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Abstract
Purpose The phase Ib/II open-label study (NCT01992653) evaluated the antibody-drug conjugate polatuzumab vedotin 
(pola) plus rituximab/obinutuzumab, cyclophosphamide, doxorubicin, and prednisone (R/G-CHP) as first-line therapy for 
B-cell non-Hodgkin lymphoma (B-NHL). We report the pharmacokinetics (PK) and drug–drug interaction (DDI) for pola.
Methods Six or eight cycles of pola 1.0–1.8 mg/kg were administered intravenously every 3 weeks (q3w) with R/G-CHP. 
Exposures of pola [including antibody-conjugated monomethyl auristatin E (acMMAE) and unconjugated MMAE] and 
R/G-CHP were assessed by non-compartmental analysis and/or descriptive statistics with cross-cycle comparisons to cycle 
1 and/or after multiple cycles. Pola was evaluated as a potential victim and perpetrator of a PK drug–drug interaction with 
R/G-CHP. Population PK (popPK) analysis assessed the impact of prior treatment status (naïve vs. relapsed/refractory) on 
pola PK.
Results Pola PK was similar between treatment arms and independent of line of therapy. Pola PK was dose proportional 
from 1.0 to 1.8 mg/kg with R/G-CHP. Geometric mean volume of distribution and clearance of acMMAE ranged from 
57.3 to 95.6 mL/kg and 12.7 to 18.2 mL/kg/day, respectively. acMMAE exhibited multi-exponential decay (elimination 
half-life ~ 1 week). Unconjugated MMAE exhibited formation rate-limited kinetics. Exposures of pola with R/G-CHP were 
similar to those in the absence of CHP; exposures of R/G-CHP in the presence of pola were comparable to those in the 
absence of pola.
Conclusions Pola PK was well characterized with no clinically meaningful DDIs with R/G-CHP. Findings are consistent 
with previous studies of pola + R/G, and support pola + R/G-CHP use in previously untreated diffuse large B-cell lymphoma.

Keywords B-cell non-Hodgkin lymphoma · Polatuzumab vedotin · Pharmacokinetics · Combination therapy · Drug 
interactions · Phase Ib/II

Introduction

B-cell non-Hodgkin lymphoma (B-NHL) is a heterogeneous 
set of malignancies with varying clinical outcomes. The out-
comes of B-NHL vary depending on many factors including 
histology; while certain patients can be cured of disease, 
others remain refractory or relapse. The current standard 
of care for the majority of patients with B-NHL is immu-
nochemotherapy; however, treatment-related morbidity and 
lack of efficacy remain an obstacle, especially for middle 
aged/older and/or frail patients [1, 2]. As such, a substantial 
unmet medical need in patients with NHL remains, requiring 
evaluation of alternate and more effective approaches [3, 4].

Antibody-drug conjugates (ADCs) have become a rapidly 
emerging class of therapeutics, aiming to revolutionize the 
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field of cancer therapy including the treatment of B-NHL [5, 
6]. ADCs are composed of a monoclonal antibody (mAb) 
bound to a potent cytotoxic agent through a linker to pro-
vide targeted delivery to tumor cells. Attempts to treat B-cell 
malignancies with ADCs in a targeted setting offer several 
advantages over traditional chemotherapy with enhanced 
biologic activity [7]. Across both hematologic and solid 
tumors, five ADCs have been approved including: gem-
tuzumab ozogamicin (Mylotarg™), brentuximab vedotin 
(Adcetris™), ado-trastuzumab emtansine (Kadcyla™), ino-
tuzumab ozogamicin (Besponsa™) and polatuzumab vedotin 
(pola; Polivy™). Over 65 additional ADCs are currently in 
clinical evaluation targeting a wide variety of tumors [8–10].

One broad and attractive targeting option for B-NHL 
using an ADC is the CD79 signaling component of the 
B-cell receptor, due to its exclusive expression on the B-cell 
lineage and malignant B cells in patients with B-NHLs [11]. 
Pola was recently approved by the United States Food and 
Drug Administration (US FDA) in combination with benda-
mustine and rituximab for patients with relapsed/refractory 
(R/R) diffuse large B-cell lymphoma (DLBCL) after at least 
two prior therapies [12]. Pola is comprised of a CD79b-
specific humanized monoclonal antibody that is conjugated 
to the cytotoxic agent monomethyl auristatin E (MMAE) via 
a protease-cleavable peptide linker. Pola selectively binds 
to the CD79b portion of the B-cell receptor present on the 
surface of malignant and non-malignant B cells, triggering 
internalization of the complex by the cell. After internali-
zation, the linker is cleaved, resulting in the intracellular 
release of MMAE, which binds to tubulin to inhibit polym-
erization triggering tumor cell death [11]. Pola has demon-
strated promising activity with combination agents in several 
clinical trials in patients with B-NHL and continues to be 
investigated in a phase III clinical trial [13–18]. Combining 
pola with rituximab or obinutuzumab plus cyclophospha-
mide, doxorubicin, and prednisone (R/G-CHP) has a man-
ageable safety profile and promising preliminary clinical 
activity in newly diagnosed DLBCL [19], supporting the 
initiation of a phase III trial comparing pola + R-CHP to 
rituximab, cyclophosphamide, doxorubicin, vincristine, and 
prednisone (R-CHOP).

Given that pola is administered in combination with drugs 
from an established standard of care, a comprehensive evalu-
ation of clinically relevant drug–drug interactions (DDI) is 
necessary. Due to the complexity of ADCs, understanding 
their pharmacokinetics (PK) and DDI can be challenging 
[20–23]. DDI studies are regularly conducted with small-
molecule drugs (SMDs), but few have been evaluated for 
large molecules such as therapeutic proteins (TPs), mAbs, 
and/or ADCs, which have complex elimination processes.

