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Abstract
Purpose Trilaciclib is a first-in-class CDK4/6 inhibitor that transiently arrests hematopoietic stem and progenitor cells 
(HSPCs) in the G1 phase of the cell cycle to preserve them from chemotherapy-induced damage (myelopreservation). We 
report integrated analyses of preclinical and clinical data that informed selection of the recommended Phase II dose (RP2D) 
used in trilaciclib trials in extensive-stage small cell lung cancer (ES-SCLC).
Methods A semi-mechanistic pharmacokinetic/pharmacodynamic (PK/PD) model developed from preclinical data guided 
selection of an optimal dose for G1 bone marrow arrest in a first-in-human Phase I study (G1T28-1-01). PK, PD, safety, and 
efficacy data from G1T28-1-01 and two Phase Ib/IIa studies (G1T28-02/-03) in ES-SCLC were analyzed to support RP2D 
selection.
Results Model simulation of bone marrow arrest based on preclinical data predicted that a ≥ 192 mg/m2 dose would induce 
a 40–50% decrease in total bone marrow proliferation in humans and almost 100% cell cycle arrest of cycling HSPCs. Con-
sistent with this model, analysis of bone marrow aspirates in healthy volunteers after trilaciclib 192 mg/m2 administration 
demonstrated almost 100% G1 arrest in HSPCs and 40% decrease in total bone marrow proliferation, with minimal toxicity. 
G1T28-02/-03 reported similar PK parameters with trilaciclib 200 mg/m2 but slightly lower exposures than expected com-
pared with healthy volunteers; consequently, 240 and 280 mg/m2 doses were also tested to match healthy volunteer exposures. 
Based on PK and relevant safety data, 240 mg/m2 was selected as the RP2D, which was also favored by myelopreservation 
endpoints in G1T28-02/-03.
Conclusion Integrated PK/PD, safety, and efficacy data support 240 mg/m2 as the RP2D for trilaciclib.
ClinicalTrials.gov Identifiers NCT02243150; NCT02499770; NCT02514447.
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Introduction

Damage to hematopoietic stem and progenitor cells 
(HSPCs) by cytotoxic chemotherapy causes multilineage 
myelosuppression, which can manifest as neutropenia, 
anemia, thrombocytopenia, and/or lymphopenia [1–3]. 
Chemotherapy-induced myelosuppression (CIM) can lead 
to serious complications such as infections, bleeding, and 
fatigue, which frequently require hospitalization, growth 
factor support (granulocyte colony-stimulating factor and/
or erythropoiesis-stimulating agents), and blood cell trans-
fusions [3]. Additionally, myelosuppression often results in 
chemotherapy dose reductions and/or delays that limit dose 
intensity [1, 3, 4]. To date, there is no single treatment avail-
able that prevents or mitigates the myelosuppressive effects 
of chemotherapy before they occur [5]. Existing interven-
tions are generally used reactively to treat acute cytopenias 
and are lineage specific; each of these has their own set of 
associated risks [5–9].

Trilaciclib is a first-in-class, highly potent, and selec-
tive intravenously administered cyclin-dependent kinase 
4/6 (CDK4/6) inhibitor, developed to preserve multiple 
hematopoietic cell lineages from chemotherapy-induced 
damage. When administered prior to chemotherapy, trilac-
iclib transiently arrests CDK4/6-dependent proliferating 
cells in the G1 phase of the cell cycle to prevent CIM [5, 
10, 11]. In preclinical studies, administration of trilaciclib 
prior to chemotherapy was shown to protect HSPCs from 
CIM, resulting in faster recovery of all blood cell lineages 
and mitigation of bone marrow exhaustion [10, 11]. In a 
Phase I first-in-human trial (Study G1T28-1-01), trilaci-
clib transiently inhibited bone marrow HSPC prolifera-
tion in healthy human volunteers with minimal toxicity; 
all moderate adverse events (AEs) spontaneously resolved 
within 24 h, and no AEs of severe or life-threatening inten-
sity were reported [11, 12].

There was a theoretical concern that during dose escala-
tion with chemotherapy, low doses of trilaciclib could pro-
duce an insufficient G1 arrest, thereby releasing HSPCs from 
G1 arrest in a synchronous manner while therapeutic levels 
of chemotherapy were present, and potentially resulting in 
increased CIM. Therefore, it was important to ensure that a 
biologically effective dose (BED) of trilaciclib was identified 
that was sufficient to maintain G1 cell cycle arrest of HSPCs 
throughout the duration of clinically relevant chemotherapy 
exposure. Because trilaciclib is a first-in-class molecule and 
no prior clinical evidence was available from similar mol-
ecules to inform dose selection, pharmacokinetic (PK) and 
pharmacodynamic (PD) modeling of available preclinical 
trilaciclib data [11, 13] was used to predict the exposure 
needed to induce a sufficient G1 cell cycle arrest of HSPCs 
in humans. In addition, the first-in-human trial in healthy 

volunteers (Study G1T28-1-01) was designed to evaluate 
exposure during dose escalation and to assess trilaciclib PD 
activity in the bone marrow when the predicted exposure 
was achieved [11, 12]. The administration of trilaciclib prior 
to standard-of-care chemotherapy was then evaluated in two 
Phase Ib/IIa trials in patients with extensive-stage small cell 
lung cancer (ES-SCLC): (1) Study G1T28-02 in patients 
with newly diagnosed ES-SCLC treated with etoposide plus 
carboplatin (E/P) [5]; and (2) Study G1T28-03 in patients 
with ES-SCLC treated with topotecan in the second-/third-
line setting [14]. Both of these studies included open-label, 
Phase Ib dose-finding portions. The safety, PK, and efficacy 
data from these dose-finding portions also provided impor-
tant information leading to the final dose selection for the 
subsequent randomized, double-blind portions of these tri-
als, and for the randomized, double-blind, Phase II Study 
(G1T28-05) in patients with newly diagnosed ES-SCLC 
treated with E/P plus atezolizumab [15]. Across all three 
trials, trilaciclib showed robust myelopreservation benefits 
across multiple hematopoietic lineages, without negatively 
impacting the antitumor efficacy of chemotherapy [5, 14, 
15].

