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ABSTRACT

Background: The benefits of achieving better response by adding tirapazamine,
a specific hypoxic cancer cell killer to chemo and or radiotherapy is contradictory.
This study aims at analyzing the efficacy and safety of tirapazamine, apart from
understanding the reasons for its doubtful and inconsistent benefits.

Methods: Electronic database search in PUBMED, EMBASE, Cochrane library
was conducted using search term “tirapazamine”. Randomized or cross-over
studies comparing effects of tirapazamine vs other active treatment or placebo in
patients >18yrs with any type of cancers were included under analysis. Overall
Survival rate was the primary outcome measure while the incidences of grade-3
and 4 adverse drug reactions were the secondary outcome measure. Inverse
variance method and both random and fixed effect models were used in the
analysis by RevMan 5.3 software.

Results: Total six studies were eligible with 1034 patients included in the
analysis. Tirapazamine failed to show significant effect on overall survival rate
at the end of one year (HR: 0.96, 95% CI: 0.88, 1.05), two year (HR: 1.04, 95%
Cl: 0.98, 1.12), three year (HR: 1.01, 95% CI: 0.89, 1.15) and five year (HR: 0.97,
95% CI: 0.77, 1.23) compared to placebo group. There was a significantly higher
incidence of muscle cramps (Risk Difference, RD: 0.06, 95% CI: 0.02, 0.11) and
dermal adverse events (RD: 0.03, 95% CI: 0.01, 0.06) in tirapazamine group.
Conclusions: With the available evidences from clinical trials and preclinical
studies, use of tirapazamine may not be justifiable and so is to side line this drug
as another failed drug.
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INTRODUCTION

Cancer is the leading cause of death worldwide both in
developing and developed countries alike.® In Indian
scenario the incidence of cancer was supposed to increase
from 0.8 million in 2001 to 1.2 million by 2016.2 Cancer
of lung, esophagus and stomach form the major proportion
of cancers in men while the cervical, breast and oral
cancers predominate females.? The major feature of the
solid cancer tumors is the presence of poorly oxygenated
areas leading to development of hypoxic cells or quiescent
cells which are prone for development of radiotherapy and
chemotherapy resistant cancer cells.® Presence of hypoxia
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and hypoxic cells is a stimulus for angiogenesis and
predisposes to metastasis.® The concept of killing these
hypoxic cancer cells which once was considered as a
problem has been considered as opportunity and lead to
development of drugs that selectively targeted hypoxic
cancer cells.* One such drug, tirazapamine gained attention
and interest owing to its chemo and radio sensitizing
effects.® It acts by inducing irreversible DNA double-
strand break and found to be synergistic especially with
platinum based cancer chemotherapeutic agent
cisplatinum.®> Drug showed positive results from
preclinical study models and was found to have mixed
benefits in few of the phase-2 and 3 clinical trials.>*!
Whether this drug is a complete failure is yet to be
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confirmed before sidelining it as a failed drug. Hence this
study aims at analyzing the efficacy and safety of
tirapazamine apart from understanding reasons and the
possible solutions for its inconsistent benefits.

METHODS
Eligibity criteria

Either cross-over or randomized trials with head-to-head
comparison of tirapazamine with placebo or any active
comparator drug in patients aged >18 yrs with any type of
cancers were eligible for inclusion. There was no
restriction applied on the basis of number of sample size
used in the studies. However, those studies with
incomplete data required for statistical analysis or those
published as abstracts were considered for exclusion. We
contacted the corresponding authors to access missing or
other required data whenever necessary.

Literature search methodology

Two authors independently conducted electronic database
search in PUBMED, Cochrane library and EMBASE for
the randomized trials or cross-over trials using search
terms “Tirapazamine”. Limits applied for the search in
PUBMED were “randomized controlled studies”, and
“humans” while the limits applied for search in EMBASE
were “randomized controlled trial” “conference paper”
“article” “article in press” “embase” and ‘“humans”. No
limits were applied in Cochrane library search. No
language restriction was applied. Search was limited to
studies published up to 30th June 2016 and study period
was extending from July 2016 to August 2016. Additional
manual search of some of the relevant review articles was
also conducted to search for any missed studies.

