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Purpose: Camonsertib is a highly selective and potent inhibitor of
ataxia telangiectasia and Rad3-related (ATR) kinase. Dose-dependent
anemia is a class-related on-target adverse event often requiring dose
modifications. Individual patient risk factors for the development of
significant anemia complicate the selection of a “one-size-fits-all”
ATR inhibitor (ATRi) dose and schedule, possibly leading to sub-
optimal therapeutic doses in patients at low risk of anemia. We
evaluated whether early predictors of anemia could be identified to
ultimately inform a personalized dose-modification approach.

Patients and Methods: On the basis of preclinical observations
and a mechanistic understanding of ATRi-related anemia, we
identified several potential factors to explore in a multivariable
linear regression modeling tool for predicting hemoglobin level
ahead of day 22 (cycle 2) of treatment.

Introduction

Ataxia telangiectasia and Rad3-related (ATR) kinase inhibitors are
DNA damage response (DDR)-targeted agents and are currently in
development for the treatment of various tumors (1-3). Camonsertib
(RP-3500; RG-6526) is a highly potent and selective oral inhibitor of
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Results: In patients treated with camonsertib monotherapy
(NCT04497116), we observed that hemoglobin decline is consis-
tently preceded by reticulocytopenia, and dose- and exposure-
dependent decreases in monocytes. We developed a nomogram
incorporating baseline and day 8 hemoglobin and reticulocyte
values that predicted the day 22 hemoglobin values of patients with
clinically valuable concordance (within 7.5% of observations)
80% of the time in a cross-validation performance test of data from
60 patients.

Conclusions: The prediction of future hemoglobin decrease,
after a week of treatment, may enable a personalized, early
dose modification to prevent development of clinically sig-
nificant anemia and resulting unscheduled dose holds or
transfusions.

ATR kinase (4) that demonstrated efficacy in biomarker-selected
patients with loss-of-function alterations in ataxia-telangiectasia
mutated (ATM) and other DDR genes (5). The safety profile of
camonsertib is characterized by mechanism-related anemia, which
was reported in 68% of patients (32% grade 3) in the TRESR trial
(NCT04497116). Anemia typically manifested after cycle 1 of treat-
ment (21 days) and has been the primary determinant of long-term
tolerability (5). While anemia is a key-related toxicity of ATR inhi-
bitors (ATRi) in the clinic (2, 6), the mechanism leading to its
development is poorly characterized.

Early monocytopenia has been previously described with the ATRi
ceralasertib (7) and was hypothesized to be related to a deficiency in the
base excision repair mechanism of monocytes (8). This observation
was recently confirmed with a larger set of patients treated with various
ATRIis (9). A role for macrophages/monocytes in supporting eryth-
ropoiesis and iron hemostasis has been proposed previously (10). This
link can be explained by a critical role of monocytes in the recycling of
iron from senescent/damaged red blood cells into late-stage erythroid
precursors for heme synthesis and hemoglobin production. Thus, the
impaired viability of monocytes could contribute to the reticulocyto-
penia and hemoglobin decline (11).

Preclinical camonsertib dose/schedule-modeling studies have
shown that intermittent dosing schedules (with a drug holiday of
at least 4 consecutive days) enable prompt reticulocyte recovery and
improve the therapeutic index (4); these studies instructed the
evaluation of intermittent dosing schedules of camonsertib in the
first-in-human studies (5). Preclinical, mechanistic studies are
ongoing to evaluate the effects of camonsertib on red blood cell
precursors in-depth.

