 1 (PD-L1) mAb, examining antibody
distribution and PD-L1 targeting in 3D at cellular resolution in
murine mammary tumors. T3 also enabled direct comparison of
the tumor penetration of model therapeutic mAbs targeting
tumor antigens versus an isotype control. Thereby, we examined
delivery of anti-Her2 to a Her2 transgenic murine mammary
tumor and anti-EGFR antibodies to a lung cancer patient-derived
xenograft (PDX) tumor, comparing each with isotype controls.
Similarly,we also validated T3withfluorescent dextran as amodel
for polymer–drug conjugates and PEGylated liposomal doxoru-
bicin (Doxil) as amodel nanoparticle. This work establishes T3 as
a tool for quantitative, 3D spatial analysis of macromolecular
drug distribution in the tumor microenvironment.

Materials and Methods
Mouse tumor models

BALB/c female mice (6–8 weeks old) were purchased from
Envigo. Transgenic BALB/c males carrying the mutated rat Her2/
neuoncogenedrivenby theMMTVpromoter (BALB-NeuT; ref. 30)
were bred with wild-type BALB/c females. Genotypes of offspring
were determined by PCR of tail snips. BALB-NeuT female mice
developed spontaneous mammary carcinoma in each mammary
gland between 5 and 33 weeks of age. TUBO cells, derived from a
spontaneous mammary tumor in a BALB-NeuT female mouse,
and 4T1 cells (ATCCCRL-2539TM) were cultured in 5%CO2 and
maintained in RPMI1640 and DMEM supplemented with 10%
heat-inactivated FBS, 2 mmol/L L-glutamine, and 100 U/mL
penicillin, respectively. Subcutaneous tumors were formed by
injection of 5 � 105 TUBO or 4T1 cells into the right flank of
female BALB/c mice and used for the indicated studies 14 days
after injection. A PDXmousemodel of non–small cell lung cancer
(Model ID: TM00231) was purchased from The Jackson Labora-
tory and engrafted into immunodeficientNSGmice. Allmicewere
maintained under specific pathogen-free conditions. The study
has been approved by the Institutional Animal Care and Use
Committee of the University of Chicago (Chicago, IL), and all
experiments conformed to the relevant regulatory standards.

Antibodies
Anti–PD-L1, anti–ER-TR7, anti-CD8, anti-SMA, anti-CD31,

anti-EGFR, and IgG isotype antibodies were obtained from com-
mercial sources (Supplementary Table S1). Anti-rat Her2 anti-
body was isolated from culture supernatant from hybridoma
7.16.4 (ATCC) at the Frank W. Fitch Monoclonal Antibody
Facility at the University of Chicago (Chicago, IL). Primary anti-
bodies diluted in PBS pH 8.0 (Corning) were conjugated to NHS-

DyLight488, 550, 594, 633, or 680 fluorescent dyes (Thermo
Fisher Scientific) as shown in Supplementary Table S1. Reactions
were incubated overnight at 4�C with gentle agitation. Unreacted
dye was removed by dialysis in 10K MWCO Slide-A-Lyzer cas-
settes (Thermo Fisher Scientific) against PBS pH 7.4 at 4�C for 3
days. Fluorescent antibody solutions were stored at 4�C.

Tumor macrosectioning
TUBO tumors were harvested at time points after tail vein

injection of 0.2 mg of DyLight594-conjugated anti–PD-L1 anti-
body in 0.1 mL PBS pH 7.4. At 10 minutes after injection of the
antibody drug, tumors were washedwith cold PBS, fixedwith 0%,
2%, or 4%paraformaldehyde in PBS for 10, 30minutes, or 1 hour
at room temperature, and washed with PBS. Then, tumors were
cast in 2% agarose gel (dissolved in distilled water, LE Quick
Dissolve Agarose, GeneMate) in 24-well plates. The gel plugs
containing tumors were marked for orientation and mounted on
a vibrating microtome (VT1200S, Leica) equipped with a buffer
tray. Four-hundredmicron (400mm) thick sectionswere collected
in order in cold PBS.

Immunofluorescence staining
Tumor macrosections (400 mm) obtained from tumors treated

with DyLight594-conjugated anti–PD-L1 were fixed in parafor-
maldehyde (PFA) at 2% for 10 minutes, 2% for 1 hour or 4% for
1 hour, stained with fluorescent anti-Her2 and anti-CD31 for 18
hours at 4�C, clarified in D-fructose, and examined by confocal
microscopy to evaluate staining depth (Supplementary Fig. S4A).
While 1 hour of PFA preserved circulating anti–PD-L1 (Supple-
mentary Fig. S4B), it preventedDyLight488-conjugated anti-Her2
andDyLight633-conjugated anti-CD31penetration (Supplemen-
tary Fig. S4C and S4D), making injection of DyLight633-
conjugated anti-CD31 necessary to map the microvasculature
(Supplementary Fig. S4E). Light fixation failed to preserve circu-
lating anti–PD-L1 but allowed anti-Her2 and anti-CD31 to
homogenously stain the macrosections. To obtain complemen-
tary spatial information of macromolecular drug transport and
distribution inmacrosections, tumorsweredivided and tissuewas
treated with brief or long fixation in parallel.