Here, we describe these integrated analyses of preclinical 
and clinical PK, PD, safety, and efficacy data that formed the 
basis for selecting 240 mg/m2 as the dose for the Phase II 
randomized trials of trilaciclib in patients with ES-SCLC.

Materials and methods

Semi‑mechanistic PK/PD modeling of preclinical 
data

Owing to the invasive nature of the PD marker collection 
(i.e. bone marrow aspiration), a semi-mechanistic PK/PD 
model based on animal PK/PD data and human PK data was 
developed to guide the selection of an optimal dose level for 
bone marrow aspiration in humans during dose escalation 
in the Phase I first-in-human study. The model was con-
structed using PK data from four species (mouse, rat, dog, 
and human) and PD data from three species (mouse, rat, and 
dog; Online Resources 1 and 2).

The PK/multi-compartment PD model was based on a 
myelosuppression model previously published by Friberg 
et al. [16], with modifications. Specifically, the Friberg 
model did not differentiate between the bone marrow stem 
cell and progenitor cell compartments, but combined these 
into a single proliferative cell compartment. In the model 
used in the current study, stem cells and progenitor cells 
were separated into two compartments, with experimental 
data measured for each compartment. Additionally, the cur-
rent model further divided the cell cycles into G1-phase 
and S-phase compartments, which is critical to capture 
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trilaciclib’s mechanism of arresting cells in the G1 phase. 
Another important deviation from the Friberg model was the 
mechanism postulated for the homeostasis of the peripheral 
mononuclear cells (PMNs). We postulated that the feedback 
mechanism has a set point target and that deviations from 
that target would accelerate (in the case of too few PMNs) or 
decelerate (in the case of too many PMNs) the transition of 
G1-phase cells to S-phase cells in the stem cell population.

The model was constructed in two stages. First, preclini-
cal PK data (e.g. doses, routes, and schedule of adminis-
tration, observed concentrations) were compiled and mod-
eled by allometric scaling. A sequential PK/PD modeling 
approach (population PK parameters and data approach 
[17]) was then employed in which a semi-mechanistic PD 
model with various physiological compartments was cre-
ated, and specific assumptions entered (Online Resource 
3). Traditional forward addition/backward elimination was 
used for PK modeling. Forward addition/backward elimi-
nation consists of adding “features” to the model (one at a 
time) until the data support no more parameters, then elimi-
nating features (one at a time) until all remaining effects 
are statistically significant by likelihood ratio test, or until 
diagnostic plots suggest that the model is less predictive. 
Many parameters in this complex model could not be esti-
mated and were fixed either to the literature values or values 
selected on the basis of discussions with domain experts and 
sensitivity analysis. In preclinical animal models, the PD 
analysis modeled bone marrow cells positive for 5′-ethynyl-
2′-deoxyuridine (EdU) and peripheral neutrophil counts 
simultaneously. Although the preclinical animal models 
could determine the G1 phase, they could not differentiate 
S, G2, and M phases; cells in these phases will be referred 
to as “cycling” throughout this manuscript.

A combined systems biology and empiric modeling 
approach was taken, largely based on an understanding of 
the biology of hematopoiesis and the mechanism of action 
of trilaciclib, with literature values used when needed, and 
domain expert estimates used when literature values were 
not available. The multi-compartment PD model (Fig. 1a) 
was built to capture the effect of trilaciclib on hematopoie-
sis, with cell proliferation originating at the hematopoietic 
stem cell (HSC), differentiating into progenitor cells, and 
ultimately culminating in the release of a mature neutro-
phil into peripheral circulation. An additional regulatory 
mechanism was used to describe a “persistence effect” on 
the delayed transition from G1-phase stem cells to cycling 
stem cells even after concentrations of trilaciclib had fallen 
to below sub-therapeutic levels observed in preclinical stud-
ies, which may be related to the time required for the biosyn-
thesis of required proteins, or other processes required prior 
to transition to the S/G2/M phase. The effect of trilaciclib 
was modeled as a maximal effective concentration (Emax) in 
plasma on the transition rate constant from G1 to cycling 

for HSPCs. The effect of 5-fluorouracil (5-FU) was mod-
eled as removing (killing) cells while HSPCs are cycling. 
Owing to model complexity, only a minority of parameters 
could be estimated. The remaining parameters were either 
fixed using literature-based values or reliance on the model 
to find the best fit.

