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Abstract

Paclitaxel/platinum chemotherapy, the backbone of standard first-line treatment
of advanced non-small cell lung cancer (NSCLC), exhibits high interpatient vari-
ability in treatment response and high toxicity burden. Baseline blood biomarker
concentrations and tumor size (sum of diameters) at week 8 relative to baseline
(RS8) are widely investigated prognostic factors. However, joint analysis of data on
demographic/clinical characteristics, blood biomarker levels, and chemotherapy
exposure-driven early tumor response for improved prediction of overall survival
(OS) is clinically not established. We developed a Weibull time-to-event model
to predict OS, leveraging data from 365 patients receiving paclitaxel/platinum
combination chemotherapy once every three weeks for <six cycles. A developed
tumor growth inhibition model, combining linear tumor growth and first-order
paclitaxel area under the concentration-time curve-induced tumor decay, was
used to derive individual RS8. The median model-derived RS8 in all patients was
a 20.0% tumor size reduction (range from —78% to +15%). Whereas baseline car-
cinoembryonic antigen, cytokeratin fragments, and thyroid stimulating hormone
levels were not significantly associated with OS in a subset of 221 patients, and
lactate dehydrogenase, interleukin-6 and neutrophil-to-lymphocyte ratio levels
were significant only in univariate analyses (p value <0.05); C-reactive protein
(CRP) in combination with RS8 most significantly affected OS (p value <0.01).
Compared to the median population OS of 11.3 months, OS was 128% longer
at the 5th percentile levels of both covariates and 60% shorter at their 95th per-
centiles levels. The combined paclitaxel exposure-driven RS8 and baseline blood
CRP concentrations enables early individual prognostic predictions for different
paclitaxel dosing regimens, forming the basis for treatment decision and optimiz-
ing paclitaxel/platinum-based advanced NSCLC chemotherapy.
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Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Paclitaxel/platinum chemotherapy is the backbone of first-line treatment of ad-
vanced non-small cell lung cancer (NSCLC) albeit exhibiting high variability in
treatment response and overall clinical outcomes. Although baseline blood bio-
markers and early tumor response may support treatment monitoring and po-
tentially guide treatment, quantitative models combining blood biomarkers and
early tumor response are limited.

WHAT QUESTION DID THIS STUDY ADDRESS?

Does integrating data on baseline patient demographic/clinical characteristics,
blood biomarker concentrations, and early tumor response, based on pharma-
cokinetic exposure-driven change in tumor size, improve the prediction of overall
survival (OS) in patients with paclitaxel/platinum treated advanced NSCLC?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

Individual paclitaxel exposure-driven early tumor response combined with base-
line blood biomarker concentrations in a prognostic model enhance prediction
of OS for different paclitaxel dosing regimens: better week 8 tumor response and
low baseline C-reactive protein concentrations predict significantly longer OS.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT,
AND/OR THERAPEUTICS?

The developed prognostic model supports the improved identification of patients
with advanced NSCLC receiving paclitaxel/platinum first-line chemotherapy

INTRODUCTION

Lung cancer is the second most common malignancy and
the leading cause of cancer-related deaths worldwide."
Non-small cell lung cancer (NSCLC) accounts for ~80%
of all cases. Over 50% of patients with NSCLC initially
present with metastatic disease (stage IV),>® requiring
systemic treatment.>® Paclitaxel/platinum drug combi-
nations are first-line treatment for advanced NSCLC.*’
This treatment is associated with variable response rates
(35%-50%) and a high burden of dose-limiting toxicities,
including myelosuppression and neuropathy.® Currently,
there is no established prognostic factor for routine clini-
cal use to predict poor treatment outcomes, ensure timely
intervention, and circumvent needless toxicities.
Cancer-related blood biomarkers have been proposed
for estimation of therapy response, prognosis, and early
disease recurrence.”® They offer a quick tissue noninva-
sive and cost-effective option for assessing health status
and monitoring disease.®® Carcinoembryonic antigen
(CEA), soluble cytokeratin fragments (CYFRA 21-1), lac-
tate dehydrogenase (LDH), interleukin-6 (IL-6), C-reactive
protein (CRP), thyroid stimulating hormone (TSH), and
neutrophil-to-lymphocyte ratio (NLR) are among other
important blood biomarkers whose prognostic potential

with a poor clinical outcome.

in NSCLC has been widely investigated'®™* but not estab-
lished in routine clinical use.