Thus, for multiplex immunostaining, after 2% PFA fixation for
10 minutes, tumor macrosections were stained with antibody
cocktails in staining buffer (SB, RPMI1640 with 10 mg/mL BSA
and 0.3% Triton X-100). For Supplementary Fig. S4, 50 mL
DyLight488-anti-Her2 and 20 mL of DyLight633-anti-CD31
were combined in 0.5 mL SB. For Figs. 3 and 4, 70 mL
DyLight488-anti-Her2, 20 mL DyLight550-anti-CD8, 20 mL of
DyLight633-anti-CD31, and 80 mL DyLight680-anti-PD-L1 were
combined in 0.5 mL SB. For Fig. 5 and Supplementary Fig. S5, 50
mL of DyLight488-anti-SMA, 20 mL of DyLight633-anti-CD31,
and 80 mL of DyLight680-anti-ER-TR7 were combined in 0.5 mL
SB. Themacrosections were incubatedwith the antibody cocktails
for 18 hour at 4�C. After incubation, macrosections were washed
three times for 10 minutes in PBS pH 7.4 at 4�C, fixed with 2%
paraformaldehyde in PBS for 10 minutes at room temperature,
and washed in PBS pH 7.4.

Optical clearing of macrosections
To prepare D-fructose solutions for optical clearing, 20%,

50%, and 80% (w/v) solutions of D-fructose were prepared in
10 mmol/L phosphate buffer pH 7.8 to a final volume of 10 mL.
Thirty microliters of a-thioglycerol (Sigma Aldrich) was added to
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each D-fructose solution. Immunostained macrosections were
incubated sequentially in 10 mL of 20%, 50%, and 80% D-
fructose solutions for 1 hour each at 25�C with gentle agitation
in 20 mL glass vials. The immunostained macrosections and
agarose were then mounted between coverslips in 80% (w/v)
D-fructose solutions.

Confocal microscopic imaging
Imaging was performed using a Leica TCS SP8 confocal

laser scanning microscope, white light laser, Leica HCX PL APO
10�/0.4NAdry objective (2.2mmworking distance) or LeicaHC
PL APO 40�/1.25 NA oil objective (0.24 mm working distance),
and a SuperZ galvometric scanning stage. 3D scanning of macro-
sections was performed in a defined X/Y/Z (1.82/1.82/7.5 mm)
volumewith 10 frame averaging and bidirectional scanning using
488 nm excitation and 496–530 nm emission filter for
DyLight488, 550 nm and 563–579 nm filters for DyLight550,
594 nm and 603–624 nm filter for DyLight594, 633 nm and
648–662 nm filter for DyLight633, and 670 nm excitation and
698–721 nm filter for DyLight680.

Comparison of 2D and 3D images
To obtain thin sections for conventional analysis, TUBO

tumors were excised at 12 hours after DyLight594-anti-PD-L1
antibody injection, and cut in half. One of the tumor halves
was embedded in optimal cutting temperature compound
(OCT, Tissue-Tek), frozen at �80�C, and sectioned at 10-mm
thickness in a cryostat at �20�C. Sections were transferred to
microscope slides, dried at room temperature, and imaged
by confocal microscopy. The other half of the tumor was
analyzed using the T3 procedure for 3D imaging of 400-mm
macrosections.

Spatial pharmacokinetics of anti–PD-L1 antibody
For analysis of antibody transport, 0.2 mg of DyLight594-anti-

PD-L1 antibody in0.1mLPBSpH7.4was injected by tail vein into
mice 14 days after TUBO cell implantation and tumors were
harvested at 10minutes, 2, 12 hours, 1, 2, and 4 days. Tenminutes
before sacrificing the mice, 0.05 mg of DyLight633-anti-CD31
antibody in 0.1 mL PBS pH 7.4 was injected by tail vein. Tumors
were fixed in 4% PFA for 1 hour, sectioned, optically cleared, and
imaged as described above.

Measuring concentration of anti–PD-L1 antibody in blood
DyLight594-anti-PD-L1 antibody (0.2 mg) in 0.1 mL PBS was

intravenously injected into BALB/c mice (n ¼ 4, average weight:
19 g). Blood samples (5 mL) were collected from the dorsal pedal
vein at different time points. Blood samples weremixedwith 10%
K3-EDTA (0.5 mL) and centrifuged (RCF 4600 � g). The plasma
(2 mL)was placed in a 1,536-wellmicroplate (Corning 3891), and
the fluorescent intensity was measured using a plate reader
(BioTeck, Synergy Neo2) at Ex 570 nm/Em 625 nm. Using a
calibration curve (Supplementary Fig. S3), the data were profiled
and fit to a two-compartment pharmacokinetic model for anti–
PD-L1 profile (R2 ¼ 0.998). The two-compartment model was
y ¼ A1 e(�x/t1) þ A2 e(�x/t2), where the term y represents the
fluorescent intensity of anti–PD-L1 antibody in plasma, 1/t1
and 1/t2 are rate constants for the distribution phase and elim-
ination phase, A1 and A2 are intercepts on the y-axis for each
exponential segment of the curve. For terminal half-time, t1/2,
term¼ 2 Ln[2] / [kþ kptþ ktp� ((kþ kptþ Ktp)2� 4 k ktp)0.5].

For distribution half-time, t1/2, dist ¼ Ln[2] [k þ kpt þ ktp �
((k þ kpt þ Ktp)2 � 4 k ktp)0.5]/[2 k ktp], where the terms k, kpt,
and ktp represent elimination rate constant, plasma to tissue rate
constant, and tissue to plasma rate constant, respectively (20).