Simulations were performed for total cycling bone mar-
row cells across different dose levels from 4 to 384 mg/
m2. The PK model for trilaciclib was fixed to the final 
model from the PK analysis, and an additional 5-FU model 
was fixed to the literature values [18]. The literature esti-
mate for the half-life of 5-FU is 8–20 min. The PD of 
5-FU cytotoxicity, an inhibitor of thymidylate synthase 
[19], suggests that an indirect model [20] may be appro-
priate and, therefore, that PD activity may persist after 
the concentration has fallen. In addition, a key consid-
eration in interpreting the result of this analysis was to 
prevent the release of the G1-phase cells into S phase until 
there was confidence that the cytotoxicity of the 5-FU was 
eliminated. Thus, a conservative model for 5-FU activity 
was sought. Neither data nor literature was available to 
support such a model. Therefore, a modification of the 
literature estimate of a half-life of 8–20 min was made, 
and the pharmacologic activity half-life of 5-FU was esti-
mated at 42 min (elimination rate constant of 1/h). The 
5-FU PD model then consisted of a first-order elimination 
model with a rate constant of 1/h. Volume could not be 
estimated, as no concentration data were available, and 
was effectively fixed to 1.0. The final PD model fixed val-
ues obtained from model fits for the transit constant for 
stem cells at 0.5/h (i.e. mean residence time [MRT] for 
cycling stem cells was estimated to be approximately 2 h; 
Online Resource 3). The ratio of G1-phase to cycling cells 
was set to 1% (stem cells spend 1% of their time cycling 
[21]), and the total MRT for bone marrow progenitors was 
set to 120 h. Under the assumption of 120 h for the total 
bone marrow progenitor life span (in line with reported 
transit time from progenitor cells to peripheral PMNs [22, 
23]), the cell cycle through five G1–S/G2/M-phase cycles, 
with 16 h in the G1 phase and 8 h cycling per cycle, was 
consistent with animal data [24]. These values could not 
be estimated and were fixed; however, by testing feasible 
ranges for these parameters in the context of a sensitive 
model (i.e. the goodness of the model fits is sensitive to 
model parameters), parameter values with the best fit for 
the observed data were selected. In the 5-FU model, the 
elimination rate constant was fixed to 1/h, and the con-
centration resulting in 50% of maximum effect  (EC50) for 
5-FU, as identified in an earlier model (in-house modeling 
results), was fixed at 0.000334 ng/mL. The  Emax for 5-FU 
(fraction of cells that could be killed at a very high con-
centration) was fixed to 1.0. In the final model, between-
subject variability (log normal in all cases) was included 
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Fig. 1  Final PK/PD model and simulation of bone marrow arrest. 
The final model (a) was a linear three-compartment model with first-
order absorption. The model consisted of a population of stem cells 
cycling between G1 and S/G2/M phases, with a single compartment 
for G1 phase and a single compartment for S/G2/M phase (cycling 
cells). On each cycle between G1 phase and cycling, a population of 
bone marrow progenitor cells was created. The bone marrow model 
consisted of six populations of G1 phase and cycling cells arranged 
sequentially, such that the initial cells (from cycling stem cells into 
bone marrow progenitor G1 phase) progressed through five cycles 
of G1–S/G2/M-phase transitions. At the final bone marrow cycling 
phase, the population of cells transitioned to peripheral neutrophils. 
The peripheral neutrophil population was represented by six sequen-
tial cell populations. In addition, a feedback mechanism was modeled 
wherein a “target” for peripheral neutrophils was set to the initial 

neutrophil count and deviations from this target resulted in increased 
or decreased turnover of stem cells, thereby maintaining a relatively 
constant peripheral neutrophil count. Preclinical and clinical observa-
tions suggest there is a “persistence effect,” possibly related to change 
in Cyclin D, where G1 arrest is maintained for some period of time 
beyond trilaciclib exposure. This effect was parameterized by a slow-
ing of the transition of S-phase stem cells back to G1 phase by the 
effects of trilaciclib. To represent this effect, a parameter for a “per-
sistence effector” was incorporated, with a baseline amount set equal 
to the population size of S/G2/M-phase stem cells. This parameter 
was given an input proportional to the S/G2/M-phase stem cell popu-
lation and then declined with a linear kinetics. Simulations of total 
bone marrow arrest (b) represent mean values from 500 individuals. 
BM bone marrow, IV intravenous, PD pharmacodynamics, PK phar-
macokinetics, PMN polymorphonuclear cells
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on central volume of distribution, clearance, and the scale 
parameter for PMNs. Random between-species variability 
was included on central volume of distribution and clear-
ance. The residual error for both bone marrow cells and 
PMNs was log normal.

Model diagnostics consisted of standard PK/PD plots, 
including basic goodness of fit, individual PK and PD 
predictions and observed values versus time, conditional 
weighted residuals versus time, and visual predictive 
checks (VPCs; Online Resources 4 and 5) [25].

Parameters from emerging human PK data from Phase 
I dose escalation were incorporated into the PK/PD model 
to simulate the relative percentage of total bone marrow 
cells cycling or arrested in the G1 phase and the relative 
percentage of peripheral neutrophils over time, following 
a single dose of trilaciclib. NONMEM version 7.3 (ICON 
PLC, Hanover, MD, USA) was used for parameter estima-
tions [26]. XPOSE version 4 [27] was used for figures, and 
Perl-speaks-NONMEM version 3.62 [28] used for VPC 
calculation.

Phase I and Phase II study designs

Details of the G1T28-1-01, G1T28-02, and G1T28-03 study 
designs have been reported previously [5, 11, 14].