Here, we describe how a mechanistic understanding of anemia
based on preclinical and clinical studies of early hematologic changes
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Translational Relevance

Camonsertib is a highly selective and potent inhibitor of ataxia
telangiectasia and Rad3-related (ATR) kinase, the clinical and
translational relevance of which was recently published. The safety
profile of camonsertib is largely characterized by anemia, a class
effect of ATR inhibitors. The development of a nomogram for
camonsertib, described here, may instruct early dose adjustments
prior to clinically significant anemia development, thereby pre-
venting unscheduled dose holds and transfusions, and improving
long-term tolerability. This nomogram may also provide a model
for developing a similar decision tool for other ATR inhibitors and
drugs with a similar mechanism of action.

informed the development of a nomogram to optimize personalized
dosing. The nomogram was developed using day 8 changes in hema-
tologic parameters to predict changes in hemoglobin levels at day 22.
In this phase I population, the nomogram was able to predict the day 22
hemoglobin values within 7.5% of observed values 80% of the time.
This nomogram could assist clinicians in the interpretation of early
peripheral blood cytopenias, enabling preemptive dose modifications
prior to the development of clinically significant anemia and allevi-
ating the need for transfusions. This decision tool may facilitate early
interventions for the management of anemia for this drug class,
thereby minimizing dose holds or reductions, which may consequently
improve drug efficacy.

Patients and Methods

Study design and treatment

The phase I/Ila TRESR study (NCT04497116) evaluated camon-
sertib monotherapy in 154 patients with molecularly selected advanced
solid tumors. Patients received camonsertib doses ranging from 5 to
200 mg once daily or 40 to 80 mg twice daily on either 5 days on/2 days
off (5/2) or 3 days on/4 days off (3/4) continuous weekly or as an
intermittent weekly schedule of 2 weeks on/1 week off (Supplementary
Table S1). Patients in an expansion module received camonsertib at the
preliminary recommended phase II dose of 160 mg once daily, 3/4,
every week. Evaluation of hematologic parameters was performed at a
range of doses throughout the treatment period. The study was
conducted in accordance with the Declaration of Helsinki and the
Council for International Organizations of Medical Sciences Interna-
tional Ethical Guidelines, applicable International Conference on
Harmonization Good Clinical Practice Guidelines, and applicable
laws and regulations. All patients provided written informed consent
to adhere to the clinical protocol, which was approved by the Insti-
tutional Review Board or ethics committee at each participating
institution.

Study patients and methods

Inclusion and exclusion criteria were reported previously (5). In
brief, eligibility criteria included adults with histologically confirmed
solid tumors resistant or refractory to standard treatment and the
presence of a gene alteration expected to sensitize tumors to ATR
inhibition, including loss-of-function alterations in: ATM, ATRIP,
BRCAI, BRCA2, CDK12, CHTF8, FZRI, MREI1l, NBN, PALB2,
RAD17, RAD50, RAD51B/C/D, REV3L, RNASEH2A, RNASEH2B, or
SETD2. The requirement for baseline hemoglobin was 9.5 g/dL
(10.0 g/dL in the expansion module). For the purpose of this analysis,
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we collected available relevant parameters guided by preclinical data
and literature reports. Those included patient demographics and
pharmacokinetics [previously reported (5) and reviewed in Supple-
mentary Table S2] and baseline parameters such as Eastern Cooper-
ative Oncology Group performance status (ECOG PS), body weight,
and prior treatments (e.g., prior platinum or PARP inhibitor), as well
as on-drug changes in several hematologic parameters including
hemoglobin, monocytes, reticulocytes, neutrophils, and platelets on
days 8, 15, and 22.

Statistical analysis

The primary objective of this study was to explore the predictors for
hemoglobin reduction and occurrence of anemia, using baseline
covariates and a nomogram approach. We first assessed whether any
baseline patient features were associated with the emergence of
treatment-related grade 3+ anemia. Those baseline covariates with
a clinically plausible correlation with anemia were considered and
included in the univariate logistic regression model with a response
variable of grade 3+ treatment-related anemia. Covariates with mar-
ginal significance (P < 0.15) were included in the multivariate logistic
regression analysis using a stepwise model selection method. The
final model retained those covariates if the Wald test P value was <0.1,
after adjusting for other covariates in the model, including initial dose
groups assigned. Estimated ORs and 95% confidence intervals (CI)
were obtained within the framework of these logistic regression
models. P values reported were two-sided, without adjusting for
multiplicity.

