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Abstract
Background and Objective Sacituzumab govitecan (SG) is an antibody–drug conjugate composed of an antibody with affin-
ity for Trop-2 coupled to SN-38 via hydrolyzable linker. SG is approved for patients with metastatic triple-negative breast 
cancer (mTNBC) who have received two or more prior chemotherapies (at least one in a metastatic setting) and for patients 
with pretreated hormone receptor positive (HR+)/human epidermal growth factor receptor 2 negative (HER2–) metastatic 
breast cancer.
Methods In these analyses, the pharmacokinetics of SG, free SN-38, and total antibody (tAB) were characterized using 
data from 529 patients with mTNBC or other solid tumors across two large clinical trials (NCT01631552; ASCENT, 
NCT02574455). Three population pharmacokinetic models were constructed using non-linear mixed-effects modeling; 
clinically relevant covariates were evaluated to assess their impact on exposure. Models for SG and tAB were developed 
independently whereas free SN-38 was sequentially generated via a first-order release process from SG.
Results Pharmacokinetics of the three analytes were each described by a two-compartment model with estimated body 
weight-based scaling exponents for clearance and volume. Typical parameter estimates for clearance and steady-state volume 
of distribution were 0.133 L/h and 3.68 L for SG and 0.0164 L/h and 4.26 L for tAB, respectively. Mild-to-moderate renal 
impairment, mild hepatic impairment, age, sex, baseline albumin level, tumor type, UGT1A1 genotype, or Trop-2 expression 
did not have a clinically relevant impact on exposure for any of the three analytes.
Conclusions These analyses support the approved SG dosing regimen of 10 mg/kg as intravenous infusion on days 1 and 
8 of 21-day cycles and did not identify a need for dose adjustment based on evaluated covariates or disease characteristics.

Abbreviations
%RSE  Percentage of relative standard error
ADA  Anti-drug antibodies
ADC  Antibody-drug conjugate
ALB  Albumin
ALP  Alkaline phosphatase
ALT  Alanine aminotransferase

AST  Aspartate aminotransferase
AUC   Area under the serum concentration-time 

curve
BC  Breast cancer
BILI  Total bilirubin
CI  Confidence interval
CL  Clearance
CLCr  Creatinine clearance
CLSG  Clearance of SG
CLSN38/F  Apparent clearance of free SN-38
CLtAB  Clearance of total antibody
CFree SN38  Serum concentration of free SN-38
CTotal SN38  Serum concentration of total SN-38
Cmax  Maximum (peak) serum drug concentration
CPI  Checkpoint inhibitor
DAR  Drug to antibody ratio
ECOG  Eastern Cooperative Oncology Group
GOF  Goodness-of-fit
HER2  Human epidermal growth factor receptor 2
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HER2–  Human epidermal growth factor receptor 
2-negative

HR+  Hormone receptor-positive
IIV  Interindividual variability
KREL  First-order release rate constant for free SN-38
mBC  Metastatic breast cancer
mTNBC  Metastatic triple-negative breast cancer
mUC  Metastatic urothelial cancer
pcVPC  Prediction-corrected visual predictive check
PFS  Progression-free survival
PopPK  Population pharmacokinetics
QSG  Intercompartmental clearance of SG
QSN38/F  Apparent intercompartmental clearance of 

free SN-38
QtAB  Intercompartmental clearance of total 

antibody
RUV  Residual unexplained variability
SD  Standard deviation
SG  Sacituzumab govitecan
tAB  Total antibody
TNBC  Triple-negative breast cancer
TPC  Treatment of physician’s choice
TROP-2  Trophoblast cell-surface antigen-2
UGT1A1  Uridine diphosphate glucuronosyltransferase 

1A1
V1SG  Central volume of distribution of SG
V2SG  Peripheral volume of distribution of SG
V1SN38/F  Apparent central volume of distribution of 

free SN-38
V2SN38/F  Apparent peripheral volume of distribution of 

free SN-38
V1tAB  Central volume of distribution of total 

antibody
V2tAB  Peripheral volume of distribution of total 

antibody

Key Points 

Sacituzumab govitecan (SG) is a Trop-2-directed antibody-
drug conjugate of free SN-38 approved for treating patients 
with metastatic triple-negative breast cancer (mTNBC) 
who received two or more prior chemotherapies, with at 
least one of the chemotherapies for metastatic cancer.

Using data from 529 patients with mTNBC or other solid 
tumors, three population pharmacokinetic models for SG, 
free SN-38, and total antibody were developed and char-
acterized the pharmacokinetics of SG and its components.

The presented analyses demonstrate that age, sex, race, 
tumor type, renal impairment, hepatic impairment, 
UGT1A1 genotype, use of UGT1A1 inducers/inhibitors, 
and Trop-2-expression had no clinically relevant impact 
on exposure of SG or its components; these findings 
support that no dose adjustment is needed based on these 
evaluated covariates or disease characteristics.

1 Introduction

Triple-negative breast cancer (TNBC), defined as a lack of 
tumor-cell expression of estrogen receptor, progesterone 
receptor, and human epidermal growth factor receptor 2 
(HER2) [1], accounts for approximately 15% of invasive 
breast cancers [2–4] and is associated with aggressive tumor 
biology and a poor prognosis. At initial diagnosis, the major-
ity of TNBC tumors are highly proliferative with stage II or 
III disease. TNBC is associated with earlier disease recur-
rence in comparison with other subtypes of breast cancer [1]. 
Upon disease relapse and progression to metastatic TNBC 
(mTNBC), patients generally receive sequential systemic 
chemotherapy [1]; however, a clear global standard of care 
does not exist. In recent years, targeted therapies such as 
polyadenosine diphosphate-ribose polymerase inhibitors and 

programmed cell-death protein 1 immune checkpoint inhibi-
tors have improved progression-free survival (PFS) and have 
expanded treatment options for mTNBC [1]. Despite these 
advancements, the mTNBC 5-year survival rate is still 12%, 
highlighting the need for further clinical development [5].