Briefly, Study G1T28-1-01 (NCT02243150) was a sin-
gle-center, single-dose, first-in-human study of trilaciclib in 
healthy human volunteers [11]. Healthy male and/or female 
subjects aged 18–60 years, with a body weight of ≥ 50 kg 
and a body mass index of 18–32 kg/m2, were enrolled. The 
study included a double-blind, randomized, placebo-con-
trolled single ascending dose (SAD) part in six 4- to 8-sub-
ject cohorts (3:1; trilaciclib vs placebo [6, 12, 24, 48, 96, 
or 192 mg/m2]; 30-min intravenous [IV] infusion), and an 
open-label 12-subject cohort who received a single 192 mg/
m2 dose to confirm the BED on the basis of the totality of 
available safety, PK, and PD data. The PD activity of trilaci-
clib was assessed in an ex vivo phytohemagglutinin (PHA)-
stimulated lymphocyte proliferation assay (SAD and BED 
cohorts), and by evaluation of HSPC proliferation in bone 
marrow aspirates (BED cohort only). To assess the anti-
proliferative activity of trilaciclib on lymphocytes, blood 
samples were obtained from subjects in the BED cohort 
and the SAD 96 and 192 mg/m2 cohorts pre-dose and at 
specified times after the end of infusion, and then treated 
with PHA for 48 h ex vivo to stimulate lymphocyte prolifera-
tion. Following a 1-h exposure to EdU, cells were harvested, 
processed, and analyzed by flow cytometry to measure the 
percentage of proliferation through EdU + incorporation 
in CD45 + /CD3 + cells (T lymphocytes). A single bone 
marrow aspirate at various time points relative to IV dos-
ing of trilaciclib was obtained from all subjects enrolled in 
the BED cohort to determine the effect of trilaciclib on the 

cell cycle phases (i.e. G1 or cycling) of various bone mar-
row progenitor lineages, on the basis of expression of cell-
surface markers. HSPC proliferation was measured before 
dosing (n = 5), 24 h after trilaciclib dosing (n = 3), or 32 h 
after trilaciclib dosing (n = 4), using flow cytometry [11].

G1T28-02 (NCT02499770) was a multicentre Phase 
Ib/IIa study in patients with newly diagnosed ES-SCLC 
[5]. Eligible patients were aged ≥ 18 years and had histo-
logically or cytologically confirmed ES-SCLC, measurable 
disease per Response Evaluation Criteria in Solid Tumors 
(RECIST) version 1.1, an Eastern Cooperative Oncology 
Group (ECOG) performance status of 0–2, and adequate 
organ function. Part 1 was a Phase Ib, open-label, dose-
finding portion, in which patients received trilaciclib 200 
or 240 mg/m2, followed by Part 2, a Phase IIa, randomized, 
double-blind, placebo-controlled, expansion portion at the 
recommended Phase II dose (RP2D). All patients (Parts 
1 and 2) received carboplatin (area under the concentra-
tion–time curve [AUC] 5 mg min/mL) on Day 1 and etopo-
side (100 mg/m2) on Days 1–3, and IV trilaciclib (or placebo 
in Part 2) was administered once daily before chemotherapy. 
The primary objective of the study was to define the trilaci-
clib RP2D (Part 1) and to assess the safety and tolerability 
of trilaciclib in combination with E/P (Parts 1 and 2). Sec-
ondary objectives included analysis of the PK profiles of 
trilaciclib and of E/P (Part 1), and assessment of trilaciclib 
efficacy (Parts 1 and 2), including thorough evaluation of 
common myelosuppression endpoints. In the dose-finding 
Part 1 portion, blood samples for PK analysis were collected 
at prespecified time points on Cycle 1 Day 1 and Cycle 1 
Day 3 (200 mg/m2 cohort: all patients; 240 mg/m2 cohort: 
optional).

G1T28-03 (NCT02514447) was a multicentre Phase Ib/
IIa study in patients with previously treated ES-SCLC [14]. 
Patients were aged ≥ 18 years and had histologically or cyto-
logically confirmed ES-SCLC that had progressed during or 
after prior first- or second-line chemotherapy, measurable 
disease per RECIST version 1.1, an ECOG performance sta-
tus of 0–2, and adequate organ function. Part 1 was a Phase 
Ib, open-label, dose-finding portion. Part 2 was a Phase 
IIa, randomized, double-blind, placebo-controlled portion. 
In Part 1, trilaciclib (200, 240, or 280 mg/m2) was admin-
istered once daily prior to chemotherapy on Days 1–5 of 
each 21-day topotecan cycle (IV topotecan [0.75, 1.0, 1.25, 
or 1.5 mg/m2]; Days 1–5). In Part 2a, patients were rand-
omized 2:1 to receive trilaciclib 240 mg/m2 prior to topote-
can 0.75 mg/m2, or placebo prior to topotecan 1.5 mg/m2 
using the same schedule as that in Part 1. Part 2b evaluated 
trilaciclib 240 mg/m2 prior to topotecan 1.5 mg/m2 using the 
same schedule as that in Part 1. Study objectives included 
assessment of dose-limiting toxicities (DLTs; Part 1), safety 
and tolerability (Parts 1 and 2), PK (mainly Part 1), and 
myelosuppression efficacy (Parts 1 and 2) of trilaciclib in 



694 Cancer Chemotherapy and Pharmacology (2021) 87:689–700

1 3

Oligopotent progenitors

Time post trilaciclib administration (h)

Pe
rc

en
ta

ge
 o

f 
ce

lls
 in

 G
1 

(%
)

Granulocyte lineage

Megakaryocyte lineage

80
Pre dose 24 32

85
90
95

100

Time post trilaciclib administration (h)

Pe
rc

en
ta

ge
 o

f 
ce

lls
 in

 G
1 

(%
)

Pre dose 24 32

Time post trilaciclib administration (h)

Pe
rc

en
ta

ge
 o

f 
ce

lls
 in

 G
1 

(%
)

Pre dose 24 32

b
Scheduled time (h)

Hematopoietic stem cells and
multipotent progenitors

Time post trilaciclib administration (h)

Pe
rc

en
ta

ge
 o

f 
ce

lls
 in

 G
1 

(%
)

Monocyte lineage

Erythroid lineage

Total bone marrow

80
Pre dose 24 32

85
90
95

100

Time post trilaciclib administration (h)

Pe
rc

en
ta

ge
 o

f 
ce

lls
 in

 G
1 

(%
)

Pre dose 24 32

Time post trilaciclib administration (h)

Time post trilaciclib administration (h)

