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Abstract

Cancer-related deaths are caused principally by recurrence and metastasis arising from residual
disease, whose therapeutic responses has been suggested to be substantially different from primary
tumors. However, experimental animal models designed for evaluating the therapeutic responses
of residual disease are mostly lacking. To overcome this deficiency, we have developed a
preclinical model that recapitulates the progression for advanced non-small cell lung cancer
(NSCLC). An archived Lewis Lung Carcinoma mouse tumor, propagated only through serial in
vivo transplantation and never adapted to cell culture, was stably labeled using lentivirus-encoded
biomarkers, consistently expressed through an RNA polymerase 11 promoter. Labeled tumors were
inoculated into syngeneic immunocompetent mice to ensure superior tumor-host interactions.
Primary tumors were resected upon reaching a predetermined size, following by treatment in a
setting akin to post-surgical first-line adjuvant chemotherapy and routine imaging to monitor the
progression of pulmonary metastasis. We discovered that efficacious treatment, instead of
reducing disease growth rates, significantly prolonged disease-free survival (DFS) and overall
survival (OS). As in the clinic, cisplatin-based regimes were more effective in this model.
However, the response of metastases to specific agents could not be predicted from, and often
opposed, their effects on subcutaneous “primary” tumors, possibly due to their distinct growth
kinetics and host interactions. We here introduce a clinically relevant model of residual metastatic
disease that may more accurately predict the therapeutic response of recurrent, metastatic disease.

Introduction

Mouse models play a pivotal role in the development of anticancer drugs. Unfortunately,
more than 70% of new oncological drugs fail to demonstrate activity in phase 11 trialsl. The
value of current preclinical mouse models has therefore been seriously questioned. Thus,
development of new preclinical models exhibiting enhanced predictive powers with respect
to clinical outcome remains a research priority.

Mice bearing human tumor xenografts have become the standard in preclinical cancer
modeling based on their clinically relevant cancer histopathologies, as well as advantages in
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progression tracking, testing efficiency and statistical power. However, human cells must be
transplanted into mice lacking a fully functional immune system, known to be critically
involved in tumor development and progression. In this type of model, tumor growth delay
is frequently used as the endpoint for accessing drug activity?, and death is usually defined
by the tumor burden reaching protocol-set limits, rather than disease-associated mortality3.
In contrast, in clinical studies, therapeutic response requires tumor shrinkage or stable
disease?, and overall survival time must be followed after treatment to assess the full life
expectancy and the possibility of disease recurrence.

Critically, currently available preclinical models using human cancer xenografts fail to
incorporate disease progression and metastasis, seriously limiting their relevance to the
clinic. In clinical practice, surgical resection is the primary choice of treatment for many
types of tumors, especially in their early stage. However, tumor cells may have already
disseminated and survived as occult residual disease that can remain in “clinical dormancy”
for years®. Once these cells break quiescence for reasons currently unknown they can grow
into clinically significant macrometastases, which are ultimately responsible for the majority
of cancer-related deaths. Therefore, post-surgery adjuvant therapies are often initiated to
prevent or control recurrent and/or metastatic disease. The biology of advanced stage cancer
progression is distinct from primary tumor growth® and has been beyond the capacity of
current preclinical cancer model to adequately address.

Here we aimed to develop a more clinically relevant mouse model of cancer progression and
metastasis to help address these issues. Mouse Lewis Lung Carcinoma (LLC), recently used
in a number of high-profile preclinical studies’-%, was chosen as a model of metastatic non-
small cell lung carcinoma (NSCLC). To avoid alterations associated with adaptation to in
vitro culture, we employed archived LLC tissue that had been maintained only through
serial transplantation, hereafter referred to as LLCom (LLC Only in Mice). For tracking
disease progression, a tumor must be labeled with bioimaging markers; however, such
attempts often fail because high expression of commonly used xenobiotic markers, including
green fluorescence protein (GFP) and luciferase (Luc), can induce an immune response,
resulting in tumor rejection or unsustainable monitoring1? 11, Previously, we reported that
the RNA polymerase 11 promoter (Pol2), which exhibits relatively low transcriptional
activity, maintains more sustainable and consistent biomarker expression in
immunocompetent mice. We therefore labeled the LLCom tumor with a Pol2-Luc/GFP
lentiviral vector via an ex vivo procedure!?, followed by transplantation into syngeneic
immunocompetent mice to generate more appropriate tumor-host interactions. Upon
reaching a pre-determined size the primary tumors were surgically resected followed by
immediate chemotherapeutic treatment, a setting akin to adjuvant chemotherapy. Host mice
were monitored with bioluminescence (BL) imaging for disease progression. With this new
model we were able to evaluate the response of residual metastatic disease to first-line
NSCLC chemotherapy. We found that pulmonary residual disease exhibited growth kinetics
and therapeutic responses that were distinct from their subcutaneous counterparts. This
spontaneous metastasis model may improve our ability to predict the efficacy of drugs for
advanced-stage cancer patients.