Labeling language around DDI for marketed ADCs is 
uniquely intricate, with findings based on dedicated tri-
als, population PK studies, non-compartmental analysis, 

visual/graphical inspection of exposure, and/or physiologi-
cally based PK modeling approaches. European Medicines 
Agency and FDA recommendations for clinical pharmacol-
ogy studies with ADCs are still evolving; however, sponsors 
are aware of the necessity to evaluate DDI potential [24, 25].

A theoretical DDI could result from a pharmacologic 
effect of a TP and SMD in combination, via the cell-surface 
target antigen, immunogenicity modulation (e.g., drugs 
causing immunosuppression and altering antidrug–anti-
body production), impacting target-mediated drug disposi-
tion (TMDD) and/or CYP450 modulation [26–28]. MMAE 
(the SMD and payload component of pola), doxorubicin, and 
cyclophosphamide are substrates of CYP3A4 isoenzymes 
that exhibit variable activity across patients. Concomitant 
medications that are inhibitors or inducers of the same meta-
bolic isoenzymes can influence and alter the exposure of 
active drugs, impacting clinical outcomes and toxicity from 
associated therapies. An additional theoretical PK drug–dis-
ease–drug interaction risk exists with pola, rituximab, and 
obinutuzumab given that these agents have the potential 
influence of circulating B-cell count and tumor burdens that 
may in turn affect TMDD for these agents.

The present article describes the PK of pola in a phase Ib/
II open-label study of pola in combination with R/G-CHP. 
The investigation (1) provides insight on the PK of pola 
in combination with R/G-CHP, (2) evaluates within-study 
comparisons of pola PK between first-line B-NHL treatment 
groups, (3) enables cross-study comparisons of pola PK and 
rituximab/obinutuzumab PK from similar clinical studies 
employing the same agents, and lastly (4) assesses potential 
DDIs involving pola when used in combination with R/G-
CHP. The primary objective of these analyses is to support 
the development of pola combination regimens as a first-line 
treatment for patients with B-cell NHL.

Materials and methods

Study design

This was a phase Ib/II, multicenter, open-label, dose-escala-
tion study (GO29044; NCT01992653). Patients with B-NHL 
received six or eight cycles of pola 1.0–1.8 mg/kg + R/G-
CHP (21-day cycles; R/G-CHP was given as per the stand-
ard regimen). Patients were given either six or eight cycles 
of treatment based on the discretion of the investigator in 
accordance with local institutional practice. All patients with 
DLBCL (N = 75) and follicular lymphoma (FL, N = 3) were 
treatment naïve, except for one patient with FL who had 
R/R disease. Additional histologies represented included 
mantle cell lymphoma (N = 2) and marginal zone lymphoma 
(N = 1). The 1.8 mg/kg pola dose was selected for combi-
nation with R/G-CHP in an expansion phase for front-line 
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treatment of patients with DLBCL [19]. The details of the 
treatment groups and study phases are summarized in Online 
Resource 1.

Baseline characteristics of patients with DLBCL 
receiving 1.8 mg/kg of polatuzumab vedotin

A total of 66 patients with DLBCL were treated with the 
recommended phase 2 dose of 1.8 mg/kg of polatuzumab 
vedotin with R/G-CHP. Median patient age (interquartile 
range) was 67.5 (64.0–74.0) years, and 34 patients (52%) 
were male. Eastern Cooperative Oncology Group perfor-
mance status was 0–1 in 47 (71%) patients, and 2 in 19 
(29%) patients. Fifty-six patients (85%) had stage III–IV 
disease. International Prognostic Index was 0–1 in 4 (6%) 
patients, and 2, 3, and 4–5 in 19 (29%), 21 (32%), and 22 
(33%) patients, respectively. Further breakdown of baseline 
characteristics for other B-NHL patients receiving doses of 
polatuzumab vedotin < 1.8 mg/kg in the study was not pro-
vided herein as this has been reported previously [19].

PK sampling and analytical methods

The PK of pola analytes (including antibody-conjugated 
MMAE [acMMAE], total antibody, and unconjugated 
MMAE) were characterized [29, 30], in addition to the PK 
of rituximab, obinutuzumab, cyclophosphamide, and doxo-
rubicin. Due to the high correlation between total antibody 
and acMMAE (unpublished data on file), only acMMAE 
and unconjugated MMAE are reported (Online Resource 
1). Validated methods were used to determine plasma/serum 
concentrations of the analytes of interest. The assays were 
developed and validated in accordance with industry best 
practices, and the performance parameters of these assays 
were within industry and health authority recommendations 
for biopharmaceutics [31–33].

Plasma concentrations of acMMAE were quantified by 
immunoaffinity liquid chromatography with tandem mass 
spectrometry (LC–MS/MS). Pola and ADC internal stand-
ard were immobilized onto the Protein A resin and the pep-
tide linker was enzymatically cleaved to release MMAE. 
The released MMAE was measured by LC–MS/MS. The 
lower limit of quantitation (LLOQ) for the acMMAE assay 
was 0.359 ng/mL acMMAE (0.50 nM acMMAE) in human 
plasma. Unconjugated MMAE plasma concentrations were 
determined by protein-precipitation extraction with LC–MS/
MS. Samples were fortified with internal standard (deuter-
ated MMAE) and analytes were isolated through protein pre-
cipitation. The LLOQ for the unconjugated MMAE assay 
was 0.0359 ng/mL MMAE (0.05 nM MMAE) in human 
plasma. Rituximab and obinutuzumab serum concentra-
tions were determined via enzyme-linked immunosorbent 
assays. The LLOQs for the rituximab and obinutuzumab 

assays were 500 ng/mL and 4.05 ng/mL in human serum, 
respectively. Plasma concentrations of cyclophosphamide 
were determined by liquid extraction/LC–MS/MS, and dox-
orubicin by protein precipitation/LC–MS/MS. The LLOQ 
for the cyclophosphamide assay was 100 ng/mL in human 
plasma. Circulating metabolites of cyclophosphamide such 
as 4-hydroxycyclophosphamide were not assessed. For all 
assays, quality control samples were included to judge assay 
acceptability.