Pe
rc

en
ta

ge
 o

f 
ce

lls
 in

 G
1 

(%
)

R
el

at
iv

e 
pe

rc
en

ta
ge

 o
f 

B
M

 c
el

ls
 in

 S
 p

ha
se

 (%
)

65
Pre dose 24 32

88.7%

97.5% 97.0%

93.7% 90.5%

99.6%

95.4% 97.8% 97.1%

97.6% 99.1% 99.4%

94.7%
97.7% 98.2%

70.6%

72.7% 75.6%

70
75
80
85

0

50

100

150

80
85
90
95

100

80
85
90
95

100

80
85
90
95

100

Pre dose 24 32

a

c

20
–2

R
el

at
iv

e 
%

 E
dU

+ 
of

 C
D

45
+ 

C
D

3+
 

(n
or

m
al

iz
ed

 to
 p

re
 d

os
e)

 (%
)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

40

60

80

100

120

140

160 PD
Placebo (n = 4)
96 mg/m² (n = 6)
192 mg/m² (n = 6)
BED (192 mg/m²) (n = 12)
Both (192 mg/m²) (n = 18) 



695Cancer Chemotherapy and Pharmacology (2021) 87:689–700 

1 3

combination with topotecan. In Part 1 of the study, blood 
samples for PK analysis were collected at prespecified time 
points on Cycle 1 Day 1 and Cycle 1 Day 4 for all patients.

All studies were designed and conducted in compliance 
with the principles of the Declaration of Helsinki and the 
Good Clinical Practice guideline of the International Coun-
cil for Harmonisation. Study protocols and study-related 
materials were approved by the institutional review board 
or independent ethics committee of each investigational site. 
Written informed consent was obtained from each patient 
before the initiation of study procedures.

Results

Interpretation of preclinical data

Previously reported preclinical data and PK/PD modeling 
were used to estimate the dose level at which a maximal 
decrease in the percentage of cycling HSCs would be 
expected, to be further assessed using bone marrow sam-
pling in healthy human volunteers. Data obtained using 
murine HSCs indicated that a single dose of trilaciclib 
induced a dose-dependent, reversible cell cycle arrest of 
all hematopoietic cell types, and that concentrations result-
ing in the maximum (~ 50%) decrease from baseline in the 
relative percentage of total bone marrow cycling cells were 
effective in decreasing the percentage of cycling HSPCs so 
that almost 100% of HSPCs were arrested in the G1 phase 
[11]. Similar dose-dependent effects on G1 arrest of total 
bone marrow cycling cells (~ 50% maximum decrease from 
baseline) were observed in dogs [13], although results on 
specific cell types were not available owing to study limita-
tions. Since hematopoietic development is well-conserved 
across species, trilaciclib’s CDK4/6 inhibition in humans 
was expected to be similar to that in mice and dogs, and 
mouse and dog data infer that a dose level resulting in an 

approximate 50% decrease in total bone marrow cycling 
cells would result in an almost 100% decrease in the per-
centage of cycling HSPCs, representing a therapeutically 
effective dose.

PK/PD model

The final PD model (Fig. 1a) suggested an  EC50 value of 
5.9 ng/mL for trilaciclib, which predicts an  EC90 (thera-
peutically active dose) of approximately 50 ng/mL. Model 
simulation of bone marrow arrest predicted that a trilaciclib 
dose of ≥ 192 mg/m2 would induce a 40–50% decrease from 
baseline in total bone marrow proliferation, with a return 
to baseline at approximately 48 h (Fig. 1b). The level of 
decrease was close to the maximum effect observed in ani-
mal studies. In addition, per simulation, a higher dose of 
384 mg/m2 showed a similar PD effect. Therefore, 192 mg/
m2 was selected as the dose to obtain bone marrow aspirates 
from healthy subjects enrolled in the first-in-human study 
(G1T28-1-01).

First‑in‑human trial in healthy volunteers (study 
G1T28‑1‑01)

Of the 33 subjects enrolled in the SAD part of the study, 
24 received trilaciclib (6 mg/m2, n = 3; 12 mg/m2, n = 3; 
24  mg/m2, n = 3; 48  mg/m2, n = 3; 96  mg/m2, n = 6; 
192 mg/m2, n = 6), and nine received placebo. Twelve 
additional subjects, who were enrolled to confirm the 
BED, received trilaciclib at a dose of 192 mg/m2. Demo-
graphic characteristics, published previously [11], were 
comparable among the seven trilaciclib groups and the pla-
cebo group. Geometric mean (gMean) maximum plasma 
concentration  (Cmax)and total systemic exposure [AUC 
from time 0 to infinity (AUC 0-inf)] increased dose depend-
ently following a single 30-min IV infusion of trilaciclib 
over the dose ranges tested (0–192 mg/m2), with AUC 
0-inf increasing slightly more than dose proportionally. 
Mean (range) AUC 0-inf for both 192 mg/m2 groups com-
bined (n = 18) was 3029 (2379–3869) ng h/mL (Online 
Resource 6).

