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Abstract

Understanding temporal and spatial hemodynamic heterogeneity as a function of
tumor growth or therapy has impact on the development of novel therapeutic
strategies. We employed eigenspectra multispectral optoacoustic tomography
(eMSOT) as a next-generation optoacoustic method to impart high accuracy in
resolving tumor hemodynamics during bevacizumab therapy in two types of breast
cancer xenografts (KPL-4, MDA-MB-468). We imaged patterns of tumor total
hemoglobin concentration (THb) and oxygen saturation (sO2) in control and
bevacizumab treated tumors over the course of 58d (KPL-4) and 16d (MDA-MB-468)
and resolved macroscopically the evolution of functional vasculature “normalization”.
We observed an initial sharp drop in tumor sO2 and THb content shortly after the
initiation of bevacizumab treatment followed by a recovery in oxygenation levels.
Rim-core subregion analysis revealed steep spatial oxygenation gradients in growing
tumors that were reduced after bevacizumab treatment. Critically, eMSOT imaging
findings were validated directly by histopathologic assessment of hypoxia
(pimonidazole) and vascularity (CD31). We demonstrate how eMSOT brings new
abilities for accurate observation of entire tumor responses to challenges at spatial

and temporal dimensions, not available by other technigues today.

Significance: Accurate assessment of hypoxia and vascularization over space and
time is critical for understanding tumor development and the role of spatial

heterogeneity in tumor aggressiveness, metastasis and response to treatment.



Introduction

Multispectral optoacoustic tomography (MSOT) provides 3D anatomical, functional
and molecular information by resolving the distribution of endogenous or
exogenously-administered light-absorbing molecules in tissue based on their
absorption spectral signatures (1). MSOT provides label free measurements of total
hemoglobin concentration (THb) and hemoglobin oxygen saturation (sO2) in tissue
and can also sense contrast from melanin, water and lipid content. Consequently,
the technique has been used to study oxygenation and vascularity of animal tumors
(2-4) and in clinical settings resolving oxygenation, inflammation, and metabolism in
label-free mode (5-9). Anticancer therapies have also been studied by MSOT
imaging; examples include photodynamic therapy (10), vascular disrupting agents
(3) and antiangiogenics (11). Nevertheless, MSOT and optoacoustics in general, has
not yet been rigorously validated against gold histologic standards as to its ability to
visualize spatiotemporally heterogeneous patterns of tumor oxygenation and
vascularization. Moreover, none of the published studies has accounted for the
strong, non-linear dependence of photon fluence on depth and on wavelength, which
leads to spectral coloring and challenges the accuracy achieved, especially as the
depth of the observations increases. We have previously introduced a new class of
methods, termed eigenspectra multispectral optoacoustic tomography (eMSOT),
based on the eigenvalue decomposition of the spectral unmixing problem (12,13),
with documented superior performance to linear unmixing methods utilized so far.
eMSOT provides substantially improved quantification of oxygenation compared to
conventional spectral unmixing schemes by solving the spectral unmixing problem in
the spectral domain instead of the spatial domain; an effective way to account for the

effects of depth and optical properties on the optoacoustic spectra. eMSOT therefore



holds great potential in quantification of tumor oxygenation, especially in response to
anticancer regimens.

Antiangiogenic treatment is typically applied in combination with chemotherapy over
the course of several months; however, little is known regarding the spatial and
functional modification of the tumor environment during the therapeutic course. The
effects of the prototypical antiangiogenic drug bevacizumab (Avastin) (14) on tumor
microvasculature are well described and have been studied in both animals and
humans by histologic analysis (15,16), ex-vivo imaging (17,18) and intravital
microscopy (19-22). Macroscopically, the antivascular effects of bevacizumab
therapy have been investigated using a number of non-invasive imaging modalities,
including computed tomography (CT) (23), dynamic contrast-enhanced
ultrasonography (DCE-US) (24), and dynamic contrast enhanced MRI (DCE-MRI)
(for relevant reviews, see (25-28)). However, the functional consequences of
bevacizumab therapy on tumor vasculature and oxygenation are still controversial
and appear to be dependent on several factors, including dosage, treatment duration
and scheduling, method of detection and experimental tumor model used (28).
Accordingly, several preclinical studies in animal tumors documented elevations in
tumor oxygenation (16,29-31), whereas others reported increased intratumoral
hypoxia (32-34) after the first few days of treatment with bevacizumab. The results
from clinical studies in glioblastoma and breast cancer patients receiving
bevacizumab therapy are equally contradictory, with some studies describing
improvements in tumor oxygenation based on [*®F]fluoromisonidazole (FMISO) PET
(35,36) or histology (37,38), and others reporting increases in intratumoral hypoxia
based on FMISO uptake and/or diffuse optical spectroscopic imaging (DOSI) (39,40)

and dynamic susceptibility contrast MRI (DSC-MRI) (41). Given the ability of eMSOT



to provide accurate oxygenation readings at high spatiotemporal resolution and
increased imaging depths, we hypothesized that longitudinal eMSOT imaging would
offer valuable insights into the dynamics and spatial distribution of breast tumor
oxygenation along the course of bevacizumab therapy.

The present study had two major aims. The first one was to resolve breast tumor
hemodynamics during de novo growth and also over the course of bevacizumab
therapy, using eMSOT imaging in a longitudinal fashion. To accomplish this, we
employed two breast xenograft models (KPL-4, MDA-MB-468). The two models are
representative of human HER2-enriched (KPL-4) and triple negative (MDA-MB-468)
breast cancer and their responsiveness to bevacizumab therapy has been previously
confirmed (42,43). Although both types of xenografts model breast cancer at an
advanced stage, we demonstrate that MDA-MB-468 tumors exhibit considerably
faster growth kinetics and higher microvascular density compared to KPL-4, in line
with the well-known aggressive growth of triple negative breast tumors. The second
aim was to validate our in vivo eMSOT findings, using a rigorous scheme consisting
of 1) precise alignment and registration of optoacoustic tumor planes with
corresponding whole tumor cryosections, and 2) immunohistochemical staining
against markers of hypoxia (pimonidazole), vascularity (CD31) and perivascular
coverage (a-SMA). In addition, in order to assess the spatial heterogeneity in tumor
oxygenation and functional vascularization we performed a differential analysis of
hemodynamic responses at the core and rim tumor regions similarly to previous
studies (2,44,45). Lastly, to obtain a more complete in vivo mapping of the functional
macrovascular network we conducted a 3D morphometry analysis based on THb
signal. Our work paves the way for longitudinal, non-invasive assessment of tumor

hemodynamic response to therapy.



Materials and Methods
Compounds

Clinical grade bevacizumab (Avastin®; Roche, Basel, Switzerland) was obtained as

a stock solution of 25 mg/mL and was diluted with sterile saline (B.Braun, Germany).
Cell lines

The human breast adenocarcinoma cell line KPL-4 was kindly provided by J.
Kurebayashi (Kawasaki Medical School, Kurashiki, Japan). KPL-4 cells were
cultured in Dulbecco’s modified Eagle’s medium (Sigma). The human breast
adenocarcinoma cell line MDA-MB-468 was kindly provided by S. Stangl (Klinik und
Poliklinik fr Strahlentherapie und Radiologische Onkologie, TUM, Munich,
Germany). MDA-MB-468 cells were cultured in RPMI-1640 medium (Sigma). Both
culture media were supplemented with 10% FBS (Gibco) and 1% pen strep (Sigma).
Cells were cultured at 37°C and 5% CO:2 and routinely passaged twice weekly until

they reached the final cell concentration for injection.
Experimental Model

A general overview of the experimental workflow and data analysis followed in the
present study is shown in Figure 1. The inhibitory effects of bevacizumab on tumor
oxygenation and vascularity were tested on two well-established estrogen-
independent breast tumor models that are commonly used in therapeutic studies: the
human HER2-overexpressing KPL-4 (42,46) and the triple-negative MDA-MB-468
(47) mammary adenocarcinoma cell lines (Fig. 1A). These cell lines were implanted
orthotopically into the 3" thoracic mammary fat pads of hairless NOD.SCID mice,
with a tumor take of 100%. Following implantation, the tumors were allowed to grow