The predictive value of tumor response for overall
survival (OS) has been documented for various can-
cers,> including paclitaxel/platinum-treated NSCLC."’
To predict early response in solid tumors, parametric
tumor growth inhibition (TGI) models describing tumor
size across time have been developed from longitudinal
tumor size data documented according to the Response
Evaluation Criteria in Solid Tumors (RECIST).* These
models often provide a more mechanistic description of
the change in tumor size across time, accounting for the
impact of treatment exposure or resistance development,
and enable prediction of individual tumor response at
specific timepoints.?"*

Parametric time-to-event (TTE) models are increas-
ingly being exploited to characterize OS in oncology tri-
als.'®'”** parametric TTE models combining treatment
exposure, early tumor response, patient characteristics,
and broad blood biomarker panels have not been ex-
plored. Hence, the focus of this work was to (i) adequately
characterize the change in tumor size across time for in-
dividual patients and identify the associated patient- and
treatment-related factors, and (ii) jointly evaluate the prog-
nostic value of baseline individual patient characteristics,
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including blood biomarkers levels and the predicted early
tumor response to chemotherapy, to improve the predic-
tion of OS in patients with paclitaxel/platinum-treated
advanced NSCLC and inform treatment to optimize
chemotherapy.

METHODS
Demographic and clinical data

Data were obtained from the investigator-initiated
CEPAC-TDM study, an open-label, randomized two-arm,
phase III, multicenter study,”* approved by the respec-
tive institutional review boards (Ostschweiz, St. Gallen in
Switzerland and Eberhard-Karls-Universitaet, Tuebingen
in Germany) and conducted according to the Declaration
of Helsinki (ClinicalTrials.gov identifier NCT01326767).
Briefly, 365 patients with newly diagnosed advanced
NSCLC received paclitaxel (3-h intravenous infusion) plus
carboplatin (target area under the plasma concentration-
time curve [AUC] = 6 mgemin/ml) or cisplatin (80 mg/
m?) every threeweeks for up to six cycles. In the body
surface area (BSA)-guided dosing arm, 182 patients re-
ceived standard paclitaxel doses of 200mg/m? (734cy-
cles), whereas in the pharmacokinetic (PK)-guided dosing
arm, 183 patients received PK-guided paclitaxel doses
(720 cycles) according to an algorithm based on paclitaxel
PK exposure and grade of neutropenia from the previous
cycle.** PK sampling, for estimation of paclitaxel PK expo-
sure, was performed only in the PK-guided dosing arm.*
A summary of the dosing algorithm and patient character-
istics were published before.*

Tumor size was evaluated in all patients using the
RECIST criteria (version 1.1)* at baseline, day 1 of cy-
cles 3 and 5, at the end of treatment visit (27-35days after
the last treatment dose), and during follow-up (every
3 months thereafter). The sum of diameters of the mea-
sured target lesions at each evaluation was calculated as
tumor size.” Baseline (cycle 1, day 1) levels of blood bio-
markers, CYFRA 21-1, CEA, LDH, CRP, IL-6, TSH, and
NLR were measured in 221 patients. Biomarker analysis
was performed at the Institute of Laboratory Medicine,
Munich Biomarker Research Center, German Heart
Center Munich, Technical University Munich/Germany,
using standardized and quality-controlled processes (CRP:
latex-enhanced turbidimetry on Cobas C501 analyzer;
LDH: photometry on Cobas C501 analyzer; TSH, CEA, and
CYFRA 21-1: electrochemiluminescence on Cobas E411
analyzer; all Roche diagnostics and IL-6: enzyme-linked
immunosorbent assay on MesoScale SQ120). Patient OS
was defined as the time between treatment initiation and
patient death.

TGI model development based on
PK-guided dosing arm data

Change in tumor size across time was described as a func-
tion of net tumor growth (during treatment because no
longitudinal tumor size data was available before treat-
ment) and drug-induced tumor decay16 (Equation 1).
Initially, only the PK-guided dosing arm data were used
due to the availability of paclitaxel PK data. Data later
than week 30 after treatment initiation were excluded to
minimize the influence of post-study medication. Linear,
exponential, and generalized logistic tumor growth mod-
els* were investigated. Drug-induced tumor decay was
described as a first-order process with respect to tumor
size (Equation 2) and linked to paclitaxel PK exposure
(concentrations across time or AUC from start to end of
a cycle based on a single paclitaxel dose administered on
the first day of a 21-daycycle [AUC,y]) derived from
a PK model developed from the PK-guided dosing arm
data® (Equation 3). Joint evaluation of the impact of co-
administered platinum drugs was not feasible due to pa-
rameter non-identifiability with paclitaxel and platinum
drugs being administered in all patients at the same time.
Furthermore, a decreasing drug effect over time was eval-
uated to account for resistance'® (Equation 4).

