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Abstract: Rationale: The tumor microenvironment (TME) is heterogeneous including both 
malignant and host cell components as well as regions of hypoxia, elevated interstitial fluid 
pressure (IFP) and poor nutrient supply. The quantitative extent to which the 
microenvironmental properties of primary tumors are recapitulated in xenograft models is 
not well characterized. Methods: Xenografts were generated by implanting tumor biopsies 
directly into the cervix of mice to create a panel of orthotopically-passaged xenografts 
(OCICx). Tumors were grown to ~1 cm (diameter) and IFP measurements recorded prior 
to sacrifice. Enlarged para-aortic lymph nodes (>1–2 mm) were excised for histologic 
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confirmation of metastatic disease. Quantitative histological analysis was used to evaluate 
hypoxia, proliferation, lymphatic and blood vessels in the epithelial and stromal regions of 
the xenografts and original patient tumour. Results: IFP and nodal disease were not 
correlated with tumor engraftment. IFP measurements in the xenografts were generally 
lower than those in the patient’s tumor. Lymphatic metastasis increased with passage 
number as did levels of hypoxia in the epithelial component of the xenografts. The blood 
vessel density in the stromal component of the xenografts increased in parallel. When all 
the markers were compared between the biopsy and the respective 3rd generation 
xenograft 10 of 11 tumors showed a good correlation. Conclusions: This ongoing study 
provides characterization about tumoral and stromal heterogeneity in a unique orthotopic 
xenograft model. 

Keywords: cervix cancer; stroma; patient-derived cervix xenograft; hypoxia; tumor 
microenvironment 

 

1. Introduction 

1.1. Cervical Cancer: Epidemiology and Clinical Challenges 

Cancer of the uterine cervix represents the third most common cause of female mortality due to 
cancer worldwide [1,2], with an estimated 500,000 new cases diagnosed annually [3,4]. The mortality 
rates of this disease have remained relatively stable in economically developed countries with adequate 
screening practices, however morbidity and mortality remain high in countries with more limited 
infrastructure, where the implementation of screening and treatment strategies for early stage disease is 
challenging [2,5,6]. Epidemiologic studies have demonstrated a critical role of human papillomavirus 
(HPV) in the pathogenesis of neoplastic cervical lesions, with the “high risk” genotypes HPV 16/18 
being associated with 99.7% of invasive cervical carcinomas [5,7,8]. Recently developed vaccines 
targeting oncogenic strains of HPV have demonstrated efficacy at reducing the incidence of HPV-related 
disease including both in situ and invasive cervix cancer. However, given the latency of HPV-driven 
cervix disease it is unlikely that these strategies will have a significant impact on the burden of cervix 
cancer for some time. It is therefore imperative to continue developing appropriate animal models of 
human cervix cancer, to facilitate an improved understanding of relevant tumor biology and for the 
identification and evaluation of novel therapies. 

Cervical carcinomas develop in a stepwise manner from dysplastic lesions to carcinoma in situ and 
ultimately invasive cancer. Pathologically the majority, close to 85%, are squamous cell carcinomas 
(SCC) with the remainder being adeno-(AD) or adenosquamous carcinomas [9]. The success of 
screening strategies in reducing the morbidity and mortality related to cervical cancer is related to the 
effective management of early lesions by laser ablation, cryotherapy, or surgical excision, thereby 
impeding progression to invasive disease. [10–12]. Once established, invasive cancer is best managed 
either surgically or with radical radiotherapy depending on extent of tumor invasion [13]. Radical 
radiotherapy generally administered concurrently with cisplatin chemotherapy, is the preferred 
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treatment option for locally advanced cervix cancer and results in 5-year disease-free survival rates of 
over 60% [14,15]. If disease recurrence occurs the patients, together with patients with diffuse 
metastatic disease at initial presentation, will then require systemic therapy, which is predominantly 
palliative in nature. These patients have a poor prognosis, as responses to chemotherapy are transient 
and patients continue to suffer significant morbidity related to pain and gastrointestinal or 
genitourinary obstruction, and eventually die of their disease [16,17]. 

1.2. Tumor Microenvironment 

The profound cellular complexity of human cancers is now well established. Malignant epithelial 
cells share a physical space with a heterogeneous cellular stroma consisting of activated fibroblasts, 
immunomodulatory cells and vascular elements. In addition, heterotypic interactions amongst the 
different cellular components lead to deposition of a varied extracellular matrix of collagens and other 
proteins and polysaccharides, which provides a scaffolding structure for malignant cells [18,19]. 
Classically felt to be relevant in providing support to the malignant epithelial cells, it is now 
recognized that the different stromal components are also of critical significance in tumorigenesis and 
metastatic dissemination [20,21]. This is partially related to modifications epithelial tumor cells can 
initiate within their adjacent stroma creating a permissive and supportive (micro)environment 
facilitating their own growth and consequently tumor progression. Further, epithelial-stromal 
molecular cross-talk has significant implications for suppression of immuno-surveillance leading to 
immuno-tolerance of tumors [22]. Given the already described contributions of stroma biology to 
tumor progression and treatment resistance, investigations that further elucidate these interactions are 
especially relevant at this time [23,24]. 

The tumor microenvironment also exhibits abnormal pathophysiological features such as hypoxia 
and increased interstitial fluid pressure (IFP) associated with disorganized vascular development. 
Hypoxia develops when oxygen consumption within a tumor exceeds supply, and its presence has 
been demonstrated in a number of human cancers utilizing a variety of measurement techniques. 
Direct measurements of oxygen (O2) using polarographic electrodes have revealed low pO2 values in 
most cervical cancers [11,25–28]. Although first demonstrated to be a significant contributor in 
radiation resistance, other studies have also found a prognostic relevance of hypoxia, correlating with 
more aggressive tumor biology and poor patient outcome in a variety of tumor types including cervix 
cancer [29]. Many hypoxic cancers also show a greater metastatic potential, which is consistent with 
the idea that the tumor microenvironment has a major effect on cancer biology [30]. 

