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Transenteric delivery of
antibodies via an orally ingestible
robotic pill yields high
bioavailability comparable to
parenteral administration in
awake canines
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Kyle Horlen?, Mir Imran?, April T. Vo' and Mir A. Hashim*

'Rani Therapeutics, San Jose, CA, United States, 2Rani Therapeutics, San Antonio, TX, United States

Biotherapeutics such as peptides and antibodies are highly efficacious clinically
but, unlike conventional medications, cannot be administered orally as they get
digested and inactivated. Thus, biotherapeutics require parenteral routes for
delivery, such as intravenous, intramuscular or subcutaneous administration.
However, these delivery methods have limitations such as poor patient
compliance or may require clinical supervision compared to oral therapies.
We explored whether a novel, orally administered transenteric delivery system
(Robotic  Pill) could provide equivalent bioavailability to parenterally
administered drugs. Utilizing an awake canine model, we demonstrated that
orally administered Robotic Pills containing either human IgG or an anti-
cytokine monoclonal antibody directed against either TNFa or interleukin-
17A yielded bioavailability equivalent to parenterally administered controls.
The ability to achieve clinically relevant blood levels of biotherapeutics via
any orally administered preparation represents an important advance in drug
delivery.
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Introduction

Biotherapeutics represent an important and growing modality for the treatment of a
range of diseases including cancer (Jin et al., 2022), endocrine disorders, viral infections
(Lietal, 2022), and autoimmune disorders (Zeng et al., 2022). While biotherapeutic drugs
are highly effective medications, delivery must be by injection (parenteral) to avoid
destruction and inactivation in the harsh environment of the upper gastrointestinal tract.
Thus, these medications can require painful and often repeated injections into skin or
muscle or in some situations by intravenous administration, which requires a clinical
setting with specialized care. The pain and inconvenience of chronic injections can lead to
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reduced patient compliance, poor quality of life and
compromised disease management (Ho et al., 2006; Fu et al,
2009; Sequeira et al, 2019; Usach et al., 2019). Parenteral
administration also may be complicated by direct adverse
effects due to the injection such as infections, venous damage,
or impaired mental state (Sequeira et al., 2019; Usach et al., 2019;
Peyko et al., 2021).

Treatments for autoimmune disorders are particularly
challenging as these diseases are typically chronic, requiring
life-long treatments aimed at reducing inflammation.
Estimates of the number of Americans suffering from
autoimmune diseases range from 14-24 million and the
number appears to be increasing (Dinse et al., 2020). These
diseases are characterized by inflammation in joints (including
the spine), skin, nervous system, digestive system, and even the
eye. Common symptoms include fatigue, fever, muscle aches,
joint pain and swelling, skin disorders, abdominal pain, altered
digestion, and swollen glands. Thus, autoimmune disease
expression can be diverse and extremely debilitating.

Generalized treatment for autoimmune diseases has relied
heavily on medications designed to reduce inflammation or
invoke systemic immunosuppression with corticosteroids.
the targeted

biotherapeutics, notably monoclonal antibodies directed at

However, in last decade or so, more
specific cytokine targets, have been developed and shown to
be highly effective therapies for a range of autoimmune diseases
(Lefebvre and McAuliffe, 2016; Jung and Kim, 2022). Some of the
clinically available monoclonal antibodies are directed at tumor
necrosis factor-alpha (TNFa) (Abramovits and Gupta, 2004; von
Richter et al., 2019; Coghlan et al., 2021) and Interleukin-17 (IL-
17) (Raychaudhuri, 2013; Kolbinger et al., 2022; Wohlrab et al.,
2022; Xu et al, 2022; Yun et al, 2022) which underlie
inflammatory responses in many autoimmune diseases.
However, as with all biotherapeutics, the pain associated with
frequently injecting these antibodies impacts patient compliance
and disease management and several pharmaceutical companies
have attempted to address this issue by developing infrequent
dosing regimens with less painful and more convenient pen
injectors for delivering these antibodies (Kivitz and Segurado,
2007; Karlsdottir et al., 2022).

