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ABSTRACT

DSTA4637A, a THIOMAB™ antibody-antibiotic conjugate targeting Staphylococcus aureus, has shown
promising bactericidal activity in a mouse model. DSTA4637A consists of a monoclonal anti-S. aureus
antibody with an average of two rifalogue antibiotic molecules, dmDNA31, linked to its light chains. The
goal of this study was to develop a minimal physiologically-based pharmacokinetic (mPBPK) model to
characterize the pharmacokinetic (PK) properties of three analytes of DSTA4637A (i.e., total antibody,
antibody-conjugated dmDNA31, and unconjugated dmDNA31) in mice, and to predict pharmacokinetics
of DSTA4637A analytes in humans, as well as to provide an initial assessment for potential PK drug-drug
interactions (DDI) in clinical trials via cross-species scaling of the mPBPK model. In the proposed model,
selected organs, including heart, liver, and kidney, were connected anatomically with plasma and lymph
flows. Mouse plasma and tissue concentrations of the three analytes of DSTA4637A were fitted
simultaneously to estimate the PK parameters. Cross-species scaling of the model was performed by
integrating allometric scaling and human physiological parameters. The final mMPBPK model was able to
successfully capture PK profiles of three DSTA4637A analytes in mouse plasma and in investigated
organs. The model predicted a steady-state peak unbound dmDNA31 concentration lower than 5% of
the 1C5o of dMDNA31 towards cytochrome P450 following 100 mg/kg weekly intravenous dose, which
suggests a low risk of PK DDI in humans for DSTA4637A with co-administered cytochrome P450
substrates. The proposed mPBPK modeling and cross-species scaling approaches provide valuable
tools that facilitate the understanding and translation of DSTA4637A disposition from preclinical species
to humans.
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Therefore, the need for new therapies that can eliminate
intracellular S. aureus in tissues is more pressing than ever.
A novel THIOMAB™ antibody-antibiotic conjugate (TAC),
DSTA4637A, composed of an anti-S. aureus THIOMAB™ anti-
body and a potent antibiotic, 4-dimethylamino piperidino-
hydroxybenzoxazino rifamycin (dmDNA31), linked through
a protease-cleavable valine-citrulline linker, was developed.
DSTA4637A has demonstrated highly efficacious intracellular
bactericidal activity against S. aureus both in vitro and in vivo.®
The antibody module specifically targets the [B-O-linked
N-acetylglucosamine (GIcNAc) sugar modifications on wall
teichoic acids of S. aureus and is responsible for opsonization
of bacterial cells. Once the opsonized bacteria are taken up into
phagolysosomes, proteases such as cathepsins cleave the linker
and release active dmDNA31 antibiotic that kills intracellular S.
aureus. In addition, DSTA4637A has shown superior potency
to vancomycin in a mouse bacteremia model.® Furthermore,
application of the antibody-antibiotic conjugate strategy

Introduction

Staphylococcus aureus (S. aureus) is a commensal bacterium
and opportunistic pathogen of humans and animals. It is the
leading cause of nosocomial infections worldwide with com-
plications such as infective endocarditis, osteomyelitis, fatal
necrotizing pneumonia, and sepsis." In addition, invasive .
aureus infection is the leading cause of death by an infectious
agent in the United States, with a mortality rate of ~ 20%.”
Rapid and wide spread of antibiotic-resistant strains, such as
methicillin-resistant S. aureus and recently reported vanco-
mycin and linezolid-resistant S. aureus, have led to increased
concern to human health.” It has been known for more than
50 years that S. aureus applies a “Trojan horse model” to
evade host immune responses and antibiotic treatments. S.
aureus can invade and survive inside host cells that turn into
the “Trojan horses”, which are responsible for the systemic
dissemination of the bacteria and recurrence of infection.*”
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extends the half-life of dmDNA31 from 3 - 4 hours as a small
molecule to ~ 4 days as antibody-conjugated dmDNA31 in
mice, which makes less frequent dosing possible.”

Plasma pharmacokinetics (PK) of DSTA4637A have been
well characterized in both non-infected and S. aureus infected
mice by Zhou et al.” The plasma concentration-time profile of
DSTA4637A total antibody (T Ab), which measures all drug to
antibody ratios (DARs) of DSTA4637A, including fully con-
jugated, partially deconjugated, and fully deconjugated anti-S.
aureus antibodies, and the plasma concentration-time profile
of DSTA4637A conjugate, which measures the total concen-
tration of antibody-conjugated dmDNA31 (ac-dmDNA31),
showed bi-exponential disposition with rapid distribution
and slow elimination phases. Both TAb and ac-dmDNA31
showed linear PK properties in the dose range of 5 - 50 mg/
kg in non-infected mice.” In addition, infection with S. aureus
had minimal impact on the linker stability and plasma PK
(e.g., clearance and volume of distribution) of TAb and ac-
dmDNA31 in the efficacious dose range of 25 - 50 mg/kg.”
However, PK of the three analytes (i.e., TAb, ac-dmDNA31,
and unconjugated dmDNA31) in infected organs in mice have
not been reported. Particularly the PK of unconjugated
dmDNA31 (uc-dmDNA31) was not well characterized due
to its extremely low concentration and limited sensitivity of
quantitative methods. Assessment of uc-dmDNA31 concen-
trations in human tissues is even more difficult because of
limited access of tissue samples in clinical settings. The uc-
dmDNA31 is the active small molecule component of
DSTA4637A, and it is responsible for potential drug-drug
interactions (DDI). We used the mPBPK from the mouse
model to inform us about the uc-dmDNA31 tissue concentra-
tions and potential DDI in humans. The dmDNA31 has been
shown to be a relatively weak inhibitor of several human
cytochrome P450 (CYP) enzymes, including CYP1A2, 2B6,
2C8, 2C9, 2C19, 2D6, and 3A4/5, in in vitro metabolism
studies (Genentech Inc. unpublished data). Thus a priori
estimation of uc-dmDNA31 tissue concentrations may pro-
vide useful insights about potential dmDNA31-mediated DDI
with co-administered CYP substrates in humans.