to an average volume of = 200-250 mm? before initiating bevacizumab treatment



(Fig. 1B). Treatment was initiated immediately following the first MSOT imaging
session. MSOT imaging was performed by acquiring transversal multispectral
optoacoustic slices spaced by 300 um across the entire tumor volume (Fig. 1C).
Next, optoacoustic images were reconstructed (Fig. 1D), processed using the
eMSOT algorithm (Fig. 1E) and measurements were extracted in the form of oxygen
saturation (sOz2) and total hemoglobin (THb) concentration. These metrics were
guantified in three tumor regions (whole tumor, rim, core) by subregion segmentation
analysis (Fig. 1F). Rim-core segmentation of eMSOT-sO2 and THb images was
performed in ImageJ (imageJ.nih.gov) by manually tracing ROIs encompassing each
tumor subregion. Rim was defined as the perimeter area of 1. mm depth into the
tumor for tumors < 1 cm in diameter and of 2 mm depth in tumors > 1 cm in
diameter. Core was defined as the remaining tumor area after the rim was excluded.
Rim-core subregion analysis was performed using the 10 most central optoacoustic
sections of each tumor. After the final MSOT imaging session, mice were sacrificed
and tumors were harvested for cryoslicing (Fig. 1G) and immunohistological analysis
against CD31, pimonidazole and a-SMA (Fig. 1H). Bevacizumab treatment and
MSOT imaging scheduling of KPL-4 and MDA-MB-468 tumors are shown in Figs. 1I-

J, respectively.

Statistical analysis

Statistical analyses of data were performed using Graphpad Prism 6 (GraphPad
Software, San Diego, CA) and graphical representation using Prism and Microsoft
Excel (Microsoft, WA, USA). For each optoacoustic imaging experiment, a
representative of three independent experiments is presented in this work. All results
in this work are reported as mean + S.E.M., except for tumor growth and weight

curves which were reported as mean = SD. For time point comparisons of the mean



difference in whole tumor sO2 and THb within a single tumor type, two-tailed paired t
test was performed. Two-tailed unpaired t test was used for time endpoint
comparisons between different tumor types (KPL-4 vs MDA-MB 468). For temporal
variations in rim-core oxygenation and vascularity within a single treatment group
one-way ANOVA test was performed. P values of < 0.05 were considered
statistically significant. Correlations between eMSOT-derived mean core sO2 and
pimonidazole-determined HF were assessed on a per-tumor basis by two-tailed
Pearson correlation analysis using pooled HF and eMSOT-core sO2 measurements
from KPL-4 (n = 9) and MDA-MB-468 (n = 5) tumors of control and bevacizumab
treated mice for which co-registration of optoacoustic and histologic image pairs was
possible. Correlations between CD31+ MVD and CD31+ VF were assessed on a per
slide basis by two-tailed Pearson correlation analysis using pool data from KPL-4 (n
= 49 slides) and MDA-MB-468 (n = 24 slides) tumors of control and bevacizumab

treated mice.

Detailed procedures for MSOT imaging, eMSOT image processing, 3D
morphometric analysis of functional macrovasculature, histopathologic tumor
analysis, optoacoustic and histological image registration, and calculation of hypoxic,
necrotic/vascular fractions, microvessel density (MVD) and pericyte coverage are

described in Supplementary Methods.

Results

Bevacizumab delays KPL-4 and MDA-MB-468 tumor growth

In KPL-4 tumor-bearing mice, bevacizumab treatment induced a tumor growth
inhibition (TGI) of 32% and a prolonged growth delay of 24 days compared to

controls (Fig. 1K). Furthermore, all 7 tumors from bevacizumab treated mice



responded to the treatment, as shown in the individual tumor growth curves from
each group (Supplementary Fig. S2A-B) and the tumor photographs obtained at the
end of the experiment (Supplementary Fig. S2E). MDA-MB-468 tumors from control
mice (Fig. 1L) exhibited significantly faster growth kinetics than respective KPL-4
controls. Analogously to KPL-4, the mean MDA-MB-468 tumor volume was
significantly lower in the bevacizumab group (p = 0.006) at the end of treatment (d37
post implantation (p.i.)), displaying a TGI of 47% and a growth delay of 10 days
when compared with the control group. No loss of animal body weight or morbidity
was observed in mice bearing KPL-4 or MDA-MB-468 tumors treated with either
vehicle or bevacizumab at this dosage and schedule throughout the duration of the

experiments (Supplementary Fig. S1).

Bevacizumab reduces functional neovascularization in KPL-4 and MDA-MB
468 xenografts

We applied MSOT to examine trends in functional neovascularization patterns
occurring during physiologic tumor growth (control group), as well as in response to
bevacizumab therapy. Quantification of mean whole tumor THb signal showed
relatively stable THb levels in control MDA-MB-468 tumors throughout the imaging
course (Fig. 3A). However, in KPL-4 controls (Fig. 2A) the mean whole tumor blood
volume decreased significantly during the observation period (p = 0.031). MSOT
imaging revealed a sharp drop in the THb content of both KPL-4 (Fig. 2A) and MDA-
MB-468 (Fig. 3A) tumors shortly after bevacizumab administration. The profound
reduction in THb content in tumors of bevacizumab treated animals is also evident in
the series of MSOT images (Figs. 2C-D, 3C-D and Supplementary Figs. S3-4). The
mean whole tumor THb remained significantly lower in bevacizumab compared to

vehicle treated animals until the end of therapy in MDA-MB-468 (Fig.3A), while in



KPL-4 tumors the gap in THb between the groups narrowed considerably towards

the end of the imaging experiment (Fig. 2A).

Bevacizumab induces a biphasic oxygenation response in KPL-4 and MDA-
MB-468 tumor xenografts

Analysis of temporal whole tumor sO2 trends showed that in control mice the
oxygenation dynamics differed considerably between the two breast cancer models
during the course of the imaging study (Figs. 2B, 3B). Specifically, KPL-4 control
tumors displayed a sudden increase in mean sOz2 levels over the first 5 days of
MSOT imaging, after which sO: levels plateaued (Fig. 2B). On the other hand, MDA-
MB-468 tumors from control mice showed little temporal variation in mean sO2

values over the observation window (Fig. 3B).

Both tumor models exhibited a similar dynamic response to bevacizumab treatment,
characterized by an initial acute hypoxic response followed by a gradual increase in
mean whole tumor sOz2 levels over time (Figs. 2-3 and Supplementary Figs. S3-4).
In KPL-4 tumors, a sharp and significant drop in KPL-4 tumor oxygenation was
detected in bevacizumab treated mice 2 days post treatment (Fig. 2B), which is also
visible in the parametric eMSOT sO2 maps (lower panels, Figs. 2C-D). From d2
onwards, the average KPL-4 tumor sO:2 progressively increased, although sO2 was
not restored to pre-treatment levels until d45 (Fig. 2B). At the end time point of the
MSOT imaging experiment (d58), mean whole KPL-4 tumor sOz2 levels in the
bevacizumab group were significantly higher than baseline pre-treatment levels (p =
0.028) and marginally lower than those detected in control mice (Fig. 2B). Inter-
tumoral variation in sO2 over time was relatively low, as can be seen in the individual
sOz2 curves for control (Supplementary Fig. S2C) and bevacizumab (Supplementary
Fig. S2D) KPL-4 treatment groups.

10



A similar but less pronounced temporal trend in sO2 values was detected in MDA-
MB-468 tumors of the bevacizumab group (Fig. 3B), which displayed a distinct drop
in mean sOz2 shortly after bevacizumab administration (d2), after which whole tumor
oxygenation was quickly (d11) restored to pre-treatment levels (Fig. 3B).
Bevacizumab reduces blood volume primarily at the rims of KPL-4 and MDA-

MB-468 tumors

By sampling subregions within tumors we were able to monitor the spatial
heterogeneity in functional vascularization of KPL-4 and MDA-MB 468 tumors from
mice undergoing vehicle or bevacizumab treatment. The mean THb content at the
rim subregion of control KPL-4 and MDA-MB-468 tumors remained relatively
constant throughout the imaging period, while core THb declined over time in both

tumor types, particularly in KPL-4 (Figs. 4A-B and Supplementary Table S1).

