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Methods: Model calibrated with cell viability from 
in-vitro monoculture and coculture

Abstract:

Objectives:
• Develop computational model of tumor-fibroblast interaction  
• Predict which conditions may prevent tumor cell death (cytostatic)

Results: Fibroblast-protected and –independent 
cell lines identified in fibroblast coculture

Results: Model predicts tumor cell dynamics for 
monoculture and coculture

Results: Model predicts the tumor-fibroblast ratio that 
results in cytostatic response for various drug conditionsThe tumor microenvironment can mediate tumor development and drug resistance through a myriad of 

mechanical (extracellular matrix) and chemical (growth factor/cytokine) factors. Drug resistance is a 
major challenge in patients with HER2 overexpressing (HER2+) breast cancer, which accounts for 
~20% of all breast cancer cases. Many of these patients (38-75%) do not respond to HER2 targeted 
therapies. Fibroblasts are a prominent cell type found in the tumor microenvironment that are linked to 
poor patient prognosis and tumor drug resistance. In a recent study from our group we have shown that 
fibroblasts cocultured with HER2+ tumor cells prevent tumor cell death and increase tumor cell 
proliferation in the presence of a HER2 inhibitor (Lapatinib). Fibroblasts confer this resistance through 
increased anti-apoptotic protein expression and PI3K/Akt/mTOR pathway activation in tumor cells; 
however, this resistance can be modulated by altering the number of tumor cells, number of fibroblasts, 
and drug concentration in coculture. A temporal model of tumor cell viability is developed to 
quantitatively explain the effects of fibroblasts and Lapatinib on tumor cell growth and predict tumor 
cell dynamics. The model is calibrated with experimental data of tumor cell count in mono- and 
coculture. By understanding the conditions that bestow complete HER2-targeted therapy resistance, and 
subsequently how to treat these tumors, rational alternative or combination therapies may improve 
treatment for these drug-resistant tumors.
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The stromal metagene is predictive but not prognostic
To test whether the stromal metagene is detecting bad prognosis
tumors that are intrinsically more aggressive, regardless of therapy,
we examined the impact of the stromal metagene on relapse-free
survival in three cohorts of subjects, one treated with adjuvant
chemotherapy16, the other two not. Subjects in the NKI and EMC
studies who did not receive either chemotherapy or hormonal therapy
were used as the reference untreated population. A proliferation
metagene known to be associated with high tumor grade and poor
survival14 was used as a positive control. Subjects were split into two
equally sized groups on the basis of the value of their metagenes. As
expected, high proliferation identified subjects with poor prognosis in
all three data sets (Fig. 3a–c). The stromal metagene was unrelated to
survival in the untreated subjects (Fig. 3d,e). In subjects who received
adjuvant chemotherapy16, higher expression of the stromal metagene
was associated with significantly shorter relapse-free survival times
(Fig. 3f). This indicates that the stromal
metagene is predictive of treatment response
rather than prognostic of survival and sup-
ports the hypothesis that the main associa-
tion is between high stromal content and
resistance to chemotherapy.

The stromal signature is characteristic of reactive stroma
A key question about the stromal metagene is whether it measures an
intrinsic property of the tumor or merely the amount of normal tissue
in the biopsy. To determine which pathological property of the tumor
is captured by the stromal metagene, we performed a blinded
examination of the EORTC biopsy sections. For each sample, the
proportions of tumor and nontumor tissue compartments were
evaluated. As expected, most biopsies contained only tumor tissue
(Supplementary Fig. 4a online). We use the term reactive stroma to
describe areas rich in cells having fibroblast-like morphologies within
the tumor compartment. The fibroblasts themselves are commonly
referred to as activated fibroblasts or cancer-associated fibroblasts.
There were noteworthy differences between tumors in the amount of
reactive stroma (Fig. 4a,b). Comparison of the histological and
microarray data showed a significant association of the stromal
metagene with the amount of reactive stroma (Fig. 4c, P ¼ 0.009,
Wilcoxon test) but not with the proportion of nontumor tissue in the
biopsy (Supplementary Fig. 4b). This means we can confidently
exclude a major contribution of normal mammary tissue, such as
lobules, ducts, adipose tissue or normal mammary interstitial tissue,
to the stromal metagene.

The histological appearance of the biopsies in this study, as of breast
tumors in general, strongly suggested that the amount of reactive
stroma is a regular feature of individual tumors, making it an intrinsic
property of the tumors. The classic approach to identify genes intrinsic
to tumors is to compare between-tumor to within-tumor gene
expression variance12,17. Genes intrinsic to tumors should have low
variance within tumors but high variance between tumors. The
variance ratios (intrinsic scores) for the individual genes in the stromal
metagene can be used to define intrinsic genes. Applying a previously
used threshold17, we found 20 out of 46 testable genes of the stromal
metagene to be intrinsic (Fig. 4d). This is significantly more than
would be expected by chance (namely, 4 genes; P ¼ 0.00005, Fisher’s
exact test).

To test the stromal metagene as a whole, we calculated the mean of
the intrinsic scores of all of the genes in the stromal metagene
(Fig. 4e). To compute an expected distribution for this parameter,
we broke the link between biopsies and tumors in the previous data17;
specifically, the pairing of biopsies used to calculate the within tumor
variance was randomly permuted. Taking the 97.5% upper boundary

Table 2 Predictive factors for pCR

EORTC Univariateb Multivariateb

Variablea Coefficient P value Coefficient P value

Clinical node (N0 versus N1 and N2) –0.099 0.862 0.014 0.982

Clinical size (T1 and T2 versus T3) –0.076 0.895 –0.222 0.736

Grade (grade 1 and 2 versus 3) 1.030 0.080 0.923 0.141

ERBB2 (low versus high) –0.588 0.362 0.114 0.882

Stromal metagene score (low versus high) 1.658 0.022 1.673 0.036

MDA Univariateb Multivariateb

Variablea Coefficient P value Coefficient P value

Clinical node (N0 versus N1 and N2) 0.789 0.231 1.844 0.044

Clinical size (T1 and T2 versus T3) –0.357 0.54 –1.698 0.040

Grade (grade 1 and 2 versus 3) 1.191 0.181 1.009 0.333

ERBB2 (negative versus positive) 0.577 0.336 0.489 0.477

Stromal metagene score (low versus high) 1.217 0.043 1.605 0.039

aThe node and size determination followed the tumor, nodes and metastasis (TNM)
staging system35. bUnivariate and multivariate logistic regression models were used
to test the predictive power of the stromal signature and conventional variables.
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Figure 3 Prognostic versus predictive value
of the proliferation and stromal metagenes.
(a–c) Relapse-free survival (RFS) in the
proliferation metagene for the NKI (left),
EMC (center) and Duke (right) data sets.
(d–f) Relapse-free survival in the stromal
metagene for the NKI (left), EMC (center) and
Duke (right) data sets. In panels a, b, d and e,
the subjects did not receive chemotherapy.
In panels c and f, subjects received adjuvant
chemotherapy. Blue lines show subjects with
low metagene scores. Red lines show subjects
with high metagene scores. Significance was
calculated by log-rank test.
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CyCIF: inhibition of Lapatinib target pHER2 but not downstream pS6 in 
fibroblast coculture

PI3K/AKT/MTOR signaling sustained during treatment in the presence of 
fibroblasts

Microfluidics capture region of 
influence of fibroblast protection Testing the predictive power of the model

RPPA of multiple HER2+ cell lines to build 
mechanistic model
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