As described here, we developed a mPBPK model that
successfully characterized both plasma and tissue PK of
TADb, ac-dmDNA31 and uc-dmDNA31 in S. aureus infected
mice. The proposed model also provides a useful approach to
predict uc-dmDNA31 concentrations at different dose levels/
regimens in S. aureus-infected mice. In addition, this mPBPK
modeling approach can be used to predict human plasma PK
profile and tissue disposition of uc-dmDNA31 via cross-spe-
cies scaling, thus providing early risk assessment of potential
DDI for the TAC in clinical trials.

Results
DSTA4637A disposition and mPBPK model

Schemas of the proposed mPBPK model for DSTA4637A and
sequential deconjugation of dmDNA31 from the TAC mole-
cule are shown in Figure 1. The PK profiles of three
DSTA4637A analytes following a single intravenous (IV)
dose of 25 or 50 mg/kg DSTA4637A in S. aureus-infected

mice are shown in Figures 2, Figures 3 and 4. A typical
monoclonal antibody (mAb) bi-exponential concentration-
time profile was observed for the disposition of TAb and ac-
dmDNA31 in plasma and in tissues, including heart, liver,
and kidney. The initial increase in TAb and ac-dmDNA31
concentrations in organs is due to antibody distribution from
the central plasma compartment to peripheral tissues. The uc-
dmDNA31 showed formation-limited kinetics. In vivo decon-
jugation of dmDNA31 from TACs (kg = 0.141 day_l) was
47.5-fold slower than its degradation in mouse plasma (CL,,
dmpNA31/Vp, dmpNa31 = 6.70 day™") (Table 1), and the bi-
exponential phases of deconjugation support the proposed
sequential release (i.e., two-step release, DAR2 to DARI and
DARI1 to DARO) of dmDNA31 from TACs (Figures. 1b and
4). Tissue exposures of TAb were also dose-proportional in
the dose range of 25-50 mg/kg in infected mice (Figure 2),
which suggests saturated target-binding at the sites of infec-
tion, and hence linear PK at doses > 25 mg/kg. Similar relative
exposures (% tissue AUC, j44/plasma AUC,. 144) of TAb and
ac-dmDNA31, respectively, were predicted in heart (7.21%
and 7.87%), liver (5.44% and 5.81%), and kidney (3.98% and
4.37%) (Figure 5a). The similarity in relative exposures of the
two analytes supports the assumption that the distribution of
ac-dmDNA31 is mainly driven by the distribution of antibo-
dies. At 3 days post-dose, the observed maximum concentra-
tions of uc-dmDNA31 in liver (184 ng/ml) and kidney
(42.5 ng/ml) were much higher than that in plasma
(2.45 ng/ml), where uc-dmDNA31 was barely detectable
(Figure 4). Interestingly, concentrations of uc-dmDNA31 in
heart were not detectable at all in this study.

Development of the mPBPK model for TAC disposition was
based on the PK study of DSTA4637A in S. aureus infected
mice.” Concentrations of TAb, ac-dmDNA31, and uc-
dmDNA31 were simultaneously fitted to estimate model para-
meters (i.e., naive pooled method). The final mPBPK model
was successful in capturing bi-exponential PK profiles for all
DSTA4637A analytes (TAb, ac-dmDNA31, and uc-
dmDNA31) in plasma, heart, liver, and kidney (Figure 2, 3,
and 4). Although the majority of TAb and ac-dmDNA31 were
present in plasma, uc-dmDNA31 accumulated in liver and
kidney, with 19.4- and 8.62-fold higher model predicted
AUCq.144 than that in plasma. In contrast, uc-dmDNA31 was
undetectable in heart, albeit ac-dmDNA31 concentrations were
comparable to the values in liver and kidney (Figure 5). This
higher accumulation of uc-dmDNA31 in kidney, but not in
plasma and heart, in infected mice correlated with a relatively
high number of bacteria in kidney compared to the values in
plasma and heart, but whether infection with S. aureus could
lead to the dmDNA31 accumulation in tissues at therapeutic
dose levels need to be confirmed in future studies.

The proposed mPBPK model was able to estimate PK para-
meters with relatively good accuracy and precision. CV% of the
estimates varied from 0.399% to 92.0% (Table 1). In heart, liver,
and kidney, the estimated o were similar (0.934, 0.957 0.964,
respectively). The clearance of uc-dmDNA31 in plasma (CL,,
dmDNA31) Was estimated to be 1.28 x 10* ml/day/kg, which is
close to the measured value 1.01 x 10* ml/day/kg that was
obtained from a separate study in mice with intravenously
injected carbon-14-labeled dmDNA31 (Genentech Inc.
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Figure 1. Schematic representation of the mPBPK model for DSTA4637A. (a) The mPBPK model of DSTA4637A disposition. Organs are connected anatomically with
plasma and lymph flows. (b) Schematic showing sequential deconjugation of dmDNA31 from DSTA4637A. Models are described by equations in Materials and

Methods with symbols defined in Tables 1 and 2.

unpublished data). Estimated clearances of uc-dmDNA31 in liver
and kidney (CL, ,campnazi = 389 ml/day/kg CLg
ampNa31 = 18.1 ml/day/kg) were 329- and 707-fold lower than
that in plasma, which explains the accumulation of uc-dmDNA31
in liver and kidney but not in plasma. Significantly smaller values
of the estimated volume of distribution of uc-dmDNA31 in liver
and kidney, V| ycampnazi = 128 mlkg and Vi
dmDNA31 = 13.5 ml/kg, than V, e ampnaz1 (1.91 x 10° ml/kg) in
plasma may also suggest intracellular accumulation of uc-
dmDNA31 in liver and kidney.