The inhibitory effects of bevacizumab therapy on functional tumor vasculature were
more prominent at the periphery than at core regions of KPL-4 and MDA-MB-468
tumors (Figs. 4A-B). Rim THb levels became significantly lower in the bevacizumab
group shortly after the onset of treatment in both tumor models (black asterisks, Figs.
4A-B) and remained lower than corresponding controls until the end of each time
course. Accordingly, 3D morphometric analysis of the extracted functional
macrovasculature revealed that bevacizumab treatment induced substantial
reductions in the overall length and branching density of the strongly enhanced

macroscopic tumor vessel network (Figs. 7A-C and Supplementary Fig. 6A).

On the other hand, the effects of bevacizumab therapy on intratumoral (core) THb
content were less noticeable. In KPL-4, bevacizumab treatment induced a transient

but significant drop in THb at the tumor core that peaked on d24 (green asterisk, Fig.

11



4A), while in MDA-MB-468 tumors, core THb was virtually identical between the two

groups throughout the imaging period (Fig. 4B).

Bevacizumab improves intratumoral sO2 and reduces the spatial heterogeneity

in oxygenation of KPL-4 and MDA-MB-468 tumors

Quantification of sOz levels at the rim and core regions of KPL-4 (Fig. 4C) and MDA-
MB-468 (Fig. 4D) tumors revealed significant differences in the spatiotemporal
distribution of oxygenation between the two treatment groups (Figs. 4C-D), as well

as within each single treatment group (Figs. 4E-H).

Starting with the tumor rim subregion, eMSOT imaging revealed a sharp drop in rim
sO:2 levels shortly after initiation of bevacizumab therapy, regardless of tumor type
(black asterisks, Figs. 4C-D). Oxygen saturation levels remained significantly lower
at the tumor rims of bevacizumab treated animals until the end of therapy in MDA-
MB-468 (Fig. 4D), whereas in KPL-4, rim sO2 was comparable between the groups
by the end of treatment (d58, Fig. 4C). Similarly, an acute drop in intratumoral (core)
sO2 was observed immediately after the onset of bevacizumab therapy, particularly
in KPL-4 tumors (Figs. 4C-D). However, following this initial drop, core sO: in the
bevacizumab group remained relatively stable, whereas in controls it declined over
time and as such, by the end of treatment, intratumoral sO: levels were considerably
higher in bevacizumab treated mice, particularly in the MDA-MB-468 model (green

asterisks, Fig. 4C-D).

The spatiotemporal sO2 distribution within each single treatment group is better
illustrated in the bar graph representations of the same dataset (Figs. 4E-H).
Intratumoral hypoxia developed faster and was more severe in MDA-MB-468 (Fig.

4G) compared to KPL-4 (Fig. 4E) control tumors. On the other hand, bevacizumab
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treatment reduced considerably the heterogeneity in oxygenation between the two
subregions in both tumor models, especially in MDA-MB-468 (Figs. 4F and 4H).
Accordingly, analysis of temporal variance showed a significant reduction in sO2 at
the cores of control KPL-4 and MDA-MB-468 tumors, whereas in the bevacizumab
group tumor core sO2 did not vary significantly over the observation period

(Supplementary Table S1).

Immunohistochemical analysis of vascularity and oxygenation confirms in
vivo MSOT/eMSOT imaging data

eMSOT findings were validated by histopathologic examination of tumors harvested
immediately after in vivo measurements. The overall tissue morphology of KPL-4
tumors is shown in cryosection photographs (Figs. 5D, 5K and Supplementary Fig.
S5K). The microvessel distribution in KPL-4 (Figs. 5A, 5H and Supplementary Figs.
S5A, S5F) and MDA-MB-468 (Figs. 6A, 6F) tumors revealed by staining against the
endothelial marker CD31, shows a fairly good resemblance to the corresponding in
vivo MSOT images of THb distribution (Figs. 5B, 51, 6B, 6G and Supplementary Figs.
S5B, S5G).

Moreover, the pimonidazole stained areas of KPL-4 (Figs. 5G, 5N and
Supplementary Figs. S5E, S51) and MDA-MB-468 (Figs. 6E, 6J) tumors showed
good spatial overlap with the eMSOT-derived core sO2 distribution in corresponding
optoacoustic tumor sections (KPL-4; Figs. 5F, 5M and Supplementary Figs. S5D,
S5H, MDA-MB-468; Figs. 6D, 61). Accordingly, Pearson’s correlation analysis of
histologic and optoacoustic image pairs revealed a strong and significant negative
correlation between pimonidazole-positive hypoxic area fraction (calculated in viable

tumor tissue with the vascular rim excluded, as shown in Fig. 6M) and eMSOT-
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derived intratumoral (core) sO2 in both KPL-4 (Fig. 6K) and MDA-MB-468 (Fig. 6L)
xenografts.

Bevacizumab reduces the microvessel density and hypoxic fraction and
increases the necrotic fraction and perivascular coverage in KPL-4 and MDA-
MB-468 tumors

Anti-CD31 staining revealed a dramatic reduction in the MVD of both KPL-4 (Fig. 7D)
and MDA-MB-468 (Fig. 7H) tumors treated with bevacizumab, as shown in the
corresponding CD31-stained magnified micrographs (KPL4; Figs. 5G1, 5N1 and
Supplementary Figs. S5E1-2, S5l1-2, S6B, MDA-MB-468; Figs. 6E1, 6J1-2 and
Supplementary Fig. S6C). Accordingly, KPL-4 and MDA-MB-468 tumors of
bevacizumab treated mice displayed significantly lower CD31-positive vascular
fraction (VF) compared to controls (Supplementary Figs. S6D, S6E), while an
excellent correlation between MVD and VF vascular density metrics was found for
both tumor types (Supplementary Figs. S6F-G). In addition, bevacizumab treatment
caused a significant reduction in the hypoxic fraction (HF) of KPL-4 (Fig. 7E) and
MDA-MB-468 (Fig. 71) tumors, which is also evident from the noticeable reduction in
the intensity and spread of pimonidazole-positive immunofluorescence in KPL-4 (Fig.
5N, Supplementary Fig. S51) and MDA-MB-468 (Fig. 6J) tumor sections from
animals treated with bevacizumab in comparison with vehicle (KPL-4; Fig. 5G,
Supplementary Fig. S5E, MDA-MB-468; Fig. 6E). Further immunohistochemical
analysis against a-SMA revealed increased pericyte coverage in KPL-4 (Fig. 7F) and
MDA-MB-468 (Fig. 7J) tumors of the bevacizumab group, based on quantification of
co-localized CD31 and a-SMA fluorescence signals. This is also apparent in the a-
SMA stains showing increased association of pericytes with CD31-labeled vessels in

KPL-4 tumors of the bevacizumab group (Supplementary Fig. S512) compared to
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controls (Supplementary Fig. S5E2) which displayed fewer pericytes, only partially
attached to the blood vessels.

Furthermore, we observed a higher than 2-fold increase in the necrotic fraction (NF)
of KPL-4 (Fig. 7G) and MDA-MB-468 (Fig. 7K) tumors of bevacizumab treated mice.
This is also noticeable in H&E stains showing substantially enlarged necrotic cores in
bevacizumab treated KPL-4 (Fig. 5J, Supplementary Fig. S5J) and MDA-MB-468
(Fig. 6H) tumors compared to respective controls (KPL-4; Fig. 5C, Supplementary
Fig. S5C, MDA-MB-468; Fig.6C). These necrotic areas were characterized by
intense eosinophilic and absent hematoxylin (insets; Figs. 5C, 5J, Supplementary

Figs. S5C, S5J) and DAPI staining (Figs. 5E, 5L and Supplementary Fig. S5L).

