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Abstract

Objectives—To investigate the feasibility of performing a fresh-tissue, in vitro radiation resistance
assay (IVRRA) in a cooperative group setting and to assess the association of IVRRA results with
clinical outcomes.

Methods—Women with Stages 11B-1VA carcinoma of the uterine cervix without obvious para-
aortic lymphadenopathy on imaging were eligible. Primary tumor biopsies were shipped to a central
testing facility where agar-based cell suspensions were exposed to 300 cGy of RT = cisplatin and
cultured for 5 days. 3H-thymidine incorporation was used to determine percent cell inhibition (PCI)
of test specimen compared to that of the untreated control. Tumors were considered to exhibit extreme
radiation resistance (ERR), intermediate radiation resistance (IRR) or low radiation resistance (LRR)
based on a standard data set from 39 previously studied specimens. Standardized doses of external
beam radiation and intracavitary brachytherapy, when feasible, in addition to platinum-based
chemotherapy were mandated. Progression-free survival (PFS) was the primary endpoint. Clinical
response and overall survival (OS) were secondary endpoints. Clinical investigators were blinded to
assay data and vice versa.

Results—Thirty-six patients were enrolled, but analysis was limited to 17 patients whose specimens
were adequate for IVRRA. The median follow-up time was 40 months. There was no association
between IVRRA and response. In the Cox model, IRR/ERR tumors showed worse PFS [HR=11.2
(95% CI 1.3-96, p=0.03)] and worse OS [HR=11.7 (95% CI 1.4-99.6, p=0.03)] compared to LRR
tumors when IVRRA was performed with RT alone, but there were no associations between IVRRA
and PFS or OS when cisplatin was added to the IVRRA.

Conclusions—IVRRA (RT alone) results correlated with PFS and OS in this prospective trial, but
follow-up trials are indicated to address feasibility and to confirm results in an expanded cohort. If
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confirmed, IVRRA could potentially direct molecular identification of novel targeted therapeutic
approaches which might counteract radiation resistance.

Introduction

An estimated 11,270 United States women will be diagnosed with cancer of the uterine cervix
in 2009.[1] Most of these women will present with early-stage disease that is amenable to
surgery, but approximately 36% will present with locally advanced disease (LACC)[2] for
which radical radiotherapy(RT) is the primary treatment modality. Though women with LACC
comprise fewer than half of all cervical cancer cases, they account for a disproportionate
number of cancer deaths.[2] The 1973 and 1978 Patterns of Care studies reported 4-year in-
field recurrence rates of 20% and 47% in women with Stage 11B and I11B disease, respectively
[3], suggesting that radiation failures contribute to the mortality of women with LACC. Since
that time, only one modification to standard RT was instituted in 1999 after five randomized
trials demonstrated better progression-free and overall survival when radio-sensitizing
cisplatin was given in addition to standard pelvic radiotherapy for LACC.[4-10] Despite this
improvement, these trials reported five-year in-field failure rates for all stages ranging from
16% to 25%.

Itis postulated that biologic radiation resistance contributes, at least in part, to tumor recurrence
and death in locally-advanced tumors such as cervical, breast, lung, head and neck, and
colorectal cancers for which radiation is the primary treatment modality. Though tumor
hypoxia[11-14], angiogenesis[15-20], and aberrant cellular metabolism[21,22] have been
proposed, the mechanisms associated with biologic radiation resistance have yet to be clearly
elucidated. Until these mechanisms can be characterized and their impact on patient outcome
determined, in vitro resistance assays have the potential to empirically predict the failure of
radiation prior to its administration.

West, et al was the first to describe a clonogenic assay demonstrating a correlation between an
above average in vitro response to radiation and prolonged progression-free survival [23], but
widespread application of this assay was limited by technical issues including labor
intensiveness, long duration (14 days), high cost, and poor standardization due to low plating
inefficiencies and clump artifact.[24] An in vitro radiation resistance assay based on extreme
drug resistance (EDR) technology that overcomes these technical limitations has been
previously described. [25,26] The purpose of this study was to determine if results of this assay
correlate with outcome in women with locally advanced cervical cancer receiving protocol-
mandated treatment on a prospective, multi-center clinical trial.