T3 to compare tumor perfusion of anti-Her2 or anti-EGFR and
isotype IgG antibodies

DyLight594-anti-Her2 antibody (0.2 mg) and DyLight680-
isotype IgG antibody (0.2 mg) in 0.2 mL PBS pH 7.4 were
injected by tail vein into a BALB-NeuT tumor-bearing mouse.
DyLight594-anti-EGFR antibody (0.2 mg) and DyLight680-
isotype IgG antibody (0.2 mg) in 0.2 ml PBS pH 7.4 were
injected by tail vein into a lung cancer PDX tumor-bearing NSG
mouse. BALB-NeuT and PDX tumors were harvested at 1 hour
after injection. Ten minutes before sacrificing the mice, 0.05 mg
of DyLight633-anti-CD31 antibody in 0.1 mL PBS pH
7.4 was injected by tail vein. Tumors were fixed in 4%
PFA for 1 hour, sectioned, optically cleared, and imaged as
described above.

T3 imaging of dextran and Doxil
Dextran amine (Invitrogen, MW 40K) was conjugated with a

fluorescent dye. In brief, 5 mg of dextran amine was dissolved
in 0.5 mL of PBS (pH 8.0), and 13 mL of DyLight594-NHS
(at 10 mg/mL in dimethylformamide) was added to the dextran
solution. The reaction was incubated with gentle agitation at
room temperature for 3 hours. Unreacted dye was removed by
dialysis (MWCO10K) against PBSpH7.4 at room temperature for
3 days, and the fluorescent dextran solution was stored at 4�C.
DyLight594-dextran (1 mg in 0.1 mL PBS) or PEGylated
liposomal doxorubicin (Doxil, 0.2 mg in 0.1 mL) were injected
by tail vein in 4T1 tumor-bearingmice and tumors were harvested
after 30minutes and 4 hours. Prior to harvesting tumors, 0.05mg
DyLight633-anti-CD31 antibody in 0.1 mL PBS was injected
by tail vein and mice were sacrificed after 10 minutes. Excised
tumors were fixed, macrosectioned, cleared, and imaged as
described above.

Image processing
We applied the Fiji macros developed in our previous study

(29) for automated 3D reconstruction of whole-tumor images
(Supplementary Table S2). In brief, macro LIFtile-restitcher
aligned and stitched 3D mosaics for multi-channel "hyperstack"
images (0–999 image tiles). To compensate for depth-related
intensity losses, the mean intensity value (of Otsu-thresholded
areas; maximum gain limited to 3�) of each optical slice in
the macrosection images was normalized to the mean value
of the entire macrosection for each channel using the macro
HPRstackConstantMean, facilitating thresholding and segmenta-
tion as used in measurement of drug penetration distance from
blood vessel to tumor area. Macro composite big aligner enabled
automated alignment and registration of the stitched macrosec-
tion images. To remove gaps between macrosections in the 3D
reconstructed tumor image, the macro closeZvoidsmerged the top
and bottom of adjoining macrosections by summing signal from
two adjoining optical slices. Next, macro hyprBKGDfix cleared
background outside the stained tissue to facilitate 3D volume
visualization. Finally, the 3D images were deconvolved using
Huygens Pro software v. 4.3 (Scientific Volume Imaging), to
correct for refractive index mismatch, and to enhance spatial
signals and cell morphology discrimination. We constructed
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3D tomographic visualizations of the tumor images using Imaris
software v. 9.0 (Bitplane).

Data analysis
For hyperstack segmentation of anti–PD-L1 antibody, Her2þ,

and PD-L1þ cells, we visually determined the cut-off threshold for
the antibody drug, Her2, and PD-L1 channel images, and con-
verted into binary (8 bit) images. Macro vessel extractor was used
for automated segmentation of CD31þ, SMAþ, and ER-TR7þ

blood vessels from the CD31, SMA, and ER-TR7 channel images.
To measure radius penetration distance of anti–PD-L1 antibody
from CD31þ tumor vasculature, we applied the 3D distance map
plugin to the tumor blood vessels. In brief, the ImageJ 3D-EDT
plugin calculates the nearest distance of each foreground pixel to
background in 3D space (31). The vascular space (binarized) is
treated as background, so that each pixel in the nonvascular tissue
is assigned a (32-bit) value corresponding to its distance to the
closest vessel in 3D space by the plugin. The antibody drug signal
is then identified by thresholding and this mask is measured by
redirection to the 3D-EDT volume. In this way, the 3D distance of
each antibody drug voxel is read as the corresponding 3Ddistance
from the vasculature. All other image analysis was conductedwith
basic analyze functions in Fiji software (http://fiji.sc/Fiji).

Statistical analysis
Statistical values are expressed as mean � SD and SEM, and

statistical comparisons between groupsweremade using one-way
ANOVA and Student t test. P value of <0.05 was considered
statistically significant.

Results
T3 for macromolecular drug distribution in the tumor
microenvironment

Using immune checkpoint blockade immunotherapy (32, 33)
as a model for macromolecular drug therapy, we adapted the T3
method to enable tracking drug perfusion and penetration into
tumors (Fig. 1A–G; Table 1). A rat IgG2bmonoclonal anti-murine
PD-L1 antibody (anti-B7/H1, clone 10F.9G2) was conjugated to
an amine-reactive N-hydroxysuccinimide (NHS)-ester activated
fluorescent dye, NHS-DyLight594, dialyzed to remove free
dye and injected by tail vein. Prior to harvesting tumors,
the luminal endothelial surface of the tumor vasculature was
labeled by injecting anti-murine CD31 antibody conjugated to
NHS-DyLight633 and, after 10 minutes, animals were sacrificed
and their tumors were excised, fixed in 4%PFA for 1 hour and cast
in agarose. Tumors were cut into 400-mm thick macrosections by
vibratome and optically cleared by sequential incubation in 20%,
50%, and 80% (w/v) D-fructose, allowing the full volumes to be
imaged by confocalmicroscopy. To reconstruct whole tumors, the
digital images of each macrosection were stitched, registered, and
annealed using open-source Fiji image processing and analysis
software. The resulting two-color, 3D maps enabled visualizing
and quantifying anti–PD-L1 perfusion and extravasation in
whole tumors.