Another component of the tumor microenvironment, IFP, is also elevated in most solid tumors in 
comparison with normal tissue [19,27,28,31]. High IFP values reflect poor lymphatic drainage in 
tumors, increased vascular leakiness and decreased interstitial permeability [31,32]. Increased tumor 
IFP has been demonstrated to predict for inferior survival after irradiation [33]. Tumors in the cervix 
are accessible for biopsy and for measurements such as those of tumor hypoxia and IFP, both of which 
can be predictive for treatment outcome, making it a useful clinical model for examining 
pathophysiologic aspects of the tumor microenvironment that may apply to other cancers [28]. 
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1.3. Patient-Derived Xenografts 

The evaluation of the molecular status of tumors in response to treatment is integral for the rapid 
and efficient development of rational targeted anti-cancer therapies. It is only through the careful 
evaluation of on-treatment changes and perhaps even more importantly, those occurring on 
progression, that we will be able to understand the different tumor contexts predictive of response. 
Unfortunately obtaining repeat tumor biopsies, although certainly feasible in some contexts, provides a 
number of logistic challenges to the care of patients on clinical trials. Further, there are some primary 
tumors where location precludes being able to safely obtain adequate and repeated biopsies. For these 
reasons, it is crucial to have at our disposal appropriate preclinical models that closely parallel the 
clinical context on as many levels as is possible in terms of biological behavior, malignant 
pathophysiology and response to treatment. 

Most xenograft models are generated by subcutaneously implantation, as the accessibility of this 
site contributes to the relative ease of developing and testing novel agents in these models. However 
the microenvironment of subcutaneous murine models may not reflect that of the original tumor from 
which the xenograft was derived [34]. Recapitulation of the original tumor microenvironment has a 
greater likelihood of occurring in orthotopic models. Currently the most commonly used murine tumor 
models are based on implantation of relatively homogenous human cell lines, which unfortunately do 
not adequately represent the clinical characteristics of the disease particularly with regards to drug 
response and distant metastasis. Therefore, establishing patient-derived tumor tissue xenograft models 
may provide a more accurate reflection of the tumor microenvironment than tumor cell lines [35]. 
Studies in a variety of tumor types including renal cell, prostate, osteosarcoma, myxoid liposarcoma, 
brain and uveal melanoma have already demonstrated consistency between clinical tumors and  
patient-derived xenografts with respect to histological and genetic profiling [36–41]. 

The aim of our study was to establish and quantify features of the tumor microenvironment of 
patient-derived xenograft models of cervix cancer. We studied a range of microenvironmental 
parameters (hypoxia, IFP, proliferation, vasculature, lymphatics, epithelial and stromal markers) 
separately in the epithelial and stromal compartments in serial passages of orthotopically maintained 
primary cervix xenografts, relating these measurements to those made in the primary patient tumors 
and/or biopsies from which the xenografts were derived. These analyses were performed on four 
different xenografts for each of the first five passages and on all the xenografts at passage three. 

2. Experimental Section 

2.1. Patients and Tissue Samples 

Approval for this study was obtained from the Research Ethics Board at the University Health 
Network. Eligible patients were those undergoing an examination under anesthesia (EUA) as part of 
their pre-treatment evaluation. Patients agreeing to participate and providing informed consent had 
punch biopsies taken during EUA. At the same time measurements of both pO2 and IFP were made as 
described previously [31]. For pO2 measurements track length (1.6 to 2.2 cm) was selected according 
to the size of the tumor as determined clinically and from an MRI scan. A step length of 0.7 mm  
(1 mm forward, 0.3 mm back) was used, and 20 to 30 measurements per needle track were obtained. 
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Where feasible, measurements were obtained at five positions symmetrically spaced around the 
circumference of the tumor to minimize intratumor heterogeneity [11]. 

Biopsies for implantation into mice were immediately placed in ice-cold alpha MEM medium 
containing antibiotics and processed as outlined below. Additional cervix biopsies were placed in OCT 
Optimum Cutting Temperature (OCT) medium (Sakura Finetek, Torrance, CA, USA) and frozen 
immediately in liquid nitrogen for immunohistochemistry. 

2.2. Establishing First-Passage Orthotopic Primary Xenograft 

All animal experiments were performed according to protocols approved under the regulations of 
the Canadian Council on Animal Care. Fresh cervix biopsy reserved for establishing xenograft, was 
cut into 1–2 mm pieces and immersed in Matrigel (BD Biosciences, Mississauga, ON, Canada). The 
pieces were used for orthotopic implantation into the cervix of SCID and NOD/SCID mice as 
described previously [42,43]. Part of the biopsy used for transplantation was placed in formalin for 
histology. The xenografts which grew were passaged using pieces of tumor tissue implanted into the 
same site for up to five passages and pieces of tumour were frozen at the passages 1 to 5. Mice were 
monitored up to one year post-biopsy implant for tumor growth before sacrifice if no palpable tumor 
growth was detected. 