Materials and Methods

Lentiviral vector

The lentiviral vector Pol2-Luc/GFP was described previouslyl2. The vector information is
provided upon request to Dr. Dominic Esposito (e-mail: espositod@mail.nih.gov), NCI-
Frederick, Frederick, MD, USA.
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Six to eight week-old inbred albino C57BL/6 female mice (C57BL/6 c-Brd/c-Brd/Cr) mice
were used to reduce bioluminescence absorption, cage mate fighting, and experiment
variation. All mouse experiments were performed in accordance with Animal Study
Protocols approved by the Animal Care and Use Committee (ACUC), NCI, National
Institutes of Health (Please see Supplementary Information for institutional regulation of
animal care).

Tumor labeling and in vivo cycling

The LLC tissue in this study was maintained in syngeneic C57BL/6 mice since its
spontaneous appearance in the mouse lungs, and was cryopreserved in the tumor repository
of NClI-Frederick in 1978. After being revived and expanded in C57BL/6 mice by
subcutaneous transplantation, the tumor was infected ex vivo with Pol2-Luc/GFP lentivirus
without cell culture or drug selection, as described previously2, and then inoculated into
C57BL/6 mice. Upon reaching 500 mm3, tumors were surgically removed, and lung
metastasis was monitored periodically by intraperitoneal injection with 150 mg/kg of
luciferin and BL imaging using a Xenogen 1VIS system (Caliper Life Sciences, Alameda,
CA). This transplantation was referred as passage 0 (P0). When the chest BL flux was
higher than 107 photon/sec, the mice were sacrificed to harvest the lungs. The labeled lung
nodules were identified by ex vivo BL imaging, resected, and subcutaneously transplanted
into mice (the first passage, P1). The same procedure was repeated once (P2), and the
collected labeled lung nodules were then subcutaneously transplanted into twenty mice as
the third passage (P3). When P3 tumors reached 500 mm?, they were collected into eighty
tubes and frozen in liquid nitrogen as working stock. All the tumors in the following studies
were expanded from the P3 working stock.

Preclinical model of spontaneous metastasis

For a preclinical study, a vial of P3 LLCom tumor was expanded subcutaneously in ten mice
(equals P4). The expanded tumors were resected at 500 mm3 and transplanted
subcutaneously into required number of mice for the actual drug study (P5). For the model
of spontaneous metastasis, the primary tumors were surgically removed at 500 mm3, and the
mice randomized into treatment groups. The drugs used in this study were obtained from the
Drug Synthesis & Chemistry Branch, DTP, NCI (Bethesda, MD, USA). The control group
received vehicle solution, and the experimental group received treatments of
chemotherapeutic agents (see Supplementary Methods for drug preparation), with dose and
schedule specified in Results. In the combination therapy studies, each drug or its vehicle
solution was given individually to the mice of the treated or control groups, respectively,
according to its dosing schedule. The size of subcutaneous tumors was measured manually
and calculated by V (mm3) = 0.5 x L x W2, where L is length and W is width in mm. The
metastasis or recurrence was monitored periodically by BL imaging with the Xenogen IVIS
system, as described above. Determination of circulating anti-GFP antibody levels in mice,
as well as tumor inhibition ratios are described in Supplementary Methods.