% = Kgrowtn(®) — Kaecay (1) ®
Kdecay(t) = Eqrug(t) - TS(t) ®)
Egryg(t) = B(t) - EXposure g (t) ©)
p(t) =Py - e O

in which % denotes the time derivative of tumor size (TS);
Kgrowth is the net tumor growth (linear, exponential, or logis-
tic); Kgecay 18 drug-induced decay; f(t) is the drug-induced
tumor decay rate constant per unit of paclitaxel exposure;
Py is the drug-induced tumor decay rate constant per unit
of paclitaxel exposure at time = 0; Exposuregp,, is paclitaxel
concentration or AUC,; 4 is the rate constant for change
in drug effect over time. Interindividual variability was es-
timated on the tumor growth and drug effect parameters
using an exponential model.

The impact of baseline continuous covariates (num-
ber of lesions, tumor size, BSA, and age) and categorical
baseline covariates (platinum drug: cisplatin vs. carbopla-
tin; sex: male vs. female; tumor stage: IIIB vs. IV; tumor
histology: non-squamous adenocarcinoma vs. squamous
cell carcinoma; Eastern Cooperative Oncology Group
[ECOG] performance status: 0/1 vs. 2) was evaluated
against tumor growth and drug effect model parameters.
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Linear, exponential, and power functions were evaluated
for the continuous covariates whereas the proportional
function was evaluated for the categorical covariates.

TGI model joint evaluation of BSA- and
PK-guided dosing arms

To estimate parameters for the BSA- and PK-guided dos-
ing arms combined, the multiple imputation approach®>*
(Appendix S1; Figure S1) was applied based on the final TGI
model from the PK-guided dosing arm. Individual paclitaxel
PK exposure per cycle was derived across all patients by sto-
chastic simulations (50 replicates) and used to estimate the
TGI model parameters for all patients. Individual patient
tumor size at week 8 relative to baseline was derived from
the final parameters from the multiple imputation.

Impact of tumor size kinetics and baseline
covariates on OS in BSA- and PK-guided
dosing arms

To characterize the observed OS and evaluate the impact
of patient characteristics and early tumor response on OS,
the exponential and the Weibull parametric TTE models
were evaluated. Only patients with baseline blood bio-
marker data for all the seven biomarkers (n = 221) were
included to compare the impact of biomarkers on OS.
Patient demographic/clinical characteristics were compa-
rable between the two dosing arms (Table S1). The im-
pact of age, sex, ECOG performance status, tumor stage,
baseline tumor size, platinum drug type, prior adjuvant
treatments, blood biomarkers levels, and week 8 relative
to baseline (RS8) on OS was evaluated by stepwise covari-
ate analysis®; a p value of <0.05 was used in the forward
covariate inclusion step and <0.01 in the backward elimi-
nation step. The impact of identified covariates on OS was
quantified by simulating clinical trials (250 replicates)
at the 5th and 95th percentile of the continuous covari-
ate distributions using the final covariate model and the
distribution of the CEPAC-TDM dataset. For each simula-
tion, Kaplan-Meier proportions of the surviving patients
were computed across time for evaluation of median OS
and the 90% confidence intervals around simulations
were included based on the 5th and 95th percentiles of the
estimated covariate effect parameters.

Model evaluation

Comparison of nested models used the likelihood ratio
test with a decrease in the objective function value

ASCPT

(OFV) >3.84 indicating statistical significance of the
larger to the smaller model, given a = 0.05 and one ad-
ditional parameter. For non-nested models, the Akaike
Information Criterion (AIC) with a drop in AIC of two
was set as threshold for choosing the model with a lower
AIC.* Additionally, precision of parameter estimates and
simulation-based visual predictive checks (VPCs) were
compared for different models.* Parametric TTE dropout
modeling preceded creation of VPCs for the TGI models
to account for patient dropout due to tumor progression
(Appendix S1).