Cross-species scaling of the mPBPK model

An important application of PBPK modeling at early drug
development is to predict human tissue PK profiles via cross-
species scaling, which helps to provide initial assessment of
potential PK DDI in clinical trials. Scale-up of our mPBPK
model was performed by replacing mouse physiological para-
meters with human values (Table 2) and allometrically scaling
of clearance and volume of distribution as described in equa-
tions 8 — 10. In this case, V. gmpna3zi and CLyc.ampna31 Were
scaled as a function of body weight with allometric exponents
of 1 and 0.75 for small molecules (Equations 8 and 9),'* while
the clearances of TAb and ac-dmDNA31 were scaled with an
exponent of 0.91 (Equation 10), an average allometric exponent
for cross-species scaling of mAb clearance in a mPBPK

model."”” Of note, our mPBPK model was developed using PK
data collected from S. aureus-infected mice in a dose range (25-
50 mg/kg) demonstrating linear PK. Thus, simulated tissue
exposures of the three analytes based on this model may only
be used to predict the exposures in S. aureus-infected patients,
or in the cases where high doses of TAC are used and saturation
of target-binding is expected. Therefore, Phase 1 clinical study
data may be used to externally validate the model prediction,
assuming tested doses reached target saturation and S. aureus
infection does not affect the plasma PK of TACs in healthy
human subjects as that observed in mice.””' Model-predicted
human plasma PK profiles of TAb, ac-dmDNA31, and uc-
dmDNA31 were indeed reasonably consistent (< 3 fold differ-
ence between predicted and observed concentrations) with
Phase 1 clinical study data under the current model assump-
tions (data not shown).

Simulated maximum concentrations of free uc-dmDNA31
(i.e., fraction of protein unbound x Cy.y uc.dmpNas1) at
different doses of DSTA4637A (assuming linear PK at the
simulated doses) in infected mice are presented in Figure 6.
Predicted free Cp.y uc.dmpnas: in human liver and kidney
were 7.31- and 3.48-fold higher than that in plasma, suggest-
ing a similar uc-dmDNA31 accumulation in human tissues as
observed in mice under the current assumptions. The pre-
dicted free uc-dmDNA31 concentration in human plasma was
low at all simulated doses due to rapid plasma CL,
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Figure 2. Total antibody concentrations in tissues (a) plasma, (b) heart, () liver, and (d) kidney after a single IV dose of 50 mg/kg (blue symbols) or 25 mg/kg (red
symbols) of DSTA4637A in S. aureus infected mice. Solid lines represent model fittings, and symbols are observed data.”.
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Figure 3. Antibody-conjugated dmDNA31 concentrations in tissues (a) plasma, (b) heart, (c) liver, and (d) kidney after a single IV dose of 50 mg/kg (blue symbols) or
25 mg/kg (red symbols) of DSTA4637A in S. aureus infected mice. Solid lines represent model fittings, and symbols are observed data.”.

amDNA31- In in vitro metabolism studies, the dmDNA31 is a time-dependent inhibition or induction of CYP activity
weak inhibitor of CYP enzymes with ICs, ranging from 1.7 to  (Genentech Inc. unpublished data). Based on our model
5.2 uM, and there is no evidence that dmDNA31 causes a simulation, the circulating free uc-dmDNA31 is expected to
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Figure 4. Unconjugated dmDNA31 concentrations in (a) plasma, (b) liver, (c) kidney after a single IV dose of 50 mg/kg (blue symbols) or 25 mg/kg (red symbols) of
DSTA4637A in S. aureus infected mice. Solid lines represent model fittings, and symbols are observed data.”.

Table 1. Estimated pharmacokinetic parameters for the mPBPK model of DSTA4637A.

Parameter (unit) Definition Estimates (CV %) 95% confidence interval
Oh Vascular reflection coefficient of heart 0.934 (0.683) 0.922 - 0.947

o] Vascular reflection coefficient of liver 0.957 (0.399) 0.950 - 0.965

Ok Vascular reflection coefficient of kidney 0.964 (0.404) 0.956 - 0.972

O, Vascular reflection coefficient of lumped tissues 0.910 (0.804) 0.896 - 0.924

kge (1/day) Deconjugation rate constant 0.141 (5.19) 0.126 - 0.155

CL, (ml/day/kg) TAC (DAR 0 - 2) plasma proteolytic clearance 5.26 (fixed)'

Vo ucdmpnazt (MiZkg) uc-dmDNA31 plasma volume of distribution 1.91 x 10° (17.1) 1.27 x 10° = 2.56 x 10°
Vi uc-dmpnaszt (MIZkg) uc-dmDNA31 liver volume of distribution 12.8 (92.0) 0-359
Viuc-ampnaz1 (MIZkg) uc-dmDNA31 kidney volume of distribution 13.5 (43.8) 1.86 — 25.1
CLp,uc-amonast (ml/day/kg) uc-dmDNA31 plasma clearance 1.28 x 10* (19.6) 7.86 x 10° - 1.77 x 10*
CLyuc-dmpnaz1 (ml/day/kg) uc-dmDNA31 liver clearance 38.9 (15.8) 26.8 - 51.0
Clyuc-dmpnazt (ml/day/kg) uc-dmDNA31 kidney clearance 18.1 (15.6) 12.6 — 23.7

"Estimated CL,, value did not change significantly using different analysis methods, including non-compartmental analysis, two-compartment model, and mPBPK

model, and hence it was fixed to the average estimated value.

be low in humans, which suggests that dmDNA31-mediated
DDI are not very likely even at high doses of DSTA4637A. For
example, a 200 mg/kg single IV dose of DSTA4637A is pre-
dicted to yield a hepatic free Cp.x uc.ampnasi of 0.05 pM,
which is less than 3% the ICs;y of dmDNA31 towards
CYP3A4/5 (1.7 uM, Genentech Inc. unpublished data)
(Figure 6). Furthermore, steady-state free Cpax uc.dmDNA31
was estimated to be lower than 5% of the IC5y of dmDNA31
towards CYP3A at 100 mg/kg weekly IV dose (Figure 7).
These predictions indicate a low potential for inhibitory
effects of dmDNA31 on CYP isoforms and negligible possibi-
lity of DDI when co-administered with CYP substrates.
Therefore, there is a low potential risk for free uc-
dmDNA31 in humans as a DDI perpetrator that is dependent
on the inhibition ICs, values and its concentrations in the
circulation and in the liver.