For changes between visits (baseline to post-baseline visit) for
hematology lab tests, P value (two-sided) was based on a pairwise t
test that included all evaluable patients within the group. Correlation
between different hematology lab parameters and exposure were
described with scatter plots and estimated Spearman rank correlation
coefficients were provided.

Nomogram development

Each nomogram was composed by a single linear mathematical
model for predicting the percent change from baseline of a patient’s
hemoglobin on day 22 using a set of patient input parameters (day 8
monocyte, reticulocyte, neutrophil, platelet, and hemoglobin levels).
Nomogram weights were applied to each input parameter to minimize
the error observed across the entire nomogram dataset.

All patient data were utilized to develop the nomogram, provided
that their clinical observations met the following inclusion criteria:
available baseline and day 22 + 2 hemoglobin level; no dose modifica-
tions or withdrawals in the first 15 days of the study (ensuring that all
patients had at least 2 weeks of dosing, regardless of schedule); and
baseline and day 8 + 2 hematology parameters (hemoglobin, mono-
cytes, reticulocytes, and platelets and/or neutrophils). A summary of
the population for each iteration of the nomogram is shown in
Supplementary Fig. SIA and S1B.

The availability of laboratory values for each timepoint used in
the nomogram (baseline, day 8, and day 22) resulted in differences
in the number of patients available to develop the nomogram,
depending on which input parameters were considered. For exam-
ple, nomograms with input parameters of baseline and day 8
changes in hemoglobin values had the largest set of evaluable patient
data (n = 109), whereas nomograms based on both day 8 changes in
hemoglobin and reticulocytes had the smallest number of patients
available (n = 60).

The sequential generic nomogram equations for predicting hemo-
globin on day 22 are:
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Camonsertib-specific Nomogram for Anemia Management

Table 1. Univariate and multivariate analysis of baseline covariates versus grade 3+ anemia.

Univariate analysis

Multivariate analysis

X2 Adjusted® Adjusted®

Individual predictor OR (95% CI) P value OR (95% CI) P value
Baseline hemoglobin (g/dL) 0.56 (0.40-0.79) 0.001 0.51(0.35-0.75) <0.001
Baseline monocytes (absolute) a10°%/L) 0.83 (0.21-3.21) 0.783
Baseline neutrophils (absolute) (10%/L) 1.01 (0.84-1.21) 0.908
Baseline platelets a10°%/L) 1.00 (1.00-1.01) 0.203
Age (years) 1.01 (0.98-1.05) 0.446
Sex (male vs. female) 0.32 (0.13-0.78) 0.012
Prior platinum use (Y vs. N) 1.25 (0.56-2.77) 0.589
Prior PARP inhibitor (Y vs. N) 0.61 (0.26-1.43) 0.254
Genotype category group

ATM vs. other genes® 0.70 (0.27-1.83) 0.465

BRCAI/BRCA?2 vs. other genes® 0.66 (0.26-1.69) 0.391
Primary tumor type

Breast vs. other tumors® 1.68 (0.53-5.38) 0.379

Ovarian vs. other tumors® 1.44 (0.52-4.00) 0.480

Pancreatic vs. other tumors® 0.92 (0.26-3.24) 0.895
Number of regimens (>3 vs. <3) 1.94 (0.87-4.31) 0.105 2.52 (0.97-6.53) 0.058
Biallelic status (non-biallelic vs. biallelic) 1.85 (0.70-4.86) 0.214
Baseline ECOG PS (1vs. 0) 2.74 (1.22-6.14) 0.014 2.95 (115-7.56) 0.025
Baseline weight (kg) 0.98 (0.96-1.01) 0.174
Germline status (somatic vs. germline) 1.21 (0.49-3.00) 0.676

Abbreviations: N, no; Y, yes.

2Adjusted ORs and P values are based on the final multivariate logistic model adjusted by dose levels and other covariates included in the final model.