Data extraction and synthesis

Two authors were involved in independent extraction of
all required data in a pre-designed standard data extraction
form. Differences between the authors on to the data
extracted were resolved after achieving consensus between
the authors and then the final data sheet was prepared.
Screening for the eligible studies was conducted by going
through the titles and abstracts of all studies retrieved from
literature search methodology. This was followed by
screening of the full text of potential articles to screen for
availability of required data and other parameters to assess
their eligibility for inclusion. Data extracted from studies
meeting eligibility criteria included baseline demographic,
clinical data and other data required for estimation of
outcome measures. The method followed to extract the
overall survival rates at different time intervals was based
on the Kaplan-Meier curve available from the included
studies. The procedure and software used in extraction of
this data was as described in an article.’? Efficacy
parameters extracted were overall survival (OS) rate and
safety parameters extracted were number and type of
delayed treatment-related adverse drug reactions (ADRS).

Authors did not seek for the unpublished data or the data
from the unpublished studies.

Outcome measures

Primary outcome measure was OS rate in terms of
percentage of patients alive at different time periods
ranging from one year to five year. OS rate defined as the
percentage of patients alive for a certain period of time
after they were started with treatment, irrespective of
complete or partial response and recurrence of the disease.
Secondary outcome measures were number and type of
delayed treatment-related ADRSs.

Quiality evaluation and publication bias assessment

Un-blinded quality assessment of published data of
eligible studies was independently done by two authors as
described in an article.® In addition, the risk of bias
assessment was also done using Cochrane Collaboration’s
tool.** Discrepancies in allotting the quality assessment
scores and level of bias in the individual studies were
sorted after arriving at consensus between the authors.
Funnel plot method was used for assessment of publication
bias.

Statistical methods

OS rate between two groups were assessed by calculating
the Risk Ratio (RR) and Hazard Ratio (HR). Number and
type of ADRs were estimated by calculating Risk
Difference (RD). Mantel-Haenszel method and both fixed
and random effect models were used in analysis of RR and
RD. HR was estimated by calculating Observed-Expected
(O-E) values and variance (V) values of each study at
different time intervals using the formulas as described in
an article.*? These values were then used in HR analysis by
Exp ((O-E)/V) method and fixed effect model. Subgroup
analysis based on the type of cancer and type intervention
was done to test the sensitivity and bias of the results.
Sensitivity of the results was also analyzed by comparing
results of fixed effect model and random effects model.
Heterogeneity between the studies was analyzed by using
Cochrane Q test for heterogeneity and I? test. A chi square
test with P value <0.10 and I? test value of >50% was
considered as indicator of significant heterogeneity.
Statistical analysis was conducted by using RevMan
software version 5.3.

RESULTS
Literature search results

Figure 1 shows the results of data search and the attrition
diagram with number of studies excluded and reasons for
exclusion. Excluded studies did not involve those articles
published in language other than English. Six RCTs
comparing tirapazamine with placebo or other active
treatment were eligible and included in the analysis. None
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of the studies were excluded for the incomplete data and
for publishing in language other than English.

search: 82
PUBMED: 14

No. of amicles identified from electronic database
Cochrane: 44 ’

EMBASE: 24

N

Numbes of articles meeting eligibility criteria: 06

Number of studies included: 06

Number of studics

Number of articles not meeting cligibility criteria after excluded: 00

excluding duplicates: 49

N2

Reasons for not meeting cligibility criteria

- Articles as part of the major included smdy: 09
- Studies published as abstraet: 17

- Tirapazamine not used as test drug: 03

- Review. Comments, Meeting proceedings: 08

- Studies registered in clinicaltrials gov: 02

Figure 1: Literature search results and study attrition.
Characters of included studies

Tables 1 to 4 show the baseline demographic, clinical
features and characteristics of individual studies included
in the analysis. Studies varied with regard to the types of
cancer, wherein three studies were on patients with head

and neck cancer, two on lung cancer and one study was on
patients with cervical cancer. There were few difference
betweeen the studies with regard to treatment regimens
used and it will be not possible to mention the details of all
the regimens.

In brief, cisplatin at varying doses and frequencies was the
common platinum based chemotherapic agent used in all
excpet one study where carboplatin was used. Studies
varied with regard to use of other chemotherapeutic agent.