Thus, to evaluate antibody penetration in each tumor, we
visualized the distribution of DyLight594 fluorescence to track
anti–PD-L1 and compared it with DyLight633, marking the
anti-CD31 bound to the perfused tumor vascular endothelium.
T3 analysis yielded a 3D tumor model that could be examined by
projections (Fig. 1H–J) or by extracting virtual sections (Fig. 1K

and L), providing 2D representations of the data that facilitate
examination of tumor penetration of anti–PD-L1 antibody in
relation to the CD31þ microvasculature. As shown in Supple-
mentary Video S1, scanning through different planes in the 3D
model revealed significant heterogeneity at millimeter scales
across tumors with respect to density and distribution of perfused
vasculature and tissue levels of anti–PD-L1. Compared with
imaging in cryosections (Supplementary Fig. S1A), 3D images
obtained by T3 analysis of macrosections from the divided TUBO
tumor (Supplementary Fig. S1B) allowed the correlation between
tissue distribution of injected PD-L1 and the microvascular net-
work to be far better appreciated.

Spatial pharmacokinetics of anti–PD-L1 antibody delivery to
tumors

To probe distribution kinetics, we performed a time-course
experiment where tumors were excised at 10minutes, 2, 12 hours,
1, 2, or 4 days after intravenous injection of DyLight594-anti-
PD-L1. Examining the whole macrosections, T3 analysis demon-
strated an overall pattern of delivery favoring accumulation and
persistence in the tumor periphery, with antibody concentrations
appearing to peak between 12 hours and 1 day and then decreas-
ing close to baseline by 4 days (Fig. 2A; Supplementary Fig. S2).
Examining antibody delivery at the 10-minute time point at high
magnification captured marked heterogeneity of anti–PD-L1
antibody extravasation at the level of individual microvascular
elements (Fig. 2B and C; Supplementary Video S2).

Toward evaluating T3 as a tool for quantitative analysis of
drug distribution, we first examined the kinetics of circulating
anti–PD-L1 antibody after injection using a calibration curve
(Supplementary Fig. S3). Fitting the DyLight594 dye fluorescence
in blood samples to a two-compartment pharmacokinetic model
(Fig. 2D) yielded a distribution half-life (t1/2, dist) of 46 minutes
and a terminal half-life (t1/2, term) of 1 day. Then, 3D tumor
penetrationwas examined bydelineating all CD31þblood vessels
in each macrosection and determining radial penetration of the
anti–PD-L1 antibody out from the blood vessel wall and into
the tumor parenchyma via a 3D distance map (Fig. 2E). A mean
penetration of 14 mm fromblood vessel boundaries was observed
at 1 day postinjection. Finally, we measured distribution volume
(%) of anti–PD-L1 antibody within the macrosections (Fig. 2F),
revealing a maximal coverage of 35% at 1 day after injection.
A simple interpretation of the data suggests that injected
anti–PD-L1 antibody equilibrates between circulation and tumor
by 1 day (34). Once PD-L1 enters the tumor, it dissipates slowly
compared with the circulating fraction, raising the question
whether these kinetics might reflect anti–PD-L1 binding its target.

Multiplex 3D imaging of anti–PD-L1 distribution in the tumor
microenvironment

To map the delivered anti–PD-L1 with respect to other ele-
ments of the tumor microenvironment, we sought to analyze the
tumors by T3 and multiplex immunostaining (Fig. 3A–H;
Table 2). Examining antibody penetration of macrosections cut
from tumors subjected to different fixation conditions
indicated light fixation was optimal (Supplementary Fig. S4).
Thus, at time points after injecting DyLight594-labeled anti–
PD-L1, tumors were harvested and fixed for 10 minutes in 2%
PFA, embedded in agar, and macrosectioned. To enable multi-
plexed immunodetection, panels of primary antibodies were
directly labeled by conjugation to different NHS fluorophores at
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Figure 1.

T3 for tracking tumor perfusion and penetration of macromolecular drug. A–G, Workflow of T3. A, Fluorescent macromolecular drug was intravenously injected
into tumor-bearing mice. At 10 minutes before sacrificing the mice, fluorescent anti-CD31 antibody was additionally injected for in vivo labeling of vascular
endothelium. B and C, The tumors were excised and fixed with 4% PFA solution for 1 hour (B), followed by embedding in 2% agarose gel (C). D, The
embedded tumors were sectioned at 400-mm thickness using a vibratome. E, Collected tumor macrosections were optically cleared by incubating with D-fructose
solutions. F, Each macrosection was imaged by XYZ scanning using a confocal microscope. G, Whole-tumor images were reconstructed by concatenating
macrosection images, and quantitative 3D spatial analysis of tumor perfusion and penetration of macromolecular drug was performed using Fiji software. H, 3D
visualization of anti–PD-L1 antibody drug distribution in a whole mouse tumor. 3D rendering of a reconstructed tumor obtained by fusing images of four
macrosections. TUBO tumors were excised at 2 days after intravenous injection of fluorescent anti–PD-L1 (red) with in vivo labeling of vascular endothelium (cyan)
via intravenous injection fluorescent anti-CD31 antibody. Scale bar, 500 mm. Left top insert, tumor prior to macrosectioning. I, Lateral view of reconstructed tumor.
J, 3D (left) and 2D (right) channel images for antibody drug and tumor blood vessels. Scale bar, 100 mm. K, Tomographic visualization of the reconstructed
tumor imagewithmultipleorthogonal planes (X-Y,X-Z, Y-Zplanes).L,Serial tomographic sectionsofX-Yplanes at different Z-stackdepths (100, 500,900, 1,300mm).
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Table 1. Tracking tumor perfusion and penetration