Discussion

Optoacoustic (photoacoustic) imaging has been recently considered as a unique
method for label-free imaging of functional tumor vascularization and hypoxia at high
spatiotemporal resolution, however technical aspects associated with the different
attenuation of photon fluence as a function of depth and wavelength employed, limit
the accuracy of the technique and obscure validation. We applied eMSOT, a method
that enables substantially improved quantitative estimation of hemoglobin oxygen
saturation in MSOT images, in a longitudinal manner to resolve the spatiotemporal
heterogeneity of oxygenation and blood volume in two orthotopically implanted
breast tumor models (KPL-4, MDA-MB-468) undergoing normal growth or growth
inhibition in response to bevacizumab therapy.

Rim-core subregion analysis of eMSOT images revealed the development of steep
oxygenation and perfusion gradients from rim to core in growing KPL-4 and MDA-

MB-468 tumors of the control group. This finding verifies previous optoacoustic
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studies showing a rim-core effect (2,44,45) and is reflective of the fact that large
blood vessels become more abundant at the tumor-host interface (rim) than in
central tumor regions. Interestingly, in control KPL-4 tumors, an abrupt increase in
mean whole tumor sO2 was observed over the first few days of the MSOT imaging
time course, after which sOz levels plateaued (Fig. 2B). This flare in control KPL-4
tumor sO2 was not accompanied by concurrent increases in THb (Fig. 2A). Although
we do not have a definitive explanation for this finding, a similar increasing trend in
KPL-4 tumor oxygenation during this early developmental stage has been observed
in previous eMSOT experiments with this tumor model and appears to coincide with
parallel increases in vascular rim maturity. It is also plausible that intermittent or
transient fluctuations in vascular blood flow and perfusion (cyclic hypoxia) in control
KPL-4 tumors might have contributed to the magnitude of the observed increase in
sOz2 (particularly on d5 post treatment).

In contrast to vehicle, bevacizumab administration induced an acute and significant
drop in mean whole tumor sOz2 in both models that was followed by a gradual
elevation in oxygenation after continuous treatment with the drug. The sequential
drop and rise in tumor oxygenation observed in our study might explain conflicting
results from previous studies showing opposite effects of bevacizumab treatment on
tumor oxygenation (see Introduction), as our findings strongly suggest that both
hypoxia and improved oxygenation can occur, albeit at different time points over the
course of treatment. It is also noteworthy that the recovery in whole tumor sO2
occurred over a longer period in KPL-4 than MDA-MB-468 tumors (58 versus 11
days), presumably due to the lower microvascular density and growth kinetics of the

former.
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The overall improvement in intratumoral oxygenation observed in bevacizumab-
treated animals was accompanied by a significant and persistent decline in whole
tumor THb levels in both tumor models that was mainly driven by the rim subregion.
In support of this finding, 3D morphometric analysis of the peripheral functional
tumor macrovasculature revealed profound changes in the size and density of the
macrovascular network as a response to bevacizumab treatment. On the other hand,
intratumoral (core) THb levels were less affected by bevacizumab treatment and in
spite of the substantial reduction in MVD, the mean blood volume at the cores of
bevacizumab treated tumors was similar to controls. A likely interpretation of this
findings is that bevacizumab treatment increases the average blood volume per

vessel by improving the functionality and perfusion in surviving vessels.

Another important finding of this analysis was that bevacizumab reduces the spatial
heterogeneity in oxygenation over the course of treatment, resulting in considerably
improved oxygenation at core tumor regions compared with controls, particularly in
the MDA-MB-468 tumor model. This improvement in intratumoral oxygenation might
result from a more uniform distribution of blood flow in response to VEGF blockade,
as shown in previous preclinical studies (48,49). While the findings on bevacizumab-
induced hemodynamic changes are on their own revealing, the wider implication of
this study relates to rigorously validating eMSOT for the first time as a method that
can accurately study tumor spatial heterogeneity and longitudinal oxygenation
patterns in solid tumors. Here, eMSOT data were validated qualitatively and
guantitatively by detailed histopathologic analysis against co-registered pimonidazole
and CD31 stained whole tumor cryosections. First, we were able to provide
reasonable visual correlations between THb signal and CD31 positive vasculature,

and demonstrate that the severity and spread of hypoxia revealed by pimonidazole
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staining were highly correlated to the spatial oxygen saturation patterns resolved by
eMSOT. Secondly, the dramatic drop in the hypoxic fraction of bevacizumab treated
KPL-4 and MDA-MB-468 tumors shown by quantification of pimonidazole
fluorescence is consistent with the significantly improved intratumoral oxygenation
detected at the cores of the same tumors by eMSOT. Third, pimonidazole-
determined hypoxic tumor fraction was strongly anti-correlated with eMSOT-derived
mean core sOz values on an individual tumor basis and in both breast cancer models
examined, providing thus a direct agreement between histological and optoacoustic
estimates of the extent of tumor hypoxia. Furthermore, it is worth pointing out that
bevacizumab treatment increased necrosis significantly in both tumor models,
presumably due to the reduction of newly formed blood vessels, which starves the

tumor of nutrients and oxygen (starvation hypothesis) (50).

The concurrent reductions in tumor blood volume and improvements in intratumoral
oxygenation observed in our study may be attributed to the phenomenon of vascular
“normalization” which is proposed to induce regression of immature and leaky
vessels, along with active remodeling of remaining vessels, improved
microcirculation and lower hypoxia (51,52). In support of this hypothesis, we found
increased a-SMA positive perivascular coverage in both tumor types treated with
bevacizumab in agreement with previous reports (15,23,53), indicating increased
vessel maturity and a morphologically “normalized” phenotype. In this context, in vivo
raster-scanning optoacoustic mesoscopy (RSOM) imaging of tumor microvascular
morphology and function (54) could shed further light into the normalizing effects of
bevacizumab therapy. Additional insights into the changes in vascular extent and
function induced by bevacizumab treatment could be obtained by co-administration

of exogenous blood pool contrast agents such as ICG (3,11,55). Accordingly, a
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recently developed functional optoacoustic technique known as oxygen-enhanced
optoacoustic tomography (OE-OT) (3,45) could provide complementary information
about the spatial heterogeneity in vascular perfusion, hypoxia and necrosis over the

course bevacizumab treatment.

Crucially, our longitudinal eMSOT findings on tumor oxygenation responses to
bevacizumab therapy may have direct translational consequences. For instance, our
results imply that the responsiveness to combined chemotherapy or radiotherapy
could be potentially augmented by careful timing of bevacizumab administration, so
as to prevent its early hypoxic/anti-vascular effects and benefit from the
improvements in intratumoral oxygenation observed at a later stage along the course
of treatment. In this context, our work confirms the use of oxygen saturation (sO2) as
a biomarker of cancer progression and supports its utility for non-invasive clinical
evaluation of therapeutic responses to antiangiogenic therapy. Besides the
immediate translational implications related to the results on bevacizumab, the
rigorous histological validation of eMSOT provided in our work brings the technique a
step closer to its clinical application and future studies should address the potential

of this imaging method in the clinical breast oncology setting.