Pharmacokinetic analysis

Non-compartmental analysis (NCA) was computed using 
pola cycle 1 data. NCA parameters were estimated using 
Phoenix WinNonlin version 6.4.0.768 (Pharsight, Inc., 
Mountain View, CA). PK parameters included: terminal 
half-life (t1/2; acMMAE only), time to maximum concentra-
tion (Tmax), maximum concentration (Cmax), area under the 
concentration–time curve from time 0 to the last quantifi-
able time point (AUC last; unconjugated MMAE only), AUC 
from time 0 to infinity (AUC inf; acMMAE only), volume of 
distribution (Vss), and clearance (CL; acMMAE only). For 
each value, the geometric mean and % geometric coefficients 
of variation (CV%) were calculated.

Pola was descriptively assessed as a ‘perpetrator’ of 
DDIs with cyclophosphamide and doxorubicin by compar-
ing cyclophosphamide and doxorubicin exposure between 
cycle 1, day 1 (prior to first pola dose on cycle 1, day 2) 
and cycle 3, day 1 (after pola dosing); prednisone was not 
assessed in this analysis given the wide therapeutic window 
of steroids and low risk for pola as a perpetrator of a PK DDI 
for prednisone. To evaluate pola as a ‘perpetrator’ for DDIs 
with rituximab/obinutuzumab, data were compared with 
those for rituximab/obinutuzumab exposure from histori-
cal studies [Study BO22334 (NCT01200758): R-CHOP or 
rituximab, cyclophosphamide, vincristine sulfate, and pred-
nisone (R-CVP), with intravenous R as first-line treatment 
for FL; Study BO21003 (NCT00576758): obinutuzumab for 
R/R indolent B-NHL]. Additionally, pola was assessed as 
a DDI ‘victim’ of CHP by comparing pola exposure with 
data from previous studies as a comparator, which included 
Study GO27834 where pola was administered with R/G in 
the absence of CHP. Patients in Study GO27834 followed 
the same pola PK sampling scheme in comparison to the 
current study. No formal statistical testing was performed.

Population pharmacokinetic (popPK) analysis 
to assess PK in treatment‑naïve versus R/R NHL 
patients

A two-analyte integrated popPK model that simultane-
ously describes concentrations of acMMAE and uncon-
jugated MMAE following repeated administrations of 
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pola was previously developed based on data from four 
clinical studies of pola in B-NHL patients (N = 460) 
who received either single-agent pola, pola with R/G, 
pola with R/G and bendamustine, or pola + R/G-CHP 
[DCS4968g (NCT01290549), GO27834 (NCT01691898), 
GO29365 (NCT02257567), and GO29044] [34]. A two-
compartment model with a nonspecific, time-dependent 
linear clearance, a linear time-dependent exponentially 
declining clearance, and a Michaelis–Menten clearance 
provided a good fit of the acMMAE plasma PK profiles. 
All three acMMAE elimination pathways contributed to 
the input to the central compartment of unconjugated 
MMAE, which was also described by a two-compartment 
model. Population PK parameters, covariate effects, and 
interindividual variability of model parameters were esti-
mated. The impact of clinically relevant covariates on 
PK exposures of each analyte were quantified to support 
key label claims. The details of model building, valida-
tion and covariate assessment process were presented 
by Lu et  al. [34]. The popPK analysis was conducted 
via nonlinear mixed-effects modeling with Nonlinear 

Mixed-Effect Modeling (NONMEM) software, version 
7.3.0 (ICON Development Solutions, Ellicott City, MD) 
using the first-order conditional estimation method with 
eta-epsilon interaction.

The popPK analysis described above was applied to 
assess the impact of line of therapy (treatment-naïve 
status vs. R/R status) on pola PK. All treatment-naïve 
patients (N = 80) were from GO29044 (N = 82), who 
were all co-administered CHP, making the impact of 
CHP combination or line of therapy indistinguishable 
in the current data. Simulations of cycle 6 exposures 
[AUC and Cmax; pola 1.8 mg/kg every 3 weeks (q3w)] 
for all patients in the four studies were performed by the 
final population PK model based on individual empiri-
cal Bayes estimates of PK parameters using individual 
covariate values, except that all patients were assumed to 
have co-administered anti-CD20 therapy. This approach, 
referred to as partial covariate correction (pCC), adjusted 
for the potential impact of R/G combination on pola PK. 
The exposure estimates of pola, including acMMAE and 
unconjugated MMAE in patients with R/R NHL receiving 

A B

C D

Fig. 1  Mean (SD) cycle 1 plasma/serum concentration time pro-
files of pola by study phase and treatment in patients receiving pola 
1.0–1.8 mg/kg in combination with R-CHP, or pola 1.4–1.8 mg/kg in 
combination with G-CHP. Dose-escalation arms are provided in a, c, 
with dose expansion arms in b, d. Pola analytes include acMMAE (a, 

b) and unconjugated MMAE (c, d). acMMAE antibody-conjugated 
MMAE, conc concentration, G-CHP obinutuzumab, cyclophospha-
mide, doxorubicin, and prednisone, MMAE monomethyl auristatin 
E, pola polatuzumab vedotin, R-CHP rituximab, cyclophosphamide, 
doxorubicin, and prednisone, SD standard deviation
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pola with R/G (N = 380), were compared with those in 
treatment-naïve patients with B-NHL (N = 80) receiving 
pola + R/G-CHP. Geometric means and CV% were com-
puted and tabulated, as well as the geometric mean ratio 
to the reference category (R/R) and its 90% confidence 
interval (CI).