Recently, two antibody–drug conjugate (ADC) therapies 
have been approved for the treatment of metastatic breast can-
cer (mBC)—sacituzumab govitecan (SG) and trastuzumab 
deruxtecan. Trastuzumab deruxtecan, approved for patients 
with pretreated unresectable or metastatic HER2-low breast 
cancer (BC), is a HER2-directed antibody and topoisomerase 
inhibitor conjugate [6, 7]. SG is a first-in-class ADC com-
posed of a humanized monoclonal antibody with a nanomolar 
binding affinity for trophoblast cell-surface antigen-2 (Trop-2), 
coupled to SN-38, the active metabolite of the topoisomerase 
1 inhibitor irinotecan, via a proprietary, hydrolyzable linker 
[8]. Because of its hydrolyzable linker, SG releases its SN-38 
payload both intra- and extracellularly in the tumor microen-
vironment [9, 10] and delivers significantly greater amounts 
of SN-38 to a Trop-2–expressing tumor than conventional 
irinotecan chemotherapy [11]. This extracellular release of 
SN-38 from SG allows for localized bystander killing within 
the tumor environment of neighboring Trop-2 low/negative 
tumor cells [12, 13]. Thus, SG can deliver cytotoxic chemo-
therapy to tumors, including adjacent cancer cells, in concen-
trations higher than standard chemotherapy and may reduce 
toxic effects in normal tissues, where Trop-2 expression is 
lower.
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SG is approved in multiple countries for the treatment of 
mTNBC following two or more systemic therapies (at least 
one of them for metastasis) and HR+/HER2– mBC follow-
ing endocrine therapy and at least two additional systemic 
therapies in the metastatic setting. SG also has accelerated 
approval in the United States for the treatment of metastatic 
urothelial cancer following chemotherapy and immunotherapy 
[14]. Safety and efficacy of SG in mTNBC were evaluated in a 
phase I/II study, IMMU-132-01 (ClinicalTrials.gov identifier: 
NCT01631552), in patients with advanced epithelial cancers 
[15], and a phase III registration trial, ASCENT (IMMU-132-
05, NCT02574455), which compared SG with single-agent 
treatment of physician’s choice (TPC) in patients with relapsed 
or refractory mTNBC who had received two or more prior 
chemotherapies (at least one in the metastatic setting) [16]. 
SG clinical benefit was observed for PFS (median 5.6 vs 1.7 
months; hazard ratio 0.41; p < 0.001) and overall survival 
(median 12.1 vs 6.7 months; hazard ratio 0.48; p < 0.001); 
objective response rate for SG versus TPC was 35% versus 5%.

Serum samples for pharmacokinetic analyses of SG and its 
components were collected from a subset of patients from the 
IMMU-132-01 study and all patients from the ASCENT study. 
The objective of these analyses was to characterize the popu-
lation pharmacokinetics (PopPK) of SG (ADC), free SN-38 
(payload), and total antibody (tAB) following administration 
of SG and assess the impact of clinically relevant covariates 
on their exposure in patients with mTNBC and other solid 
tumors [17].

2  Methods

2.1  Design of Clinical Studies Included 
in the Analyses and Pharmacokinetic 
Assessment

IMMU-132-01 was a phase I/II, open-label, single-arm, basket 
study evaluating the safety, efficacy, and pharmacokinetics of 
SG in patients with advanced solid tumors who had received 
at least one previous therapy for metastatic disease. In phase 
I, dose escalation was performed using a standard 3+3 design 
based on planned initial doses of 8, 12, and 18 mg/kg. A dose 
of 12 mg/kg was identified as the maximum tolerated dose 
but was associated with frequent dose delays and reductions. 
In phase II, 8 and 10 mg/kg doses were further evaluated in 
patients with mTNBC, HR+/HER2‒ mBC, and metastatic 
urothelial cancer (mUC). The regimen of 10 mg/kg on days 
1 and 8 of the 21-day cycle was associated with a positive 
benefit/risk profile and was selected for further evaluation [18].

ASCENT was a phase III, randomized, open-label study of 
the efficacy and safety of SG in patients with locally advanced 
TNBC or mTNBC who were refractory or had relapsed after 
two prior chemotherapy regimens (at least one in the metastatic 

setting). Patients were randomized 1:1 to SG (10 mg/kg on 
days 1 and 8 of a 21-day cycle) or TPC (eribulin, capecitabine, 
gemcitabine, or vinorelbine). The primary endpoint was PFS, 
assessed by an independent review committee.

Concentration–time data from IMMU-132-01 and 
ASCENT patients who received at least one dose of SG and 
had at least one measurable concentration of SG or its compo-
nents were included. Pharmacokinetic and anti-drug antibodies 
(ADA) serum sampling schemes for the two studies are in 
Table S1 (see electronic supplementary material [ESM]). Nei-
ther study had specific eligibility criteria regarding UGTIA1 
genotype.

2.2  Bioanalytical Method

Separate validated liquid chromatography-tandem mass spec-
trometry methods were developed to measure concentrations 
of total SN-38  (CTotal SN-38) and free SN-38  (CFree SN-38). A 
validated sandwich electrochemiluminescence immunoassay 
was used to quantify tAB (hRS7 unconjugated or conjugated 
with SN-38) concentrations (ESM, section 1).