2.3. Tumor Microenvironment Analysis—Xenograft Processing 

Mice received intraperitoneal EF5, [2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-pentafluoropropyl) 
acetamide], 4 hours prior to sacrifice to mark hypoxic cells [44]. The interstitial fluid pressure (IFP) in 
the tumors was measured using a wick-in-needle technique as described previously [19]. IFP 
measurements were taken at three to four different locations close to the centre of the tumor, and the 
mean value of these readings was taken to represent the tumor IFP. The tumors were excised (~10 mm 
diameter), weighed and pieces fixed in formalin or flash frozen in OCT for histology. Para-aortic 
lymphnodes were excised for histological assessment of metastasis if >1 mm in diameter as described 
previously [43]. Tumor samples were later sectioned for staining with hematoxylin and eosin (H&E), 
and IHC analysis of hypoxia (external marker, EF5; endogeneous marker, carbonic anhydrase-9  
(CA-9), [45,46]), vascular density (CD31), lymphatic vessels (LYVE1), proliferation (Ki67), smooth 
muscle actin (SMA), cytokeratin (cocktail AE1/AE3) and collagen type IV. The following antibodies 
and dilutions were used for immunohistochemistry: Rabbit anti-human polyclonal CA-9 (Novus 
Biologicals, Oakville, ON, Canada, NB100-417) 1:2000; Mouse anti-EF5 (Non commercial, gift from 
Cam Koch) 1:250; rabbit anti-mouse polyclonal CD31 (Santa Cruz, Santa Cruz, CA, USA), Sc-1506-R) 
1:1000; anti-mouse polyclonal LYVE1 (rabbit) from Novus Biologicals (NB600-1008) 1:200; anti-human 
Ki67 (rabbit) from Neomarkers (Fremont, California, USA, M-9106-S1) 1:500. AE1/AE3 and SMA 
were stained using the Ventana Benchmark and uVIEW DAB detection system. AE1/AE3 (Dako, 
Burlington, ON, Canada, M3515), 1:200. SMA from Dako (M0851) and used at 1:400. Collagen IV 
(anti mouse for xenografts) Cedarlane 50451 AP-1 pepsin digestion; 1/1000 overnight incubation. 
Collagen IV (anti human for biopsies) Dako M0785; Citrate heat induced retrieval; 1/100 one (1) hour 
incubation. The IHC markers were quantified by identifying regions of staining to determine the 
fraction of the tumor tissue staining positive. Spectrum Genie Aperio analysis [47] was used to 
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delineate epithelial and stromal components of the tumors. Quantification of the IHC markers was 
done separately for these two regions. 

2.4. Statistical Methods 

Association between the ability to form xenograft and the categorical clinical factors was analyzed 
utilizing the Fisher exact test and the Cochran-Armitage test. Spearman correlation coefficients were 
calculated between the primary tumors markers and the xenograft markers for all parameters assessed 
at passage 3. To investigate the changes of the markers for the different passages linear mixed effect 
modeling was applied. The residuals were checked and a log transformation was applied when 
necessary to stabilize the variance. To assess the reliability between patient and xenograft models we 
have calculated the Intraclass Correlation Coefficient (ICC). 

3. Results 

The success rate in establishing primary cervical xenograft models in the orthotopic site from 
patient cervix biopsy tissue was 48%, with 16 of 33 implanted tumors growing in the animals and 
maintained for up to 5 generations. Failure of engraftment was defined at 12 months post implantation. 
Details of the tumors giving rise to xenografts are outlined in Supplementary Table 1 showing the 
number of tumor in each passage. On average it took 3–4 months for the first palpable xenograft to 
arise following orthotopic transplant. The majority of the patients were FIGO stage II–IIIA/B with 
squamous cell histology. Analysis of association with outcome was non-informative due to both small 
patient numbers and lack of sufficient follow-up for some patients to assess clinical outcomes. 

No associations were found between the xenograft take rate and the clinical characteristics of the 
patients, specifically histology, nodal status and tumor size, although the number of patients was small 
(n = 34) (Table 1). Similarly, there was no apparent association between IFP, level of hypoxia (HP5) 
or HPV status of the primary tumor and xenografting success rate. Associations with clinical outcome 
were not assessed because of the small number of patients and the limited time of follow-up since 
completing treatment. 

Table 1. Patient nodal status and xenograft growth. There was no correlation between the 
number of cervix patients with negative, equivocal and positive nodal status with the 
number of xenografts grafted (p = 0.78). The total represents the number of biopsies 
implanted and sub-number of those grafted successfully. The number in brackets shows  
the percentage. 

Nodal Status Number of Patients Xenograft Growth/(%) 
Negative 
≤8 mm 

8 4/(50) 

Equivocal 
>8 mm and equal to or <1 cm 

6 2/(33) 

Positive 
>1 cm 

19 10/(52) 

Total 33 16 (48) 
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Supplementary Table 1 illustrates our strategy for analysis of the various microenvironmental 
parameters of the xenografts. We opted to analyze four of the xenografts (OCICX 1, 3, 8, 16) at each 
of the first five passages and all of the xenografts at passage three for comparison with the initial 
biopsies from which the xenografts were established. The numbers in the highlighted regions of the 
body of the table represent the numbers of tumors that contributed to this analysis. Most of the patients 
had measurements of both IFP and hypoxia in their tumors hence initially we examined these 
parameters in the xenograft models. The analysis indicated similar but higher IFP values in most of the 
original patient tumors than in the passage three xenografts (Spearman correlation coefficient = 0.17) 
(Figure 1A). IFP increased slightly with the number of passages in the four xenograft models 
examined across five passages (p value for linear trend 0.0037). Unfortunately the value for one of the 
primary tumors was not available but it may be noted that for the other three values in the xenografts 
were generally lower than measured in the primary tumor (Figure 1B). 

Figure 1. Interstitial fluid pressure levels in patient and the xenograft OCICx models.  
(A) IFP values are the mean ± SE mmHg with 3–4 measurements made for each tumor in 
all passages. Patient 16 did not have IFP measurements taken; (B) IFP (mmHg) 
measurements over passages for the OCICx 1, 3, 8, 16 are plotted with 95% confidence 
intervals at each passage individually and as a mean of the 4 models p value 0.0037. 