Results

PK of pola in patients with B‑NHL in the phase Ib 
dose‑escalation arm when given in combination 
with R/G‑CHP

Non-compartmental analysis and descriptive statistic 
results, including the mean acMMAE and unconjugated 
MMAE plasma concentration time profiles and PK param-
eters across study phase, treatment group, and dose, are 
provided in Figs. 1a–d and 2a–d, and Table 1. Plasma con-
centrations of acMMAE reached Cmax at the end of infu-
sion, while plasma concentrations of unconjugated MMAE 
increased slowly and reached peak values at approximately 
6 days. Given the relatively sparse sampling of uncon-
jugated MMAE, the observed Tmax might not reflect the 

actual Tmax (which is approximately 3 days based on Study 
DCS4968g [11]).

As shown in Table 1, patients with B-NHL receiv-
ing pola 1.0–1.8  mg/kg + R-CHP or pola 1.4–1.8  mg/
kg + G-CHP had a geometric mean cycle 1 Cmax rang-
ing from 350 to 778 ng/mL (N = 3–6) for acMMAE, and 
1.27–3.00  ng/mL (N = 3–6) for unconjugated MMAE. 
Increases in the cycle 1 Cmax of acMMAE and uncon-
jugated MMAE were approximately dose proportional 
(Fig. 2a, c) over the pola dose of 1.0–1.8 mg/kg.

The distribution of acMMAE was mostly restricted 
to the central compartment, with a geometric mean Vss 
ranging 57.3–85.6 mL/kg (N = 2–6) for acMMAE. The 
CL of acMMAE was low, with a geometric mean ranging 
12.7–18.2 mL/day/kg (N = 2–6) (Table 1). The concen-
tration–time profile of acMMAE displayed multi-expo-
nential decay, with a geometric mean apparent t1/2 rang-
ing 4.75–5.18 days (N = 2–6) (Table 1). Total systemic 
exposure by geometric mean ranged 1300–2580 ng day/
mL (N = 2–6) for acMMAE, and 9.22–22.9 ng day/mL 
(N = 2–6) for unconjugated MMAE across pola + R/G-
CHP groups. Similar to observations for Cmax, increases 
in cycle 1 AUC of acMMAE and unconjugated MMAE 
were generally dose proportional (Table 1, Fig. 2b, d).

Table 1  Cycle 1 non-compartmental pharmacokinetic parameter summary of pola

All values are geometric mean (% geo CV), except for Tmax (median [range])
acMMAE antibody-conjugated MMAE, AUC inf area under the concentration–time curve from 0 to infinity, AUC last area under the concentration–
time curve from 0 until the last measurable time point, B-NHL B-cell non-Hodgkin lymphoma, CL clearance, Cmax maximum concentration, 
DLBCL diffuse large B-cell lymphoma, G-CHP obinutuzumab, cyclophosphamide, doxorubicin, and prednisone, MMAE monomethyl auristatin 
E, pola polatuzumab vedotin, R-CHP rituximab, cyclophosphamide, doxorubicin, and prednisone, t1/2 terminal half-life, Tmax time to maximum 
concentration, Vss volume of distribution
a N = 2; bN = 28; cN = 11; dN = 1; eN = 5; fN = 27; gN = 10

Stage/population Cohort N Cmax (ng/mL) AUC inf (ng day/mL) t1/2 (day) Vss (mL/kg) CL (mL/kg/day)

Conjugate (evaluated as acMMAE)
Dose escalation/B-NHL R-CHP + pola 1.0 mg/kg 3 350 (49.1) 1300 (1.70)a 4.99 (18.2)a 57.7 (17.3)a 14.0 (2.70)a

R-CHP + pola 1.4 mg/kg 3 517 (33.9) 1490 (24.0)a 4.82 (15.0)a 80.0 (12.5)a 17.0 (24.7)a

R-CHP + pola 1.8 mg/kg 6 778 (9.70) 2580 (16.0) 4.75 (14.2) 57.3 (12.6) 12.7 (16.1)
G-CHP + pola 1.4 mg/kg 5 534 (11.2) 1930 (8.20) 5.18 (8.10) 67.6 (10.9) 13.2 (9.40)
G-CHP + pola 1.8 mg/kg 6 548 (20.0) 1800 (27.6) 4.87 (10.5) 85.6 (23.5) 18.2 (27.7)

Expansion/DLBCL R-CHP + pola 1.8 mg/kg 36 503 (36.5) 1800 (28.5)b 4.99 (13.2)b 91.6 (33.1)b 18.2 (28.5)b

G-CHP + pola 1.8 mg/kg 17 513 (26.6) 1890 (23.7)c 5.45 (14.2)c 95.6 (29.8)c 17.3 (23.4)c

Stage/population Cohort N Cmax (ng/mL) AUC last (ng day/mL) Tmax (day)

Unconjugated MMAE
Dose escalation/B-NHL R-CHP + pola 1.0 mg/kg 3 1.60 (107) 9.22 (33.2)a 5.92 (0.08–6.20)

R-CHP + pola 1.4 mg/kg 3 1.27 (57.2) 10.9d 5.95 (5.80–7.08)
R-CHP + pola 1.8 mg/kg 6 2.11 (29.2) 19.5 (46.6) 5.98 (5.87–11.9)
G-CHP + pola 1.4 mg/kg 6 1.35 (38.0) 13.4 (38.3)e 5.84 (4.86–6.90)
G-CHP + pola 1.8 mg/kg 6 3.00 (69.7) 22.9 (74.1)e 5.85 (0.09–5.94)

Expansion/DLBCL R-CHP + pola 1.8 mg/kg 35 2.43 (37.9) 22.6 (40.4)f 5.90 (2.87–6.99)
G-CHP + pola 1.8 mg/kg 14 2.44 (60.0) 20.4 (62.8)g 5.35 (0.09–6.02)
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The systemic exposure of unconjugated MMAE was 
low relative to acMMAE. At the 1.8 mg/kg pola dose, 
geometric mean values for unconjugated MMAE Cmax and 
AUC were < 2% of those for acMMAE. After three cycles 
of pola, plasma pre-dose concentrations of acMMAE were 
2.00- to 3.71-fold higher than those seen after the first 
dose, indicative of accumulation with repeated dosing. 
However, upon repeated administration of pola, pre-dose 
concentrations of unconjugated MMAE remained low, and 
no accumulation of unconjugated MMAE was observed 
with the q3w regimen.