Model validation and sensitivity analysis

The predictability of the final mPBPK model was validated
using TAb, ac-dmDNA31, and uc-dmDNA31 concentra-
tions in non-infected mouse plasma following a single IV
dose of 50 mg/kg DSTA4637A reported by Zhou et al. 7
These data can be used for model validation because linear
PK has been observed for TAb and ac-dmDNA31 in the
dose range of 5 - 50 mg/kg in non-infected mice and
infection with S. aureus had minimal effect on plasma
PK of TAC in the efficacious dose range of 25 - 50 mg/
kg.” The mPBPK model was able to predict plasma TAb
and ac-dmDNA31 concentration-time profiles with rea-
sonable accuracy (Figure 8). The ratios of model pre-
dicted:observed TAb and ac-dmDNA31 concentrations
are less than two at all evaluated time points (Table 3).
Although the model seems to over-predict plasma uc-
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dmDNA31 concentrations compared to observed values
(Table 3), three time-point samples and concentrations
close to the assay lower limit of quantification may only
provide limited power to validate the model predictability
of uc-dmDNA31 concentrations.

Sensitivity analysis was also performed to assess which
parameter is most sensitive to TAb tissue distribution. Small

changes in AUC values would suggest that TAb exposure is
relatively insensitive to the adjusted parameter. Vascular
reflection coefficients were found to be the most important
parameters influencing the TAD plasma and tissue concentra-
tions (Figure 9). 10% decreases of o, led to 33% increase in
the AUC value of plasma TAb, which is reasonable because
lump tissues (i.e., composite of all others) represent more than
90% of the total body weight. Tissue physiological volumes
were shown to moderately affect the TAb concentrations in
heart, liver, and kidney (Figure 9). Approximately 10% of
changes in TAb AUC values were estimated when tissue
volumes were adjusted. This result suggests that reactions,
such as inflammation and abscess formation during bacterial
infection, changing tissue volumes may affect the drug expo-
sure. Observable changes of TAb exposures were also identi-
fied (ie., less than 10% changes of AUCs) when plasma
proteolytic clearance (CL,) was adjusted (Figure 9). TAb
concentration is expected to be relatively insensitive to decon-
jugation rate constant (kg.) (Figure 9). However, ky. was
found to be the key parameter affecting ac-dmDNA31 and
uc-dmDNA31 concentrations (data not shown), which is con-
sistent with the formation-limited kinetics of uc-dmDNA31.

Discussion

Antibody-drug conjugates (ADCs) are a new class of thera-
peutic agents, which hitherto are mainly used for cancer
therapy. Four ADCs (gemtuzumab ozogamicin, brentuximab
vedotin, trastuzumab emtansine, and inotuzumab ozogami-
cin) are currently in the market and more than 60 ADCs are
in clinical development, but all of them target cancer cells and
the application in other therapeutic areas remains mainly
underexplored. Lehar and her colleagues for the first time
adapted the ADC strategy to antimicrobials and developed a
novel anti-S. aureus THIOMAB™ antibody conjugated to an
antibiotic, which has shown impressive bactericidal activity
against intracellular and vancomycin-resistant S. aureus.® The
new TAC strategy delivers the potent antibiotic to the intra-
cellular compartment and effectively kills the intractable
intracellular S. aureus that contributes to the relapse of infec-
tion. As an added benefit, the TAC strategy improves the PK
of the antibiotic via an antibody carrier. In addition,

Table 2. Physiological parameters used for the mPBPK modeling and cross-species scaling.

Parameter (unit) Definition Mouse value Human value Reference
Q;, (ml/day/kg) Heart plasma flow 2,02 x 10* 247 x 10° 8
Q (ml/day/kg) Liver plasma flow 7.92 x 10* 165 x 10* 8
Qx (ml/day/kg) Kidney plasma flow 5.76 x 10° 130 x 10* 8
Q, (ml/day/kg) Other tissue plasma flow 1.58 x 10° 2.98 x 10* 8
Vp (ml/kg) Plasma volume 38.7 38.6 8
Vy, (ml/kg) Heart volume 6.30 4.07 8
V) (ml/kg) Liver volume 49.4 233 9
Vi (ml/kg) Kidney volume 134 3.65 8
V, (ml/kg) Other tissues’ volume 892% 930*

L (ml/day/kg) Total lymph flow 631 124 8
Ly (ml/day/kg) Heart lymph flow Q,/500 Q,/500 10,11
Ly (ml/day/kg) Liver lymph flow Q/500 Q/500 10,11
Lk (ml/day/kg) Kidney lymph flow Q,/500 Q,/500 10,11
L, (ml/day/kg) Other tissues’ lymph flow Q,/500 Q,/500 10,11
iy Lymphatic capillary reflection coefficient 0.2 0.2 12
Vyy (ml/kg) Total lymph volume 70.4 70.1 13

*V, = body weight - V, - V,, - V| =V
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conjugating antibiotics with the anti-S. aureus antibody
diminishes antibiotic-mediated disruption on host’s normal
flora and emergence of antibiotic-resistance due to enhanced
specificity by the antibody carrier, and it also encourages us to
revisit or investigate antimicrobials that have unfavorable PK
or toxicity. The payload (i.e., dmDNA31) of our TAC mole-
cule showed inhibitory activity towards several human CYP
enzymes in vitro. Although this activity is relative weak based
on in vitro ICs values, it raises a concern of potential DDI in
humans in view of dmDNA31 accumulation in some tissues
(e.g., liver) in mice. In order to fully understand disposition of
TACs and assess potential DDI risk in patients, it is important
to understand the tissue disposition of payloads. The mPBPK
modeling and cross-species scaling provide a useful approach
to inform these questions.

The proposed mPBPK model was developed based on
PK studies of DSTA4637A in a systemic mouse infection
model. PK data of DSTA4637A in non-infected mice were
initially included to develop the model, but improvements
on neither parameter estimations nor model structures
(e.g., target-mediated disposition) were identified due to
limited measurements of tissue drug concentrations. The
final model (Figure la, 1b) includes some key S. aureus-

MABS (&) 1137

infected organs (heart, liver, and kidney) that are anatomi-
cally connected by blood and lymphatic circulations and all
DSTA4637A species (e.g., TACs with DAR 0 - 2 and uc-
dmDNA31). This model was successful in capturing the
plasma PK profile of TAb (Figure 2a), but TAb concentra-
tions were slightly overestimated in infected organs (e.g.,
liver and kidney) (Figure 2b-d), which is likely due to
underestimation of organ volumes. Inflammation and
abscess formation usually occur in various infected organs,
such as kidney, liver, lung, and skin, in animals and
patients infected with S. aureus,'” which typically result in
swelling of organs and hence enlarged volumes. Sensitivity
analysis results also support this hypothesis. Changes of
tissue physiological volumes were shown to moderately
affect the TAb tissue concentrations (Figure 9). In addition,
lack of analytes’ tissue concentrations at early time points
(i.e., absorption phase) posed difficulties on the estimation
of tissue distributions of ac-dmDNA31 and uc-dmDNA3I.