POther genes include all gene types except ATM, BRCAT, and BRCA2.

“Other tumors include all tumor types except breast, ovarian, and pancreatic (the most common tumor types).

Predicted % change in HGBpaya,

= (Into + Z (InputParameter x InputPammeterWt))

Predicted HGBpqy2,

Predicted % change in HGB
= HGBBaseline * (1 + 2 & D“}’22>

100%

where input parameters were one or more parameters selected from a
list, including the percent change from baseline in a patient’s hema-
tologic parameters (hemoglobin, monocytes, and/or reticulocytes) on
day 8 & 2. Int, and InputParameteryy, are weights derived from the fits
to all qualifying individuals for a given nomogram. If a patient did not
have a day 8 sample but did have one from within 2 days, the rate of
change observed for that patient over the first 6-10 days for the
parameter was scaled to day 8.

The performance of a nomogram was assessed to select the best
performing structure. This was done by comparing the r* correlation
coefficient and root mean square error (RMSE) of observations versus
predictions, as well as the fraction of patients’ predictions for day 22
hemoglobin that were within 7.5% of the observations, across nomo-
grams using different inputs. These parameters were also compared
with a non-nomogram-based approach (12), where predictions for the
day 22 hemoglobin levels were generated by linear extrapolation of the
percent change in hemoglobin observed at approximately day 7.

The nomogram performance was assessed using two approaches.
First, a “validation-set approach” was used, where the entire set of
patient data was randomly divided into a training set (n = two-thirds
of the total available) and a testing set (the remaining one-third of the
total available). Nomograms with the optimum structure were cali-

AACRJournals.org

brated using a training set and performance was assessed on predic-
tions made for individuals in the test set. This analysis was repeated for
100 iterations. Second, a “leave-one-out cross-validation approach”
was used, where the complete set of patients was split into a training
(n = total available minus 1) and a validation set (n = 1), and the
goodness-of-fit scores were assessed. This process was repeated iter-
atively until all individuals had been the lone point in the validation set.

Data availability

To minimize the risk of patient reidentification, data will only be
shared upon reasonable request. For eligible studies, qualified research-
ers may request access to individual patient-level clinical data through a
data request platform. At the time of writing, this request platform is
Vivli (https://vivli.org/ourmember/roche/). Datasets can be requested
18 months after a clinical study report has been completed and, as
appropriate, once the regulatory review of the indication or drug has
completed. Access to patient-level data from this trial can be requested
and will be assessed by an independent review panel, which decides
whether the data will be provided. Once approved, the data are available
for up to 24 months. For up-to-date details on Roche’s Global Policy on
the Sharing of Clinical Information and how to request access to related
clinical study documents, see https://go.roche.com/data_sharing. Anon-
ymized records for individual patients across more than one data
source external to Roche cannot, and should not, be linked owing to
a potential increase in risk of patient reidentification.

Results

Correlates with grade 3+ anemia
We first assessed whether any patient baseline features were asso-
ciated with the emergence of treatment-related grade 3+ anemia.

Clin Cancer Res; 30(4) February 15, 2024
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Figure 1.

Hematology values in patients treated with camonsertib and the correlation between changes in monocytes and reticulocytes with exposure and hemoglobin levels.
Longitudinal changes in hemoglobin (A), monocytes (B), and reticulocytes (C) in patients treated with either 120 or 160 mg of camonsertib during the first 15 days of
treatment. The changes from baseline at day 8 and day 15 in hemoglobin, monocytes, and reticulocytes are statistically significant as a group (P < 0.001) based on
pairwise t test. Day 8 hemoglobin (D), monocytes (E), and reticulocytes (F) versus camonsertib AUC. Day 8 changes in hemoglobin (G), monocytes (H), and

reticulocytes (I) versus day 22 changes in hemoglobin.