In summary, our results demonstrate that longitudinal tracking of tumor oxygenation
and functional vascularization using eMSOT can yield a more complete
understanding of the complex tumor hemodynamic responses to antiangiogenic
agents than single time-point measurements. Overall, our findings suggest that
functional eMSOT imaging is likely to play a major part in contemporary preclinical
cancer research by enabling non-invasive, longitudinal assessment of treatment
outcomes and reducing the need for large animal numbers. Furthermore, eMSOT
could in principle be applied on hand-held (clinical) MSOT imaging systems to
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enable tumor oxygenation assessment in larger animals. Future efforts should aim at
confirming our findings in additional animal tumor models relevant to clinical
bevacizumab therapy (e.g. colon, lung, brain, etc.), including patient-derived
xenografts and transgenic murine models, and in response to different dosage and

scheduling protocols.
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Figure Legends

Figure 1. Experimental methodology and effects of bevacizumab therapy on KPL-4 and
MDA-MB-468 tumor growth. A, KPL-4 or MDA-MB-468 breast cancer cells were implanted
orthotopically into the 3rd thoracic mammary pads of female NOD.SCID mice. B, KPL-4 or
MDA-MB-468 tumor bearing mice received bevacizumab therapy over the course of weeks.
C, MSOT scanning of tumors at 21 wavelengths (700-900 nm) and 0.3 mm steps. D,
Optoacoustic image reconstruction. E, eMSOT quantitative mapping of tumor oxygen
saturation (sOy). F, Rim-core subregion analysis of oxygen saturation (sO-) and total
hemoglobin concentration (THb), G, Cryoslicing, H, Immunohistochemistry of tumor
cryosections against CD31, pimonidazole and a-SMA. I-J, Schematic illustrating MSOT
imaging and bevacizumab treatment schemes followed in KPL-4 (I) and MDA-MB-468 (J)
experiments. Tumors of either type were allowed to grow to an average volume of = 200-250
mm3. MSOT imaging was initiated on d26 (KPL-4) and d21 (MDA-MB-468) p.i. and KPL-4 or
MDA-MB-468 tumor bearing mice were imaged at 8 and 5 different time points respectively
(black arrows). Bi-weekly treatment with bevacizumab started immediately after the first
imaging session at the indicated time points (red arrows). K-L, Tumor growth curves for K,
KPL-4 and L, MDA-MB-468 tumors after treatment with vehicle (saline) (black lines) or
bevacizumab (red lines). Treatment was initiated on d26 (KPL-4) and d21 (MDA-MB-468)

p.i. (red arrows).
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Figure 2. eMSOT imaging assessment of spatiotemporal changes in oxygenation and total
hemoglobin of KPL-4 tumors during the course of bevacizumab therapy. A, total hemoglobin
concentration (THb) and B, eMSOT oxygen saturation (sO) values obtained from KPL-4
tumors of mice treated with either vehicle (black lines) or bevacizumab (red lines) for days 0-
58 post treatment. During the time course of bevacizumab treatment average tumor blood
volume was progressively reduced, while average sO: initially decreased but overall
improved by the end of the experiment. C-D, Longitudinal changes in THb and oxygenation
of a single representative KPL-4 tumor from vehicle (C) and bevacizumab (D) treatment
groups visualized by serial MSOT imaging at 8 consecutive time points. Middle panels:
central optoacoustic cross-sections showing THb (800 nm, isosbestic point) distribution.
Upper panels: THb maximum intensity projections (THb-MIP). Lower panels:
pseudocolorized eMSOT maps of tumor oxygen saturation overlaid on corresponding
anatomical images. Color scale bars at the bottom of eMSOT images represent sO; levels
ranging from 0% (green) to 100% (red). Data are displayed as mean = SEM (n = 7 mice per
KPL-4 treatment group). *p < 0.05, **p < 0.01, ***p < 0.001. Statistical significance between

the two treatment groups was assessed by unpaired two-tailed t-test. Scale bar; 2 mm.

Figure 3. Bevacizumab modifies oxygenation and THb dynamics of MDA-MB-468 tumors as
revealed by eMSOT imaging. A, total hemoglobin concentration (THb) and B, eMSOT
oxygen saturation (sO-) values obtained from KPL-4 tumors of mice treated with either
vehicle (black lines) or bevacizumab (red lines) for days 0-16 post treatment. Bevacizumab
treatment reduced average tumor THb significantly over time, while oxygenation was
significantly reduced over the first 5 days of treatment but was restored to control levels by
d11. C-D, Longitudinal monitoring of spatiotemporal changes in functional vascularization
and oxygenation of MDA-MB-468 tumors visualized by 5 serial MSOT images of single,
representative tumors from vehicle (C) and bevacizumab (D) treatment groups. Middle
panels: central optoacoustic cross-sections (800 nm, isosbestic point) showing THb

distribution. Upper panels: THb maximum intensity projections (THb-MIP). Lower panels:
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pseudocolorized eMSOT maps of tumor oxygen saturation overlaid on corresponding
anatomical images. Color scale bars at the bottom of eMSOT images indicate sO- levels
ranging from 0% (green) to 100% (red). Values are reported as mean + SEM (n = 5 mice per
MDA-MB-468 treatment group). *p < 0.05. Statistical significance between the two treatment

groups was assessed by unpaired two-tailed t-test. Scale bar; 2 mm.

Figure 4. Rim-core subregion analysis of oxygenation and functional vascularization in KPL-
4 and MDA-MB-468 tumor xenografts. KPL-4 and MDA-MB-468 tumors were imaged at 8
and 5 different time points respectively using eMSOT and mean THb and sO; values were
extracted from tumor rim and core subregions by segmentation analysis (see Methods). A-D,
Graphical plots showing quantification of mean THb (A, B) and sO; (C, D) at the rim (solid
lines) and core (dotted lines) subregions of KPL-4 (A, C) and MDA-MB-468 (B, D) tumors
treated with vehicle (black lines) or bevacizumab (Beva, red lines). Statistical significance
between treatment groups in panels A-D was assessed at rim (black asterisks) and core
(green asterisks) subregions by unpaired two-tailed t-test. *p < 0.05, **p < 0.01, ***p < 0.001,
****n < 0.0001. E-H, Bar graphs depicting mean sO, changes at the rim (black bars) and
core (grey bars) subregions of KPL-4 (E, F) and MDA-MB-468 (G, H) tumor bearing mice
treated with vehicle (E, G) or bevacizumab (F, H) Statistical significance between tumor
subregions (black asterisks) in panels E-H was assessed by unpaired two-tailed t-test. *p <
0.05, **p < 0.01, **p < 0.001, ****p < 0.0001. Data are displayed as mean £+ SEM (n=7

mice per KPL-4 treatment group, n = 5 per MDA-MB-468 treatment group).

Figure 5. Comparative analysis of histological and optoacoustic data in KPL-4 xenografts.
Micrographs of representative whole tumor sections and corresponding optoacoustic slices
from control (upper panels) and bevacizumab (lower panels) groups showing: A, H, CD31+
microvessel distribution. B, I, THb distribution (800 nm, isosbestic point). C, J, Upper panels
show whole tumor section H&E stains and lower panels show magnified insets of the
corresponding regions enclosed in the black dotted rectangles in (C) and (J). V; Viable, N;

Necrotic. D, K, Cryosection photographs. E, L, DAPI nuclear stains. F, M, Pseudocolorized
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eMSOT maps of tumor oxygen saturation overlaid on corresponding anatomical images.
Color scale bars on the top of eMSOT images indicate sO- levels ranging from 0% (green) to
100% (red). G, N, Fluorescence micrographs showing merged pimonidazole (green) and
CD3L1 (red) immunostaining. G1, N1, magnified views of the white dotted rectangles in (G)
and (N) respectively.

Figure 6. Comparative analysis of histological and optoacoustic data in MDA-MB-468
tumors and quantitative immunohistochemical validation of eMSOT-determined intratumoral
oxygenation. Representative micrographs of whole tumor sections and corresponding
optoacoustic slices of MDA-MB-468 tumors from control (upper panels) and bevacizumab
(lower panels) groups showing: A, F, CD31+ microvessel distribution. B, G, THb distribution
(800 nm, isosbestic point). C, H, H&E stains. D, |, pseudocolorized eMSOT maps of tumor
oxygen saturation overlaid on corresponding anatomical images. Color scale bars on the left
of eMSOT images indicate sO; levels ranging from 0% (green) to 100% (red). E, J,
Fluorescence micrographs showing merged pimonidazole (green) and CD31 (red)
immunostaining. E1, J1-2, magnified views of the white dotted rectangles in (E) and (J)
respectively. K-L, Pearson correlation analysis of optacoustic and histopathologic data sets
showing high inverse correlation coefficients between hypoxic fraction (HF) and eMSOT-
derived oxygen saturation (eMSOT-sO,) at the core of KPL-4 (K) and MDA-MB-468 (L)
tumors. Correlations were assessed on a per-tumor basis from pooled HF/sO,
measurements from control and bevacizumab treated mice (see Materials and Methods). *p
< 0.05. M, Exemplary micrograph of a KPL-4 tumor section stained against pimonidazole
(left) and binarized image (right) used for calculation of hypoxic fraction (HF). HF was
calculated in viable tumor tissue (light green), with the vascular rim (delineated by a red-
dotted line) and necrotic (N) areas excluded, as described in detail in Supplementary

Methods.