Software

Dataset preparation and statistical evaluation were per-
formed in R (3.4.3).> TGI modeling was performed using
the first-order conditional estimation method, whereas
parametric TTE analysis was performed using the first-
order method in NONMEM 7.3.0 which was sufficient
because only one event was recorded per patient and no
interindividual variability was estimated, with assistance
of PsN (4.2.0)* and Pirana (2.9.4).3*

RESULTS
Demographic and clinical data

Overall, in the 365 patients, 1353 tumor size observa-
tions were documented; 700 in the BSA-guided dosing
arm and 653 in the PK-guided dosing arm. By week 30
after treatment initiation, 584 observations were re-
corded in the BSA-guided dosing arm and 572 in the
PK-guided dosing arm. The average tumor size showed
prominent early decline up to ~6 weeks after treatment
initiation, gradually leveling-off followed by re-growth
and was comparable between the two arms (Figure 1).
A total of 84 patients had tumor assessment beyond
week 30, with the remaining 281 dropping out due
to tumor progression (48.8%), death (18.5%), adverse
events (6.7%), or other reasons including withdrawal of
consent (26.0%).

Baseline concentrations of all seven blood biomarkers
were available in 221 patients (108 in BSA- and 113 in PX-
guided dosing arms). Blood biomarker data were right-
skewed (mean > median; Table S2). For these patients, by
week 30 after treatment initiation, the BSA-guided dosing
arm had 354 tumor size observations compared to 363 in
the PK-guided dosing arm. A total of 70% (n = 155) of
the patients had documented survival times whereas 66
patients were right-censored corresponding to the last re-
corded day in the study.
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FIGURE 1 Individual tumor size across time normalized to baseline (=100%) up to week 30 after initiation of paclitaxel/

platinum treatment in the two treatment arms. (a) Body surface area-guided dosing arm (n = 700 assessments from 182 patients). (b)

Pharmacokinetic-guided dosing arm (n = 653 assessments from 183 patients). Points, tumor size data evaluated using the Response

Evaluation Criteria in Solid Tumors (RECIST, version 1.1)"%; black lines, median (solid), 5th and 95th percentiles (dashed) of observed tumor

size data.

TGI model development based on
PK-guided dosing arm data

A linear growth process, Kg, best characterized the net
tumor growth regardless of whether paclitaxel concentra-
tions or AUC, . was used as the driver of drug-induced
tumor decay. Compared to the paclitaxel concentration-
driven tumor decay (Table S3), paclitaxel AUC .y .~driven
tumor decay significantly improved model fit (AAIC of
—29.5 points) and enabled estimation of a resistance term.
High interindividual variability (coefficient of variation
[CV]>70%) was estimated on tumor growth and drug-
induced tumor decay parameters of both models. None
of the covariates evaluated significantly impacted tumor
growth kinetics, hence paclitaxel AUC, . was retained as
the only driver of tumor size kinetics.

TGI model joint evaluation of BSA- and
PK-guided dosing arms

TGI model parameters for BSA- and PK-guided dosing
arms combined (n = 365 patients) were estimated by
multiple imputation based on the paclitaxel AUC .~
driven tumor decay model (Table 1). Given the tumor

TABLE 1 Tumor growth inhibition model parameters with
paclitaxel AUC
non-small cell lung cancer from the BSA- and PK-guided dosing

cycle @S €Xposure metric in patients with advanced

arms combined.

Parameter estimate

Parameter (unit) (RSE, %)
Fixed-effect parameters

K, (um/h) 1.03 (43.2)

Bo_pac (1/(umol/Leh)/h) 2.30 ¢ 107°(12.8)

A(1/h) 8.75 + 1074 (15.4)
Interindividual variability parameters

KiCV, % 117 (41.3)

Bor_pacs CV, % n.a.

Boo.pacs CV. % 86.3 (14.7)

A CV, % 53.9 (38.2)
Residual variability parameters

Exponential model; CV, % 17.9(7.17)

Abbreviations: AUC ., paclitaxel area under the concentration-time
curve from the start to end of a cycle; fy,_pq. paclitaxel AUCy-driven
tumor decay rate constant at start of treatment (time = 0); BSA, body
surface area; CV, coefficient of variation; K,, tumor growth rate constant
for linear tumor growth; n.a., not applicable; PK, pharmacokinetic; RSE,
relative standard error; 4, rate constant for exponential decline in drug
effect over time.
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growth rate constant (K,) of 1.03 pm/h, the drug-induced
tumor decay rate constant (fo; pac) Of 2.30-10 (pmol/
L-h)"%h™!, and a baseline tumor size of 8.3 cm (median in
the CEPAC-TDM study), a paclitaxel AUCy threshold
of 4.49 pmol-h/L (median AUC,y. [range] across cycles in
all patients: 18.4 pmol-h/L [3.82-33.3]) was required to in-
itiate tumor shrinkage at the beginning of treatment. The
baseline drug effect (By, p,c) exponentially declined at a
rate, A = 8.75-10"*h ™", resulting in a 58.6% (46.1%—68.3%)
reduction in drug effect on day 42 (end of cycle 2) and
82.9% (70.8%-90.0%) on day 84 (end of cycle 4; Figure S2).