Those baseline covariates with a clinically plausible correlation with
anemia were considered and included in the univariate analysis shown
in Table 1. To minimize the confounding with dose levels, this analysis
included only those patients (n = 119) in the study that were treated
with monotherapy at potential recommended phase II dose levels
(120-160 mg 3/4 schedule). Without adjusting for other factors,
univariate logistic regression models suggest that higher baseline
hemoglobin values were associated with lower risk of the development
of grade 3+ anemia (OR: 0.56; P = 0.001; Table 1). Patients with a
lower performance status (ECOG PS score 1 vs. 0) were more likely to
develop grade 3+ anemia (OR: 2.74; P = 0.01), as were females, likely
due to the lower baseline hemoglobin level when compared with males
(median hemoglobin 11.5vs. 12.4 g/dL, respectively; P = 0.014). When
adjusting for other baseline covariates, including dose levels, only
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baseline hemoglobin, ECOG PS, and number of prior regimens were
independent baseline predictors of grade 3+ anemia.

In addition, exposure as measured by area under the curve (AUC)g_4
was also an independent predictor of grade 3+ anemia. In multivariable
logistic regression analysis, higher exposure was associated with an
increased chance of grade 3+ anemia (adjusted OR: 1.04; P = 0.005),
after adjusting for baseline hemoglobin and ECOG PS.

Given the impact of various baseline features on the likelihood of
development of clinically significant anemia upon ATRi treatment and
the heterogeneity of patient characteristics, an individualized approach
to dose selection may be warranted. We thus explored whether we
could utilize both baseline features and early on-treatment patient
laboratory data to reliably identify early predictors of hemoglobin
decline.

CLINICAL CANCER RESEARCH



Figure 2.

Camonsertib-specific Nomogram for Anemia

Management
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predictions within 7.5% of day 22 observation.

AACRJournals.org

Clin Cancer Res; 30(4) February 15, 2024

691



Rosen et al.

Relationship between changes in hematologic parameters and
anemia

In the dose-escalation phase of the TRESR trial, we observed early
decreases in monocytes and reticulocytes at day 8, with a more modest
decline in hemoglobin at this timepoint (Fig. 1A-C). While the drop in
monocytes and reticulocytes was close to maximal at day 8, hemo-
globin levels further declined by day 15, though rarely approached
grade 3+ levels. The absolute monocyte and reticulocyte counts
consistently rebounded quickly (within 1 week) following drug holds
(example patient shown in Supplementary Fig. S2) and both changes
were exposure dependent. However, exposure in cycle 1 was not a
predictor of hemoglobin changes on day 8 of treatment, likely due to
the longer physiologic turnover time of erythrocytes (Fig. 1D-F).
These findings are consistent with previously published work in mouse
with camonsertib, where early changes in reticulocytes were
observed with more intensive dosing of camonsertib with only
modest changes in red blood cells, likely due to the turnover rate
of red blood cells in the mouse (4). The dose/exposure dependence
of the monocyte and reticulocyte changes, and quick rebound
following drug hold, further support that these changes are drug
specific and not an epiphenomenon.

Nomogram to predict hemoglobin changes
On the basis of the hypotheses of mechanism-based ATRi-induced
anemia and these clinical observations, we developed a nomogram that

(randomly selected two-thirds, n = 40)

Complete set of patients for
2-parameter nomogram

leveraged several parameters at baseline and treatment day 8 for their
predictive value to anticipate hemoglobin decrease on day 22. A total of
154 patients were treated in the monotherapy arms of the TRESR
study. For the development of the nomogram, 45 patients were
excluded because of early dose modifications, missed doses in cycle
1, and/or missing hemoglobin data throughout cycle 1. Of the remain-
ing 109 patients, 2 were removed as they did not have assessments of
both monocytes and hemoglobin in cycle 1 and an additional 47 were
excluded as they did not have reticulocyte data.