At doses of 96 and 192 mg/m2, trilaciclib demonstrated 
dose-dependent inhibition of the proliferation of CD45 + /
CD3 + lymphocytes (a surrogate of CDK4/6 inhibition in 
hematopoietic cells) with a maximum mean inhibition of 
37.2% and 60%, respectively, at 4 h after end of infusion 
(Fig. 2a). This indicated that the 96 mg/m2 dose was on the 
ascending part of the dose–response curve and the percent-
age of inhibition was suboptimal. Peripheral lymphocyte 
proliferation started to recover from 8 h after end of infu-
sion; however, the variability makes it hard to conclude 
if it has fully recovered at the last sampling time point 

Fig. 2  Effect of trilaciclib on lymphocyte and human bone marrow 
proliferation. a Relative percentage of EdU+ cells of the CD45+/
CD3+ lymphocyte population assessed in an ex  vivo (PHA)-stimu-
lated lymphocyte proliferation assay. Blood samples were drawn from 
subjects in the SAD (96 and 192 mg/m2) and BED cohorts pre-dose 
and at 4, 8, 12, and 24 h after the end of infusion, and then treated 
with PHA for 48 h to stimulate lymphocyte proliferation. b Percent-
age of bone marrow progenitor subsets in the G1 phase at 24 and 
32  h post trilaciclib dose. Bone marrow aspirates were drawn from 
subjects in the BED cohort at various time points [pre-dose (n = 5), 
and 24 (n = 3) or 32 (n = 4) h post trilaciclib dose]. Two bone mar-
row samples (one pre-dose and one at 32 h post-dose) were excluded 
from analysis owing to contamination with peripheral blood. c Rela-
tive percentage of total bone marrow cells in the S phase at 24 and 
32  h post-trilaciclib dose (n = 10). Data shown are mean ± standard 
deviation. BED biologically effective dose, BM bone marrow, EdU 
5′-ethynyl-2′-deoxyuridine, PD pharmacodynamics, PHA phytohe-
magglutinin, SAD single ascending dose

◂
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24 h after end of infusion. In bone marrow aspirates col-
lected following infusion of 192 mg/m2 trilaciclib in the 
BED cohort, a clear increase in the percentage of cells in 
G1 arrest was observed at 24 and 32 h post-dose for most 
bone marrow progenitor subsets (Fig. 2b). For HSPCs, the 
percentage of cells in the G1 cell cycle phase increased 
over time, with a maximum increase observed at 32 h post-
dose. At 192 mg/m2, trilaciclib achieved almost 100% G1 
arrest for most of the cell types, with the exception of 
erythrocyte and megakaryocyte lineages (Fig. 2b). By 
comparison, analysis of total bone marrow demonstrated 
an approximate 40% arrest at 24 h, with partial recov-
ery at 32 h (Fig. 2c), which was in line with the level of 
decrease in total cycling bone marrow cells and cycling 
HSPC observed in the preclinical studies. In addition, it 
was consistent with the PK/PD model predictions. Given 
that the arrest for most of the cell types reached almost 
100%, it suggests that the 192 mg/m2 dose reached the pla-
teau part of the dose–response curve. Thus, it was assumed 
that a further increase in the trilaciclib dose would result 
in a diminishing return for efficacy and could result in 
deeper and more prolonged neutropenia.

Phase Ib/IIa studies in ES‑SCLC

Study G1T28‑02

In Study G1T28-02, a total of 94 patients received study 
drug per protocol (Part 1: trilaciclib 200  mg/m2 + E/P, 
n = 10; trilaciclib 240  mg/m2 + E/P, n = 9; Part 2: pla-
cebo + E/P, n = 37; trilaciclib 240 mg/m2 + E/P, n = 38). 
Baseline demographics and disease characteristics were 
generally comparable across the treatment groups in Part 1 
[5]. PK analysis in Part 1 (n = 9) demonstrated an AUC 0-inf 
of 2560 (range 1390–3730) ngh/mL on Cycle 1 Day 1 in the 
trilaciclib 200 mg/m2 cohort (Online Resource 6), which was 
lower than the target AUC (target: 3100 ngh/mL) established 
in Study G1T28-1-01 at 192 mg/m2. On the basis of these 
observations and relevant safety data, the safety monitor-
ing committee decided to increase the dose of trilaciclib 
to 240 mg/m2 to match the exposure. DLT evaluation also 
supported the selection of trilaciclib 240 mg/m2 as the Phase 
IIa dose. Two DLTs were reported with trilaciclib 200 mg/
m2 (Grade 4 thrombocytopenia, and Grade 2 neutropenia 
resulting in Cycle 2 delay) and one with trilaciclib 240 mg/
m2 (Grade 2 neutropenia resulting in Cycle 2 delay). Evalu-
ation of hematology data from Part 1 by cohort and trilaci-
clib dose level identified a consistent reduction in Grade 
3/4 laboratory abnormalities for hemoglobin, lymphocytes, 
neutrophils, and platelets (Fig. 3a) and multiple myelosup-
pression endpoints [duration of severe neutropenia (DSN) 
and occurrences of severe neutropenia (SN), red blood cell 
(RBC) transfusions, granulocyte colony-stimulating factor 

administration, platelet transfusions, erythropoietin-stimu-
lating agent administration, IV antibiotic use, infection seri-
ous AEs (SAEs), and pulmonary infection SAEs; Online 
Resource 7] for the 240 mg/m2 dose compared with the 
200 mg/m2 dose, further supporting the selection of 240 mg/
m2 as the RP2D for trilaciclib.

Study G1T28‑03

Thirty-two patients received study treatment in Part 1 of 
Study G1T28-03 [14], across seven dose cohorts (Cohort 1: 
trilaciclib 200 mg/m2 + topotecan 1.5 mg/m2, n = 2; Cohort 
2: trilaciclib 200 mg/m2 + topotecan 1.25 mg/m2, n = 3; 
Cohort 3: trilaciclib 200 mg/m2 + topotecan 0.75 mg/m2, 
n = 4; Cohorts 4 and 6: trilaciclib 240 mg/m2 + topotecan 
0.75 mg/m2, n = 8; Cohort 5: trilaciclib 280 mg/m2 + topote-
can 0.75  mg/m2, n = 7; Cohort 7: trilaciclib 240  mg/
m2 + topotecan 1 mg/m2, n = 8). In general, demographics 
were similar for all treatment groups in Part 1. In Part 2, 90 
patients were randomized and received at least one dose of 
study drug (placebo + topotecan 1.5 mg/m2, n = 28; trilaci-
clib 240 mg/m2 + topotecan 0.75 mg/m2, n = 30; trilaciclib 
240 mg/m2 + topotecan 1.5 mg/m2, n = 32).