Figure 7. Morphometric and immunohistochemical characterization of tumor

vasculature.
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A-C, 3D Morphometry of functional tumor macrovasculature. A, Maximum intensity
projections of THb image stacks (THb-MIP, left panels), extracted tubeness skeleton (middle
panels) and labelled skeleton (right panels) of the macrovascular network in KPL-4 tumors
treated with vehicle or bevacizumab. Scale bars; 2 mm. B-C, Quantitative analysis of total
vessel length (B) and number of branches (C) in the functional macrovasculature of KPL-4
and MDA-MB-468 tumors treated with vehicle or bevacizumab (see Supplementary
Methods). D-K, quantification of microvessel density (MVD), hypoxic fraction (HF), pericyte
coverage and necrotic fraction (NF) in KPL-4 (upper panels) and MDA-MB-468 (lower
panels) tumors from control (saline) and bevacizumab treated groups. Bar graphs showing
average; D, H, CD31+ MVD. E, |, pimonidazole positive HF. F, J, Pericyte coverage
assessed by co-localization analysis of CD31 and a-SMA. G, K, Tumor NF. Values are
reported as mean = SEM (n = 6 mice per KPL-4 and n = 4 mice per MDA-MB-468 treatment
group). *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001. Statistical significance between

the two treatment groups was assessed by unpaired two-tailed t-test.
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Supplementary Material

Supplementary Methods

Cell lines

The cells were authenticated by the American type culture collection (ATCC) and
analysed by several tests for post-freeze viability, morphology, cell growth,
interspecies determination and PCR testing of cell culture media for bacterial and
fungal contamination, according to the guidelines issued by the national accreditation
body for the Federal Republic of Germany (Deutsche Akkreditierungsstelle (DAKKS)).
Additional mycoplasma contamination tests were performed using a commercial
mycoplasma detection kit (MycoAlertTM, Lonza, Basel, Switzerland). Cells were

used for implantation after 3-4 passages following thawing from frozen stocks.

Animals

All procedures involving animal experiments were approved by the Government of
Upper Bavaria. All animal experiments were performed in 6-8-week-old, adult
female, hairless SHIN® (NOD.Cg-Prkdcs¢dHr""/NCrHsd) NOD.SCID mice (Envigo,
Huntingdon, United Kingdom). Animals were housed in experimental animal rooms
under specified pathogen-free (SPF) conditions with a 12 h light/dark cycle. The
animal rooms are fully air-conditioned, with target values set to 20-24 °C
temperature and 45-65% air humidity in accordance with Annex A of the European
Convention 2007/526 EG. The maximum stocking densities correspond to Annex IlI
of Directive 2010/63/ EU. If the animals are intolerant, the stocking density is

reduced. Cages are equipped with laboratory animal bedding (wood fiber/chips,
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e.g. Lignocel Select Fine, Rettenmeier). To improve the housing conditions
(enrichment), the cages are filled with autoclaved nesting material equipped (mainly
nestlets, cardboard houses, pulp). The cages are changed weekly on average,
more often in the case of heavy soiling, and less frequently in the case of low
soiling or fresh litters in order to disturb the animals as little as possible. The
animals received sterile filtered water and a standard diet for rodents (e.g. Altromin
1314) ad libitum. Animals were allowed to acclimate for 1 week prior to
experiments. General animal health conditions were monitored daily, signs of
distress and body weight were monitored twice weekly and tumor volume 1-2 times
per week. Animals were euthanized when tumors reached 1.5 cm in diameter or
developed ulceration, in accordance with the termination criteria set by our
institute’s animal protocol. All experimental procedures were performed under
aseptic conditions and in accordance with protocols approved by the Institutional
Animal Care and Use Committee. For tumor cell implantation, cells were harvested
using 0.05% trypsin, washed and centrifuged in culture medium. KPL-4 cells or
MDA-MB-468 were re-suspended in phosphate-buffered saline (PBS) at a
concentration of 3 x 10° cells/50 pl and then mixed with 50 pl of growth-factor
reduced Matrigel (Corning, NY) to produce a 100 pl 1:1 mixture of PBS and
Matrigel. Cell suspensions containing 3 x 10° KPL-4 or 3 x 106 MDA-MB-468 cells
were inoculated orthotopically into the right third thoracic mammary fat pad of mice
(n =7 per KPL-4 treatment group, n = 5 per MDA-MB-468 treatment group). All
tumor inoculation procedures were completed with the animal anesthetized under
isoflurane. KPL-4 and MDA-MB-468 tumors were allowed to grow for 26 and 21
days respectively from the time of implantation when mean volume reached = 200-

250 mm?, after which animals were randomized into control and treatment groups;
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1) control group, receiving vehicle (warm saline) injections (i.p., twice weekly), 2)
bevacizumab group, treated with bevacizumab (10 mg/kg i.p., twice weekly). All
mice survived until the end time points of either imaging experiment (d84 p.i. for
KPL-4 and d37 p.i. for MDA-MB-468), except for 2 control KPL-4 tumor-bearing
mice that had to be sacrificed at an earlier time point (d77 post implantation)
because their tumors reached the maximum allowed size (1.5 cm diameter). Tumor
growth was measured in two dimensions using vernier calipers, and tumor volume
was calculated using the ellipsoid formula; V = D x d? x 0.5, where D is the longest
diameter and d is the perpendicular short diameter. Growth curves were obtained
by plotting mean tumor volume against time. Relative tumor volume (RTV) of
individual tumors was calculated using the following formula: RTV = Vx/V1 where
Vx is the volume in mm? at the end and V1 at the start of treatment. The
percentage tumor growth inhibition (TGI) was calculated as the mean RTV of
treated mice/mean RTV of control mice x 100, as in (1). Tumor Growth Delay
(TGD) was calculated as T-C, where (T) and (C) are defined as the time in days
necessary for a 5-fold increase in tumor volume of the treated (T) and control (C)

groups respectively (1).
MSOT imaging of mice

Volumetric optoacoustic imaging was performed using a commercial, real-time
whole-body mouse imaging system, MSOT inVision 256-TF (iThera-Medical GmbH,
Munich, Germany). The MSOT system and animal preparation procedure have
been described in detail previously (2). Briefly, a thin layer of ultrasonic gel (Parker
Laboratories Inc., New Jersey, USA) was applied over the tumor region and mice
were wrapped into a thin transparent polyethylene membrane (to prevent direct

contact of the animal with the water in the imaging chamber) and placed in the
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animal holder. Following, any remaining bubbles accumulated between the surface
of the animal’s skin and the plastic membrane were carefully removed and the
holder containing the animal was carefully submerged inside a water bath
maintained at 34 °C in order to achieve optimal acoustic coupling and maintain
animal temperature while imaging. Mice were allowed to equilibrate their
temperature and stabilize their physiology for 10 min within the water bath prior to
initiation of MSOT scanning. All imaging procedures were performed under
anaesthesia using 2% isoflurane (Zoetis GmbH, Berlin, Germany) delivered in
combination with oxygen. Mice were lying in the prone position during scanning.
MSOT imaging of KPL-4 tumors was initiated on d26 and of MDA-MB-468 tumors
on d21 post implant. KPL-4 tumor-bearing mice were imaged at 8 different time
points, on days 26, 28, 31, 50, 63, 77 and 84 post implantation. MDA-MB-468
tumor-bearing mice were imaged at 5 different time points, on days 21, 23, 26, 32
and 37 post implantation. MSOT scanning was performed at 21 wavelengths from
700 to 900 nm with a step size of 10 nm, and 6-35 consecutive slices (depending
on tumor size) were acquired for each tumor with a step size of 0.3 mm. MSOT
image acquisition was performed by acquiring 10 average frames per wavelength,
and therefore, the total duration for acquiring a single multispectral optoacoustic
frame was = 26 s. We found 10 averages per wavelength to provide optimal
contrast to noise and cardiac/breathing motion compensation, both of which are
critical parameters for subsequent eMSOT analysis. Image reconstruction was
performed using a model-based inversion algorithm (3,4) with a non-negativity

constraint imposed during inversion and with Tikhonov regularization.