PK of pola in patients with DLBCL in the phase 
II expansion arm when given in combination 
with R/G‑CHP

The PK characteristics of pola in patients with DLBCL 
in the phase II expansion arms receiving pola 1.8 mg/
kg + R/G-CHP were generally similar to those in patients 

with mixed subtype B-NHL in the phase Ib dose-escala-
tion study at the same dose level. They were also simi-
lar between the R-CHP and G-CHP treatment groups 
(Fig. 1a–d).

Across expansion arms in patients receiving pola 
1.8  mg/kg + R/G-CHP, the geometric mean cycle 1 
Cmax ranged 503–515  ng/mL (N = 17–36) for acM-
MAE, and 2.43–2.44 ng/mL (N = 14–35) for unconju-
gated MMAE, while the geometric mean AUC inf ranged 
1800–1890 ng day/mL (N = 11–28) for acMMAE, and 
the geometric mean AUC last was 20.4–22.6 ng day/mL 
(N = 10–27) for unconjugated MMAE (Table 1). Pre-dose 
concentrations of unconjugated MMAE remained low, 
with no accumulation of unconjugated MMAE observed 
with the q3w regimen.

A B

DC

m
ax

m
ax

Fig. 2  Comparison of dose-normalized exposure of pola by Cmax (a, 
c) or AUC (b, d) within cycle 1 across dose-escalation and expansion 
arms in patients with B-NHL or DLBCL receiving pola 1.0–1.8 mg/
kg + R-CHP or pola 1.4–1.8  mg/kg + G-CHP. Pola analytes include 
acMMAE (a, b) and unconjugated MMAE (c, d). Vertical boxplots 
include the median, 10th, 25th, 75th, and 90th percentiles as vertical 
boxes with error bars for each respective cohort and outliers (black 
bulleted circles) plotted as single point. acMMAE antibody-conju-

gated MMAE, AUC inf area under the concentration–time curve from 
0 to infinity, AUC last area under the concentration–time curve from 
0 until the last measurable time point, B-NHL B-cell non-Hodgkin 
lymphoma, Cmax maximum concentration, DLBCL diffuse large 
B-cell lymphoma, ESC dose-escalation phase, EXP expansion phase, 
G-CHP obinutuzumab, cyclophosphamide, doxorubicin, and pred-
nisone, MMAE monomethyl auristatin E, pola polatuzumab vedotin, 
R-CHP rituximab, cyclophosphamide, doxorubicin, and prednisone
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Potential PK drug–drug interaction of pola 
and R/G‑CHP

The potential for PK DDI between CHP and pola was evalu-
ated using exposure comparisons between patients receiving 
pola + R/G-CHP and those with R/R DLBCL or FL receiv-
ing pola with R/G in a phase II study [17, 35]. Exposure 
comparisons included cycle 1 Cmax and AUC of each pola 
analyte including acMMAE and unconjugated MMAE. Pola 
was not a victim of a drug–drug interaction with CHP as 
there were no clinically meaningful differences between 
geometric mean exposures of acMMAE and unconjugated 
MMAE after the first 1.8-mg/kg dose of pola + R/G-CHP 
vs. pola + R/G (Table 2), as summarized below. It is worth 
noting that, as mentioned in the method section for popPK 
analysis, the effect of CHP combination is indistinguishable 
from line of therapy (treatment-naïve vs. R/R status).

For exposure assessments of pola + R-CHP compared 
with pola combined with rituximab (without CHP), a direct 
comparison in patients of the same B-NHL type was not 
possible. However, given DLBCL and FL patients have 
generally similar PK for pola, a cross-study comparison 
of available data was conducted. Within cycle 1, exposure 
of pola in patients with treatment-naïve DLBCL receiving 
pola + R-CHP showed a geometric mean ratio (GMR) for 
AUC of 0.711 (90% CI 0.616–0.820) for acMMAE and 
1.43 (90% CI 1.15–1.78) for unconjugated MMAE when 
compared with R/R FL patients receiving pola with ritux-
imab (in the absence of CHP); this is likely reflective of 

cross-study variations and within the variability of each 
analyte (~ 30% for acMMAE, and ~ 60% for unconjugated 
MMAE) (Table 2).

For the obinutuzumab-containing cohorts, systemic expo-
sure comparisons in cycle 1 (AUC) indicated that the addi-
tion of CHP to pola and obinutuzumab did not appear to sub-
stantially impact the PK of pola. The GMR for cycle 1 AUC 
comparisons (for DLBCL in Study GO29044 vs. DLBCL 
in Study GO27834) was 0.805 (90% CI 0.691–0.938) for 
acMMAE, and 0.907 (90% CI 0.629–1.31) for unconjugated 
MMAE, for pola + G-CHP compared with pola + obinutu-
zumab only (Table 2). These differences were within the PK 
variability of each analyte and could also be attributed to dif-
ferences in patient characteristics, and, given the acceptable 
safety profiles of all treatment arms, were not considered 
clinically meaningful.