Concentrations of ADC  (CSG) were calculated assuming 
a drug-to-antibody ratio (DAR) of 8 (ESM, section 2) using 
this equation:

For the detection of serum ADA and neutralizing ADAs, 
separate validated electrochemiluminescence immunoassays 
were developed (ESM, section 3).

2.3  Base Model Development

Three PopPK models were developed for SG, free SN-38, 
and tAB. Models for SG and tAB were developed indepen-
dently using total dose of SG. The free SN-38 model was 
developed in a sequential manner. Formation of free SN-38 
was driven by total amount of SG following first-order kinet-
ics  (KREL). Individual estimated concentrations of SG over 
time were the driver for release of free SN-38 following 
 KREL. For the tAB model, the true clearance (CL) and vol-
ume parameters were calculated as model estimates multi-
plied by 0.92 (ratio of molecular weight of naked antibody 
to molecular weight of SG). For the free SN-38 model, due 
to lack of identifiability, the fraction metabolized could not 
be estimated; apparent clearance  (CLSN38/F,  QSN38/F) were 
estimated instead. Apparent volume of distribution terms 
for free SN-38  (V1SN38/F and  V2SN38/F) were fixed based 
on literature-reported values [19].

The M6 method was used for handling the below limit 
of quantitation samples for SG and tAB whereas the M3 
method was used for free SN-38 [20] (ESM, section 4). The 

CSG =
Molecular weight of antibody

DAR ×Molecular weight of SN38
×
(

CTotlaSN38 − CFreeSN38

)

.
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first-order conditional estimation method of NONMEM 
(ICON plc, Dublin, Ireland) with interaction was used 
during all stages of the SG and tAB model development 
process. The LAPLACE estimation method was required 
for the development of the free SN-38 model based on the 
M3 method for handling the below limit of quantification 
data [20]. Untransformed tAB concentrations and log-trans-
formed SG and free SN-38 concentrations were modeled. 
Base structural models (one and two compartment mod-
els with zero-order infusion rate) were evaluated based on 
standard goodness-of-fit (GOF) diagnostics. Interindividual 
variability (IIV) was modeled as follows:

where θi is the parameter for the ith participant, θT is the 
population typical value of the parameter, and ηi is a random 
interindividual effect with mean 0 and variance (ω2). ω2 was 
the diagonal element of variance-covariance matrix of the 
random effects (Ω). Models with only diagonal and those 
including nondiagonal Ω matrix were evaluated to quantify 
the correlation between η.

2.4  Covariate Assessments

Given the well-established correlation of body weight with 
CL and volume of distribution of monoclonal antibodies, 
the effects of baseline body weight were incorporated in 
the structural base model development. Following selec-
tion of the base model, including effects of body weight, 
other covariates were evaluated in a univariate covariate 
screening followed by stepwise covariate modeling. Dur-
ing univariate screening, covariates were added to the base 
model one at a time. Only covariates statistically signifi-
cant in the univariate screening at a significance level of α 
= 0.01 based on the likelihood-ratio test were considered 
for stepwise forward addition.

Stepwise forward addition (α = 0.01) and backward 
elimination (α = 0.001) were used to select statistically 
significant covariates.

2.5  Model Evaluation

Final models were further evaluated using GOF plots and 
prediction-corrected visual predictive check (pcVPC) 
plots with 1000 simulations of concentration–time profiles 
based on the original analysis dataset. Model parameter 
distribution and uncertainty of the final pharmacokinetic 
parameters were evaluated by bootstrapping the analysis 
dataset (resampling with replacement) and re-estimating 
the pharmacokinetic model parameters.

�i = �T ⋅ e(�i),

2.6  Model Predictions

The impact of covariates (included in final PopPK models) 
on maximum (peak) serum drug concentration  (Cmax) and 
area under the serum concentration–time curve (AUC) in 
the first 21-day treatment cycle relative to the typical par-
ticipant (based on the analysis dataset for each model) was 
visualized in tornado plots. The simulations accounted for 
parameter uncertainty by sampling 1000 sets of parameter 
estimates from the variance-covariance matrix of respec-
tive models and showed the effect of categorical covari-
ates versus a reference category and continuous covari-
ate values at the 5th and 95th percentiles of the covariate 
values in the analysis population with corresponding 95% 
confidence intervals (CIs).

To confirm lack of any missed clinically relevant covar-
iate impact, individual estimated pharmacokinetic param-
eters from the final PopPK models were used to predict 
individual  Cmax and AUC for the first treatment cycle of 
the 10-mg/kg SG dose. Exposures for participants were 
predicted under consideration of participants’ respective 
covariate values (including body weight). The predicted 
covariate correlations were visualized in forest plots (an 
additional set of plots for all covariates of interest, not only 
covariates included in the final models) showing reference 
covariate values and values used in the prediction of rela-
tive exposures.

2.7  Software

R (Version 4.4; The R Foundation for Statistical Comput-
ing, Vienna, Austria) was utilized for data analysis, model 
predictions, and simulations.  NONMEM® (Versions 7.3.0 
and 7.4.3; ICON Plc, Dublin, Ireland) and Perl-speaks NON-
MEM (Uppsala University, Sweden) were used for PopPK 
modeling.