Radiotherapy was used in all the three Head and Neck
cancer studies at dose of 70Gy but at different fractions and
time period. Dose and fractions of radiotherapy used in
cervical cancer study was quite different from these
studies. Tirapazamine was administered in all studies at
varying frequencies but prior to radiotherapy and or
chemotherapy. Dose of tirapazamine used in Head and
Neck cancer studies was 290-300mg/m? as single weekly
initial induction dose and followed by 160mg/m? thrice a
week after initiation of simultaneous chemoradiotherapy.
High dose of tirapazamine was used in two NSCLC studies
ranging from 330-390mg/m? once in three weeks. Though
low dose (220mg/m?) of tirapazamine was used in cervical
cancer study, it was administered thrice a week.

Table 1: Baseline demographic and clinical features of patients.

Eactors Leetal, Rischin et al, Rischin et al,

Control TPZ Control TPZ Control TPZ
Sample size 29 33 58 63 428 425
Type of cancer Hand N Hand N Hand N Hand N Hand N Hand N
’(“F?aengg ears 59 (47-81) 56 (39-75) 55 (43-75) 58 (38-74) 56 (23-80) 57 (23-77)
M:F ratio 27:2 27:6 91:9 79:21 378:50 365:58
Primary tumor site
Oropharynx 17 22 39 46 228 237
Oral cavity 01 03 04 02 53 56
Larynx 04 02 05 06 77 71
Hypopharynx 06 05 10 09 70 61
Others 02 01 00 00 00 00
Stage of cancer
11 00 00 21 17 60 53
[\ 29 33 79 83 368 372
Tumor stage
TO 01 01 00 00 00 00
T1 01 07 03 06 13 16
T2 06 10 13 13 61 57
T3 07 05 21 25 149 159
T4 15 10 21 19 205 193
Nodal stage
NO 00 00 11 07 65 60
N1 02 03 09 10 40 53
N2 22 21 31 35 275 264
N3 05 09 07 11 48 48
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Outcome measures

Considering the possibility of inter-trial heterogenity, we
present the results of random effects model as
representatives of true effects on RR and RD or results of
fixed effect model if there is no inter-trial heterogeneity.
Figures 2-5 show the efficacy of tirapazamine on overall
survival rate at different time intervals. Two subgroup
analyses, one including head and neck cancer studies and
another including studies using both chemo and
radiotherapy were done. Quite interestingly there were few
evidence of inter-trial heterogeneity between the studies
even after subgroup analysis. Thugh the results on RR

presented are of random effects model, the results were
robust as they did not differ significantly with effect size
measures of fixed effect model. However, there was
evidence of significant publication bias in all the effect size
measures estimated. With regards to safety parameters,
there was significantly higher incidence of muscle cramps
(RD = 0.06 (0.05, 0.08)) and dermal ADRs (RD = 0.03
(0.02, 0.05)) in tirapazamine treated group even in
subgroup analyses. However, there was evidence of
significant inter-trial heterogeneity and publication bias
but the results appeared to be robust considering no major
differences with effect size measure estimated by fixed
effect model.

Table 2: Baseline demographic and clinical features of patients.

Williamson et al
Factors

von Pawel et al

Disilvestro et al

Control TPZ Control TPZ Control TPZ

Sample size 186 181 219 219 194 425
(AFg-Jaenglg’ ears 62.6 (NA) 63 (NA) 59.5(35-82) 56 (23-80) 48 (NA) 47 (NA)
M:F ratio 117:69 115:66 144:75 149:70 0:194 0:184
Type of cancer NSCLC NSCLC NSCLC NSCLC Ca.Cx Ca.Cx
Stage of cancer

1B 00 00 00 00 33 32
1A 00 00 00 00 11 12

11B 00 00 01 00 93 82
1B 24 30 35 39 51 52

1\ 162 151 183 179 06 07

M: F = Male:Female, NSCLC = Non-Small-Cell Lung Cancer, Ca.Cx = Cancer of Cervix, NA= Not Available

Table 3: Characteristics of individual studies.