 

 

Measurements of hypoxia in the patients were made using an Eppendorf polarographic oxygen 
electrode (to determine the percent of pO2 values <5 mmHg = HP5) but this probe was not available 
for measurements in the xenografts. Consequently we used EF5 uptake in the xenografts and CA-9 
staining in both the patient biopsies and the xenografts as surrogate parameters for tissue hypoxia 
(Figure 2). Both, EF5 and CA-9, were assessed separately in the stromal and tumor components of the 
tumor. EF5 had a moderate correlation with CA-9 expression in the xenografts (r = 0.51 in tumor and  
r = 0.52 in stroma), but the correlation between CA-9 and HP5 in the patients was poor. This poor 
correlation likely relates to the inherent heterogeneity of these different techniques in the assessment of 
tumoral hypoxia. We have reported previously that HP5 values made directly in the patient tumor do 
not correlate well with CA-9 measurements made in individual biopsies from the patient’s tumors [48]. 
(Figure 2). 
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Figure 2. Hypoxia, blood vessel and proliferation staining. IHC staining in the Biopsy 23 
and Biopsy 3 respectively for CA-9, EF5, CD31, Ki67 and LYVE1. 15× Magnification. 

 

The epithelial and stromal components of the original biopsies and xenograft models were scored 
and assessed using two independent methods—qualitatively by two pathologists (BC and JS) on high 
power fields and quantitatively using a semi-automated pattern recognition software program 
(Aperio’s Genie) on whole tissue sections. Scoring was done on the H&E slides on both the patient 
biopsy and xenograft sections for each OCICx model. Figure 3 shows a good accuracy of epithelial-stromal 
discrimination between these two approaches with a linear correlation for passage 3 xenografts and 
patient biopsies. The Genie Spectrum IHC analysis for the patient biopsy and matching (passage 3) 
xenograft is illustrated in Figure 4 for the tumor and stromal components of two of the models (OCICx 
23 and 3). The panels illustrate the masks of tumor and stroma in the tumor sections with the 
corresponding H&E staining for comparison. The percent tumor at passage 3 for all the OCICx models 
and for the patient biopsy are shown in Figure 5. There is heterogeneity of tumor proportion between 
the two that probably reflects the fact that only a single (small) biopsy specimen was available, 
whereas values for the xenografts are averaged over a number of tumors (as indicated in 
Supplementary Table 1). 
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Figure 3. Linear plot regression analysis showing the association of percent tumor 
epithelial component from the pathologist scoring vs. Genie Spectrum software on patient 
cervix biopsies and xenograft. Scoring was conducted on the H&E slides with n = 1 slide 
for the biopsy (p = 0.0001) and n = 3–4 for the xenografts (p = 0.0099). 
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Figure 4. Genie images of tumor and stroma components in the biospy and OCICx. A 
panel of IHC staining for Biopsy 23 and Biopsy 3 showing H&E patient biopsy, positive 
pixel mask for tumor components; positive pixel mask for stroma components. Staining for 
OCICx 23 and OCICx 3 respectively H&E patient biopsy, positive pixel mask for tumor 
components; positive pixel mask for stroma components. 15× Magnification. 

 



Cancers 2012, 4 
 

830

Figure 5. Percent tumor epithelial component of patient biopsy and OCICx at passage 
three for all models. Values plotted are mean ± SE n = 3 slides scored at passage three for 
the xenograft and n = 1 for patient biopsy. 

 

Using Genie analysis we quantified the stromal content of four xenografts models (OCICx 1,3,8, 
16) throughout the five passages for comparison to the original biopsy (Figure 6A). The stromal 
components of the various passages relative to the biopsy from which they were derived shows 
heterogeneity (as seen in Figure 5). Interestingly, in all four models the level of stroma tended to 
increase at early passages and then decreased at later passages with a low value after five passages for 
all models (<10%). The decrease in stromal content in the later passages paralleled an increase in the 
growth rate of the tumors, as assessed by the mean time between passages (Figure 6B). This increase 
in growth rate was also seen in the remaining models (Supplementary Figure 1). Analysis of the  
para-aortic lymphnodes indicated that the metastatic potential of the xenografts also increased 
significantly (p < 0.01) with passage number (Figure 6C). 

To gain better insight into the stromal and tumor epithelial components of the cervix xenografts and 
the associated cervix biopsy, SMA, collagen IV and cytokeratin staining were examined (Supplementary 
Figure 2). The distinct staining of SMA in the stromal components showed well-differentiated 
fibroblasts/myofibroblasts. Collagen IV staining was also very specific for the stroma. The cytokeratin 
IHC stain in both the biopsy and xenograft differentiates (positive) epithelial components from 
(negative) stroma. Proliferation (Ki-67 staining), hypoxia (EF5 and CA-9 staining), and blood vessels 
(CD31 staining) and lymph vessels (LYVE1 staining) were also assessed in these biopsies and 
xenografts as shown in Figure 2. 
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Figure 6. (A) Xenograft growth curves for the 4 OCICx models (1, 3, 8, 16) over passage. 
Tumor growth rates are plotted as function of passage number shown in days (mean time 
of all the xenografts in the passage ± SD); (B) The percent stroma as positive pixel counts 
over passage number generated by Genie Spectrum software based on the H&E analysis as 
mean ± SD. Passage number 0 indicates biopsy; (C) The mean number (±SD) of positive 
lymph nodes/mouse is shown for the 4 models over passage number. 