Process Average time Notes

Drug injection to mouse tumor model — –Intravenous injection of fluorescent macromolecular drug
–Intravenous injection of fluorescent anti-CD31 antibody

Fixing, embedding, and macrosectioning 2 h –Fixing tumor in 4% PFA for 1 hour
–Embedding tumor in 2% agarose gel
–Macrosectioning at 400-mm thickness

Tissue clearing 3 h –Incubating sequentially for 1 hour each in 20%, 50%, 80% D-fructose
solutions [containing 0.3% (v/v) a-thioglycerol] at 25�C

Confocal imaging 30 min/macrolayer (6 � 5 � 0.4 mm3) –Using 10� objective (X/Y/Z grid resolutions ¼ 1.82/1.82/7.5 mm)
–Using 2 different excitation and emission filters
–Using 40� objective for high-resolution 3D imaging of interest area

Image processing and analysis 1 day –Using Fiji macros for 3D image reconstruction and analysis
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Figure 2.

3D spatial pharmacokinetics of anti–PD-L1 antibody drug in tumors.A, 3D rendering of macrosections of TUBO tumors collected at 10minutes, 2 hours, 12 hours, and
1, 2, and 4 days after intravenous injection of fluorescent anti–PD-L1 antibody (red). Tumor blood vessels (cyan) in the macrosections were stained by intravenous
injection of fluorescent anti-CD31 antibody. Scale bar, 500 mm. B, Heterogeneity of anti–PD-L1 antibody drug extravasation through blood vessels in the
tumor collected at 10 minutes postinjection. C, 3D vascular penetration of anti–PD-L1 antibody drug. High-resolution 3D images were obtained from the tumor
collected at 10 minutes postinjection. D, Concentration kinetics of anti–PD-L1 antibody in plasma (n ¼ 4, mean � SD). Data were fitted to a two-compartment
model (y ¼ A1

e(-x/t1) þA2
e(-x/t2)). Insert represents two-compartment model [plasma (P), tissue (T), rate constants (kpt, ktp, k), half-time for distribution and

termination (t1/2, dist and t1/2, term)]. E, 3D tumor penetration distance profiles of anti–PD-L1 antibody away from CD31þ blood vessels at different time points
after injection (n ¼ 3 for each time point, merged distance data derived from total intravenous PD-L1 voxels in macrosections). Insert illustrates 3D tumor
penetration distance of antibody drug from blood vessels. F, Distribution kinetics of anti–PD-L1 antibody coverage of macrosection volume at the different
time points (n ¼ 3 for each time point, mean � SD).
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specific dye:antibody molar ratios (Supplementary Table S1) and
combined in a cocktail. The macrosections were immunostained
to detect cell surface antigen antibodies against PD-L1 to detect
the target, CD31 to identify endothelial cells, Her2 to identify
cancer cells, and CD8 to identify cytotoxic T lymphocytes. Then,
macrosections were optically cleared with D-fructose and imaged
by confocal microscopy. By zooming in on specific regions, T3
revealed the distribution kinetics and patterns of anti–PD-L1
antibody drug in the tumor microenvironment, distinguishing
PD-L1–expressing Her2þ cancer cells and CD8þ T lymphocytes at
cellular resolution (Fig. 3I–L). As shown in Supplementary Video
S3, by 10 minutes after injection, a front of concentrated
anti–PD-L1 antibody was observed to have reached tumor cells
in proximity to CD31þ blood vessels, apparently sufficient to
saturate binding sites on PD-L1 antigen on cancer cellmembranes
and thereby prevent PD-L1 immunostaining (Fig. 3J, intravenous
PD-L1/PD-L1 channel images). By 1 day postinjection, anti–PD-
L1 antibody had permeated the tumor to reach essentially all PD-
L1–expresssing cancer cells (Fig. 3L). We determined target
engagement of the anti–PD-L1 antibody drug by measuring
spatial colocalization (%) with PD-L1–expressing Her2þ cancer
cells in awholemacrosection, revealing that anti–PD-L1 antibody
reached 48% of PD-L1þHer2þ expressing tumor volume at 1 day
postinjection (Fig. 4A).

T3 analysis of anti–PD-L1 distribution in the tumor
microenvironment with different PD-L1 expression patterns

We examined T3 forwhether it can provide sufficient sensitivity
to distinguish drug distribution patterns among different tumor
microenvironments. Our previous report described the high
expression of PD-L1 in CD31þ blood vessels in BALB-NeuT
tumors (29). However, T3 imaging of tumors formed in BALB/c
mice by subcutaneous injection of TUBO cells, a Her2þ cell line
derived from a BALB-NeuT tumor, failed to demonstrate a similar
pattern (Fig. 3L). Using the multiplex T3 protocol, we compared
the distributions of DyLight594-labeled anti–PD-L1 in themicro-
environment of BALB-NeuT and TUBO tumors 1 day after injec-
tion (Fig. 4A and B). High-resolution optical section images of
BALB-NeuT macrosections displayed both the previously
described PD-L1 expression in CD31þ vascular endothelium
and a corresponding accumulation of intravenously injected
anti–PD-L1 antibody in proximity to the PD-L1þCD31þ blood

vessels (Fig. 4C). Comparing the relative distribution (%) of
intravenously injected anti–PD-L1 antibody associated with the
Her2þ tumor and CD31þ blood vessels in TUBO and BALB-NeuT
macrosections (Fig. 4D) demonstrated a greater association
of anti–PD-L1 antibody with CD31þ blood vessels in the
BALB-NeuT tumor versus a higher level of binding to the Her2þ

tissue in TUBO tumors. The different distributions appear to
reflect distinct patterns of PD-L1 expression in the TUBO and
BALB-NeuT tumor microenvironments.