Study features Leetal

Rischin et al

Rischin et al

Randomized

Study Design Phase 11, Open label

and Duration

Randomized
Phase |1, Open label

Randomized
Phase 111, Open label

Parallel group

Parallel group

Parallel group

Centers

Single centre

Multi centre

Multicentre

Country

USA

Australia and New Zealand

16 countries

Type of cancer

Stage 1V, Head and neck

Stage Il and IV, Head and neck

Stage 111 and IV, Head and neck

Control group

Control group

Control group

Groups and 5-FU, PT, RT 5-FU, PT, RT PT, RT

Interventions TPZ group TPZ group TPZ group
5-FU, PT+TPZ, RT TPZ, PT, RT PT, RT, TPZ

Follow-up data 5 Years 3 Years 2 Years

Quality score 91% 85% 85%

Risk of Bias

RSG UR UR UR

AC HR LR LR

BPP UR HR HR

BOA UR UR UR

I0D LR LR LR

SR LR LR LR

RSG: Random Sequence Generation, AC: Allocation Concealment, BPP: Blinding of Participants and Personnel, BOA: Blinding of
Outcome Assessment, IOD: Incomplete Outcome Data, SR: Selective Reporting, UR: Unclear Risk, HR: High Risk, LR: Low Risk,
N/A: Not Available, PT: Cisplatin, RT: Radiotherapy, TPZ: tirapazamin
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Table 4: Characteristics of individual studies.

Williamson et al

von Pawel et al

Study Design
and Duration

Randomized
Phase 11, Open label
Parallel group

Randomized
Phase 111, Open label
Parallel group

Disilvestro et al
Randomized

Phase 111, Open label
Parallel group

Centers Single centre Multi centre Multicentre
Country USA 7 countries USA, Canada
Stage I1IB and IV Stage 111B and IVA
Type of cancer Stage Il and IV NSCLC NSCLC Cervical cancer
Control group Control group Control group
Groups and CT, PcT PT PT, RT
Interventions TPZ group: TPZ group TPZ group
CT, PcT, TPZ TPZ, PT PT, RT, TPZ
Follow-up data 1 Years 1.5 Years 5 Years
Quality score 85% 79% 85%
Risk of Bias
RSG UR UR LR
AC UR UR UR
BPP UR UR UR
BOA UR UR UR
10D LR LR LR
SR LR LR LR

RSG: Random Sequence Generation, AC: Allocation Concealment, BPP: Blinding of Participants and Personnel, BOA: Blinding of
Outcome Assessment, I0D: Incomplete Outcome Data, SR: Selective Reporting, UR: Unclear Risk, HR: High Risk, LR: Low Risk, N/A:
Not Available, PT: Cisplatin, CT: Carboplatin, PcT: Paclitaxel, RT: Radiotherapy, TPZ: Tirapazamine

Study or Subgroup

Le 2008
Rischi 2005
Rischi 2010

Total events

Disilvestro 2014

wvon Pawel 2000
Williamson 2005

Total {95% CI)

Test for overall effect: 2= 010 (P = 0.92)

Tirazone Control Risk Ratio Risk Ratio
Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
18 185 14 194 6.0% 1.35 [0.69, 2.63] - 4
5 a3 2 29 1.3% 2.20 [0.46, 10.48] + +
9 63 15 58 5.0% 0.55 [0.26, 1.16] +
a5 425 a0 428 Z221% 1.06 [0.82, 1.37] =
143 219 166 219 341% 0.86 [0.76, 0.97] "
123 181 115 186 31.5% 1.10 [0.95, 1.28] T
1106 1114 100.0% 0.99 [0.83, 1.18] -~
393 402
Heterogeneity: Tau® = 0.02; Chi* = 11.18, df = 5 (P = 0.05); I* = 55% D!? D..SE ! I!E 1!5

Favours Tirazone Favours Control

Figure 2: Forest plot showing one-year survival benefits of tirapazamine.