Both paclitaxel concentration- and AUCq.—driven
tumor decay models demonstrated similar predictive
performances (Figure 2a,b, respectively), overpredicting
higher tumor size observations. An exponential para-
metric TTE model was developed to characterize patient
dropout across time. Higher tumor size at a specific time
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~
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relative to baseline significantly increased the risk of pa-
tient dropout (Table S4, Figure S3). Accounting for pa-
tient dropout in the VPCs adjusted for the overpredictions
of the higher tumor size observations (Figure 2b vs 2c),
resulting in adequate prediction of general trends and
variability in observed tumor size across time by the pacl-
itaxel AUC iy j.~driven tumor decay model (Figure 2c: PK-
guided dosing arm; 2d: all patients).

Based on different combinations of parameters of the
paclitaxel AUC-driven TGI model, model-predicted
tumor size trajectories of the median TGI parameter com-
bination (50th percentiles for all model parameters), of
“worst-case combination” (97.5th, 2.5th, and 50th per-
centiles for Kg, ﬂoz,pac’ and A), and of “best-case combi-
nation” (2.5th, 97.5th, and 50th percentiles for Ky, Boz_pacs
and 1) were generated: compared to the “median profile”
(Figure 3a), the “worst-case combination” showed a more
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FIGURE 2 Prediction-corrected visual predictive checks for different tumor growth inhibition models. Black circles, observed tumor
size (sum of diameters) data; black lines, median (solid), 5th and 95th percentiles (dashed) of observed tumor size data; gray lines, median
(solid), 5th and 95th percentiles (dashed) of model-predicted tumor sizes; shaded areas, 90% confidence intervals of model-predicted
percentiles. (a) Paclitaxel concentration-driven tumor decay not accounting for dropouts; (b) paclitaxel area under the concentration-time
curve from start to end of a cycle (AUCy.)-driven tumor decay not accounting for dropouts; (c) paclitaxel AUCy-driven tumor decay
accounting for dropout; and (d) paclitaxel AUC, -driven tumor decay based on imputed paclitaxel AUC,. and accounting for dropouts.
Panels a to ¢ were derived from the pharmacokinetic (PK)-guided dosing arm data whereas d was derived from both the body surface area-
and pharmacokinetic-guided dosing arm data combined. For panels b to d, a parametric time-to-event dropout model, describing the change
in tumor size at a specific timepoint relative to baseline, as a key predictor of dropout, was developed based on the observed patient dropout

data and used in simulations for the visual predictive checks.
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parameters estimated from the tumor growth inhibition (TGI) model with paclitaxel area under the concentration-time curve from start to

end of a cycle (AUCy)-driven tumor decay assuming the median baseline tumor size in the CEPAC-TDM study (8.3 cm). Lines, median
(solid), 5th and 95th percentiles (dashed) of tumor size across time based on the distribution of paclitaxel AUCy,; vertical arrows, time
points of paclitaxel administration at the cycle start. Panels show profiles for different combinations of estimated tumor growth rate constant

(K,) and paclitaxel AUC

cycle

-driven tumor decay rate constant (B, ,,0)- (2) Median TGI model parameter combination (50th percentiles

for all model parameters); (b) “worst case combination” parameters (97.5th, 2.5th, and 50th percentiles for K, fg, pae and 4); (¢) “best-case
combination” parameters (2.5th, 97.5th, and 50th percentiles for K, f, e, and 4). Compared to the “median profile” (panel a) the “worst
combination case” showed a much more pronounced tumor size increase over time comparable to a “progressive disease” cohort (panel

b) and the “best case combination” case a continuous decease in tumor size over time comparable to a “partial/complete response” cohort

(panel c).

pronounced tumor size increase over time comparable
to a “progressive disease” (Figure 3b) and the “best-case
combination” showed a continuous decrease in tumor
size over time comparable to “partial/complete response”
(Figure 3c). The median model-derived tumor size at RS8
across all evaluated patients corresponded to a 20% reduc-
tion (range from —78% to +15%).

Impact of tumor size kinetics and baseline
covariates on OS in BSA- and PK-guided
dosing arms

OS was better described by the Weibull model, compared
to the exponential parametric TTE model, with a 5.06-
point drop in OFV (1 additional parameter, Table 2, left
and middle columns). The instantaneous risk of death
(hazard, h(t), per hour) for the Weibull model was com-
puted from the hazard scale factor (1gg) and hazard shape
factor («). The instantaneous risk per 10,000 patients in-
creased with time, initially 4 (week 1), 5 (end of cycle 1),
and 10 (at 6 months). This model adequately predicted

TABLE 2 Parameters from time-to-event analysis of overall
survival (3 models) in patients with advanced non-small cell lung
cancer with baseline measurements of all seven blood biomarkers.