As an alternative to parenteral drug delivery, we have
developed an orally ingestible

robotic pill capable of

transenteric (intestinal) administration of biotherapeutics
(Dhalla et al., 2022). The pill comprises a mechanical device
that auto-injects the biotherapeutic agent into the wall of the
small intestine from which it is rapidly absorbed. The
transenteric injection is painless as the intestine is insensate to
sharp stimuli (Gebhart and Bielefeldt, 2016). We previously
demonstrated that the ingestible Robotic Pill reliably delivers
biotherapeutics in porcine and canine models (Hashim et al,
2019a; Hashim et al., 2019b; Ruffy et al., 2019) and, in the first
human clinical trial using this Robotic Pill delivery system, the
transenterically delivered octreotide showed high bioavailability
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and no serious adverse events (Dhalla et al., 2022). The current
report describes the pharmacokinetic profiles of three antibodies
(polyclonal human IgG, monoclonal anti-TNFa and monoclonal
anti-IL-17A) administered transenterically by the Robotic Pill in
the awake canine model. These data indicate that biotherapeutic
antibodies delivered via the transenteric route using the Robotic
Pill achieve relative bioavailability comparable to parenterally
administered (subcutaneous) biotherapeutics. Thus, the Robotic
Pill represents an alternative, less invasive, non-painful mode for
biotherapeutic drug delivery.

Materials and methods
Animals

All studies were conducted on awake female Beagle dogs
weighing 7.5-13.0kg in accordance with United States
Department of Agriculture (USDA) regulations for animal
care and use and following approval of the Institutional
Animal Care and Use Committee of the respective test facilities.

Animals were briefly anesthetized and instrumented with an
indwelling jugular access port for blood sampling 2-5 days prior
to study. All animals were fasted overnight (> 10 h) prior to test
drug delivery and monitored throughout the study for any signs
of discomfort or drug reaction. Biotherapeutics were
administered either intravenously (IV) via the cephalic vein,
subcutaneously (SC) in the dorsal scapular area, or by oral
administration via Robotic Pill (RP). A subset of dogs was
instrumented with a duodenal access port through which the
RP could be administered directly into the duodenum. A
duodenal enterotomy was performed and an appropriately
sized custom cannula inserted. The enterotomy incision was
closed tightly around the cannula which was subsequently passed
through an incision in the right lateral body wall and
exteriorized. Animals were recovered from surgery prior to

entering the study.

Robotic Pill

The Robotic Pill is a swallowable mechanical device enclosed
in a 000-sized capsule designed to be orally ingested whole with
water. An enteric coating protects the RP from dissolution in the
acidic gastric environment (pH < 5.5). As the capsule enters the
duodenum, the enteric coating and capsule shell begin to dissolve
at the higher intestinal pH (> 6), thereby exposing the dissolvable
reaction valve to the intestinal fluid. Dissolution of the reaction
valve immediately leads to the mixing of two chemical reactants,
citric acid and sodium bicarbonate, triggering a rapid chemical
reaction to produce carbon dioxide (CO,). The CO, gas inflates a
balloon which aligns a microsyringe perpendicular to the long
axis of the intestinal wall. The increasing balloon pressure
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(A) Representative fluoroscopic image of an intact RP within the small intestine with a radiopaque marker (bismuth) in the device and barium
sulfate powder within the capsule shell. (B) Representative fluoroscopic image of deployed RP in the small intestine. The barium sulfate in the capsule
has dispersed inside the intestinal lumen and has been pushed away from the radiopaque bismuth marker within the device.

provides the requisite force to actuate the microsyringe and inject
the needle into the
environment, the needle containing the drug dissolves within

intestinal wall. In the moist tissue

10-15min and the injected drug is absorbed into the
bloodstream. Immediately upon needle delivery, the balloon
deflates and is subsequently excreted through the GI tract
with normal bowel movements. Additional information on
device specifications have been described in a previous
publication (Dhalla et al., 2022). Materials used in the RP are
classified as food grade, food additive, active, or inactive food
ingredient or GRAS (generally recognized as safe) by the
United States Food and Drug Administration (FDA).

The RP contains two radiopaque markers: barium sulfate
powder (Sigma-Aldrich) and a ring of bismuth (manufactured in
house), which are used for tracking the transit and deployment of
the RP within the GI tract using fluoroscopic imaging
(Figure 1A). The barium sulfate powder is compacted in one
end of the capsule shell. When the capsule shell dissolves, barium
sulfate disperses indicating device deployment and drug delivery
(Figure 1B) which is taken as T = 0 (+ 5 min) for PK sampling.
The second marker, a ring of bismuth is placed at the base of the
microsyringe and stays within the balloon. The bismuth can be
tracked through the GI tract to confirm the excretion of the

device remnants.

Procedures

The pharmacokinetics (PK) of three large molecular weight
antibodies were assessed following drug administration via either
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the RP, intravenous or subcutaneous injection. RP doses were
administered either orally or directly into a duodenal port.
Animals receiving an RP orally underwent fluoroscopic
imaging (OEC 9900 Elite Cardiac C-Arm Fluoroscope) to
monitor the RP capsule’s transit through the gastrointestinal
tract and confirm device deployment within the small intestine as
described above.