 

To alleviate issues associated with heterogeneity in the tumor to stromal content of the biopsies and 
xenografts, quantitation of the staining for the various markers was assessed separately in the tumor 
and stromal components as shown in Figure 7A,B. For CA-9 and EF5 (hypoxia) in the epithelial 
components of the tumor there was a significant (p < 0.001) increase with passage number. In parallel 
there was a significant increase in vascular staining (CD31) (p < 0.001) in the stromal component. On 
average there was also a significant increase in Ki67 staining in the epithelial component of the tumor 
and LYVE1 in both components, however this is variable from one model to another. CD31 and 
LYVE1 levels were much lower in the epithelial than in the stromal component consistent with the 
finding that CA-9 and EF5 change to a larger extent in the epithelial than the stromal component.  
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Ki-67 levels are much lower in the stromal than epithelial component. Correlations between these 
markers were in general weak (r < 0.6). 

Figure 7. Quantitation of the staining for the various markers in the tumor and stromal 
components separately in the 4 models (OCICx 1, 3, 8, 16) over passage number. The 
percent pixel positivity is shown for each marker (A) CA-9, EF5, CD31; (B) Ki67 and 
LYVE1. Values plotted are mean ± SD. Passage 0 indicates biopsy piece. 

 

 
(A) 

 

 
(B) 



Cancers 2012, 4 
 

833

To make an overall comparison of the concordance of the measurements in the biopsies and 
xenografts, we plotted all the data measured in the xenografts against that measured in the original 
biopsy for each of the 11 xenograft models (up to OCICx23), as shown in Figure 8A. The actual values 
are presented in Supplementary Table 3. To assess the reproducibility of the patient measurements in 
the relevant xenografts the Intraclass Correlation Coefficient (ICC) was calculated and the data are 
plotted in the order of the ICC. Notably in the Figure 8A the collagen IV staining levels (in stroma) 
generally show a poor correlation, consequently we also plotted the data excluding the collagen IV 
data (Figure 8B), again ordered according to the ICC values. The majority of models (10 of 11) show 
good concordance (ICC ≥ 0.83) with OCICx 11, 16, 22 and 1 as the first 4 models with strong positive 
correlations for all markers. One of the xenograft model (OCICx 8) associated poorly, regardless of 
whether the collagen IV measurements are included or not (ICC = 0.62 excluding Collagen IV and 
ICC = 0.6 for the entire data set, respectively). 

Figure 8. The relationship between the passage 3 xenograft for all models and its matching 
biopsy. Plots for IFP and tumor and stroma measures for hypoxia, blood and lymphatic 
vessels, proliferation and smooth muscle actin. Lines plotted are the (0,1) line of perfect 
concordance. Collagen IV is shown in the full data set in (A) and excluded as an outlier in (B). 
Values are listed in Supplementary Table 2. 

 
(A) 
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Figure 8. Cont. 

 
(B) 

4. Discussion 

The aim of this present study was to characterize the tumor microenvironment of primary  
cervix xenografts, established and propagated directly from patient tumors. Our goal was to develop 
well-characterized and representative models of human tumors that recapitulate the microenvironmental 
complexity of clinical cervical cancer. To our knowledge there have been no other studies of this 
nature demonstrating the differences in the tumor microenvironment between early xenograft passages. 
We report the establishment of a unique set of serially transplantable, orthotopic, patient-derived 
cervical cancer xenograft models that, at least within the range of passage numbers examined, show a 
relatively stable retention of the original tumor characteristics, but demonstrate a range of features 
faithfully reflecting the tumor heterogeneity encountered in patients. This is essential for the validity of 
the xenograft model and the results which will be obtained from them using novel therapeutics [49]. 
Direct orthotopic implantation of the tumors may preserve the ability of cells to interact with 
supporting cells such as the stroma within the microenvironment; features that are lost in the in vitro 
setting. However, one drawback of any tumor grafting model based on core biopsies is that small 
acquired samples may not always be representative of an entire patient tumor [50]. 

There are a limited number of studies reporting on the development of patient-derived xenograft 
models through serial orthotopic implantation. The latency for tumor “take” is variable among tumour 
histology, location of implantation, and recipient strain [51]. Studies in patient-derived xenografts of 
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pancreatic, lung, ovarian and prostate carcinomas demonstrate engraftment rates ranging between  
40–95% with serial passages resembling the original biopsy histologically [52,53]. See Supplementary 
Table 2 for summary. Recently DeRose et al. [54] reported on the establishment of serially 
transplantable, orthotopic, breast tumor grafts that retain the characteristics of the original tumor 
(based on histology and genetic profiling). The tumor architecture was maintained through several 
passages in mice including its supportive stroma. Furthermore, Jin et al. [55] showed that early passage 
of the patient-derived tumor tissue of primary colon carcinoma, lymphatic and hepatic metastases 
revealed a high level of similarity with the original clinical samples with respect to histology, 
immunohistochemistry and gene expression. Thus it is clear that patient derived xenograft models 
histopathological features and molecular signatures that are similar to the original tumors in various 
contexts. There are limited studies investigating orthotopic vs. subcutaneous xenografts comparisons 
originating from patient tissue samples. However Pocard et al. [56] does in fact show, in colorectal 
carcinomas, that orthotopic xenografts resemble the original tissue sample better then subcutaneous tumors. 