Materials and Methods

Eligibility

Women with previously-untreated stage 11B-1VVA squamous, adeno-squamous, or
adenomatous carcinoma (confirmed by central pathologic review) of the uterine cervix with
planned primary chemo-radiotherapy were eligible. A complete physical examination by a
gynecologist with documentation of pelvic disease measurable in two dimensions, in addition
to para-aortic lymph node assessment by either bipedal lymphangiogram, CT scan or MRI of
the abdomen was required. Women with findings on imaging suggestive of para-aortic lymph
nodes metastases were ineligible unless those lymph nodes were proven to be negative by
surgical histo-pathologic examination. All women gave informed consent for participation and
signed consent documents that had been approved by the Institutional Review Board of the
enrolling and treating institution.
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Tumor procurement and IVRRA preparation

Incisional biopsies of 1.5-3 grams of fresh tissue were collected trans-vaginally, shipped in
sterile RPMI to a central testing facility (Oncotech, Tustin, CA), and disaggregated
mechanically and enzymatically (DNAse/Collagenase Type I) into single-cell agar-based
suspensions (RPMI 1640, 15% fetal calf serum, 0.3% agarose). Viability was determined by
trypan blue exclusion, and viable specimens were plated onto a 0.4% agarose base layer in 24-
well plates at a density of 1-5 x 10° cells per well. Viable specimens were exposed in triplicate
to 3, 6, and 12 Gy of x-ray irradiation (0 Gy as negative control) using a 6 MV X-ray beam
from a Cliniac 2300C/D linear accelerator (Varian Oncology Systems, Palo Alto, CA).
Irradiated plates were surrounded by tissue equivalent materials to maximize backscatter and
to ascertain uniformity of the radiation dose delivered [25]. All plates were then incubated at
37°C, 5% CO2 for 5 days, and [*H]thymidine (5 uCi/well) was added for the last 48 hours.
Agarose-tumor cell suspensions were melted at 90°C and harvested onto glass-fiber filters from
which radioactivity was counted by liquid scintillation. Duplicate positive (high-dose cisplatin-
exposed) and quadruplicate negative (media alone and media plus untreated cells) control
cultures were performed with each assay. Results were reported as the percent cell inhibition
(PCI) proliferation ([3H]thymidine activity) compared to that of the untreated control. Tumors
were considered to exhibit either extreme radiation resistance (ERR), intermediate radiation
resistance (IRR) or low radiation resistance (LRR) based on a published data set generated
from 39 specimens and 4 cell lines (Figure 1) where PCI at or above the median=LRR, at one
standard deviation (SD) below the median PCI= IRR, and 2 SD below the median =ERR
[25].

Patient treatment protocol

In an attempt to minimize treatment bias, a standardized chemo-radiation treatment plan was
mandated. External beam radiation was delivered to a minimum dose of 45 Gy to the whole
pelvis, and a 10.8 Gy parametrial boost was permitted. Intracavitary brachytherapy could be
delivered by either low-dose-rate or high-dose-rate to achieve a cumulative dose of 80-90 Gy
to Point “A”. Weekly platinum-based chemotherapy was mandated. Progression-free survival
(PFS) was the primary endpoint and was measured from date of study entry to first-documented
date of progression (defined as unequivocal progression of disease as determined by the
examining physician, appearance of new lesions, symptomatic deterioration) or death from
any cause. Secondary endpoints included clinical response and overall survival (OS). Response
was recorded as complete response defined as disappearance of all disease versus no response
which included both stable and progressive disease as described by RECIST criteria.[27]
Patients were monitored with physical examination and consistent imaging modality every 3
months for the first 2 years, every 6 months for the next 2 years, and annually for the following
6 years thereafter.

Statistical Considerations

Investigators performing clinical assessments were blinded to assay data and vice versa. An
exploratory analysis was performed to investigate in a preliminary manner any associations
between clinical outcomes and PCI values. To maximize statistical power, PCI values were
dichotomized into two categories LRR versus IRR/ERR. Fisher’s exact test was used to assess
the association between response and LRR versus IRR/ERR. Overall survival and progression-
free survival were estimated using the method of Kaplan-Meier. Cox regression analysis was
used to estimate the hazard ratios (HR) between IVRRA LRR vs. IRR/ERR, and the Chi-square
statistic from the score test was used to assess statistical significance.