The assumption of TAC-driven tissue distribution of
dmDNA31 (i.e., uc-dmDNA31 was assumed to be eliminated
in plasma and organ and there is no distribution CL for uc-
dmDNA31) enabled the proposed mPBPK model to success-
fully capture the PK profiles of ac-dmDNA31 and uc-
dmDNA31 in plasma, liver and kidney in infected mice
(Figure 3, 4). Although target-mediated DSTA4637A disposi-
tion may exist theoretically due to opsonization of S. aureus
by DSTA4637A and phagocytosis by phagocytic cells,'® linear
plasma DSTA4637A PK was observed in S. aureus-infected
mice in the efficacious dose range of 25 - 50 mg/kg, and
infection showed minimal effects on the plasma PK of
DSTA4637A. This result is consistent with the measured
amount of target and DSTA4637A molecules in infected tis-
sues. A dose of 25 mg/kg yields observed maximum 3488, 118,
58.7, and 51.6 nM of DSTA4637A TAD in plasma, heart, liver,
and kidney, respectively, which exceed the maximum avail-
able target of 24.9 nM in tissues when a maximum bacterial
burden of 1 x 10° CFU/g and bacterial binding capacity of
1.50 x 10* antibodies per CFU S. aureus (estimated via mea-
suring the binding of radiolabeled antibodies to protein
A-deficient S. aureus as described by Lehar et al.) are
assumed.*” Therefore, target-mediated DSTA4637A disposi-
tion was not included in our mPBPK model. PK parameters
were precisely estimated and physiologically correlated with
the systemic infectious state.

Estimated vascular reflection coefficients (o) are in a range of
0.910 - 0.964, which are higher than the reported average value
(~ 0.4) for leaky tissues such as heart, liver, and kidney.19 This
could be explained by the fact that DSTA4637A was injected
24 hours after bacterial inoculation, when S. aureus started to
replicate and initiate the formation of abscesses. This would
increase the tissue pressure and hinder the access of
DSTAA4637A into tissues, and hence result in larger ¢ values.'”
Although o is commonly assumed to be tissue-specific constants
in PBPK models, here it may be a function of staphylococcal
abscess formation during the process of infection, as evidenced
by histopathological changes in infected tissues.'”** Parameters
that describe the dynamic changes of infected tissue structure
may be added in the model as more data, especially organ con-
centrations of TAD in early time points from both infected and
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Figure 8. Model predicted TAb, ac-dmDNA31 and uc-dmDNA31 plasma concentrations given a single IV dose of 50 mg/kg DSTA4637A in non-infected mice. Solid
lines represent model prediction, and symbols are observed data as reported by Zhou et al. 7.

Table 3. Model predicted versus observed TAb, ac-dmDNA31, and uc-dmDNA31 concentrations in non-infected mouse plasma following a single IV dose of 50 mg/kg

DSTA4637A.
TAb (ug/ml) ac-dmDNA31 (ng/ml) uc-dmDNA31 (ng/ml)

Time (day) Observed' Predicted Ratio? Observed' Predicted Ratio? Observed' Predicted Ratio?
0.00694 1223 + 32 1280 1.05 11978 + 798 15896 1.33 131 £ 0.19 0.311 0.24
0.0417 988 + 104 1224 1.24 10051 + 1005 15123 1.50 0.734 + 0.028 1.62 2.21
0.25 694 + 27 944 1.36 7394 + 282 11338 1.53 0.699 + 0.207 4.46 6.38
1 494 + 30 479 0.97 4088 + 304 5184 1.27

2 451 + 56 320 0.71 3487 + 219 3016 0.86

3 374 + 25 266 0.71 2240 + 23 2179 0.97

7 308 + 29 208 0.68 1091 + 57 977 0.90

10 273 £ 22 189 0.69 678 + 37 584 0.86

14 216 + 31 168 0.78 311+ 14 296 0.95

'Observed values are presented as mean + SD.
?Ratio = Predicted: observed.

non-infected mice, become available. Therefore, the estimated o
values in the current model represents effects of both bacterial
infection and vascular sieving on the distribution of antibodies.

Our mPBPK model also suggests accumulation of
dmDNA31 at some organs in infected mice. Although linear
PK was observed for TAb in plasma and in tested organs due
to saturated binding of targets at efficacious doses, released
dmDNA31 accumulated in infected tissues because of its high
lipophilicity and continuous delivery to intracellular compart-
ment via the antibody. DSTA4637A-opsonized bacteria are
primarily engulfed by phagocytes such as macrophages and
neutrophils. Thus, organs where phagocytes accumulate such
as liver and spleen may contain high concentrations of
dmDNA31, and this is indeed supported by the high values
of model simulated uc-dmDNA31 AUC,.,4q in liver and
undetectable uc-dmDNA31 concentration in heart where the
number of phagocytes is low (Figure 5b).

A high amount of Fc gamma receptors expressed on pha-
gocytic cells may also contribute to the accumulation of uc-
dmDNA31 via non-specific uptake of antibodies into these
organs. Although direct evidence of target-mediated disposi-
tion of DSTA4637A was not observed in this study, high
bacterial burdens were correlated with high concentrations
of uc-dmDNA31 in some infected tissues, such as kidney.
Accumulation of uc-dmDNA31 was predicted in kidney
where a maximum of 10° - 10’ CFU/g of S. aureus were
observed (Figure 5b), while the estimated AUCq 144 of uc-
dmDNA31 was 8.62 times lower in plasma where S. aureus
CFU drop below the LLOQ within 10 minutes after IV
inoculation.* However, future studies on tissue disposition
of DSTA4637A in infected mice with different bacterial
inoculation titers with more samplings at early time points
and measurement of bacterial burden in interested organs
(such as liver, spleen, bone, heart and etc.) should be
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because + 10% changes resulted in 0 > 1. The analysis was performed with simulations at a single IV dose of 50 mg/kg DSTA4637A. Filled and empty bars represent

+ 10% and —10% changes of parameters, respectively.

performed to confirm the effect of bacterial burden on the
tissue accumulation of dmDNA31.