Pola PK in treatment‑naïve versus R/R NHL using 
a population PK approach

All of the treatment-naïve patients in the analysis were 
from the current study (GO29044), while R/R patients were 
pooled from several other studies for comparison. Based 
on the integrated acMMAE–MMAE population PK model 
using a pCC approach, patients who were treatment naïve 
had approximately 20% higher central Vss for acMMAE 
compared with patients with R/R disease. As shown in 
Table 3, treatment-naïve patients also had lower acMMAE 
exposures (by 8% for AUC, and 15% for Cmax) and lower 

Table 2  Assessment of CHP as a perpetrator of a PK drug–drug interaction with 1.8 mg/kg of pola as a victim based on cycle 1 non-compart-
mental analysis results

All values are geometric mean (% geo CV), except for GMR
acMMAE antibody-conjugated MMAE, AUC inf area under the concentration–time curve from 0 to infinity, AUC last area under the concentra-
tion–time curve from 0 until the last measurable time point, CHP cyclophosphamide, doxorubicin, and prednisone, CI confidence interval, Cmax 
maximum concentration, CV coefficient of variation, DLBCL diffuse large B-cell lymphoma, FL follicular lymphoma, G obinutuzumab, G-CHP 
obinutuzumab, cyclophosphamide, doxorubicin, and prednisone, GMR geometric mean ratio, MMAE monomethyl auristatin E, PK pharmacoki-
netic, pola polatuzumab vedotin, R rituximab, R-CHP rituximab, cyclophosphamide, doxorubicin, and prednisone

Analyte Parameter N GO29044 
(pola + R-CHP) 
DLBCL

N GO27834 
(pola + R) 
FL

GMR (90% CI)

acMMAE Cmax (ng/mL) 36 503 (36.4) 17 780 (14.4) 0.646 (0.576–0.724)
AUC inf (ng day/mL) 28 1800 (28.5) 15 2530 (25.9) 0.711 (0.616–0.820)

Unconjugated MMAE Cmax (ng/mL) 35 2.43 (37.9) 20 1.75 (54.3) 1.39 (1.11–1.73)
AUC last (ng day/mL) 27 22.6 (40.4) 20 15.8 (50.1) 1.43 (1.15–1.78)

Analyte Parameter N GO29044 
(pola + G-CHP) 
DLBCL

N GO27834 
(pola + G) 
DLBCL

GMR (90% CI)

acMMAE Cmax (ng/mL) 17 513 (26.6) 33 694 (22.7) 0.739 (0.651–0.839)
AUC inf (ng day/mL) 11 1890 (23.7) 26 2350 (28.4) 0.805 (0.691–0.938)

Unconjugated MMAE Cmax (ng/mL) 14 2.44 (60.0) 40 2.68 (81.1) 0.911 (0.664–1.25)
AUC last (ng day/mL) 10 20.4 (62.8) 40 22.5 (70.7) 0.907 (0.629–1.31)
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unconjugated MMAE exposures (by 26% for both AUC and 
Cmax) than patients with R/R disease (cycle 6), but these 
differences were small and within the CV%, so were not con-
sidered clinically relevant given lower unconjugated MMAE 
exposures would not adversely affect safety. As mentioned 
in the method section, as both differences in line of therapy 
and disease type were present between studies, the impact 
of the covariate of ‘treatment-naïve versus R/R’ status was 
indistinguishable from the impact of the combination with 
CHP versus without CHP.

PK of rituximab in combination with pola + CHP, 
and the potential of pola to influence the PK 
of rituximab

After the first dose of rituximab 375 mg/m2, the geometric 
mean (CV%) serum Cmax reached 165 (37.2) μg/mL (N = 24), 
increasing to 237 (18.3) μg/mL (N = 28) by cycle 4. The mini-
mum concentration (Cmin) levels of rituximab following cycle 
3 (cycle 4 pre-dose) in DLBCL patients in Study GO29044 
had a GMR of 1.47 (90% CI 1.26–1.72) when compared with 
Study BO22334 (R-CHOP) in the absence of pola (Table 4). 

Table 3  Population PK 
comparison of pola exposure 
(1.8 mg/kg q3w) at cycle 6 by 
treatment status (treatment-
naïve vs. relapsed or refractory)

All treatment-naïve B-NHL patients (N = 80) were from the current Study GO29044, who received pola co-
administered with CHP chemotherapy. Relapsed/refractory B-NHL patients (N = 380) were from Studies 
DCS4968g (NCT01290549), GO27834 (NCT01691898), and GO29365 (NCT02257567), which included 
patients who received either single-agent pola, pola with R/G, or pola with R/G and bendamustine
acMMAE antibody-conjugated MMAE, AUC  area under the curve, B-NHL B-cell non-Hodgkin lym-
phoma, CHP cyclophosphamide, doxorubicin, and prednisone, CI confidence interval, Cmax maximum con-
centration, CV coefficient of variation, G obinutuzumab, GMR geometric mean ratio, MMAE, monome-
thyl auristatin E, PK pharmacokinetic, pola polatuzumab vedotin, q3w every 3 weeks, R rituximab, R/R 
relapsed/refractory

Pola analyte Parameter Geometric mean (% CV) GMR (90% CI)

R/R (N = 380) Treatment-naïve 
(N = 80)

acMMAE AUC, ng day/mL 2950 (21) 2720 (15) 0.92 (0.89–0.96)
Cmax, ng/mL 734 (15) 621 (17) 0.85 (0.82–0.88)

Unconjugated MMAE AUC, ng day/mL 20.9 (50) 15.5 (42) 0.74 (0.68–0.80)
Cmax, ng/mL 1.93 (46) 1.42 (37) 0.74 (0.68–0.80)