eMSOT image processing and data analysis
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All optoacoustic image generation and processing was performed using a custom
graphical user interface developed in Matlab (Mathworks, MA, USA), that employs
the eMSOT algorithm described previously (2). Whole tumor sO2 and THb content
was calculated volumetrically using the entire set of optoacoustic slices from each
scan. To calculate the averaged tumor sO:2 values, a region of interest (ROI)
encompassing the entire tumor area was manually drawn for each eMSOT image
and successively adjusted between consecutive frames. Mean total hemoglobin
concentration (THb) was calculated using the 800 nm optoacoustic images which
correspond to the isosbestic point of oxy- and deoxyhemoglobin. sO2 and THb
mean intensity values derived from each optoacoustic frame were recorded in excel
sheets and averaged and the averaged sO2 and THb values from all mice of each
experimental group (KPL-4; n =7, MDA-MB-468; n = 5) were calculated and plotted
as a function of time. All color maps representing % sO: signal were displayed
using a color lookup table superimposed on corresponding anatomical (THb)
images. In the resulting optoacoustic eMSOT maps, black pixels correspond to
areas where the hemoglobin signal was too low to obtain a reliable spectral fitting,
and are indicative of necrotic or poorly vascularized/perfused viable tumor regions.
The black pixel tumor fraction in eMSOT images varied between 10-20%, according
to the developmental stage and size (larger tumors displayed higher fractions than
smaller ones), the cross-sectional plane of the tumor examined (central tumor
planes exhibited larger fractions than peripheral ones) as well as bevacizumab
treatment (bevacizumab treated mice had generally higher fractions than controls).
Tumor regions containing such black pixels were excluded from all sO2/THb
calculations. Furthermore, although hemorrhaging was rather infrequent in our

tumor models, such hemorrhagic areas were identified on eMSOT images and H&E
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stains and excluded from all eMSOT and histologic analyses. All data analysis,
including image ROI drawing, was performed blinded until the final statistics were

obtained and no outliers were excluded from analysis.

Morphometric analysis of functional macrovasculature

3D morphometric segmentation analysis of the functional macrovascular tumor

network was performed using the Tube Analyst macro in imageJ

(http://adm.irbbarcelona.org/image-j-fiji). Briefly, 3D MSOT data sets (THb image
stacks) of total tumor volumes were contrast-enhanced to eliminate any remaining
background noise and analyzed with the macro using the following, empirically
determined input parameters: 1) Tube/vessel radius = 7.5 um, 2) Vessel threshold
= 8, 3) Minimal vessel volume = 100 pixels (20.4 pixels/mm). The strong contrast
between the macroscopic vessels and the remainder of the tumor enabled the
unambiguous segmentation of the rim macrovasculature. The macro yields a
Tubeness skeleton (Frangie filter) in addition to a labelled 3D skeleton showing the
branching and end-points of connected components. Furthermore, the macro
produces a log holding some statistics on the blood vessel network, such as the
total length of the network, the number of branches and the overall vascularization
density. The values presented in corresponding bar graphs are the average of all

tumors analyzed (KPL4; n = 6, MDA-MB-468; n = 4 per treatment group).

Histologic tumor analysis

1. Snap-freezing of excised tumors
Immediately after the last optoacoustic imaging session of each experiment,
all animals were treated with the hypoxia marker pimonidazole

(Hydroxyprobe Inc., Burlington, MA, USA). Pimonidazole was administered
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intravenously at 80 mg/kg body weight in a volume of 0.1 ml saline, 1.5 h
before the animals were sacrificed. Following, tumors were excised,
transferred to pre-labeled cryomolds (Sigma) and embedded in optimal
cutting temperature (OCT) compound (Tissue-Tek, Zoeterwonde, NL) to
acclimate. At this stage, the tumor was positioned inside the OCT in such
way to ensure that the orientation of the tumor was the same as during in
vivo MSOT imaging. Next, each cryomold was snap-frozen by embedding in
— 80 °C isopropanol (Sigma) and stored in a — 80 °C freezer.

. Tumor cryosectioning

The cryoslicing system consists of a cryotome (CM 1950, Leica
Microsystems, Wetzlar, Germany), fitted with a CCD-based detection
camera. True color photographic images of the whole body, including the
tumor mass, were obtained and 10 um thick histologic slices derived thereof
were thaw-mounted on glass slides. The lower thoracic mouse region
containing the tumor was cryosliced in transverse orientation, ensuring that
the exact eMSOT imaging plane was aligned with the histological slice.

. H&E and immunohistochemical staining of tumor cryosections

The cryosections were fixed in in ice-cold acetone for 10 min followed by 3 x
5 min washes in PBS. Then, the tumor sections were blocked with 10% goat
serum (in PBS) for 1 h and incubated for 30 min with Crystal A MausBlock
reagent (Innovative Diagnostik-Systeme, Hamburg, Germany) at room
temperature, washed 3 x 2 min with PBS. Following, the sections were
incubated with Crystal B MausBlock reagent (Innovative Diagnostik-
Systeme, Hamburg, Germany) for 5 min at room temperature and washed

again 3 x 2 min in PBS. Afterwards, the slides were incubated overnight at 4
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‘C with mouse MAB1 (1:50, Hydroxyprobe Inc., MA, USA), rat CD31
antibody (1:20, Dianova Research, Hamburg, Germany) and a-SMA (1:100,
Abcam) diluted in PBS containing 0.1% BSA plus 1% goat at serum plus
0.1% Tween-20. Subsequently, the slides were washed 3 x 5 min with PBS
and then were incubated with AF488 anti-mouse, AF594 anti-rabbit and
AF680 anti-rat antibodies (1:500, ThermoFisher Scientific, MA, US) diluted in
1% goat serum for 1 h, at room temperature. Then the slides were washed 3
x 5 min in PBS and mounted with coverslips using Prolong Diamond
mounting agent (ThermoFisher Scientific, MA, US). For haematoxylin and
eosin (H&E) staining, cryoslices were air dried, fixed in 4%
paraformaldehyde (PFA) (Santa Cruz Biotechnology Inc., Dallas, Texas,
USA) for 5 min, rinsed with distilled water and incubated 30 s with
Haemotoxylin acide by Meyer (Carl Roth, Karlsruhe, Germany) to stain the
cell nuclei. The slides were then rinsed in distilled water again before
incubation for 1 s in Eosin G (Carl Roth, Karlsruhe, Germany) to stain for
protein content. After rinsing in distilled water, the slides were dehydrated in
70%, 94% and 100% ethanol and incubated for 5 min in Xylene (Carl Roth,
Karlsruhe, Germany) before being cover slipped with Rotimount (Carl Roth,
Karlsruhe, Germany) cover media.

. Fluorescence microscopy imaging

Representative slides were imaged using a Zeiss Axio Imager M2
microscope fitted with an AxioCam 105 color camera and pictures were then
processed using a motorized stitching Zen Imaging Software (Carl Zeiss

Microscopes GmbH, Jena, Germany). Fluorescent images were captured
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under identical conditions (exposure time, scaling) and thresholded to

exclude background signal from secondary antibody alone.

Spatial co-registration of optoacoustic and histolopathological data

Registration of THb-CD31 and eMSOT-sO2-pimonidazole image pairs was
performed using the Big Warp plugin in ImageJ (imageJ.nih.gov). Briefly, CD31 and
pimonidazole immunostained micrographs were downsampled (maintaining the
original aspect ratio) to match the resolution of corresponding THB and eMSOT-
sO2 images respectively. Following, the optoacoustic images were rotated in order
to be aligned with the histopathologic stains and image registration was performed
by setting landmarks on several different points along the tumor outline in the
optoacoustic image (source image) and corresponding points on the histological
image (target image) and applying elastic transformation. Transformed

optoacoustic images were exported as .tiff images for further image analysis.