3  Results

3.1  PopPK Analysis Datasets

A total of 529 patients were included. Among these, 276 
were from the IMMU-132-01 study (mTNBC, n = 24; mUC, 
n = 36; HR+/HER2– mBC, n = 32) and 253 were from the 
ASCENT study (all mTNBC). The summary of demograph-
ics and clinically relevant baseline characteristics tested as 
covariates including sex, age, race, body weight, prior treat-
ment, number of prior lines of chemotherapy, Eastern Coop-
erative Oncology Group (ECOG) status, tumor type, uridine 
diphosphate glucuronosyltransferase 1A1 (UGT1A1) geno-
type, liver function, renal function, and Trop-2 expression is 
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provided in Table S2 (see ESM). Most patients were female 
(78%) with a median age of 58 years (range 27–88) and 
median body weight of 70 kg (range 37–140). In IMMU-
132-01, Trop-2 expression was characterized as weak, mod-
erate, or strong staining by immunohistochemistry [15], 
whereas in ASCENT, Trop-2 expression was characterized 
as a numerical histochemical score (range 0–300) [16].

3.2  Final PopPK Model for SG

The pharmacokinetics of SG were best described by a two-
compartment model with first-order linear elimination with 
estimated body weight-based allometric scaling exponents 
on clearance  (CLSG), intercompartment clearance  (QSG), 
central volume of distribution  (V1SG), peripheral volume 
of distribution  (V2SG) (Fig. 1a), and IIV on  CLSG. Typical 
parameter estimates based on the final SG PopPK model and 
median and 95% CIs of pharmacokinetic parameters based 
on bootstrap analysis were in good agreement (Table 1). 
The typical parameter estimates for  CLSG,  V1SG, and  V2SG 
were 0.133 L/h, 2.77 L, and 0.908 L, respectively; allomet-
ric exponents for effect of body weight on clearance and 
volume parameters were estimated to be 0.508 and 0.532, 
respectively. All parameters of the final SG model were 
estimated with good precision with percentage of relative 
standard error (%RSE) <20% and acceptable shrinkage for 
η on  CLSG (26%).

The effect of body weight-based scaling resulted in an 
approximately 5% increase in  CLSG,  QSG,  V1SG, and  V2SG 
with a 10% increase in body weight. Baseline albumin was 
a statistically significant covariate on  CLSG with a 10% 
increase in baseline albumin corresponding to a 3% decrease 
in  CLSG. The model included the effect of time after last 
dose on the residual unexplained variability (RUV). None 
of the other evaluated covariates (including markers of renal 
and hepatic function) had a statistically significant effect. 
Standard GOF plots for the final SG model (Fig. S1a, see 
ESM) showed weighted residuals evenly distributed around 
0 with no trends over time or by concentration, indicating 
no meaningful bias in the model. The pcVPC plot (Fig. 2a) 
showed lack of model misspecification with good concord-
ance between observed and simulated percentiles.

3.3  Final PopPK Model for Free SN‑38

The free SN-38 PopPK model was developed as a sequen-
tial model with free SN-38 being generated via a first-order 
release process from SG driven by individual model-pre-
dicted SG concentrations. The pharmacokinetics of free 
SN-38 were adequately described by a two-compartment 
model with estimated body weight-based allometric scaling 

exponent for apparent clearance  (CLSN38/F) and intercom-
partmental clearance  (QSN38/F), and apparent central and 
peripheral volumes of distribution  (V1SN38/F and  V2SN38/F, 
respectively) fixed to values reported in the literature (49 L 
and 2177 L, respectively) [19] to ensure identifiability of 
the model (Fig. 1a). IIV was included on first-order SG 
release rate  (KREL) and  CLSN38/F. A parameter estimating 
the covariance between individual  KREL and  CLSN38/F was 
included in the model. Typical parameter estimates based 
on the final free SN-38 model and median and 95% CI of 
pharmacokinetic parameters based on bootstrap analysis 
were in good agreement (Table 2). Parameters of the final 
free SN-38 model were estimated with good precision with 
%RSE <20%.

The final model of free SN-38 included body weight-
based allometric scaling exponents for  CLSN38/F and 
 QSN38/F, and effects of time after last dose and study on 
RUV. No statistically significant effect of other covariates 
on  CLSN38/F was identified. As the M3 method was used 
for the final free SN-38 model, in addition to the standard 
GOF plots, diagnostic plots based on normalized prediction 

V2 V1

IV dose

Q

CL
SG

2 1

IV SG dose

Q

CL
Total Antibody

V2SN38/F
(fixed)

V1SN38/F
(fixed)

KREL

QSN38/F

CLSN38/FFree SN-38

a

b

Fig. 1  Final model schematic for SG, free SN-38, and tAB. CLSG 
clearance of SG, CLSN38/F apparent clearance of free SN-38, CLtAB 
clearance of tAB, IV intravenous, KREL first-order release rate con-
stant for free SN-38, QSG intercompartmental clearance of SG, 
QSN38/F apparent intercompartmental clearance of free SN-38, QtAB 
intercompartmental clearance of tAB, SG sacituzumab govitecan, 
tAB total antibody, V1SG central volume of distribution of SG, V2SG 
peripheral volume of distribution of SG, V1SN38/F apparent central 
volume of distribution of free SN-38, V2SN38/F apparent peripheral 
volume of distribution of free SN-38, V1tAB central volume of distri-
bution of tAB, V2tAB peripheral volume of distribution of tAB
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distribution error were also generated (Fig. S1b, see ESM). 
Normalized prediction distribution errors were evenly dis-
tributed around 0 and had no trends over time or by con-
centration, indicating no meaningful bias in the model. The 
pcVPC plot (Fig. 2b) showed that the final pharmacokinetic 
model for free SN-38 slightly underpredicted the 5th per-
centile of the observed free SN-38 concentrations during 
the distribution phase.