Cross-species scaling of the mPBPK model was per-
formed to predict human PK profiles of uc-dmDNA3I.
The ac-dmDNA31 is an inactive prodrug that becomes
fully bactericidal after it is released from DSTA4637A by
proteases such cathepsins present in lysosomes.® Therefore,
understanding tissue distribution of uc-dmDNA31 is the
key that guides the dosing regimen of TAC in clinical trials.
Our mPBPK model was scaled up from mice to human via
integrating fundamental allometric scaling principles."
Simulated human plasma PK profiles of the analytes closely
match clinical trial data, which supports the robustness and
applicability of the propose mPBPK model. Given the pre-
clinical observation of uc-dmDNA31 accumulation in the
liver and the high doses of TAC being tested in the clinical
studies,'® DDI become a concern in the clinical setting in
view of the inhibitory effect of dmDNA31 on CYP
isoforms.

Our model suggested a minimal possibility of dmDNA31
(as a perpetrator) mediated PK DDI with CYP substrates even
at a high dosing regimen of 100 mg/kg TAC weekly IV dose.
In addition, DSTA4637A is likely to be administered to
patients with S. aureus infection in combination with stan-
dard-of-care antibiotics, such as vancomycin and daptomycin,
which are excreted mainly via the kidney. Therefore, the risk
of PK DDI for TAC with co-administered antibiotics, where
dmDNA31 acts as a perpetrator, is low.”"*> Meanwhile, the
risk of dmDNA31 as a DDI victim is also relatively low

because: 1) the metabolism-related CL in humans for
dmDNA31 is expected to be low/moderate based on in vitro
metabolism profiles (hydrolysis appears to be the major meta-
bolic pathway for uc-dmDNA31); and 2) the majority of
dmDNA31 is eliminated as the unchanged form in rats
(Genentech Inc. unpublished data). Of note, the current
DDI risk assessment is based on preclinical in vitro and in
vivo data. The potential metabolic pathway for dmDNA31 in
humans could be different due to species differences on the
metabolism.

In summary, we developed a mPBPK model that well
describes the PK profiles of anti-S. aureus THIOMAB™
antibody-antibiotic conjugates in S. aureus-infected mice.
The mPBPK model is able to simultaneously characterize
the PK properties of DSTA4637A analytes, including total
antibody, ac-dmDNA31, and uc-dmDNA31. In addition, the
mPBPK model suggests accumulation of dmDNA31 in
organs (such as liver) where high number of phagocytes
are present. Cross-species scaling of the mPBPK model
suggests that dmDNA31 (as a perpetrator) mediated DDI
are unlikely. However, target-mediated elimination of
DSTA4637A in infected mice was not observed in the effi-
cacious dose range of 25 — 50 mg/kg.” Studies with lower
doses of DSTA4637A will be needed to explore the potential
target-mediated disposition of TACs. Although infection
with S. aureus was shown to have negligible effects on
plasma exposures of TAb and ac-dmDNA31 at efficacious
dose, animal models with different bacterial inoculation
titers are required to investigate the effects of S. aureus
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infection on tissue dispositions of the three analytes, parti-
cularly potential accumulation of uc-dmDNA31 in tissues
with high bacterial burdens. Due to uncertainties on the
translatability of infected mice to patients, scaled up TAC
PK profiles in humans should be further validated using
data from the ongoing Phase 1b study in patients.

Materials and methods
THIOMAB™ antibody-antibiotic conjugate DSTA4673A

Anti-S. aureus TAC, DSTA4637A (Genentech Inc. South San
Francisco, CA), consists of a human IgGl mAb, a protease
cleavable valine-citrulline linker and the antibiotic, 4-
dimethylamino piperidino-hydroxybenzoxazino rifamycin
(dmDNA31). The dmDNA31 was conjugated to the anti-S.
aureus mADb via the two cysteine residues on the light chains
to yield an average drug-to-antibody ratio (DAR) of ~ 2. The
anti-S. aureus mAb specifically targets the B-O-linked
N-acetylglucosamine (GIcNAc) sugar modifications on wall
teichoic acids of S. aureus.

Pharmacokinetic studies of DSTA4637A in S. aureus
infected mice

All animal studies were conducted under a protocol that
was approved by the Genentech Institutional Animal Care
and Use Committees of the Association for Assessment and
Accreditation of Laboratory Animal Care. The PK study of
DSTA4637A was described previously by Zhou et al.’
Briefly, 6-8 week old naive female severe combined immu-
nodeficiency (SCID) mice (Charles River Laboratories) were
infected with S. aureus USA300 NRS384 (BEI Resources,
Manassas, VA) at 1 x 10’ CFU per mouse via IV tail
injection. Twenty-four hours post infection, a single IV
bolus of 25 or 50 mg/kg DSTA4637A, or 200 pl phosphate
buffered saline (PBS, control group) was administered
through tail vein of each mouse. Plasma samples were
collected via retro-orbital bleeds or cardiac puncture at
10 min, 1, 6, and 24 hours, 2, 3, 7, 10, and 14 days post-
dose (three mice per time point). Heart, kidney, and liver
samples were harvested at 1, 3, 7, and 14 days post-dose
(three mice per time point).

Bioanalytical methods

Concentrations of TAb (fully conjugated, partially deconju-
gated, and fully deconjugated anti-S. aureus antibodies), ac-
dmDNA31, and uc-dmDNA31 in plasma were analyzed as
described by Zhou et al.” Briefly, TAb concentrations were
measured using an enzyme-linked immunosorbent assay
(ELISA). The ac-dmDNA31 concentrations were determined
using a hybrid binding liquid chromatography mass spectro-
metry (LC-MS/MS) assay. Antibody-conjugated drug was
extracted using protein A affinity capture followed by
enzyme-mediated release of dmDNA31 and electrospray-ioni-
zation LCMS/MS for detection. Concentrations of uc-
dmDNA31 were measured using the LC-MS/MS assay with
a QTRAP® 5500 mass spectrometer after extraction of

dmDNA31 by protein precipitation. Tissue samples (i.e.,
heart, kidney, and liver) were homogenized in the presence
of a protease inhibitor cocktail, centrifuged, and the super-
natants were tested using the methods as described above to
measure  TAb, ac-dmDNA31, and uc-dmDNA3I
concentrations.