T3 analysis of microvascular permeability
Despite the known diversity of types of microvasculature in

tumors, the vascular barrier to macromolecular drug delivery is
often modeled as a single parameter. Several lines of evidence
suggest considerable heterogeneity in tumor vascular permeabil-
ity (35, 36). The T3 multiplex imaging strategy enabled three-
dimensional mapping of the full tumor vasculature and quanti-
tative analysis of local perfusion and permeability with regards to
anti–PD-L1 antibody transport. To investigate microvascular per-
meability,we visualized anti–PD-L1antibody drugdistribution at
10 minutes after injection by staining tumor macrosections to
image vascular fibroblasts (ER-TR7), smooth muscle cells (SMA),
and endothelial cells (CD31; Fig. 5A and B; Supplementary
Video S4). We then used a computational strategy to classify the
microvasculature based on vascular cell composition and then to
examine the dependence of anti–PD-L1 antibody distribution on
vascular composites (Supplementary Fig. S5). The local radial
penetration of anti–PD-L1 antibody from the CD31 endothelium
at 10 minutes postinjection compared with the average value of
10 mm(Fig. 2E) was used to evaluate local permeability. "Naked",
endothelium-only microvessels that stained for CD31 but lacked
ER-TR7 or SMA showed greater permeability compared with the
microvessels composed of multiple cell types (Fig. 5C). High-
resolution longitudinal optical section images confirmed
increased penetration along CD31-only sections of microvessels,
suggesting a disproportionate role in overall anti–PD-L1 transport
(Fig. 5D).

T3 to compare tumor penetration of antibody drugs
Immobilization and sequestration ofmAb drugs upon binding

to their target antigens on tumor cell membranes is considered to
be a constraint on tumor penetration and, thereby, the effects of

Table 2. Mapping drug distribution in tumor microenvironment

Process Average time Notes

Drug injection to mouse tumor model — –Intravenous injection of fluorescent macromolecular drug

Fixing, embedding, and macrosectioning 1 h –Fixing tumor in 2% PFA for 10 min
–Embedding tumor in 2% agarose gel
–Macrosectioning at 400-mm thickness
–Fixing macrosections in 2% PFA for 5 min

Immunofluorescence staining 18 h –Incubating with 4 different fluorescent primary antibodies at 4�C

Washing and fixing 40 min –Washing with PBS 3 times, and fixing in 2% PFA for 10 min

Tissue clearing 3 h –Incubating sequentially for 1 h each in 20%, 50%, 80% D-fructose
solutions [containing 0.3% (v/v) a-thioglycerol] at 25�C

Confocal imaging 1 h/macrolayer (6 � 5 � 0.4 mm3) –Using 10� objective (X/Y/Z grid resolutions ¼ 1.82/1.82/7.5 mm)
–Using 5 different excitation and emission filters
–Using 40� objective for high-resolution 3D imaging of interest area

Image processing and analysis 1 day –Using Fiji software and created macros for 3D image reconstruction
and analysis
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T3 formappingdrugdistribution in tumormicroenvironment.A–H,Workflowof T3.A,Fluorescentmacromolecular drugwas intravenously injected into tumor-bearing
mice. B–D, The tumors were excised, fixed with 2% PFA solution for 10 minutes (B), embedded in 2% agarose gel (C), and sectioned at 400-mm thickness
using a vibratome (D).E, Themacrosectionswere stainedwith fluorescent primary antibodies. F,Afterwashing andfixing, themacrosectionswere optically cleared by
incubating with D-fructose solutions. G, Complete immunostaining for each macrosection was determined by optical cross-section (Z) scanning using a confocal
microscope, and then each macrosection was imaged by XYZ scanning with multi-excitation and emission filters. H, 3D macrosection images were reconstructed,
and macromolecular drug distribution in the tumor microenvironment was quantitatively analyzed using Fiji software. I–L, Spatial mapping of anti–PD-L1
antibody distribution kinetics in the tumor microenvironment. High-resolution 3D images show distribution patterns of anti–PD-L1 antibody (red) in TUBO tumors
at 10 minutes (I and J) and 1 day postinjection (K and L). The tumors were lightly fixed, sectioned, and immunostained for Her2þ cancer cells (green), CD8þ T
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bar, 30mm.Rightbottom inserts, 2Doptical section images. Scalebar, 50mm. JandL,3D (left) and2D (right) channel images foreachcellularmarker andantibodydrug.
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T3 analysis of anti–PD-L1 antibody distribution in tumor microenvironment with different PD-L1 expression patterns. A and B, 3D rendering of tumor
perfusion of anti–PD-L1 antibody (red). At 1 day after fluorescent anti–PD-L1 antibody injection to TUBO (A) and BALB-NeuT (B) tumor mouse models,
the tumors were excised, lightly fixed, sectioned, and immunostained for Her2 (green), CD8 (yellow), CD31 (cyan), and PD-L1 (magenta). Scale bar, 500 mm.
C, 2D optical section images of BALB-NeuT tumor show PD-L1 expression in CD31þ vascular endothelium and colocalization of intravenous anti–PD-L1 with
PD-L1þCD31þ microvessels. Scale bar, 50 mm. D, Relative quantification of microvessel anti–PD-L1 distribution (%) into Her2þ tumor and CD31þ vascular
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therapeutic agents. Toward measuring this effect by T3, we com-
pared the relative tumor perfusion of fluorescently labeled anti-
bodies targeting tumor cell surface antigens and their isotype
controls labeled with a different fluorophore. Thus, we modeled