3.4  Final PopPK Model for tAB

The pharmacokinetics of tAB were best described by a 
two-compartment model with first-order time-dependent 
elimination (Fig. 1b). The model included estimated body 
weight-based allometric scaling for  CLtAB and  QtAB and 
for  V1tAB and  V2tAB. IIV was estimated on  CLtAB and 
 V1tAB and a combined additive and proportional residual 
error model was utilized. Correlation of IIV on  CLtAB 
and  V1tAB as a covariance term was also included in the 
model. Typical parameter estimates based on the final tAB 
PopPK model were in good agreement with the median 
pharmacokinetic parameters based on bootstrap analysis 
(Table 3). Typical parameter estimates for  CLtAB,  V1tAB, 
and  V2tAB were 0.016 L/h, 3.06 L, and 1.2 L, respectively. 
The model included a statistically significant effect of time 
on systemic  CLtAB parametrized as a relative exponential 
onset model predicting a maximum reduction of the sys-
temic  CLtAB of 17% with a time to half-maximal reduction 
of approximately 48 days.

Based on the allometric scaling exponents for body 
weight, a 10% increase in body weight corresponded to 
a 3.6% increase in  CLtAB and  QtAB and 4.3% increase in 
 V1tAB and  V2tAB. Baseline serum albumin had a statis-
tically significant impact on  CLtAB with a 10% increase 

in baseline serum albumin leading to a 6.8% decrease in 
 CLtAB. Other significant covariates included in the model 
were an effect for cancer type on  CLtAB (13% lower  CLtAB 
in patients with other tumor types including epithelial can-
cers, e.g., small-cell lung cancer, non-small-cell lung can-
cer, colorectal cancer, esophageal cancer, pancreatic ductal 
adenocarcinoma, etc. compared with those with mTNBC, 
mUC, and HR+/HER2– mBC), sex on  V1tAB (12% higher 
 V1tAB in males), and study on RUV (25% lower stand-
ard deviation of RUV in study 01 vs study 05). Standard 
GOF plots (Fig. S1c, see ESM) and pcVPC plots (Fig. 2c) 
showed no model misspecification and demonstrated that 
the final tAB PopPK model adequately characterized the 
observed concentrations.

3.5  Impact of Statistically Significant Covariates

Sensitivity analyses were conducted to assess the impact 
of statistically significant covariates identified in the final 
models on predicted first-cycle exposure  (Cmax, AUC) of 
SG, free SN-38, and tAB, and these results were visual-
ized using tornado plots. For SG, both body weight and 
serum albumin had a limited impact on AUC and  Cmax, 
with predicted relative exposures within the 80–125% 
range (Fig. 3a,b). Body weights of 49 kg (5th percentile) 
and 110 kg (95th percentile) are estimated to result in 16% 
lower and 25% higher AUC for SG, respectively, than the 
typical exposure for a body weight of 70 kg. Similarly for 
albumin, values of 29 g/L (5th percentile) and 45 g/L (95th 
percentile) are estimated to result in 9% lower and 6% 
higher AUC of SG, respectively, than the typical exposure 
for albumin of 38 g/L. For free SN-38, body weight was 
the only statistically significant covariate and had a limited 
impact on AUC and  Cmax (Fig. S2a, b, see ESM). Body 
weights of 49 kg and 110 kg are estimated to result in 18% 

Table 1  Parameter estimates 
and bootstrap analysis for the 
final model for SG

%RSE relative standard error in percent, CI confidence interval, CLSG clearance, IIV interindividual vari-
ability, QSG intercompartmental clearance, RUV residual unexplained variability, SD standard deviation, SG 
sacituzumab govitecan, V1SG central volume of distribution, V2SG peripheral volume of distribution
a Shrinkage for IIV variance for  CLSG was 25.8%

Parameter Final model estimate 
(%RSE)

Bootstrap analysis median 
value (95% CI)

CLSG, L/h 0.133 (1.01) 0.133 (0.131 to 0.137)
QSG, L/h 0.006 (3.07) 0.006 (0.005 to 0.006)
V1SG, L 2.770 (0.87) 2.770 (2.72 to 2.82)
V2SG, L 0.908 (3.29) 0.906 (0.852 to 0.974)
IIV variance for  CLSG

a 0.011 (14.50) 0.011 (0.008 to 0.016)
Weight exponent on  CLSG and  QSG 0.508 (6.77) 0.503 (0.428 to 0.567)
Weight exponent on  V1SG and  V2SG 0.532 (6.28) 0.526 (0.463 to 0.593)
Baseline serum albumin exponent on  CLSG –0.355 (14.90) –0.355 (–0.467 to –0.256)
Time after last dose on RUV 0.005 (19.10) 0.005 (0.004 to 0.008)
RUV SD on log SG 0.204 (5.93) 0.202 (0.182 to 0.23)
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lower and 25% higher AUC for free SN-38, respectively, 
than the typical exposure for a body weight of 70 kg. For 
tAB, the combined effect of body weight on CL and the 
body weight-based SG dosing regimen resulted in slightly 
higher exposure in patients with higher body weight, with 

a body weight of 110 kg (95th percentile) associated with 
an approximately 30% higher AUC and  Cmax than a typi-
cal patient with a body weight of 70 kg (Fig. S2c, d, see 
ESM). Other statistically significant covariates including 
baseline serum albumin, sex, tumor type, and time after 
first dose had a very limited impact on tAB AUC and  Cmax, 
with predicted relative exposures within the 80–125% 
range.