Model development and data analysis

A mPBPK model was developed for simultaneous fitting of
TAb, ac-dmDNA31, and uc-dmDNA31 concentrations in .
aureus-infected mice (Figure 1a). A PK study of DSTA4637A
was also performed in non-infected mice,” but these data were
not used in the model development due to limited measure-
ments of tissue drug concentrations. In this model, organs,
including heart, liver, kidney, and lumped organs (ie., a
composite of other organs), were connected anatomically
through plasma and lymph flows. Although distribution of
antibodies is typically thought to be governed by both diffu-
sion and convection,®** it has been shown that diffusion
contributes insignificantly to the total antibody distribution.-
2425 Therefore, in our mPBPK model, convection, delineated
by one-pore formalism and drove by lymph flow, was con-
sidered as the only distribution pathway for both TAb and ac-
dmDNA31." Previous mouse PK data suggested that infec-
tion by S. aureus had minimal effects on plasma PK of TAb at
efficacious doses.” Linear TAb PK was also observed in inves-
tigated organs (i.e., liver, kidney, and heart) in S. aureus-
infected mice at the dose range of 25 - 50 mg/kg, based on
the observation that dose-normalized TAb concentration-time
profiles overlapped. Thus, target-mediated disposition of anti-
bodies at the sites of infection was considered to be negligible
and linear proteolytic clearance (CL) of TAb was assumed to
be from plasma compartment.

Cao et al. also demonstrated that assigning antibody CL to
plasma compartment may provide better prediction and para-
meter estimation than assigning CL from organs for antibodies
with linear kinetics using a mPBPK model.>® Besides proteolytic
degradation in plasma compartment, DSTA4637A was also
assumed to be eliminated via deconjugation in a stepwise man-
ner in all tissues (Figure 1b) due to the fact that antibody-
dependent phagocytosis of TAC-S. aureus complexes and non-
specific endocytosis/pinocytosis of antibodies may occur in all
organs. Only one dmDNA31 molecule is released from TACs at
a time, and the deconjugation is a linear DAR-dependent pro-
cess, described as the product of deconjugation rate constant
(kge), DAR, and the corresponding TAC concentration
(Equation 7).>”*® Other sophisticated PK factors, such as pro-
teolytic CL in all tissues and the fractions of formation of uc-
dmDNA31 from the proteolytic degradation or deconjugation
pathway of TAC, were not included in our model due to the
inability to precisely estimate these parameters or inaccurate PK
prediction based on the limited tissue data. Released dmDNA31
(i.e., uc-dmDNA31) molecules were metabolically mainly elimi-
nated via hydrolysis based on in vitro metabolism identification
studies, and the plasma CL of dmDNA31 was measured to be
1.01 x 10* ml/day/kg in a mouse study with intravenously
injected carbon-14 labeled dmDNA31. Thus uc-dmDNA31
was assumed to be cleared immediately upon deconjugation of



TAC and its tissue distribution was negligible, whereas intracel-
lular uc-dmDNA31 was assumed to accumulate in acidic lyso-
somes following TAC-mediated phagocytosis of S. aureus or
nonspecific uptake of TACs due to its high lipophilicity
(logD = 3.4 at pH 7) and basicity (pK, = 9.7).% These assump-
tions simplify the tissue distribution of uc-dmDNA31 in the
proposed mPBPK model, which would otherwise be unidentifi-
able (e.g., tissue to plasma partition coefficient) due to scattered
and insufficient data, especially in heart where uc-dmDNA31
was undetectable. Volumes of distribution of TAb and ac-
dmDNA31 at steady state were calculated to be similar: 115 -
123 ml/kg and 110 - 114 ml/kg, respectively.” Thus, distribution
of ac-dmDNA31 may be mainly governed by the distribution of
antibody and their volumes of distribution were assumed to be
the same. Model estimated parameters include vascular reflec-
tion coefficients (o), volumes of distribution (Vyc.ampnaz1) and
clearances of uc-dmDNA31 (CLyc.dmDpNA31)-

The representative differential equations describing the
mPBPK model are presented below:

Plasma (DAR value n = 0, 1, 2):

d[DAR,], _L- [DAR,], Ly~ (1—0) - [DAR,],

dt Vly VP
Ll . (1 — 0‘1) . [DARn]P Lk . (1 — Uk) . [DARn]p

VP VP
Loy (1—00) - [DAR4], CL,-[DAR,],
v, Vo

+ Contribution of DAR,, deconjugation
1
Lymph (DAR value n =0, 1, 2):

d[DAR,],, _ L (1—0y) - [DAR,], N L+ (1= oy) - [DAR,),

dt Vi Vi
L(1—0y) [PAR, Lo+ (1 —ay)-[DAR),
+ +
Vi V,
L-[DAR,)]

— Vily + Contribution of DAR,, deconjugation
ly

2)
Organ i (i = heart, liver, kidney, and others):

d[DAR,], Li-(1—w0i)-[DAR,],
ar v,
Li- (1 —oy) - [DAR,),
_ v

+ Contribution of DAR,, deconjugation  (3)
Contribution of DAR,, deconjugation in plasma and organ i:
— kg - 2 - [DAR2]; whenn =2
kg -2 - [DAR2]; — kgc - 1 - [DAR1]; whenn =1
kg -1-[DAR1], whenn =10
TAb in plasma and organ i:
[TAb], = [DAR;], + [DARy], + [DAR,), @)

ac-dmDNA31 in plasma and organ i:
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[ac — dmDNA31], = 2 X [DARy], + 1 x [DAR;];  (5)

Unconjugated dmDNA31 in plasma:

dluc — dmDNA31], CL,-2-[DARy], CL,-1-[DARy],
= +
dt 7 Vy
+ kg - 2- [DARZ]P + kg - 1- [DARl]P
CLp, uc—dmDNA31 * [UC - deNA?)l]P