antibody therapy targeting the oncogenes Her2 and EGFR, which
are recognized by the clinical agentsHerceptin (trastuzumab) and
Erbitux (cetuximab). To observe impact of antibody binding on
delivery, we examined the relative penetration of the IgG2a anti-
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Vascular permeability to anti–PD-L1 antibody drug transport. A, 3D rendering of tumor perfusion of anti–PD-L1 antibody (red) through tumor microvessels
immunostained for SMAþ smooth muscle cells, CD31þ endothelium, and ER-TR7þ fibroblasts. Tumors were harvested at 10 minutes after fluorescent anti–PD-L1
antibody injection, lightly fixed, sectioned, and immunostained. Scale bar, 100 mm. B, 3D single channel images for each vascular cell marker and antibody drug.
C, Relative quantification of permeability of different types of microvessels with regards to anti–PD-L1 transport to tumor (n ¼ 6, total blood vessels in
three random 3D volume images in two macrosections, mean � SEM). Mean 3D tumor penetration distance (10 mm) of anti–PD-L1 antibody at 10 minutes
after injection was used as a guideline to determine high and low permeability of microvessels composed of different vascular cells. �, P < 0.05; �� , P < 0.001.
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T3 analysis of tumor penetration of anti-Her2 or anti-EGFR and isotype IgG antibodies. Tumors collected 1 hour after intravenous coinjection of fluorescently
labeled specific and isotype control antibodies and 10 minutes after intravenous injection of fluorescent anti-CD31 antibody. A, 3D rendering of macrosection
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displays limited penetration of anti-EGFR antibody compared with isotype control. C, 3D tumor penetration distance profiles of anti-Her2 and IgG antibodies
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rat Her2 clone 7.16.4 versus IgG2a isotype control (DyLight594-
anti-Her2/DyLight680-isotype IgG) into Her2þ mammary
tumors formed in BALB-NeuT mice. Then, we compared pene-
tration of an IgG2a anti-human EGFR clone 528 with IgG2a
isotype control (DyLight594-anti-EGFR/DyLight680-isotype
IgG) into an EGFRþ non–small cell lung cancer PDX tumor
formed in anNSGmouse.We injected amixture of thefluorescent
antibodies intravenously and used T3 imaging to examine the
distribution of specific and control antibodies inmacrosections at
1 hour (Fig. 6A and B). With CD31þ microvasculature visualiza-
tion, examining antibody distribution at high magnification
captured deeper penetration of isotype IgG antibody into tumor
nests compared with the anti-Her2 or anti-EGFR antibodies
(Fig. 6A bottom and B right; Supplementary Videos S5 and
S6). Using 3D distance mapping, the spatial tumor penetration
of each antibody was determined by delineating all CD31þ blood
vessels in the BALB-NeuT or lung cancer PDX tumor nest (shown
in Fig. 6A bottom andB right) and determining radial penetration
of the antibodies out from the blood vessel wall and into the
tumor parenchyma (Fig. 6C). Themean penetrations of anti-Her2
and isotype IgG antibodies in the BALB-NeuT tumor nest were 38
and 63 mm from CD31þ blood vessel boundaries at 1 hour after
injection. The mean penetrations of anti-EGFR and isotype anti-
bodies in lung cancer PDX tumor nest were 45 and 114 mm at
1 hour after injection. The distribution volumes (%) of anti-Her2
and isotype IgG antibodies within the BALB-NeuT macrosection
were 27% and 29%. The distribution volumes (%) of anti-EGFR
and isotype IgG antibodies within the lung cancer PDX macro-
section were 17% and 27%. These data support prior studies of
therapeutic antibodies showing penetration into tumor paren-
chyma being limited by binding to target proteins on tumor
membranes, potentially leaving watershed areas untreated.

T3 imaging of polymers and nanoparticles distribution in the
tumor microenvironment

Toward establishing T3 as a general tool to visualize distribu-
tion ofmacromolecular drugs in tumors, we examined delivery of
a fluorescent polymer and a model nanoparticle. Dextran has
been broadly used to develop polymer–drug conjugates and
nanodrug formulations (37, 38), and PEGylated liposomal doxo-
rubicin (Doxil) is an FDA-approved nanoformulation for treating
patients with advanced solid tumors, including metastatic breast
cancer (39, 40). With T3, we mapped 3D tumor distributions of
fluorescent dextran and Doxil with CD31þ blood vessels at 30
minutes (dextran) and 4 hours (Doxil) after injection in 4T1
tumor-bearing mice (Supplementary Fig. S6 and Supplementary
Video S7; Doxil). T3 images revealed that dextran was efficiently
delivered from microvessels to tumor parenchyma, while the
fluorescence ofDNA-bounddoxorubicinwas limited to thenuclei
of perivascular cells.