Parameter Parameter estimate (RSE, %)
Exponential Weibull Weibull
parametric  parametric parametric
TTE base TTE base TTE covariate
(unit) model model model
Fixed-effects parameters
Aos o (1/h) ~ 0.000090 (7.60) n.a. n.a.
Aos (1/h) n.a. 0.000090 (7.00) 0.00010 (7.30)
a n.a. 1.17 (6.70) 1.29 (6.90)
Covariate effect parameters
CRPon A n.a. n.a. 0.00744 (16.9)
RS8 on A n.a. n.a. 0.0233 (26.6)

Abbreviations: Ao ¢, constant baseline hazard of the exponential
parametric time-to-event (TTE) model; Ang, hazard scale factor for the
Weibull parametric TTE model; CRP, C-reactive protein concentration at
baseline; n.a., not applicable; RS8, tumor size at week 8 relative to baseline;
RSE, relative standard error; a, shape factor of the Weibull parametric TTE
model.
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FIGURE 4 Kaplan-Meier visual predictive checks comparing predictive performance of different parametric time-to-event (TTE)

models to the observed overall survival data in patients with baseline measurements for all seven blood biomarkers (n = 221) from the

CEPAC-TDM trial. Solid line, observed survival data (vertical lines represent censoring times corresponding to the time of patients' last

participation in the study); dashed line, median model-predicted profile, with 90% confidence interval (gray shade). (a) Exponential

parametric TTE base model with no covariates; (b) Weibull parametric TTE base model with no covariates; (c) Weibull parametric TTE

covariate model including baseline C-reactive protein concentrations and tumor size at week 8 relative to baseline as covariates predictive of

overall survival.

the OS, whereas the exponential model overpredicted the
hazard at times <40weeks (Figure 4a,b) and was adopted
as the base model.

Baseline CRP concentration and RSS8 significantly af-
fected OS (p value<0.01) in the final covariate model
(Equation 5, Table 2, right column) after stepwise covari-
ate modeling, with a 43.0-point drop in OFV compared to
the base model (2 additional parameters).

h(t)=Aos-a- (Aos-t)*""-exp (Egss - (RS8—RS8cq))

-exp (Ecgp - (CRP—CRP o)) ©)

where h(t) is the hazard of death, Ang is the hazard scale fac-
tor, « is the hazard shape factor, Eggg and Eqgp are covari-
ate effect parameters quantifying the change in h(¢) per unit
change in RS8 and CRP relative to their median values (i.e.,
RS8,,.q and CRP,,4, respectively).

The Weibull parametric TTE covariate model adequately
predicted the general trends of observed OS in the entire
population (Figure 4c; NONMEM code, Appendix S1), gen-
erally capturing profiles of different patient cohorts catego-
rized based on the median (above/median) of investigated
covariates (Figure S4). Baseline LDH activity, IL-6 concen-
tration, baseline tumor size, and NLR only significantly
impacted OS in univariate analysis (p value <0.05) whereas
all other evaluated covariates, excluding baseline CRP con-
centration and RSS, did not significantly impact OS. A sig-
nificantly longer OS was predicted at low baseline CRP and

low RS8 (Figure 5). Compared to the typical median value
of 45weeks, the OS was +82.2% for a relative tumor size
reduction of 57.6% (5th percentile RS8) and —24.4% for a
tumor size reduction of 8.60% (95th percentile). Likewise,
OS was +26.7% for a baseline CRP of 1.18 mg/L (5th per-
centile) and —46.7% for a baseline CRP of 151 mg/L (95th
percentile; Table S5). Figure 5 depicts the simulated time-
course of OS for the 5th and 95th percentiles of CRP and
RSS, respectively. Patients with the 5th percentile covari-
ate levels for both RS8 and baseline CRP concentrations
had a +128% OS (i.e., 103 weeks) compared to the median
OS (45weeks), in contrast to the —60% OS (i.e., 18.2 weeks)
for patients with the 95th percentile covariate levels.