These analyses were exploratory in nature, with the goal of suggesting hypotheses to be studied
in larger patient cohorts. No adjustments were made for multiple comparisons. Thus a p-value
less than 0.05 was considered significant. All analyses were performed using SAS version 9.0.
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Tumor specimens were submitted for 32 patients. The planned accrual of 100 patients was
prematurely interrupted when funding for the SWOG Gynecologic Committee was withdrawn.
Seventeen of the 32 tumors collected were viable in vitro, and the remaining 15 specimens
were contaminated, necrotic, or failed to grow in culture. Viable tumors were slightly larger
and had a higher fraction of malignant tumor in the submitted specimen, but these differences
were not statistically significant (Table 1). The 15 patients whose tumors were unsatisfactory
for the in vitro assay were excluded from the final analysis. Clinical characteristics of the 17
patients with adequate assay data are listed in Table 1. Most patients had Stage I1B disease
(71%), completed EBRT (94%), and received at least two applications of ICBT (82%). All
women received weekly cisplatin. The median follow-up time at the reported analysis was 40
months (range 2-56).

In vitro Assay Data

For quality control purposes, each specimen was exposed in vitro to increasing doses of RT+
CDDP. These dose-response relationships, depicted in Figure 2, resulted in expected increasing
cell growth inhibition of 54%, 68%, and 73% for 300, 600, and 1200 cGy exposure respectively.
The corresponding PCI values for CDDP alone, CDDP+300 cGy RT, and CDDP+600 cGy RT
were 73%, 90%, and 95% respectively. In vitro exposure to 300 cGy categorized 7 tumors as
LRR and 10 as IRR/ERR. In vitro exposure to CDDP alone yielded 8 LRR specimens and 9
IRR/ERR specimens. In vitro exposure to both RT and CDDP categorized 8 specimens as LRR,
8 as IRR/ERR with the exclusion of one uninterpretable result (data not shown).

Clinical Correlative Data

There was no association between IVRRA and clinical response (data not shown). However
there was a statistically significant difference in PFS (Figures 3A and 3B) and OS (Figures 4A
and 4B) between women whose tumors exhibited LRR vs IRR/ERR to in vitro RT alone (100%
recurrence-free vs. 32% respectively, p=0.03). No difference was detected, however, for
women whose tumors exhibited LRR vs IRR/ERR to in vitro RT with in vitro CDDP (88 vs.
60%, p=0.38). At 24 months, 1 of 7 women with LRR assay results and 6 of 10 women with
IRR/ERR assay results had disease recurrence.

In the univariate Cox model, IRR/ERR tumors showed worse PFS [HR=11.2 (95% CI 1.3-96,
p=0.03)] and worse OS [HR=11.7 (95% CI 1.4-99.6, p=0.03)] compared to LRR tumors when
IVRRA was performed with RT alone, but there were no associations between IVRRA and
PFS or OS when cisplatin was added to the IVRRA (Tables 2 and 3).

Discussion

Chemoradiotherapy (CRT) remains the standard treatment for women with locally advanced
carcinoma of the uterine cervix. Based on five randomized, controlled trials [4-10], the addition
of “radiosensitizing” cisplatin to standard radiation in 1999 achieved the last widely-accepted
improvement in progression-free and overall survival in these women. The largest of these
trials [9], which only enrolled women with surgically-proven negative para-aortic lymph nodes,
documented recurrence in 42% at 5 years, and half of these were in-field treatment failures.
Intrinsic biologic resistance to radiation probably contributes, at least in part, to radiation
treatment failures in cervical cancer.

To our knowledge, this is the first prospective evaluation of an in vitro assay intended to predict
the outcome of women treated with CRT. These data report the provocative finding that women
whose tumors exhibit LRR to in vitro RT alone have a significantly better outcome relative to
recurrence and survival than those whose tumors exhibit IRR/ERR in both the actuarial and
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regression models. This effect was not observed when in vitro CDDP was added to the assay.
Although the positive findings were statistically significant, conclusions regarding the
predictive capability of the in vitro RT alone assay (IVRRA) must still be drawn with caution,
because the small study sample size precluded adjustment for potentially -confounding clinical
covariates in the regression analysis. Indeed, the original study design estimated that a sample
size of 100 patients would provide an 85% power to detect a progression hazard ratio of 2
between women whose tumors exhibited in vitro LRR versus IRR/ERR, with a one-sided log
rank test at a significance level of 0.05, assuming a PFS of 75% at one-year in this patient
population.]