However, there has been limited detailed analyses about the stromal and microenvironmental 
components of these primary xenograft models particularly in regards to changes during passaging. In 
our primary cervix xenograft model an engraftment rate of approximately 48% was found. This rate 
was not correlated to HPV status or patient clinico-pathological features nor to the measurements of 
hypoxia (HP5) or IFP in the primary (patient) tumor, although it should be recognized that this may 
reflect the small sample size of the biopsy population. Despite the lack of correlation with clinic-pathologic 
features we did observe the development of lymphatic metastases in many of the models and observed 
that the number of metastases increased with passage number in the four models analysed for passage 
number changes. Consistent with other studies, as noted above, we observed that the OCICx xenografts 
generally track with the patient biopsy in terms of tumor morphology and stromal elements. The strong 
positive correlation between the pathologist scoring of the tumor sections for epithelial and stromal 
components and the automated Genie system (Figure 3) confirms the value of the automated approach 
to allow quantitative analysis of specific markers across whole tumor sections. 

The analysis of differences in the various measurements and markers during the passaging of the 
xenografts suggests that hypoxia levels increase with passage number (generation) in the tumors. In 
parallel with the increase in EF5 and CA-9, particularly in the epithelial component, there is an 
increase in the proliferation marker, Ki-67, in the (oxic) epithelial component, which may increase 
oxygen demand. The increased levels of CD-31 staining (endothelial cells) in the epithelial and 
stromal components are consistent with such an increased demand but the increased level of hypoxia 
suggests that this does not result in a sufficient increase in supply of oxygen. Presumably the levels of 
hypoxia in the xenografts must plateau and stabilize at later passages. A recent study assessing levels 
of hypoxia in pancreatic cancer xenografts (at later passages than used here) using EF5 staining and 
analysis of the whole tumor with flow cytometry, reported that, for xenografts from different primaries, 
there were consistently lower or higher values of hypoxia [57]. This study also observed higher Ki-67 
levels in tumors with greater levels of hypoxia. 

It can be noted that the EF-5 staining levels in both the epithelial and stromal compartments tend to 
be lower than those for CA-9. Although this may reflect factors other than hypoxia than can modulate 
CA-9 expression it is also consistent with findings that lower levels of oxygen are required to activate 
EF-5 binding than are required to stabilize HIF-1 and stimulate CA-9 production [58]. This highlights 
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an often unappreciated difference between these hypoxia markers. Also the levels of hypoxia and  
Ki-67 staining are higher and increase faster in the epithelial component than the stromal component, 
whilst the opposite is true for the CD-31 expression, consistent with most of the vasculature remaining 
within the stromal compartment and limited invasion of vessels into the tumor component. LYVE-1 
staining (primarily reflecting lymphatics) shows a similar pattern to the CD-31 staining. It is 
particularly low in the epithelial component consistent with low levels of lymphatics in tumors. 
Similarly, Ki-67 levels are much lower in the stromal than the epithelial components. However, 
measurements within a specific tumor are subject to heterogeneity inherent within that model (i.e., in 
tumors from different animals but from the same model) (Figure 7). Mean values from sections 
derived from multiple individual tumors were felt to provide a better global perspective of a particular 
xenograft model (derived from a specific patient). Unfortunately this does not translate to the 
comparison with the primary patient biopsy, which being a core biopsy only represents one region of 
the primary tumor and cannot encompass the heterogeneity inherent in that patient’s cancer. 

The small amount of tissue available for analysis of the biopsies likely explains why the individual 
markers showed limited correlation between the biopsy and their respective xenografts. Nevertheless 
when all of the markers were combined the intraclass correlation coefficient analysis (Figure 8) 
showed that overall there was good correlation between the patient biopsy and the measurements of 
the markers in all the xenografts at passage three with the exception of collagen IV. Reasons why 
collagen IV is an outlier in most of the OCICx models are unclear but we note that different antibodies 
were used for the xenografts and the biopsies, so in the case of the xenografts any residual human 
stromal collagen IV would not have been detected. For all the other IHC markers the other antibodies 
recognised both the human and murine markers. Excluding collagen IV from the ICC analysis showed 
a good correlation for other markers for all but one of the eleven xenograft models analysed. While it 
is possible that heterogeneity explains the failure of this model to show a good correlation the data 
raises a caution that not all xenografts may necessarily be good models of the tumour from which they 
are derived, even at very early passage. Genetic analysis of the xenograft models is currently planned 
and it will be of interest to determine if the degree of correlation between the biopsy and xenograft 
models parallels that observed with the current markers. Based on the available data in the literature [51] 
for such comparisons we anticipate that all the models will show a high correlation. 

Currently we are further exploring the tumor microenvironment factors such as stromal components 
and hypoxia in these xenografts through a multimodality imaging study (manuscript in preparation). 
These imaging studies will help to address some of the issues associated with heterogeneity both 
within the xenografts and between xenograft and primary, which, as noted above, is a concern because 
the primary tumor is represented in the current study by a single biopsy. Inevitably imaging measurements 
are at a much lower resolution than is possible with tissue sections. 

5. Conclusions 

Overall our results demonstrate that early passage xenografts established from clinical cervix cancer 
biopsies, capture and reflect the general histopathological features of the primary tumor not only in 
terms of epithelial vs. stromal elements but other tumor microenvironmental elements (hypoxia, IFP, 
vasculature). However, detailed IHC analyses suggest significant increases in hypoxia and proliferation 
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in the epithelial component during serial passaging. This was associated with an increase in the 
number of lymphatic metastases with passage number suggesting a possible increase in malignancy. 
An important caveat is that the interpretation of our studies must be cautious because of the known 
issues of heterogeneity within the tumor but the data has significant implications for the choice of 
suitable xenograft models for therapeutic testing of drugs. Understanding the importance of the  
stroma with the tumor microenvironment in our model of the primary cervix xenografts remains a 
work-in-progress and further analysis is warranted. 
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Supplementary Materials 

Supplementary Table 1. Patient-derived cervix xenografts (OCICx). A list of 16 OCICx 
xenografts generated from cervix patient biopsies with details of the clinical background 
from the patient and tumor grade (SCC = squamous, AD = adenocarcinoma). The xenografts 
are passaged up to 5 generations and the number of orthotopic tumors in each passage is 
indicated. NA indicates that tumors have not yet reached up to this passage. The analysis 
has been done on passage 3 tumors and on multiple passages on OCICx 1, 3, 8, 16. 