Table 4  Assessment of 1.8 mg/kg of pola as a perpetrator of a PK drug–drug interaction with cyclophosphamide, doxorubicin, rituximab, and 
obinutuzumab as a victim based on descriptive statistics of exposure comparisons

All values are geometric mean (% geo CV), except for GMR. GO29044 = 1L DLBCL; BO21003 = R/R indolent B-cell NHL; and BO22334 = 1L 
FL
1L first line, C cycle, C23h concentration 23 h after dosing with DDI victim, C24h concentration 24 h after dosing with DDI victim, CI confidence 
interval, CV coefficient of variation, D day, DDI drug–drug interaction, DLBCL diffuse large B-cell lymphoma, FL follicular lymphoma, G obi-
nutuzumab, G-CHP obinutuzumab, cyclophosphamide, doxorubicin, and prednisone, GMR geometric mean ratio, NHL non-Hodgkin lymphoma, 
PK pharmacokinetic, pola polatuzumab vedotin, R-CHOP rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone, R-CHP ritux-
imab, cyclophosphamide, doxorubicin, and prednisone, R/R relapsed/refractory, tx treatment

DDI victim Tx Parameter N GO29044 (C1D1)
Before pola dosing

N GO29044 (C3D1)
After pola dosing

GMR (90% CI)

Cyclophosphamide (µg/mL) R-CHP C23h 25 2.64 (56.2) 19 2.67 (74.8) 1.01 (0.737–1.38)
G-CHP C23h 14 3.00 (52.4) 14 2.83 (50.1) 0.943 (0.691–1.29)

Doxorubicin (ng/mL) R-CHP C24h 25 8.79 (29.1) 20 8.43 (25.8) 0.959 (0.838–1.10)
G-CHP C24h 12 9.44 (60.6) 14 8.94 (21.3) 0.947 (0.701–1.28)

DDI victim Tx Parameter n BO22334
R-CHOP

n GO29044
Pola + R-CHP

GMR (90% CI)

Rituximab (µg/mL) R-CHP C4 pre-dose 189 45.0 (111) 28 66.3 (36.2) 1.47 (1.26–1.72)

DDI victim Tx Parameter n BO21003
G

n GO29044
Pola + G-CHP

GMR (90% CI)

Obinutuzumab (µg/mL) G-CHP C2 pre-dose 74 378 (60.5) 15 266 (71.0) 0.703 (0.517–0.955)
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Differences observed with cross-study comparison of rituxi-
mab exposure are within the variability of rituximab observed 
in BO22334 (up to 111% CV). Furthermore, the impact of 
pola on rituximab has been formally assessed in a population 
PK analysis of rituximab (Roche/Genentech data on file). The 
model included rituximab PK data collected in the four stud-
ies of pola (DCS4968g, GO27834, GO29044, and GO29365) 
with or without co-administration of pola. Based on a covariate 
assessment with pola on rituximab PK, combination with pola 
was not a significant covariate of rituximab exposure.

PK of obinutuzumab in combination with pola 
and CHP, and the potential of pola to influence 
the PK of obinutuzumab

Following the first intravenous (IV) infusion of obinu-
tuzumab 1000  mg, the geometric mean (CV%) serum 
Cmax was 346 (20.4) μg/mL (N = 11). Matching obinu-
tuzumab dosing regimens for patients with DLBCL in 
Study GO29044 up to cycle 2 in patients with B-NHL in 
Study BO21003 allowed for a cross-study comparison of 
pola + G-CHP to single-agent obinutuzumab therapy based 
on cycle 2 pre-dose concentrations. The cycle 2 pre-dose 
concentration of obinutuzumab was lower when adminis-
tered with pola + CHP (Study GO29044) versus admin-
istration as a monotherapy (Study BO21003); the GMR 
was 0.703 (90% CI 0.517–0.955), as shown in Table 4. 
This difference was well within the variability of obinu-
tuzumab (60% CV in Study BO21003), and may reflect 
variability in body weight, gender, and tumor burden due 
to differences in patient populations between the studies 
(e.g., DLBCL in GO29044 vs. R/R indolent B-cell NHL 
in BO21003).

PK of cyclophosphamide and doxorubicin 
in combination with pola, prednisone, rituximab 
or obinutuzumab, and the potential of pola 
to influence the PK of cyclophosphamide 
and doxorubicin

Cyclophosphamide and doxorubicin PK were measured in 
patients with DLBCL prior to and after the administration of 
pola. After IV infusion of the first dose of cyclophosphamide 
and before administration of pola, minimum plasma concentra-
tions (Cmin) of cyclophosphamide had a GMR of 1.01 (90% 
CI 0.737–1.38) for R-CHP and 0.943 (90% CI 0.691–1.29) 
for G-CHP compared with subsequent concomitant dosing 
with pola by cycle 3. Similarly, after IV infusion of the first 
dose of doxorubicin and before administration of pola, Cmin 
of doxorubicin had a GMR of 0.959 (90% CI 0.838–1.10) for 
R-CHP and 0.947 (90% CI 0.701–1.28) for G-CHP compared 
with subsequent concomitant dosing with pola by cycle 3. 
These findings suggest that there is no impact of pola as a 

perpetrator on cyclophosphamide or doxorubicin PK (Table 3). 
Minimal differences in cyclophosphamide or doxorubicin PK 
were observed between DLBCL patients receiving either 
pola + R-CHP or pola + G-CHP.