DISCUSSION

We successfully developed a parametric TTE model com-
bining individual patient baseline serum CRP concentra-
tions and early tumor response to improve the prediction
of OS in patients with paclitaxel/platinum treated ad-
vanced NSCLC: low inflammation (low baseline CRP
concentrations) at treatment start and better early tumor
response (i.e., lower tumor size at RS8) predicted fa-
vorable OS: a CRP concentration of 1.2 mg/L plus a 58%
tumor size reduction at week 8 were associated with ap-
proximately twofold longer OS. This model enables early
individual prognostic prediction and could facilitate early
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level (RS8 = 42.4%, CRP = 1.18 mg/L); dashed lines, 95th percentile covariate level (RS8 = 91.4%, CRP = 151 mg/L); shaded areas, 90%

confidence intervals.

assessment of treatment benefit/non-benefit for therapy
decisions, to optimize paclitaxel/platinum-based ad-
vanced NSCLC chemotherapy.

Empirical parametric TGI models are valuable for
characterizing tumor size kinetics from sparse tumor
size data in oncology trials.'”*" A constant linear tumor
growth and a first-order paclitaxel-induced tumor decay
best characterized the tumor size kinetics in this study,
consistent with previous findings in patients with pacli-
taxel/carboplatin-treated NSCLC,'” and in necitumumab/
gemcitabine/cisplatin-treated patients.'® Unlike the pre-
vious study,"”” within which drug-induced tumor decay
was not linked to treatment exposure, we characterized
drug-induced tumor decay as a function of paclitaxel PK
exposure. This enabled characterization of the impact of
changing drug exposure across cycles on tumor growth ki-
netics (e.g., due to the often unavoidable dose adaptations
in the clinical setting). This further facilitated simulation-
based exploration of tumor growth kinetics with differ-
ent paclitaxel exposure levels (Figure 3) or derivation of
tumor growth kinetics for patients treated with different
paclitaxel dosing regimens.

To describe tumor size profiles in all patients,
while accounting for missing paclitaxel PK data in the
BSA-guided dosing arm, the multiple imputation ap-
proach?® " was used, accounting for the impact of vari-
ability in paclitaxel PK on the TGI model parameters for
realistic characterization of the individual tumor size
profiles. The decline in drug effect across time may be
attributed to development of resistance to the admin-
istered chemotherapy drugs.”> Given a baseline tumor
size of 8.3 cm and paclitaxel AUC . of 18.3 pmol-h/L
(medians in the CEPAC-TDM study), the estimated

tumor decay rate constant (Bg, pac) Of 2.30-10~° (pmol/
L-h)""-h™" translates into an initial tumor shrinkage rate
of 0.587cm/week, comparing well with the 0.304cm/
week derived from earlier findings in patients with pacl-
itaxel/carboplatin-treated NSCLC.'” Across all patients,
a median 20% reduction (range from —78% to +15%)
of tumor size relative to baseline was estimated after
2 months, consistent with the diverse RECIST tumor
size profiles observed after 2 months in patients with
advanced NSCLC treated with paclitaxel/platinum-
containing chemotherapy, predominantly reporting
stable disease but also partial response and progressive
disease.’**’

The risk of patient death (OS) increased with time
after treatment initiation. A better early tumor response
improved OS. The 5th and 95th percentiles of RS8 were
associated with 82.2% longer OS and 24% shorter OS, re-
spectively, compared to the median of 45weeks. The link
between lower RS8 and improved OS has been previously
reported in patients with advanced NSCLC receiving di-
verse chemotherapy options,"” including paclitaxel/car-
boplatin. These findings are consistent with the inverse
relation showing the longest OS with the smallest tumor
growth rate constant (corresponding to lower RSS8) in
atezolizumab-treated solid tumors.*® RS8 better predicted
OS compared to week 4 or 6 tumor response,’’ hence was
adopted in this work. For patients surviving <8weeks,
week 8 tumor size was predicted using the TGI model
for OS evaluation. Combining early tumor response with
patient characteristics, such as ECOG status, has been
shown to improve the prediction of OS from parametric
TTE analysis across different tumor entities.'”'®** Our
stringent stepwise statistical covariate evaluation revealed
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a combination of RS8 and baseline serum CRP concentra-
tion as most predictive of OS. The 5th and 95th percentiles
of baseline serum CRP were associated with a+26.7% OS
and a—46.7% OS, respectively, compared to the typical
median value of 45 weeks.