Tirazone

Control
Events Total Events Total Weight

Risk Ratio

M-H, Random, 95% CI

Risk Ratio
M-H, Random, 95% CI

Study or Subgroup

Disilvestro 2014 39 185 a7
Le 2006 g 33 5
Rischi 2005 20 63 27
Rischi 2010 145 425 148
Williamson 2005 166 181 160
Total (95% CI) Ba7T

Total events 379 377

184 8.5% 1.11 [0.74, 1.65]
29  1.6% 1.58 [0.60, 4.18]
58  B.8% 0.68 [0.43, 1.08)

428 27 4% 0.99 [0.82, 1.19]

186 55.6% 1.07 [0.99, 1.15]

895 100.0% 1.02 [0.90, 1.16]

Heterogeneity: Tau® = 0.01; Chi* = 5.64, df = 4 (P = 0.23); |2 = 29%
Test for overall effect: £ =0.34 (P =0.73)

- w

——
-

085 1 1.112
Favours Tirazone Favours Control

Figure 3: Forest plot showing two-year survival benefits of tirapazamine.
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Tirazone Control Risk Ratio Risk Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Disilvestro 2014 ab 185 58 194 25.7% 0.99 [EI.]"3, 1.35] L}
Le 2006 15 33 729 B2% 1.88 [0.89, 3.97] ’
Rischi 2005 26 63 29 58 184% 0.83 [0.56, 1.22) * .
Rischi 2010 191 425 171 428 48.7% 1.12 [0.96, 1.32) -
Total {95% CI) 706 709 100.0% 1.06 [0.88, 1.29] —al
Total events 287 265
Heterogeneity: Tau? = 0.01; Chi = 4.49, df=3 (P = 0.21); I* = 33% —t— l
Test for overall effect: Z = 0.62 (P = 0.54) E avn?g Tiizac?ne 1 F a'.f‘lnluzrs {luirﬁn

Figure 4: Forest plot showing three-year survival benefits of tirapazamine.

Tirazone Control Risk Ratio Risk Ratio
Study or Subgroup _ Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Disilvestro 2014 69 185 76 194 69.0% 0.95[0.74, 1.23] |
Le 2008 17 33 10 29 31.0% 149 [0.82, 2.72) . .
Total (95% Cl) 218 223 100.0% 1.09 [0.73, 1.65] ~a—
Total events 86 a6
Heterogeneity: Tau? = 0.05; Chi* = 1.83, df = 1 (P = 0.18); |2 = 45% u:s u:? ; 115 ;l!
Test for overall effect: 2= 0.44 (P = 0.66) Favours Tirazone Favours Contro

Figure 5: Forest plot showing five-year survival benefits of tirapazamine.

DISCUSSION

Results of our study do not justify the use of tirapazamine
as an adjuvant to cancer chemotherapy and or
radiotherapy. Significance and long-term implications of
higher incidences of muscle cramps as ADRs in patients
treated with tirapazamine is unclear. However, before
making a concluding remark on the role of tirapazamine,
it is essential to understand the reasons for lack of
significant effects with tirapazamine in the background
complexity of treating the hypoxic cancer cells. Perhaps
finding the solutions to these problems may help in
designing or selecting better drugs in future. Multiple
factors have been found to influence the efficacy of the
tirapazamine which may or may not be extrapolated to
other bio-reductive or hypoxic-cell specific anticancer
drugs. These factors might have played determining role
in the efficacy of tirapazamine and perhaps variable
responses to it as observed in different studies. Authors
believe  that among  these  factors,  tumor
microenvironment, activation of tirapazamine, diffusion of
tirapazamine across the multicellular layer, damage to
blood vessels by tirapazamine and ability of the cancer
cells to repair DNA damage induced by tirapazamine are
the major determinants. Apart from these factors,
intracellular pH of the cancer cells, expression of certain

biomarkers and other proteins by cancer cells, timing and
method of administration of tirapazamine and type of
major cancer chemotherapeutic agent used might play
minor roles.

The most important rather than significant factor is the
tumor microenvironment which is determined by the
proportion of hypoxic cells and the characteristics of
vascularity in the cancer tumor mass.’®> What becomes
complicated after treatment with tirapazamine is the
damage to blood vessels caused by it and change in
vascularity of the tumor.'® Damage to blood vessels in fact
increases the proportion of chronically hypoxic cells in the
areas of the tumor mass which are already receiving
limited blood supply. This increases the proportion of
chronically hypoxic cells may prove to be beneficial with
regard to increase in the number of cells targeted for
tirapazamine action. On the contrary, this effect may be a
disadvantage since it not only hinders its own entry but
also the entry of simultaneously administered major cancer
chemotherapeutic agents into hypoxic areas of the tumor
mass.*” Hence, what next determines the cytotoxic efficacy
of chemotherapeutic agents and tirapazamine is their
ability to diffuse across extracellular media and through
the non-hypoxic multicellular layers. Diminished diffusion
across multicellular layer was hypothesized as one of the
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reason for failure of tirapazamine.'®%® However, this may
not be a major drawback provided longer time intervals are
given between the administration of subsequent doses of
tirapazamine  which  might provide time for
revascularization of the tumor mass.?