Pathological analysis

Harvested lungs were fixed in 10% formaldehyde and paraffin-embedded. The adjacent
serial sections were stained with hematoxylin and eosin (H&E) for histological analysis, or
used for GFP immunohistochemistry (ab6556, Abcam, Cambridge, MA, USA).
Histopathology was provided by Dr. Miriam Anver (Pathology and Histotechnology
Laboratory, SAIC, NCI-Frederick). For quantitative analysis, slides were scanned using the
ScanScope XT system and images were analyzed by Spectrum Plus pathology analysis
software (Aperio Technologies, Vista, CA).
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Results

Establishing a traceable preclinical model for spontaneous NSCLC metastasis in
immunocompetent mice

To generate a preclinical model with more appropriate tumor-host interactions, we used an
archived LLCom tumor that had only been maintained in vivo in C57BL/6 mice. This
LLCom tumor was labeled using our Pol2-Luc/GFP lentivirus vector through an ex vivo
procedure, as described previouslyl2, and transplanted into albino C57BL/6 mice as passage
0 (P0). Reasoning that each nodule of spontaneous pulmonary metastasis arises

clonally®3 14, we used in vivo cycling to obtain a uniformly labeled, metastatic LLCom
clone. The lung nodules collected at the third cycle (P3) were expanded in mice and stored
in liquid nitrogen as the working stock. For all subsequent preclinical studies, a single vial of
cryopreserved P3 tumor was retrieved, expanded once (P4), and transplanted into the
required number of mice (P5) for experiments.

To determine the labeling consistency in vivo, we measured the ratio of BL intensity to
tumor size (BL/size) as a normalized reporter activity at each passagel2. As shown in Fig.
1A (left panel), the median BL/size decreased from the initial inoculation (P0) into P1, but
then increased from P1 to P3 in accordance with clonal enrichment. Thereafter the ratio was
consistently maintained (P4 and P5), indicating that the labeling was stable and sustainable.
Immunohistochemical staining showed that GFP was uniformly, albeit relatively weakly,
expressed in the cytoplasm of LLCom cells in the lungs of P5 mouse, corroborating the
advantage of in vivo cycling (Fig. 1A, right panels). As expected, GFP staining was absent
from normal lung tissue. This result suggested that this LLCom clone expressed sufficient
but relatively low reporter activity, allowing its identification by BL imaging, yet
minimizing host immunity against foreign biomarkers1%-12, To test this hypothesis, we
challenged the mice using LLC tumors labeled with either Pol2-Luc/GFP or FerH-Luc/GFP
vector, whose promoter activity is comparable to that of the standard CMV promoter2, then
measured circulating GFP antibodies in mice. No anti-GFP antibody was detected in the sera
of the Pol2-Luc/GFP group, whereas substantial levels (7.89 £+ 1.93 ug/ml) were detected in
FerH-Luc/GFP mice, in agreement with previous data showing that Pol2-Luc-GFP labeling
is more consistent and sustainable than FerH-Luc-GFP in syngeneic C57BL/6 micel2,

To optimize the metastatic occurrence LLCom fragments were subcutaneously inoculated
into four groups of mice, and the tumors resected when their sizes reached 125, 250, or 500
mm3, followed by BL monitoring for pulmonary metastasis (Fig. 1B). When the resection
size was 500 mm3 metastases were detected in more than 80% of mice within six days. In
the following seven days (day 6 to 13) the chest BL level in every mouse significantly
increased and the occurrence of pulmonary metastasis reached 100%. When tumors were
resected at 125 or 250 mms3 the pulmonary metastases occurred later with significantly lower
incidence (Fig. 1B). We concluded that resection at 500 mms3 provided robust and consistent
occurrence of spontaneous pulmonary metastasis (>90%); this model was therefore used for
all subsequent studies.

According to the current NSCLC staging system, pulmonary metastases are categorized as
T4/M1 disease at stage 111B/IVI5-17: therefore, our LLCom metastasis model is relevant to
metastatic NSCLC at stage 111B/IV. Metastatic LLCom lesions were also observed outside
the lung in this model (Supplementary Fig. S1); however, their development was
prematurely terminated by lethally aggressive pulmonary metastases!®. Other techniques
demonstrated the potential of this tumor to metastasize to common NSCLC sites. Direct
injection of LLCom cells into the right lower lobe of the lungs resulted in metastatic spread
to other lobes (Supplementary Fig. S2). Cardiac injections produced metastases in the brain,
adrenal gland and lymph nodes at multiple sites, as well as lungs (Supplementary Fig. S3).
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These results demonstrate that murine LLC is capable of metastasizing to organs commonly
targeted by human NSCLC. In our current model, subcutaneous inoculation allows resection
of primary tumors at a pre-determined size, providing a reasonable window for monitoring
progression and the therapeutic response of metastases.