Similar to Study G1T28-02, PK analysis (n = 31) showed 
that the AUC 0-inf of the 200 mg/m2 dose was lower [gMean 
(range) 2410 (1700–3000) ng h/mL on Day 1] than expected 
on the basis of exposure at 192 mg/m2 in Study G1T28-
1-01; this prompted the safety monitoring committee to 
increase the dose to 240 mg/m2, which almost achieved the 
target AUC of 3100 ng h/mL (2910 and 2880 h ng/mL on 
Days 1 and 4, respectively). A dose of 280 mg/m2 was also 
tested, but exposures were significantly higher and resulted 
in drug accumulation (gMean AUC: 3490 h ng/mL on Day 
1 and 4520 h ng/mL on Day 4) that had not been observed 
at lower dose levels. The safety and efficacy of three dose 
levels of trilaciclib: 200, 240, and 280 mg/m2 were evalu-
ated when trilaciclib was administered prior to 0.75 mg/m2 
of topotecan. No DLT (0 of 10 patients) was reported for 
the 240 mg/m2 trilaciclib cohorts. By contrast, 2 of 4 and 2 
of 7 patients reported DLTs in the 200 mg/m2 and 280 mg/
m2 trilaciclib cohorts, respectively. From laboratory abnor-
malities, the 240 mg/m2 dose showed fewer Grade 3/4 neu-
tropenia and thrombocytopenia events than did the 200 and 
280 mg/m2 doses (Fig. 3b). In addition, the 240 mg/m2 dose 
also showed improved myelopreservation compared with 
the 200 and 280 mg/m2 doses, on the basis of the primary 
efficacy endpoints of DSN and occurrence of SN, as well 
as several key secondary and supportive secondary myelo-
preservation endpoints (occurrences of RBC and platelet 
transfusions, IV antibiotic use, infection SAEs, pulmonary 
infection SAEs, and febrile neutropenia, and incidence of 
major adverse hematologic events; Online Resource 7). The 
efficacy/safety comparisons for trilaciclib dose levels were 
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based on a topotecan dose of 0.75 mg/m2, which is half of 
the recommended dose (1.5 mg/m2). However, the PD effect 
of trilaciclib is assumed to be related to host cells, hence is 
independent of the chemotherapy dose.

Discussion

To rationally design a schedule for administering trilaci-
clib prior to chemotherapy, it was critical to understand the 
magnitude and duration of G1 cell cycle arrest of HSPCs 

at a given dose level of trilaciclib. Therefore, in addition to 
obtaining first-in-human safety experience, a key goal of the 
Phase I study was to demonstrate the biological activity of 
trilaciclib, including the maximal level of inhibition and the 
duration of response in HSPCs, and to define the starting 
dose level of trilaciclib for use in combination with chemo-
therapy in patients with ES-SCLC. Owing to the difficulty 
of sampling human bone marrow for HSPCs and other cell 
types, dose selection was started from an evaluation of avail-
able preclinical data from mice and dogs [11, 13], which 
suggested that an approximate 50% decrease from baseline 

Fig. 3  Radar plots of Grade 
3/4 laboratory abnormalities 
in a Part 1 of Study G1T28-
02 [Safety Analysis Set, all 
enrolled patients who received 
at least one dose of any study 
drug (n = 20)] and b Part 1 of 
Study G1T28-03 [Intent-to-
Treat Analysis Set, all enrolled 
patients who received at least 
one dose of any study drug 
(n = 32)]. The radar charts 
provide a graphic visualization 
of the efficacy of each trilaci-
clib dose for the two studies. 
The charts display Grade 3/4 
laboratory abnormalities for 
hemoglobin, lymphocytes, 
neutrophils, and platelets to 
create a unique shape for each 
treatment group. Each axis of 
the chart represents the propor-
tion of Grade 3/4 abnormalities 
for a hematology laboratory 
parameter, with proportion 
increasing towards the vertex 
of the axis. The shaded area 
of the whole shape, reflecting 
the multi-lineage Grade 3/4 
abnormalities, was compared 
between treatment groups using 
a multivariate test to generate 
the p value
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in total bone marrow cycling cells would translate into 
nearly 100% of HSPCs being arrested in G1 phase. Mecha-
nistic PK/PD modeling predicted that a dose of 192 mg/m2 
would result in a decrease in total bone marrow cycling cells 
of slightly less than 50%; therefore, this dose was selected as 
the BED, to be evaluated further in the first-in-human Phase 
I study (G1T28-1-01).

Lymphocytes are known to be sensitive to CDK4/6 
inhibition and were evaluated as a surrogate PD marker of 
trilaciclib activity as well as a surrogate for bone marrow 
aspirates. In healthy volunteers, a robust PD effect was dem-
onstrated with trilaciclib 96 mg/m2 and 192 mg/m2, with 
a dose-dependent decrease in PHA-stimulated lymphocyte 
proliferation, providing proof of concept that there was a 
dose-dependent decrease in proliferating CDK4/6-dependent 
cells in the blood due to CDK4/6 inhibition. In addition, the 
significantly higher level of inhibition for lymphocyte prolif-
eration at 192 mg/m2 aligned with the simulation results that 
supported 192 mg/m2 as the BED for assessing bone marrow 
proliferation. Data from bone marrow HSPCs were more 
definitive, providing information for the target organ and cell 
populations. These data demonstrated that administration of 
trilaciclib at the BED of 192 mg/m2 resulted in almost 100% 
G1 arrest in most bone marrow stem and progenitor subsets, 
with the exception of erythrocyte and megakaryocyte line-
ages, which persisted for 32 h.