Alternatively, inducing hyperthermia can also be exploited
as a means to enhance the vascularity to the tumor mass
and thus delivery of the drugs.?* Use of biodegradable
implant, special drug delivery systems and other prospects
may also solve the issue of diffusion of tirapazamine.?22
Even when drug manages to attain sufficient quantity of
concentration in the hypoxic areas by any of these
approaches, activation of tirapazamine into bio-reductive
molecule acts as another determinant of its cytotoxic
potential. Activation of tirapazamine inside the chronically
hypoxic cells occurs by both cytosolic and nuclear p450
reductase enzymes.? It is the expression of sufficient
quantity of nuclear reductase enzymes rather than
cytosolic reductase enzymes that determines the DNA
damaging potential of tirapazamine.?

The final and most important factor which perhaps may be
the ultimate determinant of the cytotoxicity potential of
tirapazamine is the ability of cancer cells to repair DNA
damage induced by tirapazamine.?® In our view, these two
factors could have played major behind lack of significant
benefits with tirapazamine in most of the clinical trials. It’s
difficult unless screened otherwise to determine the
cancers with the ability to repair the DNA damage induced
by tirapazamine. Under these scenarios, since the platinum
based anticancer drugs and tirapazamine have similar
mechanism of action, use of anticancer drug with different
mechanism of actions could be ideal and synergistic.?6:27
Selection of this anticancer drug(s) should probably be
guided based on the cell culture assay for drug sensitivity.

Of the other factors which may be significant but perhaps
not applicable in all conditions or types of cancers are the
expression of biomarkers and other proteins. Increased
intracellular glutathione (GSH) level and over expression
of Bcl-2 were found to be associated with decreased
response to tirapazamine.?®2° Over expression of NOS
(Nitric oxide synthase) and presence of p53 are associated
with better response to tirapazamine.3*3! These markers
and markers of chronic hypoxia like hypoxia-inducible
factor-lalpha(HIF-1alpha), carbonic anhydrase 9 (CA 9)
and glucose transporter 1 (GLUT1) may help in judging
the role of tirapazamine. 2

Finally, the intracellular pH is also found to be an
independent factor, independent of the oxygenation status
of the cells in determining the cytotoxicity of
tirapazamine.® Even the hypoxic cancer cells with high
pH showed diminished effects and non-hypoxic cells with
low pH showed potentiated effects to tirapazamine. With
regard to higher incidences of muscle cramps as ADRs,
loss of mitochondrial membrane was hypothesized as the
reason for muscle cramps.3* We would like to hypothesize
that since the skeletal muscles express GLUT1 even under

basal conditions, affinity of tirapazamine to cells
expressing GLUT1 could also be responsible for higher
incidences of muscle cramps.®

CONCLUSION

To conclude, it is unjustifiable to label tirapazamine as a
failed drug. Like any other cancer chemotherapeutic agent
it may need to be used in selective type of cancer.
Assessing the proportion of hypoxic cells in tumor mass by
PET scan or by estimation of biomarkers like Carbonic
Anhydrase, p16, HIF-1 factor may help in deciding its use
as adjuvant. Use of analogues of tirapazamine with better
penetrability or other simpler alternative ways to enhance
its diffusion into hypoxic areas of tumor mass may be
required to enhance its efficacy. With regard to higher
incidences of muscle cramps as ADR, it appears to be
reversible and of minor significance at optimal therapeutic
doses. Limitations of our study include inclusion of
different types of cancer patients and lack of sufficient
number of studies. Though in a meta-analysis of survival
data, individual patient data is preferable we tried to nullify
this drawback by extracting the survival rate values at
different time intervals. The accuracy of these extracted
data cannot be authenticated and directly reflected to actual
values. Presence of publication bias and other indicators of
bias in the included studies add to the major drawback to
the generalization of the study results.
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