OCICx xenografts 
 Biopsy 1 3 8 11 13 15 16 18 20 21 22 23 26 28 29 30 

Passag
e 

 
IIB; 
SC
C 

IIA; 
SCC

IIB; 
AD 

IB; 
SCC 

IIA; 
AD 

IIA; 
AD

IIIB; 
SCC

IIB; 
SCC

IIIB; 
SCC

IIIB; 
SCC

IIB; 
* other

IIB; 
SCC 

IIB; 
clear 
cell 

IIB; 
SCC 

IB; 
SCC

IIB; 
SCC

1  2 6 2 1 2 1 5 3 2 3 3 2 4 1 4 1 
2  8 11 6 2 2 1 12 2 3 5 2 3 1 4 3 NA
3  21 9 11 3 3 2 12 4 7 4 4 4 NA NA NA NA
4  25 13 8 4 1 4 12 6 7 5 1 3 NA NA NA NA
5  14 4 7 4 2 5 14 7 3 7 3 3 NA NA NA NA

* Other: mucinous. 
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Supplementary Table 2. Summary of various patient derived tumor models showing 
engraftment rate (%) and site of tumor growth. 

Tumor type Engraftment site Take rate % References 
Lung subcutaneous 40 John et al. [34] 

Breast mammary fat pad 37 DeRose et al. [54] 
Ovary subrenal capsule 95 Lee et al. [52] 

Pancreas subcutaneous 80 Rubio-Viqueira et al. [53] 
Prostate subrenal capsule 56 Priolo et al. [37] 
Colon subcutaneous 60 Jin et al. [55] 
Renal kidney capsule 95 Grisanzio et al. [39] 

Osteosarcoma subcutaneous 20 Mayordomo et al. [38] 

Supplementary Table 3. Percent labelling for IHC markers for passage 3 xenografts 
(mean ±SE) and matching biopsies (single values) measured in stroma (A) and tumor (B). 

Marker IFP  
CollIV 
stroma

 
CA9 

stroma
 

CD31 
stroma

 
Ki67 

stroma
 

LYVE1 
stroma 

 
SMA 

stroma
 

OCICx Pt Xeno Pt Xeno Pt Xeno Pt Xeno Pt Xeno Pt Xeno Pt Xeno

1 17.3 
13.3 

(10.9–
15.6) 

20 
54.7 

(52.9–
56.4) 

14 
15.3 

(13.5–
17.1) 

26 
24.3 

(22.7–
25.9)

7 
7 

(4.6–
9.3) 

12.0 
24.8 

(21.6–
28.1) 

45.0 
37.8 

(36.7–
38.9)

3 26.5 
16.1 

(12.5–
19.6) 

18 
51 

(43–
59) 

17 
3.7 

(2.6–
4.8) 

11 
41.7 

(37.9–
45.5)

7 
16.4 

(14.9–
17.9)

8.0 
24.2 

(22.2–
26.3) 

62.0 
58.5 

(50.9–
66.1)

8 33.2 
14 

(9.4–
18.7) 

25 
40.8 

(38.1–
43.4) 

23 
17.6 

(14.5–
20.8) 

62.5 
32.5 

(27.5–
37.5)

16 
30.4 

(18.6–
42.2)

32.5 
13.6 
(7.5–
19.8) 

59.0 
59.2 

(56.4–
62.1)

11 22.7 
12.9 
(7.4–
18.4) 

7 
58 

(46.1–
69.9) 

24 
21 

(6.2–
35.8) 

34 
28.7 

(24.7–
32.6)

7 
15.3 

(12.5–
18.2)

8.0 
16 

(11.1–
20.9) 

42.0 
55.7 

(49.4–
61.9)

13 23 
17.7 

(14.3–
21) 

23 
27.3 
(13–
41.7) 

10 
11.7 
(11–
12.3) 

50 
42.3 

(33.3–
51.4)

8 
20.3 

(11.3–
29.4)

15.0 
15 

(12.7–
17.3) 

73.0 
64 

(56.6–
71.4)

15 NA 
9 

(7.6–
10.4) 

27 
63 

(59.1–
66.9) 

0 
12.5 
(7.6–
17.4) 

54 
30 

(16.3–
43.7)

3 
13.5 

(12.5–
14.5)

16.0 
10 

(10–
10) 

59.0 
53 

(27.5–
78.5)

16 NA 
15.5 

(13.1–
17.8) 

26 
40.2 
(31–
49.5) 

4 
6.4 

(4.2–
8.6) 

50 
39.6 

(37.1–
42) 

12 
18.5 

(15.8–
21.3)

14.0 
12.8 
(9.9–
15.8) 

79.0 
77.5 

(71.9–
83.1)

18 25.5 
14.5 

(10.2–
18.8) 

9 
45 

(29.5–
60.5) 

10 
8 (−0.9
to 16.9)

36 
33.2 

(28.5–
38) 

5 
21 

(13.2–
28.8)

27.0 
8.2 
(3–

13.5) 
63.0 

68.5 
(62.9–
74.1)
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Supplementary Table 3. Cont. 