The total bone marrow data were consistent with the 
model-predicted results, showing an approximate 40% 
decrease in total bone marrow cells in the S phase with some 
recovery by 32 h. Trilaciclib was well tolerated at all test 
doses. The most commonly reported AEs were headache 
and nausea. No severe AEs were reported, and all moderate 
AEs spontaneously resolved within 24 h [11].

On the basis of PK/PD data from Study G1T28-1-01, 
which indicated that trilaciclib 192 mg/m2 was pharmaco-
logically active with minimal toxicity in healthy volunteers, 
a dose of trilaciclib 200 mg/m2 (rounded up from 192 mg/
m2) was selected as the starting dose for the subsequent 
Phase Ib/IIa ES-SCLC studies. Subsequent PK assessments 
across Part 1 of Studies G1T28-02 and G1T28-03 revealed 
that the PK parameters of trilaciclib at 200 mg/m2 were simi-
lar in each study, but that exposures (AUC) were slightly 
lower than the target AUC established with 192 mg/m2 in 
Study G1T28-1-01. On the basis of these observations and 
relevant safety data, the dose of trilaciclib was increased to 
240 mg/m2. Trilaciclib was also tested at a dose of 280 mg/
m2 in Study G1T28-03; however, owing to the level of accu-
mulation and accompanying safety data, the 280 mg/m2 dose 
was not selected as the RP2D. The poorer efficacy observed 
in myelosuppression endpoints with the 280 mg/m2 dose 
may be due to the longer-than-necessary arrest of HSPCs in 
the G1 phase. This likely resembles an inverted U-shaped 

dose–response curve, whereby prolonged inhibition could 
cause myelosuppression.

Evaluation of safety data in Part 1 of both the G1T28-02 
and G1T28-03 studies supported the selection of trilaciclib 
240 mg/m2 as the Phase IIa dose. DLT assessments showed 
reduced DLT with trilaciclib 240 mg/m2 versus 200 mg/m2 
(G1T28-02 and G1T28-03) and 280 mg/m2 (G1T28-03). 
Additionally, there was a reduction in hematologic Grade 
3/4 laboratory abnormalities with the 240 mg/m2 dose com-
pared with the 200 mg/m2 (G1T28-02 and G1T28-03) and 
280 mg/m2 (G1T28-03) doses.

Efficacy data from Part 1 of both the G1T28-02 and 
G1T28-03 trials clearly showed that trilaciclib 240 mg/m2 
reduced the risk of CIM in patients with ES-SCLC under-
going chemotherapy, and that it had a favorable outcome 
over the 200 mg/m2 dose. These findings are consistent with 
the subsequent Phase IIa efficacy results of the G1T28-02 
and G1T28-03 studies, which demonstrated a clinically 
and statistically significant reduction in the DSN in Cycle 
1 and occurrence of SN across the treatment period when 
trilaciclib was administered prior to chemotherapy [5, 14]. 
In addition to informing dose selection, the PK/PD model 
provided important information regarding the optimal tim-
ing of trilaciclib administration relative to chemotherapy. 
The duration of cycling stem cells was estimated to be in 
the order of 1.5–2 h, suggesting that, once trilaciclib has 
reached its therapeutic concentration  (EC90 ~ 50 ng/mL), 
cells in the S, G2, and M phases would be fully depleted 
(and, therefore, protected from cytotoxicity) in approxi-
mately 1.5–2 h. Even shorter periods of trilaciclib admin-
istration prior to chemotherapy will still result in substan-
tial protection, particularly for stem cells, as only a small 
fraction of stem cells are cycling at any one time [11, 29]. 
More important than arresting all HSPCs in the G1 phase 
prior to chemotherapy administration is ensuring that the 
therapeutic effect of trilaciclib persists throughout the dura-
tion of cytotoxic exposure, because releasing HSPCs from 
G1 arrest in a synchronous manner could lead to significant 
myelosuppression.

In summary, a PK/PD model was constructed to predict 
human PD of trilaciclib for the first-in-human study to guide 
selection of the optimal dose at which to evaluate bone mar-
row aspirates, which is an invasive procedure. Using model 
simulations and available PK and PD data from Study 
G1T28-1-01, a trilaciclib dose of 192 mg/m2 was identified 
as the BED and was selected for further safety and efficacy 
evaluation. The prediction for the PD effect estimated from 
preclinical data was confirmed by analyses of bone marrow 
aspiration from the first-in-human study. Subsequent evalu-
ation of trilaciclib administered prior to chemotherapy (E/P 
or topotecan) in patients with ES-SCLC led to a PK- and 
efficacy-guided dose adjustment with the selection of trilaci-
clib 240 mg/m2 as the RP2D for Part 2 of Studies G1T28-02 
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and G1T28-03. In Parts 1 and 2 of both studies, trilaciclib 
240 mg/m2 was well tolerated, with few trilaciclib-related 
AEs, and demonstrated a decrease in laboratory abnormali-
ties and additional myelosuppression endpoints compared 
with placebo. Improvements were consistently more favora-
ble in patients treated with trilaciclib 240 mg/m2 compared 
with those receiving trilaciclib 200 mg/m2 or 280 mg/m2, 
supporting trilaciclib 240 mg/m2 as the RP2D.

Supplementary Information The online version contains supplemen-
tary material available at https ://doi.org/10.1007/s0028 0-021-04239 -9.
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