Though the in vitro RT alone assay results were associated with outcome, this association was
not observed when CDDP was added to the in vitro assay. The laboratory validation of this
assay reported invitro synergy between RT and CDDP by Chao analysis. [25] However, tumors
in this study exposed to RT+ CDDP in vitro had a very high cell-kill fraction with a median
PCI of 90% (Table 1). This resulted in a skewed distribution among LRR, IRR, ERR groups
as defined in Figure 2, where tumors classified as LRR had PCI values ranging from 95-100%
in contrast to in vitro RT only LRR values ranging from 63-80%, and though the categories
themselves are well distributed in terms of numbers allotted to LRR and IRR/ERR for each
assay, the PCI values represented in these categories are skewed toward very high PCI values
in the RT+CDDP assay. PCI values in the in vitro RT only group were more “normally”
distributed. Therefore, it is not unexpected that no differences could be demonstrated between
LRR and IRR/ERR tumors when CDDP was added to the assay.

The clinical limitation to widespread application of the IVRRA is the current lack of a validated
alternative treatment to standard CRT. Previously-studied strategies include the administration
of neoadjuvant chemotherapy followed by radical surgery for LACC, dose-escalated radiation
therapy, and exenterative surgery, none of which have shown survival advantage over standard
CRT. High-priority clinical trials that examine the addition of novel agents to standard CRT
that are intended to alter or enhance the response to CRT alone are open to accrual. These
include GOG 219, a randomized phase I1I trial investigating the addition of tirapazamine, a
bioreductive cytotoxic agent that targets hypoxic tissue hypothesized to significantly contribute
to radiation resistance, and RTOG-0417, a phase Il trial examining the addition of bevacizumab
to CRT, based on the rationale of targeting the abnormal tumor vasculature that is postulated
to drive growth factor signaling, evasion of apoptosis, and promote selective survival of the
radioresistant fraction of the treated tumor. Both of these strategies have demonstrated modest
improvements in patient outcomes in other CRT-treated tumors, but it is possible that the
benefit of alternative regimens to CRT might be underestimated due to poor patient selection.
Women with radioresistant tumors likely represent a minority of patients treated with CRT on
phase Il clinical trials which limits the statistical power to detect conclusive treatment
differences in these specific patients. IVRRA has the potential to identify these women,
allowing stratification within clinical trials and enabling the in vitro identification of molecular
mechanisms of radiation resistance and testing of novel compounds that target these
mechanisms.

Procurement of fresh, sterile tumor tissue is optimal for commercially-available in vitro
chemotherapeutic assays. Locally-advanced cervical cancers are most easily accessed
transvaginally, where significant portions of the tumor are likely necrotic and/or colonized
with vaginal flora. In vitro testing of tumors in this study was negatively impacted by tumor
viability, and the 53% of assays completed did not meet the feasibility endpoint of 74%. There
were no statistically significant differences in tumor or patient characteristics between women
with viable and non-viable tumors, but sample sizes were insufficient to detect such differences.
Though technical considerations such as tissue acquisition, time to arrival at central testing
facility and conditions during transport might all account for non-viable specimens, it is
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possible that in vitro tumor viability is associated with tumor biology, and that higher fractions
of larger tumors are necrotic and non-viable. In this cohort, FIGO I1B tumors tended to be more
likely to remain viable in vitro than stages I11B and IVA (p=0.16; Table 1). Quality-controlled
IVRRAS might not be practical for single-institution or even regional use.

In summary, the RT-only IVRRA results were associated with outcome in women with LACC
treated on protocol with CRT, but this association was not observed when CDDP was added
to the in vitro assay. Though validity of these results is limited by the small sample size studied
and lack of control for confounding variables, this study is strengthened by its prospective
design, standardized CRT protocol, and exclusion of patients with para-aortic nodal metastases.
Validation of the IVRRA in a larger sample size has potential implications for research design
(biologic analysis of tumors identified as radioresistant and stratification of patients on CRT
trials by assay result) and management of women with LACC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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