Marker IFP  
CollIV 
stroma

 
CA9 

stroma
 

CD31 
stroma

 
Ki67 

stroma
 

LYVE1 
stroma 

 
SMA 

stroma
 

OCICx Pt Xeno Pt Xeno Pt Xeno Pt Xeno Pt Xeno Pt Xeno Pt Xeno

20 NA 
19.5 

(16.3–
22.7) 

9 
62.3 
(60–
64.5) 

16 
6 

(0.6–
11.4)

41 
37.8 

(32.4–
43.1)

13 
16.1 

(11.6–
20.6)

25.0 
19 

(15.4–
22.6) 

57.0 
67.5 

(61.9–
73.1)

21 34.9 
17.8 

(15.3–
20.3) 

8 
61 

(55.8–
66.2) 

19 
6.7 

(3.1–
10.2)

29 
35 

(26.2–
43.8)

27 
19.8 
(13–
26.7)

3.0 
15.8 

(13.1–
18.6) 

52.0 
60.2 

(56.6–
63.9)

22 22.4 
11.8 
(9.9–
13.6) 

8 
46.8 
(41–
52.5) 

0 
13.8 
(9.1–
18.4)

32 
31.2 

(26.6–
35.9)

19 
12.2 

(10.4–
14.1)

2.0 
14 

(9.2–
18.8) 

60.0 
68 

(64.5–
71.5)

23 11.6 
23.9 

(13.5–
34.4) 

7 
48.3 

(39.5–
57) 

13 
5.3 

(1.7–
8.8) 

64 
41.2 

(34.8–
47.7)

26 
13.8 
(9.1–
18.4)

12.0 
13.2 
(8.8–
17.7) 

47.0 
51.2 
(42–
60.5)

(A) 

Marker 
CA9 

tumor 
 

CD31 
tumor 

 
Ki67 

tumor 
 

LYVE1 
tumor 

 
AE1AE3 

tumor 
 

OCICx Pt Xeno Pt Xeno Pt Xeno Pt Xeno Pt Xeno 

1 49 
34.8 

(32.2–
37.3) 

2 
3.4 

(2.8–4) 
60 

43.5 
(41–
46.1) 

25 
1.9 

(1.1–
2.6) 

77 
74.7 

(74.1–
75.2) 

3 47 
39.8 

(36.1–
43.6) 

3 
3.9 

(2.5–
5.4) 

50 
65.2 

(62.3–
68) 

2 
2.2 

(1.6–
2.9) 

77 
66.2 

(63.3–
69.2) 

8 44 
47.6 

(40.5–
54.8) 

31 
3.4 

(2.4–
4.4) 

62 
71.5 

(63.5–
79.5) 

13 
1.1 

(0.7–
1.4) 

40 
78 

(74.1–
81.9) 

11 58 
60.3 

(55.8–
64.9) 

11 
13 

(−1.4 to 
27.4) 

65 
79 

(75.6–
82.4) 

1 
2.7 
(2–
3.3) 

71 
71.3 

(62.7–
80) 

13 82 
51.7 
(43–
60.3) 

15 
13.3 
(7.8–
18.9) 

76 
71 

(61.1–
80.9) 

4 
2 (−1 
to 5) 

48 
72 

(60.5–
83.5) 

15 50 
48.5 

(41.6–
55.4) 

32 
9.5 

(8.5–
10.5) 

57 
73.5 

(72.5–
74.5) 

4 
1 (1–

1) 
22 

74 
(68.1–
79.9) 

16 31 
36.5 

(31.8–
41.2) 

21 
4.5 

(2.8–
6.2) 

87 
70.5 

(65.5–
75.4) 

7 
3.8 
(2–
5.5) 

57 
72 

(68.1–
75.9) 
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Supplementary Table 3. Cont. 

Marker 
CA9 

tumor 
 

CD31 
tumor 

 
Ki67 

tumor
 

LYVE1 
tumor 

 
AE1AE3 

tumor 
 

OCICx Pt Xeno Pt Xeno Pt Xeno Pt Xeno Pt Xeno 

18 33 
58.5 

(52.6–
64.4) 

27 
2.8 

(1.1–
4.4) 

74 
63 

(50.3–
75.7) 

15 
0.8 

(−0.2 to 
1.7) 

70 
63.3 

(56.1–
70.6) 

20 43 
39 

(28.8–
49.2) 

16 
8.8 

(3.8–
13.7) 

79 
62.8 
(54–
71.5) 

14 
7.8 

(5.5–
10) 

42 
66 

(63.2–
68.8) 

21 56 
48.7 

(38.2–
59.1) 

8 
4.2 

(2.5–
5.8) 

85 
62.7 

(56.5–
68.8) 

1 
1.2 (0–

2.3) 
75 

66.8 
(60–
73.5) 

22 31 
48.8 

(36.5–
61) 

4 
4.2 

(3.3–
5.2) 

83 
61 

(46.7–
75.3) 

0 
2 (0.6–

3.4) 
81 

73.8 
(64.1–
83.4) 

23 42 
43.2 

(35.2–
51.3) 

7 
7 (3.5–
10.5) 

81 
58.2 

(51.3–
65.2) 

2 
2.2 

(0.1–
4.4) 

81 
65 

(59.5–
70.5) 

(B) 

Supplementary Figure 1. Mean time for tumor growth between passages for the OCICx 
models (11, 13, 18, 20, 21, 22, 23). Time in days are plotted in passage number shown 
(mean ± SD) for xenografts in that passage. Passage number at 0 indicates biopsy. 
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Supplementary Figure 2. Immunohistochemical staining of stromal and epithelial 
components in the biopsy and OCICx xenografts. IHC staining in the Biopsy 23 and 
Biopsy 3 respectively smooth muscle actin (SMA); collagen IV (coll IV); AE1AE3 
cytokeratin in parallel sections. 15× Magnification. 
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