Vp, uc—dmDNA31
(6)
Unconjugated dmDNA31 in organ i:

d[uc — dmDNA31|,
dt

=kg-2- [DARZL- + kg - 1

- [DAR,];
CL;, ye—dmpNa31 - [uc — dmDNA31];

Vi, uc—dmDNa31

(7)

DAR, _ , represent TACs with 0 - 2 dmDNA31 molecules,
and [uc-dmDNA31] is total concentration of uc-dmDNA31.
The CLyc.dampnas1 in plasma and lymph were assumed to be
the same. Volume of distribution and clearance of uc-
dmDNA31 in lump tissues (i.e., others: V, uc.ampnasz and
CL,, uc.ampNa31) and in heart were not included in the model
due to lack of data for parameter estimation. Fraction of
unbound uc-dmDNA31 (f,) in mouse plasma was measured
to be 0.02 in vitro, and organ f, was assumed to be the same as
plasma f,. Unbound uc-dmDNA31 concentrations were cal-
culated as f;, x [uc-dmDNA31]. Definition of PK parameters
and values of mouse physiological parameters are listed in
Tables 1 and 2. Physiological parameters (Table 2) were used
to describe the tissue distribution of DAR, _ , molecules, and
apparent volumes of distribution of uc-dmDNA31 (V.
ampNa31 and Vi ampnas1) were estimated using collected
mouse PK data. All tissue drug concentrations were corrected
for residual blood according to the method described by
Boswell et al, where tissue drug concentration = (total drug
amount in tissue - drug amount in residual blood)/tissue
weight.*

Cross-species scaling of the mPBPK model was performed
by replacing mouse physiological parameters with human
values (Table 2) and allometrically scaling of systemic clear-
ance of DAR, (CL,) and uc-dmDNA31 (CL yc-ampna31) and
clearance and volume of distribution of uc-dmDAN31 in the
organs (Vi yc.ampnasi and CLiycampnasi, 1 = liver, and
kidney). Vascular reflection coefficients and lymphatic capil-
lary reflection coefficient were kept unchanged because both
species share similar vascular structures. Deconjugation rates
of dmDNA31 were the same in mice and human based on in
vitro plasma stability studies (Genentech Inc. unpublished
data). The fraction of protein binding of dmDNA31 in
human plasma is ~ 95% (Genentech Inc. unpublished data),
and protein bindings in other organs were assumed to be the
same as that in plasma. Volume of distribution and clearance
of UC-deNA31(Vi, uc—deNA3I’CLp,uc—deNA31anCl CLi,uC—
amDpNA31) were allometrically scaled with conservative expo-
nent values of 1 and 0.75 for small molecules,'* and the
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clearance of TACs (DAR 0 - 2) was scaled with an exponent
value of 0.91 - an average value for allometric scaling of mAb
CL in a mPBPK model estimated by Zhao et al."> Model
predicted analytes’ plasma concentration-time profiles were
compared to human data collected in Phase I clinical trial for
external validation of the proposed mPBPK model
Representative equations of allometric scaling are showed
below:

1
o BWhuman
thmanﬁi,uc—deNAﬂ - Vmouse,i,uc—deNA3l ‘N wur (8)
BW nouse

CLhuman,i,ucfdeNAﬂ = CLmouseJ,ucfdeNA?)l

. (Bwhuman> 075 (9)
BWinouse
BWh 0.91
CLpymanp = CLmousep - (ﬁ) (10)

where i = plasma, liver, or kidney, CL is clearance, V is
volume of distribution and BW is body weight.

Phoenix WinNonlin 6.4 (Pharsight, Mountain View, CA)
was used to obtain estimates of model parameters and the
code is provided in supplemental data. Berkeley Madonna 8.
3. 18 (University of California, Berkeley, CA) was used to
simulate TAC PK profiles in humans. The goodness-of-fit
was assessed by visual inspection, Akaike Information
Criterion (AIC), Bayesian Information Criterion (BIC), and
Coefficient of Variation (CV) of the estimated parameters. All
graphs were constructed using GraphPad Prism 6.01
(GraphPad Software Inc., CA).

Model validation and sensitivity analysis

The final model was externally validated using plasma TAb,
ac-dmDNA31, and uc-dmDNA31 concentrations from non-
infected mice given a single IV dose of 50 mg/kg
DSTA4637A as reported by Zhou et al,” where target-
mediated disposition was saturated. Ratios of predicted:
observed TAb concentrations were calculated to assess the
predictability of the model.

A local sensitivity analysis of the model output to model
parameters was performed by assessing the percent change of
AUC values of TAb in plasma, heart, liver, and kidney with
+ 10% alteration in the model parameters (Equation 11).
Parameters that are associated with TAD tissue distributions,
including vascular reflection coefficients (o;, i = heart (h), liver
(1), kidney (k) and others (0)), deconjugation rate constant
(kgc), plasma proteolytic clearance of TAC (CL,), and tissue
physiological volumes (V;, i = heart (h), liver (1) and kidney
(k)), are evaluated for the sensitivity analysis.

AUCgspr — AUC 0% «

AUCg\ refers to the AUC value calculated with the final
estimated set of parameters, and AUC.;qy is the AUC
obtained following a 10% increase or decrease in the para-
meter value. The analysis was performed with simulations at
the IV dose of 50 mg/kg DSTA4637A.

%Change = 100 (11)

Abbreviations

ADC Antibody-drug conjugate

AUC 144 Area under the drug concentration-time curve from day
0 to day 14

CL Clearance

CYP Cytochrome P450

kqc Deconjugation rate constant

DAR Drug to antibody ratio

DDI Drug-drug interactions

dmDNA31 4-dimethylamino piperidino-hydroxybenzoxazino
rifamycin

ac-dmDNA31  Antibody-conjugated dmDNA31

uc-dmDNA31  Unconjugated dmDNA31

L Lymph flow rate

mPBPK Minimal Physiologically-based pharmacokinetic model

PK Pharmacokinetic

Q Plasma flow rate

TAb Total antibody

TAC THIOMAB™ antibody antibiotic conjugate

o Vascular reflection coefficient

v Volume of distribution
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