Discussion
Recent advances in biology (41), immunology (42), and

chemistry (43) have enabled dramatic progress in the develop-
ment of biologics and other macromolecular drugs as targeted
cancer therapeutics. Similar progress has been made in nanome-
dicines. However, without sufficient tools to track macromolec-
ular drug distribution, it remains a challenge to overcome trans-
port barriers, sequestration mechanisms and other interactions
with the tumor microenvironment that may limit efficacy (44).

For example, nanoscale drug formulations have been designed
and developed on the basis of their potential to leverage the EPR
effect (9, 45). However, translation has lagged as it has become
apparent that the EPR effect is negligible in many human tumors.
Even in mice, the EPR effect is typically only sufficient to deliver a
tiny fraction of circulating nanoparticles to tumors (10, 46). In
turn, although mAbs may extravasate more efficiently, their
binding to target antigens and resulting sequestration make
characterization of spatial distribution challenging (47).Methods
such as spectroscopic imaging in tissue or microscopy in thin
sections (48–50) are well-established as tools to track drug
delivery, but a technology gap has remained, which has critically
limited analysis of drug distribution in the heterogeneous tumor
microenvironment.

Recent progress in tissue optical clearing and light microscopy
have led to significant advances in 3D immunofluorescence
imaging of tissues. In particular, CLARITY (51) and related meth-
ods (52) have provided powerful tools to establish connectivity in
the central nervous system. Applications for cancer are emerging
(53–55), but initial studies have revealed challenges, including
rendering the tumor tissue sufficiently transparent while main-
taining structural integrity and protein immunogenicity, obtain-
ing satisfactory penetration of antibodies and conjugates, and
performing multiplexed detection with high sensitivity and spec-
ificity at cellular resolution (56).

To overcome these challenges and advance technologies avail-
able for pharmacokinetic/pharmacodynamic studies, we have
adapted the T3 platform (29) to enable multiplex 3D imaging of
macromolecular drugs in mouse tumor tissues and perform
computational analysis of spatial distribution, interaction with
target cells, andvascularpenetrationusingopen-source Fijimacros
(57). Using in vivo CD31 vasculature labeling and heavy fixation
after excising tumors soon after intravenous injection, it was
possible to capture the macromolecular drugs still circulating in
the blood stream and track their initial extravasation from blood
vessels into tumor parenchyma. Lighter fixation facilitated tissue
staining with fluorescent primary antibodies, allowing detection
ofmultiple antigens alongwith tracking drug binding to its target.

Thereby, we used T3 to map the distribution of anti–PD-L1
antibody in whole mouse tumors and analyze the spatial phar-
macokinetics of anti–PD-L1 antibody bydetermining 3Dvascular
penetration distance at different time points postinjection. Poten-
tial limitations of applying the T3 method for spatial pharmaco-
kinetics are that it depends on harvesting tumor tissues at a series
of time points and concentration is measured by relative fluores-
cent intensity. However, T3 data can be readily linked to plasma
drug concentration profiling and in vivo imaging to enhance both
the quantitative and temporal resolution, which along with cell-
level spatial distribution mapping, would provide a route to truly
comprehensive analysis of drug delivery.

Because T3 is a multiplex method, it enables not only drug
tracking but also analysis of features in the tumor and microen-
vironment that may influence delivery. Thus, T3 allowed cell-
resolution analysis of the efficiencyof targetingmembrane-bound
PD-L1 by anti–PD-L1 antibody. In turn, T3 also enabled analysis
of the distribution pattern of anti–PD-L1 antibody with respect to
tumor-scale heterogeneity of PD-L1 expression. Studying micro-
vascular permeability, we found that CD31þ capillaries were
leakier with regards to anti–PD-L1 antibody transport thanmicro-
vessels surrounded by SMAþ smooth muscle cells and ER-TR7þ

fibroblasts. Furthermore, T3 made it straightforward to track the
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relative perfusion of two antibodies in a tumor, with T3 analysis
confirming that coinjected nonspecific IgG extravasates deeper
into tumor parenchyma than targeted antibodies. T3 revealed the
extent to which anti-Her2 and anti-EGFR antibodies were seques-
tered by binding to their target antigens at the periphery of tumor
nests. The T3 strategy was also validated by tracking dextran to
demonstrate transport through the interstitial space and to dem-
onstrate intracellular delivery of doxorubicin to tumor cells by
Doxil, demonstrating potential for broad applications for mac-
romolecular drugs.

We report T3 as a new tool for 3D spatial imaging and quan-
titative analysis of macromolecular drug transport to tumors. By
assessingmultiple spatial parameters simultaneously, T3 provides
a unique 3D window into macromolecular drug distribution in
the tumor microenvironment. Although demonstrated here as a
tool to examine delivery of macromolecular drugs, T3 might also
be adapted to tracking small-molecule agents in the tumormicro-
environment using covalent immobilization and detection with
antidrug antibodies (58). Toward determining the absolute local
concentration of a drug in the tumor microenvironment, we are
pursuing further development of methods to improve fluores-
cence detection and calibration that will enable direct measure-
ment of drug levels by fluorescence intensity. Combinedwith T3's
multiplexing capabilities, this would enable determination of
drug concentration–therapeutic effect relationships in pharma-
cokinetic/pharmacodynamic analysis at cellular resolution. To
address another limitation of T3, we intend to automate sample
staining, image acquisition and image processing, and implement
machine learning strategies to enhance pattern recognition during
data analysis, thus decreasing hands-on effort and speeding up
sample-to-answer time while increasing the information gained
from each sample. Thereby, we anticipate that T3 can be applied

broadly to facilitate the development of new cancer drugs and
strategies for targeted drug delivery to tumors.
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