Our finding relating low baseline serum CRP con-
centrations with longer OS is consistent with previous
works.!®2 CRP is a hepatocellular acute-phase-protein
whose serum concentration dramatically rises during
inflammation or infection.” Chronic systemic inflam-
mation in advanced NSCLC results from tumor necrosis
or local tissue damage resulting into elevation of serum
CRP concentrations.*®*" CRP synthesis is mediated by
IL-6, a pro-inflammatory cytokine synthesized by various
inflammatory cells.** The molecular link between serum
CRP and NSCLC treatment outcome is not fully clear;
however IL-6, a mediator of cancer resistance, seems to
be involved. IL-6 synthesis was upregulated in paclitaxel-
treated ovarian cancer cells and platinum-induced IL-6
expression in brain cancer increased the tumorigenic po-
tential.'> Hence IL-6-mediated tumorigenic effects, cou-
pled with IL-6-mediated CRP synthesis may explain the
relationship between CRP and OS. High baseline blood
IL-6, LDH, and NLR predicted a shorter OS only in uni-
variate analysis (p value <0.05). CRP, IL-6, LDH, and NLR
are all nonspecific markers of systemic inflammation and
elevated levels have been linked to poor prognosis in sev-
eral cancers.*’ High baseline serum CYFRA 21-1 and CEA
levels, the two evaluated tumor markers, were not signifi-
cantly associated with OS, contrary to earlier reports.**
Additionally, high baseline circulating TSH did not sig-
nificantly increase OS, contrary to earlier reports."*

To the best of our knowledge, this work represents
the first broad evaluation incorporating (a) early tumor
response, based on individual drug exposure and tumor
size, and (b) baseline patient characteristics including a
broad panel of blood biomarkers. Chan et al.”* recently
evaluated tumor response, baseline patient characteris-
tics including blood biomarkers (CRP, LDH, albumin and
NLR) on survival, and Gavrillov et al.** evaluated tumor
size and NLR. In both cases, tumor size dynamics was
not linked to treatment exposure.”® This pharmacomet-
ric model-based integration of knowledge from diverse
sources represents a more efficient use of clinical trial data
and hence more apt to maximize efficacy and/or reduce
treatment-related toxicity, and is in line with the princi-
ples of Model-Informed Precision Dosing for treatment
optimization.***® Advanced diagnostic and bioanalytical
techniques enable quantification of patient variables of
the parametric TTE model of OS. Tumor size is typically
measured noninvasively using imaging techniques, such
as X-ray or computed tomography scans, whereas a vali-
dated method applicable for routine clinical quantification

ASCPT

of paclitaxel plasma concentrations,” and established
point of care methods for evaluating CRP concentrations
have been developed.” Given that CRP measurements are
method dependent, re-evaluation of the model is required
in case a different analyzer is used. Individual patient OS
predicted using the developed model can be combined
with other patient characteristics, such as performance
status or occurrence of adverse effects for therapeutic de-
cision making.

As for the limitations, first, this analysis only accounted
for the impact of paclitaxel PK exposure on tumor growth
kinetics and not the co-administered platinum drugs due
to parameter nonidentifiability. Additionally, the impact of
second-line treatments administered after the paclitaxel/
platinum was not accounted for. Hence, the strength of
paclitaxel-induced drug effect might be inflated. However,
dose adaptations across cycles were more prominent for
paclitaxel compared to the platinum drugs,* therefore ac-
counting for paclitaxel PK exposure alone still reflects the
impact of changing chemotherapy drug exposure of tumor
growth kinetics. Second, the number of patients included
in the current evaluation is lower than in previous evalu-
ations,'”*® with a possible implication on covariate selec-
tion in the final model. However, our informative dataset
with patient demographics, in particular PK exposure,
tumor size and OS, enabled establishment of this robust
prognostic evaluation framework, which should be tested
on a larger sample size. Third, the impact of blood bio-
markers was evaluated only at baseline making it impos-
sible to account for the impact of treatment on biomarker
concentrations. Because biomarker sampling frequencies
varied across time in the 221 patients, their impact on OS
could only be compared across the seven biomarkers at
baseline. Nevertheless, their impact over time should be
assessed in the future.

In conclusion, we developed a parametric TTE model
combining individual patient baseline serum CRP con-
centrations and exposure-driven early tumor response
as the most significant predictors of OS after evaluating
several patient characteristics including baseline levels of
seven blood biomarkers (CRP, IL-6, CEA, TSH, CYFRA
21-1, LDH, and NLR). High baseline serum CRP concen-
tration and poor early tumor response predicted a shorter
OS. This parametric TTE model supports identification of
patients with advanced NSCLC receiving paclitaxel/plati-
num first-line chemotherapy with a poor clinical outcome
for therapeutic decision making to contribute to the opti-
mization of their paclitaxel/platinum chemotherapy.
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