Calculation of hypoxic, necrotic and vascular fractions, microvessel density

(MVD) and pericyte coverage

Necrotic areas were identified in DAPI nuclear stains and defined as tumor regions
with complete absence of DAPI staining including regions with condensed nuclei
debris, that were later confirmed in H&E stains as areas characterized by higher
eosinophilic staining and absence of hematoxylin staining. Necrotic areas were
segmented as regions of interest by hand in ImageJ (imageJ.nih.gov). Tumor
necrotic fraction was defined as the surface area of necrotic tissue divided by the
total tumor area (excluding the vascular rim). Tumor hypoxia and vascularity were

determined by area fraction analysis in ImageJ (imageJ.nih.gov) using manually
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thresholded, binary pimonidazole- and CD31-stained images. Hypoxic and vascular
fractions were calculated as percentages of the positive pimonidazole or CD31
fluorescent area divided by the total vital tumor tissue area, with the necrotic areas
excluded. The hypoxic fraction (HF) for each tumor was calculated from 4 central
whole tumor sections (with the tumor rim area excluded) per tumor and the values
reported in corresponding bar graphs are the average of all tumors analyzed
(KPL4; n = 6, MDA-MB-468; n = 4 per treatment group). Microvessel density (MVD)
was assessed by fluorescent microscopic analysis of CD31 stained tumor sections
using the Weidner method (5), with slight modifications. Briefly, areas of highest
neovascularization (neovascular "hot spots") were identified under low (40x)
magnification and then individual microvessels were counted on a 100x field equal
to 1 mm? in area using a calibrated grid. The mean of 4 single 100x fields was
computed for each tumor section and results are expressed as the average number
of microvessels from 4 central sections per tumor. The vascular fraction (VF) for
each tumor was calculated from 4 single 100x fields per slide and values reported
represent the average of 4 sections per tumor. For the assessment of pericyte
coverage (PC), CD31 and a-SMA co-stained whole tumor cryosections were
analyzed at 100x magnification and the degree of pericyte coverage was estimated
in ImageJ (imageJ.nih.gov) as the area of co-localized CD31/a-SMA fluorescence
signal divided by the overall CD31 positive area. The MVD, VF and PC values
reported in corresponding bar graphs are the average of all tumors analyzed

(KPL4; n = 6, MDA-MB-468; n = 4 per treatment group).

Supplementary Figure Legends
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Supplementary Figure S1.

Weight changes for control (vehicle, black lines) and bevacizumab (red lines)
treated A, KPL-4 or B, MDA-MB-468 tumor-bearing mice. Treatment was initiated
on d26 (KPL-4) and d21 (MDA-MB-468) p.i. (red arrows). Values in graphical plots
are reported as mean = SD (n = 7 mice per KPL-4 treatment group, n =5 per MDA-

MB-468 treatment group).

Supplementary Figure S2.

Individual KPL-4 tumor growth retardation and oxygenation changes in response to
bevacizumab therapy. A-B, Graphical plots showing changes in volume of individual
KPL-4 tumors from A, control and B, bevacizumab treated mice. C-D, Graphical plots
showing changes in oxygen saturation (eMSOT-sOz2) of individual KPL-4 tumors from
C, control and D, bevacizumab treated mice. E, Photographs of KPL-4 tumors of
sacrificed mice obtained at the end of this experiment (d84 p.i. — Vehicle; mice #6

and #7 sacrificed on d71 p.i.).

Supplementary Figure S3.

Longitudinal eMSOT imaging of KPL-4 tumors under bevacizumab therapy. A-B,
Spatiotemporal mapping of changes in vascularity and oxygenation of a single
representative KPL-4 tumor from A, vehicle and B, bevacizumab treatment groups
visualized by serial eMSOT imaging at 8 consecutive time points. Middle panels
represent central optoacoustic cross-sections (800 nm, isosbestic point) showing
THb distribution. Upper panels depict maximum intensity projections (THb-MIP)
obtained from single THb optoacoustic sections. Lower panels show

pseudocolorized eMSOT maps of tumor oxygen saturation overlaid on corresponding
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anatomical images. Color scale bars at the bottom of eMSOT images represent sO2

levels ranging from 0% (green) to 100% (red).

Supplementary Figure S4.

Longitudinal monitoring of spatiotemporal changes in vascularity and oxygenation of
MDA-MB-468 tumors using eMSOT. A-B, Tumor THb and sO2 content visualized by
5 serial eMSOT images of single, representative tumors from A, vehicle and B,
bevacizumab treatment groups. Middle panels: central optoacoustic cross-sections
(800 nm, isosbestic point) showing THb distribution. Upper panels: THb maximum
intensity projections (THb-MIP). Lower panels: pseudocolorized eMSOT maps of
tumor oxygen saturation overlaid on corresponding anatomical images. Color scale
bars at the bottom of eMSOT images indicate sO2 levels ranging from 0% (green) to

100% (red).

Supplementary Figure Sb5.

Comparative analysis of histopathologic and optoacoustic data in KPL-4 xenografts.
Micrographs of representative whole tumor sections and corresponding optoacoustic
slices from control (upper panels) and bevacizumab (lower panels) groups showing:
A, F, CD31+ microvessel distribution. B, G, MSOT tumor cross-section depicting THb
distribution (800 nm, isosbestic point). C, J, Left panels show whole tumor section
H&E stains and panels on the right show magnified insets of the corresponding
regions enclosed in the black dotted rectangles in left panels. D, H, pseudocolorized
eMSOT maps of tumor oxygen saturation overlaid on corresponding anatomical
images. Color scale bars on the left of eMSOT images indicate sO2 levels ranging
from 0% (green) to 100% (red). E, I, Fluorescence micrographs showing merged

pimonidazole (PIMO, green) and CD31 (red) immunostaining. Ei, 11, magnified views
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of the respective white dotted rectangles in (E) and (I). Ez2, I2, magnified views of the
corresponding white dotted rectangles in (E) and (I) showing staining against CD31

(red) and a-SMA (light blue). K, cryosection photograph. L, DAPI nuclear stain.

Supplementary Figure S6.

Macro- and microvascular changes in bevacizumab treated KPL-4 and MDA-MB-468
tumors. A, Maximum intensity projections of the 3D macrovascular network skeleton
in KPL-4 (upper panels) and MDA-MB-468 (lower panels) tumors, extracted from
THb image stacks of total tumor volumes using the the Tube Analyst macro inimageJ
(see Supplementary Methods). Bevacizumab treatment induced a visible reduction
in the density and total length of functional tumor macrovasculature. B-C,
Microvascular “hotspots” revealed by CD31+ endothelial cell immunostaining in KPL-
4 (B) and MDA-MB-468 (C) tumors. Bevacizumab treated tumors (lower panels)
display lower MVD compared with tumors treated with vehicle (upper panels). Scale
bars; 200 um. D-E, Bar graphs showing CD31+ VF in KPL-4 (D) and MDA-MB-468
(E) breast tumor xenografts treated with saline (control) or bevacizumab. F-G,
Pearson correlation analysis of CD31+ microvascular density (MVD) and VF
histopathologic data sets in KPL-4 (F) and MDA-MB-468 (G) tumors showing strong
and significant correlation between the two metrics. Correlations were obtained from
pooled MVD and VF measurements from control and bevacizumab treated mice (see
Materials and Methods). Values are reported as mean + SEM (n = 4 mice per KPL-4
treatment group). **p < 0.01, ***p < 0.001, ***p < 0.0001. Statistical significance

between the two treatment groups was assessed by unpaired two-tailed t-test.

Supplementary Table Legends
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Supplementary Table S1. One-way temporal analysis of variance (ANOVA) of
mean THb and sO:2 values at the rim and core subregions of KPL-4 and MDA-MB-
468 tumors over the time course of vehicle (control) or bevacizumab treatment. *p <

0.05, *p < 0.01, **p < 0.001.
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