Quantitative monitoring of metastatic progression in the LLCom model

To determine if BL correlated with disease progression, subcutaneous LLCom tumors were
resected at 500 mm3, and mice randomly selected every 2 to 4 days for BL imaging in vivo
(Upper panel Fig. 2A), followed by lung harvest for histopathological analysis (lower panel,
Fig. 2A). Total area of tumor nodules in each lung section quantified by digital image
analysis served as an approximation of overall tumor burden. Although the overall
distribution showed a two-phase pattern (Fig. 2B, left panel), the majority of mice (13/17)
fell in the BL < 5x107 region in which chest BL and overall pulmonary tumor area exhibited
a tightly linear correlation (R2 = 0.8034; right panel Fig. 2B). Therefore, we have identified
the linear range in which in vivo BL tightly correlates with actual tumor burden in the lungs,
allowing quantitative tracking of disease progression in vivo.

During this study, in no case were visible macrometastases (diameter > 1 mm)” found in
mice with maximal chest BL levels consistently under 1.5x10° photon/sec. In an
independent experiment, all such mice, either in control or treated groups, remained healthy
through the entire period of study (Supplementary Fig. S4). For purposes of in vivo
monitoring a chest BL level of 1.5x10° photon/sec was therefore considered the
“macrometastatic threshold”; lung BL surpassing this threshold designated the onset of
detectable macrometastasis and the end of the equivalent of clinical dormancy. The time
from primary tumor resection to macrometastatic detection by BL and to death was defined
as the disease-free survival (DFS) and overall survival (OS) period, respectively. Thus, our
model allowed the adoption of clinically relevant parameters for data analysis. This
correlation between chest BL and pulmonary tumor burden is summarized in Table 1.

Responses of pulmonary metastases to single-agent adjuvant chemotherapy

To evaluate the therapeutic responses of the LLCom tumor, we assessed the efficacy of
paclitaxel, one of the most frequently used first-line NSCLC agents. We modified a reported
procedure®® to develop a “humanized regime” to mimic pharmacokinetics of paclitaxel in
clinical treatment: one-dose of 7.5 mg/kg of paclitaxel for five consecutive days, five days
off, and a second cycle of five-day dosing (QDx5, 5D off, QDx5). This regime is well below
the maximum tolerant dose (MTD) of paclitaxel for mice (22.5 mg/kg) that we have
determined (data not shown).

The activity of this regime was first tested in the classic subcutaneous model. The treatment
was initiated when the subcutaneous LLCom tumors reached 125 mm3 (day 6). In either
group, all tumors began to grow immediately after inoculation (Fig. 3A), and paclitaxel
uniformly reduced tumor growth (Fig. 3B). At day 13, tumor size in the treated group was
significantly smaller than that in the control group (Fig. 3C). Accordingly, this treatment
significantly reduced the tumor growth rate relative to control at the subcutaneous site (Fig.
3D). The experiment was terminated prior to the second dosing period at day 16 when the
tumors in the control group reached protocol-defined limits; therefore, the long-term impact
of tumor burden on host survival could not be evaluated. We concluded that the “humanized
regime” of paclitaxel was able to delay the growth of subcutaneous tumors to a significant,
albeit limited, extent.

Next, we tested the efficacy of this regime in the setting of post-surgical adjuvant
chemotherapy. After resection of primary tumors at 500 mm?2, mice were randomized to
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receive either control vehicle or 7.5 mg/kg of paclitaxel, followed by BL monitoring. The
time to metastatic onset was heterogeneous and unevenly distributed among individual mice,
(Fig. 4A and B), as was the time to morbidity. Kaplan-Meier analysis showed that adjuvant
paclitaxel treatment significantly extended the post-surgery OS (18 days vs. 15 days in
control; p = 0.0004; Fig. 4C) and DFS (6 days vs. 4 days in control; p = 0.0268). Since
studies have shown that it is possible to translate the time frame of cancer development
between mouse and human?9, we estimated that 3 and 2 mouse days are equivalent to 4 and
2.67 human months, respectively. Based on its poor prognosis, prolonging median survival
for late-stage NSCLC patients by three to six months would be considered clinically
significant?l.,

In contrast to the subcutaneous tumor (Fig. 3C), paclitaxel treatment had no significant
effect on the disease growth rate of pulmonary metastases (Fig. 4D, right panel). These
results suggest that, for recurrent metastatic disease, efficacious treatment delays the time of
disease onset rather than slowing the growth rate.