From the pharmacokinetic analysis dataset, no patients 
from IMMU-132-01 and four out 253 patients from 
ASCENT had treatment-emergent ADAs to SG. The 
reported ADA titer observed was low and varied from 10 
to 30. Three patients with treatment-emergent ADAs were 
positive for neutralizing ADAs to SG.

3.6  Correlation of all Tested Covariates 
and Exposure

As an additional way to evaluate and visualize the covari-
ate effects, the correlation between AUC or  Cmax over the 
first treatment cycle and all covariates evaluated in the 
covariate assessment was visualized using forest plots for 
all three analytes with the respective final PopPK mod-
els. The covariates of mild or moderate renal impairment, 
mild hepatic impairment, age, sex, baseline albumin level, 
race, ECOG status, tumor type, UGT1A1 genotype, use of 
UGT1A1 inducers or inhibitors, or Trop-2 expression also 
did not have a clinically relevant correlation with SG AUC 
or  Cmax (Fig. 4a, b). Analysis of the correlation between 
covariates and model-predicted free SN-38 and tAB expo-
sure relative to a typical patient showed similar results 
(Figs. S3 and S4, see ESM).

4  Discussion

These are the first analyses to characterize the PopPK of 
SG and its components. A robust dataset from two large 
trials of SG in patients with mTNBC and other solid tumors 
was used; the phase I/II trial that supported the accelerated 
approval, and the phase III pivotal trial that supported the 
full approval of SG in patients with unresectable, locally 
advanced or mTNBC who received two or more prior sys-
temic therapies (at least one in the metastatic setting). The 
pharmacokinetics of SG, free SN-38, and tAB were each 
well characterized by two-compartment models with esti-
mated body weight-based scaling exponents on CL and 
volume parameters with key clinical covariates assessed in 
the models. The PopPK models of SG and tAB were devel-
oped independently. The model of free SN-38 was devel-
oped in a sequential manner where individually estimated 
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Table 2  Parameter estimates 
and bootstrap analysis for the 
final model for free SN-38

%RSE relative standard error in percent, CI confidence interval, CLSN38/F apparent clearance of free SN-38, 
IIV interindividual variability, KREL first-order sacituzumab govitecan release rate, QSN38/F apparent inter-
compartmental clearance of free SN-38, RUV residual unexplained variability, SD standard deviation, 
V1SN38/F apparent central volume of distribution of free SN-38, V2SN38/F apparent peripheral volume of 
distribution of free SN-38
a V1SN38/F and  V2SN38/F parameters were fixed to literature values to ensure identifiability of the model
b Shrinkage for IIV variance for  KREL was 29.3%
c Shrinkage for IIV variance for  CLSN38/F was 39.6%

Parametera Final model 
 estimatea 
(%RSE)

Bootstrap analysis median 
value (95% CI)

Untrans-
formed 
estimate

Log  (KREL), 1/h –2.34 (2.61) –2.35 (–2.48 to –2.22) 0.0961 L/h
Log  (CLSN38/F), L/h 6.02 (1.05) 6.00 (5.89 to 6.13) 409 L/h
Log(QSN38/F), L/h 5.51 (0.466) 5.51 (5.34 to 5.70) 247 L/h
V1SN38/F, L 49a (Fixed)
V2SN38/F, L 2177a (Fixed)
IIV variance for  KREL

b 0.332 (12.6) 0.341 (0.258 to 0.430)
IIV variance for  CLSN38/Fc 0.411 (14.6) 0.412 (0.299 to 0.555)
Weight exponent on  CLSN38/F and  QSN38/F 0.500 (13.3) 0.494 (0.355 to 0.648)
Time after last dose on RUV 0.011 (12.2) 0.011 (0.009 to 0.013)
Study IMMU-132-01 on RUV –0.230 (19.4) –0.224 (–0.361 to 0.038)
Log RUV SD on LOG SN-38 –1.03 (8.37) –1.05 (–1.33 to –0.860) 0.357
KREL ~  CLSN38/F covariance 0.269 (16.20) 0.274 (0.191 to 0.370)

Table 3  Parameter estimates and bootstrap analysis for the final model for tAB

%RSE relative standard error in percent, CI confidence interval, CLtAB clearance of total antibody, IIV interindividual variability, QtAB intercom-
partmental clearance of total antibody, RUV residual unexplained variability; SD standard deviation, tAB total antibody, V1tAB central volume of 
distribution of total antibody, V2tAB peripheral volume of distribution of total antibody
a Shrinkage for IIV variance for  CLtAB was 19.9%
b Shrinkage for IIV variance for  V1tAB was 16.2%

Parameter Final model estimate (%RSE) Boot strap analysis median value (95% CI)