Changes in reticulocyte counts and hemoglobin on day 8 compared
with baseline correlated well (Spearman rank correlations r = 0.61 and
r = 0.60, respectively) with day 22 changes in hemoglobin, while
monocyte changes were less strongly correlated (Spearman rank
correlation r = 0.31; Fig. 1G-I). This observation led us to hypothesize
that using baseline hematologic parameters, a mathematical model (a
nomogram) could be developed to predict hemoglobin levels early in
cycle 2. We iterated over combinations of baseline hematologic values
and on-treatment hematologic changes for the nomogram, and iden-
tified the optimal input parameter set as baseline hemoglobin and
reductions in hemoglobin and reticulocytes on day 8 (+* = 0.82,
RMSE = 0.70; Fig. 2). This nomogram provided a prediction accuracy
with a concordance rate of 82%. When applied to the independent test
data in the validation, a similar concordance rate of 80% was observed
(Fig. 3). For the purposes of this analysis, we defined a prediction to be
accurate when it was within 7.5% of the observed hemoglobin value,

Nomogram performance test:

training set -~

/ Randomly split nomogram patient set

(hemoglobin/reticulocytes)
(n=60)

1 ’ Repeat 100x

N ;

Nomogram performance test:
validation test set -

(randomly selected one-third, n = 20)

Fitting and evaluating
Validation-set approach nomogram on all
available patients
Nomogram predictions Nomogram predictions Full nomogram set
for training set (n = 40) for validation set (n = 20) (n=60)
RMSE 0.69 0.71 0.70
Day 22 hemoglobin
prediction: MAE 0.49 0.51 0.49
observation metrics
r? correlation coefficient 0.84 0.84 0.82
Concordance?® 82% 80% 82%

Figure 3.

Assessment of nomogram. Summary of the validation-set approach, which randomly divided the total set of patients into a nomogram-training set (n = two-thirds of
the total available) and a nomogram-testing set (n = one-third of the total available). The training set was used to calibrate the nomogram, and performance was
assessed on predictions made for individuals in the test set (who were not used in calibration). Mean values across iterations are presented in the table. MAE, mean

absolute error. ®Percent of predictions within 7.5% of day 22 observation.
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which has been used previously as a criterion of interchangeability of
hemoglobin values (12).

Furthermore, we investigated two predictive tests to assess the
performance of the nomogram in patient populations not used in
calibration. The nomogram performance in both the validation-set
approach (Fig. 3) and the leave-one-out cross-validation approach
(Supplementary Fig. S3) was very similar to what was observed when
calibrating to the entire set, suggesting that the nomogram is robust
and predictive of the population response.

Discussion

In summary, we developed a nomogram to accurately predict
declines in hemoglobin in patients treated with the ATRi camonsertib.
This nomogram utilizes standard clinical laboratory values (hemo-
globin and reticulocyte count) and can easily be implemented in
electronic medical record systems, similarly to other calculated para-
meters. As anemia is a class effect for ATRis and other agents, it would
be of interest to test the applicability of such a nomogram to other
ATRis in similar scenarios. Because of the different pharmacologic
properties and dosing strategies used for the other ATRis, independent
validation would be required. This decision tool may facilitate early
interventions for anemia for this drug class, thereby reducing
unplanned dose holds or reductions, and consequently, it may improve
drug exposure and ultimately efficacy.

Patients treated with camonsertib monotherapy displayed rapid
dose- and exposure-dependent decreases in reticulocytes and mono-
cytes. Despite the hypothesis that monocyte levels would be critical for
this nomogram, we found no significant correlation between monocyte
decline on day 8 and later hemoglobin decline. This may be due to the
different lifespans of the cell types (3 days for monocytes, <30 hours for
reticulocytes), with reticulocyte changes providing an earlier readout.

Although this work has several limitations, including phase I patient
selection criteria with a mandatory baseline hemoglobin cutoff of
9.5 g/dL and lack of validation in an independent dataset, we envision
this work as proof of principle to optimize dosing of ATRi therapy to
minimize clinically significant toxicity. This is additionally under-
scored by the low therapeutic index of ATRis, making the argument
that nomograms are simple and practical for patients’ care, thus could
be utilized for future dose selection and optimization of these ther-
apeutic agents.
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