Preclinical evaluation of relevant drug combinations as adjuvant chemotherapy for
residual metastatic disease

To further explore if the treatment efficacy for residual disease depends on the extension of
DFS, we expanded the study to include multiple drugs and their combinations. Taxane- and
platinum compound-based regimes are first-line therapies of advanced NSCLC?2. Most
antiangiogenic agents that have recently been introduced as cancer treatment have yielded
higher activity when combined with conventional chemotherapy?3. Therefore, we tested the
responses of metastatic disease to paclitaxel (PT), cisplatin (CDDP), and TNP470 (TNP), an
angiogenesis inhibitor24. They were administered singly or in combinations for eight
regimes, and their doses and schedules adjusted to minimize the additive toxicity (Fig. 5A).
Regression analysis demonstrated that DFS highly correlated with OS among all eight
groups (Fig 5B, left panel). In contrast, no significant correlation was found between growth
rates and OS (Fig. 5B, right panel). Indeed, for all efficacious treatments (CDDP, PT+TNP,
and PT+CDDP+TNP), the OS was prolonged in proportion to the DFS. Our results suggest
that onset time is a critical factor for the progression and therapeutic response of residual
disease, and that DFS can serve as a surrogate marker of survival duration. Cisplatin and the
PT+CDDP+TNP combination were the two most efficacious regimes with respect to
extension of OS, and CDDP+TNP extended DFS, consistent with many clinical studies
showing that cisplatin-based regimes are relatively effective treatments for NSCLC.

Growth delay of tumors at the subcutaneous site is not predictive for drug response of
residual metastatic disease

In contemporary preclinical studies, the efficacy of anti-cancer drugs is often evaluated by
their ability to delay growth of primary tumors in mice. However, in clinical trials, which
recruit patients with advanced-stage cancers, drugs are evaluated by their ability to prolong
survival. To address if the effect of drugs on primary tumor growth can predict therapeutic
responses of residual disease, we compared the responses of subcutaneous tumors and
residual metastatic diseases within the same therapeutic setting.

LLCom tumors were subcutaneously inoculated into mice. When they reached 125 mm3 the
same regimes as those in Fig. 5A were initiated. Cisplatin, paclitaxel and their combination
had no significant effect, TNP470 and its combination with either paclitaxel or cisplatin
significantly delayed growth, and the triple combination demonstrated the strongest growth
delay (Fig. 5C, left panel). The efficacy of each treatment was quantified by calculating the
tumor inhibition ratio, which represents the percentage of growth delay relative to control.
The association between tumor inhibition ratios from the subcutaneous tumor model and the
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OS interval taken from the spontaneous metastasis model (Fig. 5B), both under the same
regimes, was further examined by regression analysis. As shown in Fig. 5C (right panel) no
correlation existed, either positively or negatively, indicating that inhibition ratio or growth
delay in subcutaneous tumor model cannot predict drug efficacy for residual metastatic
disease.

At the end point of this experiment (day 18), we examined the lungs of each mouse by ex
vivo BL imaging and found pulmonary metastasis in all groups. The lung BL distribution in
each group was not overtly different from that found in the post-surgery treatment model
(Fig. 5B), indicating that in this model neither the presence of the primary tumor nor
surgical intervention significantly influenced the consequences of drug treatment for
already-disseminated disease (Supplementary Fig. S5).