Discussion

ADCs are currently being evaluated in many different onco-
logic diseases, as consolidation or maintenance therapy, as 
single agents and in combination with other therapies, and 
in first-line and R/R settings [36–38]. Given the broad clini-
cal versatility of these agents, theoretical DDI risks with 
ADCs related to the conjugate and cytotoxic drug exist when 
given in combination with another TP/SMD [28, 39–43]. 
Furthermore, as both ADCs and chemotherapeutic agents 
have narrow therapeutic windows, it is imperative that the 
effects of conventional drugs on the ADC, as well as the 
effect of the ADC on conventional drugs, are assessed [44]. 
A limit of 6–8 cycles of pola 1.8 mg/kg has been determined 
to be effective reducing the risk of peripheral neuropathy (a 
known adverse event [AE] with pola as a single agent) [45].

The potential impact of rituximab and obinutuzumab on 
the PK of pola was explored using a pooled population PK 
model analysis across multiple studies by a pCC approach 
assuming all patients are R/R for treatment status (unpub-
lished data on file). The presence of rituximab combination 
was identified as a significant covariate in the model, with 
a mild impact on steady-state (cycle 6) exposure of acM-
MAE (24% higher for AUC) and moderately lower impact 
on steady-state exposure of unconjugated MMAE (37% 
lower for AUC and 40% lower for Cmax), which were within 
the inter-individual variability of both analytes and not con-
sidered clinically meaningful based on exposure–response 
analysis (unpublished data on file). A similar magnitude of 
impact was observed for the obinutuzumab combination as 
demonstrated by similar exposures (< 5% difference) com-
pared with the rituximab combination.

The results of our investigation show that pola-related 
analytes have generally similar plasma/serum PK when given 
in combination with rituximab- and obinutuzumab-contain-
ing therapies, and between patients with mixed subtypes of 
B-NHL or DLBCL, and between treatment-naïve versus 
R/R status. Based on the range of geometric means across 
treatment arms in study GO29044, acMMAE was character-
ized by a Vss mostly restricted to the central compartment 
(57.3–95.6 mL/kg), including a low CL (12.7–18.2 mL/kg/
day) and long t1/2 (4.75–5.45 days), which is consistent with 
prior knowledge [14, 15]. Moderately higher acMMAE con-
centrations were seen in subsequent cycles with q3w dosing 
relative to cycle 1, which indicated accumulation, potentially 
due to time-dependent decrease of clearance of acMMAE 
(unpublished data on file). Unconjugated MMAE maximum 
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plasma concentrations were substantially lower than those 
for acMMAE, with an average unconjugated MMAE Cmax 
and AUC of < 2% of corresponding acMMAE values. The 
delayed tmax of unconjugated MMAE suggests a forma-
tion rate-limited kinetics whereby the rate of elimination 
of unconjugated MMAE may be limited by its slow release 
from the antibody-drug conjugate. Unconjugated MMAE 
did not accumulate in plasma with the q3w regimen.

Comparisons of cycle 1 exposures of cyclophosphamide 
and doxorubicin (prior to pola administration) were similar 
to those in cycle 3 (after pola administration), suggesting 
that pola does not impact the PK of cyclophosphamide or 
doxorubicin. The subtle differences observed in acMMAE 
exposure between the dose-escalation and expansion phases 
for patients receiving pola + R-CHP may be related to the 
relatively small dose-escalation sample size, and/or disease 
heterogeneity across studies. Similarly, the minor trend of 
slightly lower acMMAE and lower/higher unconjugated 
MMAE exposures in the presence of CHP, observed with 
both population PK and NCA approaches, may be attrib-
uted to the treatment-naïve condition, CHP effect, and/or 
study/individual PK variability. Significant overlap in the 
distribution of pola exposure exists, with the magnitude of 
differences being within the inter-individual variability of 
each analyte in the current study. These observations are not 
unexpected given the moderate inter-individual variability 
in exposure seen across other ADCs [46, 47].

The overall safety profile of pola added to R/G-CHP, 
including serious AEs, grade 3–4 AEs and events of 
peripheral neuropathy [45], is manageable and largely sim-
ilar to treatment with R/G-CHOP, with vincristine, in the 
absence of pola administration in similar patient popula-
tions [19, 48]. Incorporation of 1.8 mg/kg of polatuzumab 
vedotin did not alter the safety profile described previously 
with R/G-CHOP in patients with DLBCL. While the AE 
profile in the current study varied by treatment arm, with 
a slightly larger incidence of grade 3–4 neutropenia and 
thrombocytopenia within the G-CHP arm compared to the 
R-CHP arm [18], exposures of acMMAE and unconju-
gated MMAE in both arms were similar at the 1.8-mg/kg 
dose level of pola. It has been shown that acMMAE is the 
key analyte driving both the safety and efficacy of pola 
[45, 49], although unconjugated MMAE is also associated 
with safety. In the current study, exposures of acMMAE 
and unconjugated MMAE did not appear to account for 
the slight discrepancy between the incidence of common 
AEs between treatment arms. Lastly, the dose intensity and 
need for dose modifications (dose delay/reduction, or drug 
discontinuation) were in line with the disease population 
undergoing cytotoxic therapies, suggesting that the com-
bination of pola with immunochemotherapy was tolerable 
[19]. The population PK analysis described here also con-
firmed no clinically relevant impact of CHP combination 

or treatment-naïve status on the PK of either acMMAE or 
unconjugated MMAE.

Taken together, this report provides new insights and 
increases our clinical experience and understanding of 
pola pharmacokinetics when administered in combination 
with R/G-CHP, including the evaluation of the potential 
for DDI with the combination. Based on within-study and 
cross-study comparisons, there was no evidence for clini-
cally meaningful DDIs among study treatments. The PK of 
pola was well characterized and consistent with expectations 
from previous studies employing pola, R/G, and/or CHP. 
No clinically meaningful differences of pola PK due to line 
of therapy (treatment-naïve vs. R/R status) were observed. 
The findings herein in addition to the favorable benefit/risk 
profile support the development strategy of pola + R/G-CHP 
as a first-line therapy in patients with B-NHL.
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