CLtAB, L/h 0.016 (2.76) 0.016 (0.015 to 0.018)
QtAB, L/h 0.010 (9.62) 0.010 (0.008 to 0.012)
V1tAB, L 3.06 (1.18) 3.06 (2.97 to 3.13)
V2tAB, L 1.20 (10.9) 1.18 (0.852 to 1.71)
Weight exponent on  CLtAB and QtAB 0.372 (10.2) 0.374 (0.210 to 0.548)
Weight exponent on  V1tAB and V2tAB 0.446 (2.26) 0.449 (0.332 to 0.553)
Baseline serum albumin exponent on  CLtAB –0.735 (20.2) –0.756 (–1.04 to –0.404)
Other cancer type on  CLtAB –0.134 (26.8) –0.135 (–0.195 to –0.082)
Male sex on  V1tAB 0.121 (23.5) 0.122 (0.068 to 0.182)
Study IMMU-132-01 on RUV –0.250 (18.7) –0.259 (–0.346 to –0.152)
Maximum relative reduction of  CLtAB, % 16.7 (1.97) 17.8 (6.85 to 27.3)
Rate constant for the time effect on  CLtAB, 1/h 6.08 ×  10-4 (18.4) 5.97 ×  10-4 (1.63 ×  10-4 to 13.2 ×  10-4)
Proportional error covariance 0.207 (8.43) 0.206 (0.172 to 0.264)
Additive error SD, μg/mL 27.3 (14.5) 26.2 (12.7 to 35.9)
IIV variance for  CLtAB

a 0.100 (13.6) 0.102 (0.073 to 0.132)
IIV variance for  V1tAB

b 0.046 (14.5) 0.045 (0.036 to 0.061)
CLtAB ~  V1tAB covariance 0.045 (17.1) 0.045 (0.032 to 0.062)
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pharmacokinetic parameters from the SG PopPK model 
were used for predicting individual SG concentration–time 
profiles in the PopPK model of free SN-38, with a first-order 
release of free SN-38 from SG. All parameters in the final 
models for the three analytes, including covariate effects, 
were estimated with good precision and overall, the models 
provided a good description of the data. No major bias or 
trends were observed in the GOF plots. The pcVPC of all 
final models showed good concordance between observed 
and simulated percentiles.

Estimated exponents for the effect of body weight on 
the clearance and volume parameters provided better fit 
to the observed data in comparison with fixing the expo-
nents. Body weight was a statistically significant covariate 
for the pharmacokinetic parameters of SG, free SN-38, and 
tAB. Effect of body weight on exposure of these analytes is 
accounted for with a body weight-based dosing regimen of 
SG. The remaining impact of body weight on exposure with 
the linear dose adjustment with body weight (relative to the 

shallower estimated exponents in the current analyses) is not 
considered clinically relevant given the overall variability 
of exposure of the evaluated analytes.  CLtAB was found to 
decrease slightly with time after initiating treatment, with a 
maximum 17% decrease by approximately 6 months after 
starting treatment. A small time-dependent decrease in 
CL has also been reported for immune checkpoint inhibi-
tor monoclonal antibodies in oncology patients and may be 
linked to reduced tumor burden and reduced cachexia with 
treatment [21, 22].

The covariate evaluation suggested that no dose adjust-
ment is required based on sex, race (White vs Black/Afri-
can American vs Asian vs other) or age (elderly vs younger 
patients). The impact of baseline Trop-2 expression was 
assessed separately for IMMU-132-01 and ASCENT as a 
categorical and continuous covariate, respectively, but was 
not found to be statistically significant for SG, free SN-38, 
or tAB clearance. Similarly, mild-to-moderate renal impair-
ment and mild hepatic impairment did not have a clinically 
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Fig. 3  Impact of statistically significant covariates identified in the 
final model on predicted SG AUC (a) and  Cmax (b). AUC and  Cmax 
at the given covariate values were compared with those predicted for 
a typical patient with a body weight of 70 kg and baseline albumin 
of 38 g/L at the beginning of the study. Dots and error bars show the 

predicted relative exposure with 95% CI. ALB albumin, AUC  area 
under the serum concentration-time curve, CI confidence interval, 
Cmax maximum (peak) serum drug concentration, SG sacituzumab 
govitecan
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Sex
relative to Female (n=411)
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relative to White (n=443)

Prior treatment
relative to Platinum-based

(n=306)
Number of prior lines

of therapy
relative to >=5 (n=184)

ECOG
relative to 0 (n=192)

Tumor type
relative to mTNBC (n=275)

Male (n=116)

Black or African American (n=39)
Asian (n=11)

Others (n=34)

CPI (n=26)
Both platinum-based and CPI (n=82)

Others (n=113)

1 (n=44)

3 (n=117)
2 (n=85)

4 (n=97)

1 (n=332)

Others (n=184)
HR+/HER2– MBC (n=32)

UC (n=36)
Missing (n=57)

*28/*28 (n=65)
*1/*28 (n=194)

Yes (n=5)

Yes (n=14)

All others (n=7)

Moderate staining (n=32)
Weak staining (n=17)

Mild
(BILI>ULN to 1.5 x ULN or AST >ULN)

(n=114)

Moderate impairment (30–<60) (n=56)

Mild impairment (60–<90) (n=199)

Strong staining (n=79)
Missing (n=389)

SG exposure in first cycle relative to reference

Predicted SG Exposure 
[90% CI]

UGT1A1 genotype
relative to *1/*1 (n=204)

UGT1A1 inducer use
at any time

relative to No (n=522)

UGT1A1 inhibitor use
at any time

relative to No (n=513)
Baseline Trop–2 level

(IMMU–132–01)
relative to No staining (n=10)
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relative to Normal (>=90) (n=269)
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(BILI<=ULN and AST<=ULN) (n=412)
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b
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(reference: 19.6 IU/L)

ALP
(reference: 90.0 IU/L)

Bilirubin
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CLCr
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95th %tile (300)

CUACUA CMAXCMAX
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[90% CI]
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(ASCENT)
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a
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relevant impact on exposure of all three analytes. Due to 
limitation of available data, the potential impact of severe 
renal impairment and moderate or severe hepatic impair-
ment could not be characterized. Of note, a phase I study is 
currently ongoing to assess the pharmacokinetics of SG in 
patients with metastatic solid tumors and moderate hepatic 
impairment (NCT04617522).