Discussion

The vast majority of preclinical studies select new drugs to advance into clinical trials based
on their ability to inhibit the growth of subcutaneous human tumor xenografts in an
immunocompromised mouse. These data have not reliably predicted clinical activity,
suggesting that current preclinical models are incapable of excluding clinically inactive
agents from the potential candidates?® 26, This can be attributed to several possible reasons.
First, recipient mice of human cancer xenografts are deficient in at least some immune and/
or inflammatory function, which plays a critical role in determining the therapeutic
responses of cancers?’. In contrast, earlier preclinical studies using immunocompetent mice
bearing syngeneic murine tumors, including LLC NSCLC3, had successfully selected many
first-line chemotherapeutic agents still used in the clinic today, including paclitaxel and
cisplatin?8. Second, human cancer cell lines used in xenograft models may have been altered
during long-term in vitro culture. In contrast, tumors that had never been forced to adapt to
growth on plastic dishes have been reported to better predict clinical activity?® 30, Finally,
tumors at orthotopic and metastatic sites are known to respond differentially to
chemotherapeutic agents3 32 compared to their subcutaneous counterparts. Recently,
efforts have been made to improve mouse models using human cancer xenografts. For
example, Vantyghem et al. developed a mouse model using a metastatic human breast
cancer xenograft, and found that the dietary supplement genisten could reduce pulmonary
metastatic burden with or without primary tumor resection33. Thalheimer et al. studied
human colon cancer metastasis using intraportal injections, and identified tumor
dissemination to bone marrow34. Nude mice were used in both studies, and no bioimaging
marker was employed, so outcomes were evaluated by necropsy.

Here we describe the development of a uniformly labeled LLCom tumor, passaged only in
mice, for use as a preclinical model of residual metastatic NSCLC. The surgical resection of
the primary tumor enabled efficient and consistent metastatic progression, and temporal
alignment of treatment schedules. The sustained and consistent labeling achieved using the
Pol2-driven reporter and in vivo cycling generated a linear correlation between chest BL and
pulmonary tumor burden, allowing quantitative tracking of disease progression in vivo. This
feature permitted us to define the macrometastatic BL threshold marking the transition from
clinically insignificant residual disease to macrometastasis®> 36. To our knowledge, these
features have not been reported in other syngeneic immunocompetent mouse models of
recurrent/metastatic disease.

Our studies using multiple drugs showed that prognosis correlated well with the time
required to cross the macrometastatic threshold, with the most effective agents better able to
delay the metastatic onset, extending what would be the equivalent to clinical dormancy.
This explains in part why DFS can serve as a surrogate marker for OS. This conclusion is
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supported by preclinical and clinical studies of advanced stage cancers3’=32, For example, in
an orthotopic syngeneic mouse model of osteosarcoma post-surgery adjuvant chemotherapy
prolonged DFS and 0S#0. A clinical study of NSCLC reported that chemotherapy can
prolong DFS, but had no effect if lymph node metastases were already present*l, The
difference in therapeutic response between residual metastatic disease and subcutaneous
tumors in our model can be attributed to their growth kinetics. Subcutaneous tumors grow
uniformly following inoculation, and the experimental end point is determined by the
growth rate. In contrast, efficacious treatment delays the onset of residual metastatic disease.
After its onset, the disease growth rate had minimal influence on therapeutic outcome.
Therefore, standard preclinical studies using subcutaneous tumor models may overlook
drugs able to prevent residual disease progression without growth-inhibiting activity.

In conclusion, we have developed a novel preclinical mouse model focusing on the
advanced cancer stages of recurrence and metastasis. The incorporation of appropriate
tumor-host interactions and quantitatively consistent in vivo monitoring in our model should
permit the adoption of more clinically relevant outcome criteria for drug studies, thereby
enhancing their predictive power. We anticipate that this model will be valuable for testing
new drugs and studying mechanisms of cancer progression. Future models can be modified
by incorporating orthotopic transplantation of primary tumors, as well as using in vivo
tumors derived from genetically engineered mice to build metastatic disease models with
tailor-made genetic lesions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Generation of a syngeneic mouse model of spontaneous metastasis with uniformly-

labeled LLCom tumors

(A) Left panel, reporter activity in the labeled LLCom was consistently maintained

throughout in vivo passage. BL/size, normalized reporter activity in tumors; PO-P5, number
of passage in mice (see text). Right panels, GFP expression (brownish cytoplasmic staining,
upper panel) and the corresponding hematoxylin and eosin (H&E) staining pattern (lower
panel) in a representative pulmonary metastastic LLCom nodule (400x). Normal lung tissue
shows only background GFP staining. (B) Effect of resection size of subcutaneous tumor on
the occurrence of pulmonary metastasis. Subcutaneous LLCom tumors were resected at
indicated sizes, and post-resection changes of chest BL from pulmonary metastases in each
group at indicated times are shown. Green dashed line, macrometastatic threshold (1.5x10°
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photon/sec; see Fig. 2B and text). For both diagrams: red bar, median; blue whisker,
interquartile range.
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Figure 2. Quantitative monitoring of metastatic progression in LLCom model