The UGT1A1 enzyme plays a key role in detoxifying 
SN-38 through glucuronidation [23]. Approximately 10% 
of North Americans have a UGT1A1 *28/*28 genotype, 
resulting in reduced UGT1A1 activity and an increased risk 
of neutropenia in patients receiving irinotecan, the prod-
rug for SN-38 [24]. Based on the current PopPK analyses 
using data from the IMMU-132-01 and ASCENT studies, 
UGT1A1 genotype was not a statistically significant covari-
ate of SG, tAB, or free SN-38 pharmacokinetic parameters. 
Consistently, model-predicted exposures for UGT1A1 *1/*1, 
*1/*28, and *28/*28 genotypes in our study showed overlap-
ping CIs. A small number of participants received UGT1A1 
inhibitors (n = 14) or inducers (n = 5) during SG treatment. 
Because of such small numbers, the impact of these covari-
ates could not be formally tested in these PopPK analyses. 
However, based on the limited data available, predicted 
individual SG or free SN-38 exposures in participants who 
received UGT1A1 inhibitors/inducers were comparable and 
within the range of exposures for participants who did not 
receive inhibitors/inducers, suggesting minimal impact of 
UGT1A1 inhibitors/inducers on exposure. The impact of 
UGT1A1 inhibitors and inducers on SG and free SN-38 
exposure will be further assessed when additional data from 
ongoing clinical trials become available.

Tumor type was found to be a significant covariate for 
 CLtAB, which was predicted to be 13% lower in participants 
with ‘other’ cancer types (including urothelial, small-cell 
and non-small-cell lung, colorectal, esophageal, endo-
metrial, etc.) compared with mTNBC, mUC, and HR+/

HER2‒ mBC. With this small, estimated difference in 
 CLtAB, the predicted tAB exposure among all tumor types 
was comparable and within the range of observed IIV. These 
covariate evaluation results support the prescribing infor-
mation of SG. Phase III studies evaluating the safety and 
efficacy of SG in TNBC, HR+/HER2‒ mBC, lung cancer, 
mUC, and different solid tumors in combination with other 
therapies are currently underway [25–32]. Furthermore, 
three among these studies are assessing the efficacy of SG 
for first-line treatment of mTNBC and early-stage TNBC 
[26, 27, 32]. These studies will further characterize the phar-
macokinetics of SG in monotherapy and combination set-
tings in other tumor types.

SG concentrations were calculated from bound SN-38 
concentrations which were derived from measured total 
and free SN-38 concentrations in serum. The calculation 
for the ADC assumed a constant DAR of 8, while the pay-
load is gradually released from the ADC over time in vivo. 
An approximation of a fixed DAR is typically utilized in 
ADC concentration determination due to the inability of the 
utilized bioanalytical assays to robustly resolve the different 
DARs over time.

Given the small number of patients who were ADA posi-
tive, it was not appropriate to formally test a possible rela-
tionship between immunogenicity and exposure. However, 
no relationship was apparent based on limited available data 
(data not shown). The data utilized in the present analyses 
were primarily from patients with mTNBC, and smaller sub-
sets of patients had other tumor types. Additional analyses 
including pharmacokinetic data from ongoing phase III trials 
in other tumor types are warranted.

Pharmacokinetics of SG, free SN-38, and tAB following 
SG administration were well described with the developed 
population models. The effect of statistically significant 
covariates identified in the analyses was not considered clini-
cally meaningful. Demographics and baseline characteristics 
of age, sex, race, body weight, or number of prior lines of 
chemotherapy, and key clinical covariates of renal impair-
ment, hepatic impairment, tumor type, UGT1A1 genotype, 
use of UGT1A1-inducers or inhibitors, or Trop-2 expres-
sion did not have a clinically relevant impact on exposure. 
The analyses support the labeling recommendations for the 
approved 10-mg/kg clinical regimen. Additionally, body 
weight-based dosing of SG is appropriate in the target popu-
lation and there is no need for further dose adjustment. The 
developed PopPK models were used to estimate exposures 
in the exposure–response analyses of SG efficacy and safety 
in patients with mTNBC. Detailed reports of these analyses 
are forthcoming.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s40262- 024- 01366-3.

Fig. 4  Relationships between continuous (a) and categorical (b) 
covariates to SG AUC or  Cmax over the first treatment cycle relative to 
exposures in a typical patient with the reference covariate value. Gray 
band shows the 80–125% range. Dots and error bars show predicted 
exposure and 90% CI, respectively. Categories with less than five 
patients (three patients with ECOG score of 2, one patient with mod-
erate hepatic impairment, three patients with severe renal impairment, 
and one patient with missing renal impairment level) were excluded 
from the plot. ALB albumin, ALP alkaline phosphatase, ALT alanine 
aminotransferase, AST aspartate aminotransferase, AUC  area under 
the serum concentration-time curve, BILI total bilirubin, CI confi-
dence interval, CLCr creatinine clearance, Cmax maximum (peak) 
serum drug concentration, CPI checkpoint inhibitor, ECOG Eastern 
Cooperative Oncology Group, HER2 human epidermal growth fac-
tor receptor 2, HR hormonal receptor, mBC metastatic breast cancer, 
mTNBC metastatic triple-negative breast cancer, SG sacituzumab 
govitecan, Trop-2 trophoblast cell-surface antigen-2, UC urothelial 
cancer, UGT1A1 uridine 5'-diphospho-glucuronosyltransferase 1A1, 
ULN upper limit of normal
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