(A) Post-resection metastatic progression in LLCom model. Upper panel, BL images of
mice in vivo at indicated days after primary tumor resection. Lower panel, the corresponding
metastatic progression score (1, minimal; 2, mild; 3, moderate; 4 marked) and disease
pattern (MF, multifocal; D, diffuse) from pathological analysis. (B) The lung sections from
(A) were digitally analyzed to quantify the overall areas of tumor nodules, and the
correlation between tumor area and chest BL was examined by regression analysis. Left
panel, distribution of chest BL and tumor area of all 17 mice. Right panel, in mice in which
chest BL < 5 x107 (13 of 17 mice) chest BL significantly correlated with the tumor area in a
linear manner. The linearity equation and regression coefficient (R2) are shown.
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Figure 3. Efficacious paclitaxel treatment delays the growth of subcutaneous tumors

When subcutaneous LLCom tumors reached 125 mm?2, mice were randomized to receive
vehicle solution (control) or 7.5 mg/kg of paclitaxel (treated). Tumor growth curves of
individual mice in control or treated group are shown in (A) and (B), respectively. Marker
indicating the mouse number is listed to the right of each chart. Arrows under (B), dosing
schedule. (C) At day 13, tumor size in treated group is significantly smaller than that in
control group. (D) Growth rate in the treated group was significantly reduced relative to the
control group. The tumor sizes at various time points were converted to “fold-increased per
day”. The p value in (C) and (D) was obtained by unpaired t-test.
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Figure 4. Efficacious paclitaxel treatment prolonged disease-free and overall survival in a
spontaneous metastasis model without significant effect on disease growth rate

After resection of the subcutaneous LLCom tumors at 500 mm?3, mice were randomized to
receive vehicle solution (control) or 7.5 mg/kg of paclitaxel (treated). By BL monitoring,
metastatic growth curves of individual mice in control and treated group are shown in (A)
and (B), respectively. Markers at the right of the chart indicate individual mouse data.
Arrows under (B), dosing schedule; green dash line, macrometastatic threshold. (C) Kaplan-
Meier analysis showing that post-surgery overall survival (OS) and disease-free survival
(DFS) was significantly prolonged in treated groups relative to control group. (D) The
treatment had no significant effect on the growth rate of pulmonary metastasis. For each
mouse, time course of chest BL was converted to “fold-increased per day”. N.S., not
significant. The p value was obtained by unpaired t-test.
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Figure 5. Prognosis in the LLCom model of spontaneous metastasis is determined by disease-free
survival, not growth rate

(A) Design of the adjuvant chemotherapeutic setting. After the resection of subcutaneous
tumors (post-surgery Day 0), mice were randomized to receive vehicle solution (control),
chemotherapeutic agents, or their combinations, followed by BL monitoring for therapeutic
responses. In combination treatment, individual drugs were given at the same dose and
schedule as indicated. (B) Left panel, regression analysis showing that DFS time is highly
correlated with OS for adjuvant chemotherapeutic setting. Right panel, no significant
correlation was found between OS and average growth rate of pulmonary metastasis
(calculated in the same way as Fig. 4D). In both panels, regression coefficient (R2) and p
value are shown. PT, paclitaxel; CDDP, cisplatin; TNP, TNP470. (C) Left panel, effect of
drugs and combinations on the subcutaneous LLCom tumors. Treatment was initiated when
the subcutaneous tumors reached 125 mm?3 with the indicated agents and schedules. Doses
of the agents were the same as in Fig. 5A. For each time point, the median size of control
and treated groups are shown. Whiskers, interquartile range. p-value was determined by
One-way ANOVA. Tumor inhibition ratio (see Supplementary Method) at day 18 was
calculated for each treatment. Right panel, no correlation existed between tumor inhibition
ratio in subcutaneous tumor model (Fig. 5C) and OS in post-surgery metastasis model (Fig.
5B).
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Correlation between mouse chest BL intensity and pulmonary metastasis progression

Chest BL Corresponding Lung Pathology | Score
<15x10° No overt pathology -
1.5x10°5 — 1x106 Single or multifocal lesions 1-2
1x10% - 5x107 Mostly multifocal 3-4
> 5x107 Diffuse 4
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