The tested
immunoglobulin G (IgG) (Alpha Diagnostic International,

antibodies included purified human
Inc., San Antonio, Texas, United States), human monoclonal
a (anti-TNFa), and human
monoclonal anti-interleukin-17A  (anti-IL-17A). The anti-
TNFa (GP2017, adalimumab biosimilar) and anti-IL-17A
(CJM112) antibodies (Kaul et al., 2021) were supplied by the
manufacturer (Sandoz/Novartis, Basel, Switzerland) and diluted

anti-tumor necrosis factor

with diluent provided by Sandoz/Novartis. Lyophilized powder
(CJM112) or powder manufactured via an evaporation process
(GP2017, IgG) was measured and diluted as a clinical
formulation for IV or SC administration. Following the drug
manufacturing process for the RP, protein content (and percent
aggregation in the case of GP2017 and CJM112) in the drug
batches was determined to not significantly change from the
starting powder material as confirmed through validated ELISAs
(and size exclusion chromatography for GP2017 and CJM112).

Serum drug levels were measured by selective ELISA assays at
varying time points after dose administration. Blood samples
were collected into red top tubes and allowed to clot for 30 min at
room temperature. Samples were centrifuged (3,000 rpm/1096 g
at 4°C) and serum collected and stored at —80°C until analysis.
Serum antibody levels for IgG and anti-TNFa (GP2017)
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were quantified using indirect ELISA kits (Cat. No. 1750 and 200-
310-AHG, respectively) developed by Alpha Diagnostics (Texas,
United States), while the Sandwich ELISA method for anti-IL-
17A° (CJM112) was provided by Novartis/Sandoz (Basel,
Switzerland).

Study 1: Human monoclonal anti-TNFa antibody
(GP2017)

To evaluate the relative bioavailability of human monoclonal
anti-TNFa (GP2017) delivered via RP, eleven awake Beagle dogs
received GP2017 administered either IV (n = 3), SC (n = 3) or by
RP capsules (n = 5) inserted directly into a duodenal port but
were otherwise unchanged from the orally dosed RP described.
GP2017 was administered by IV injection at a dose of 4.96 mg
(0.46 = 0.07 mg/kg). RP capsules (1 or 2 capsules) containing
~2.3 mg of GP2017 each were administered to 5 dogs via the
duodenal port (3 dogs received 1 capsule (0.24 + 0.03 mg/kg) and
2 dogs received 2 capsules (4.66 mg dose, 0.48 + 0.01 mg/kg).
GP2017 was also administered at a dose of 4.96 mg to 3 dogs via
SC administration using a clinically injectable formulation
(0.57 £ 0.04 mg/kg). For each dose group, blood samples were
collected at time 0, 4, 8, 12 h and thereafter once daily for 8 days
and then every three days until day 28.

Study 2: Human immunoglobulin G (IgG)

The relative bioavailability and pharmacokinetics of
human IgG was determined using 8 dogs and delivered
either IV (n = 3), SC (n = 2) or orally via RP (n = 3) at a
dose of ~2.4 mg. The average IV dose was 0.27 + 0.02 mg/kg,
and the average SC dose was 0.28 + 0.00 mg/kg. The RP
contained ~2.34 mg (0.28 * 0.02 mg/kg). Human IgG and
excipients were dissolved using 1ml sterile water and
administered IV and SC, respectively. Blood samples were
collected for drug level analysis at time 0 and at various time
intervals for 10-14 days (RP group; 0, time of fluoroscopic
confirmation of deployment within small intestine, 4, 6 h and
once daily for 10 days IV Group; 0, 2, 4, 6, 8 h and once daily
for 14 days: SC Group; 0, 4, 6 h and once daily for 14 days).

Study 3: Human monoclonal anti-interleukin-
17A antibody (CIM112)

The pharmacokinetics of human monoclonal anti-IL-17A
antibody (CJM112) was evaluated in seventeen awake, female
Beagle dogs. For dogs receiving CJM112 via IV (n =3) or SC (n =
3) injection, the drug was dissolved in diluent supplied by
Novartis to a final dose of 4.8 mg in 2ml of solution (IV,
0.54 + 0.03 mg/kg; SC, 0.54 + 0.05 mg/kg). Dogs orally dosed
with CIM112 via RP capsules received either a single RP capsule
containing ~2.4 mg of CIM112 (n = 7; 0.27 + 0.01 mg/kg), or two
RP capsules totaling ~4.8mg of CJMI112 (n = 4; 055 +
0.02 mg/kg). For all dose groups, blood samples were collected
at time 0, 4, 8, 12 h, and once daily for 14 days and then at 17- and
21-day post-dose.
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Bioanalytical and pharmacokinetic
analyses

Non-Compartmental pharmacokinetic parameters and

descriptive  statistics were calculated using Phoenix”

WinNonlin® 6.3 (Certara, Princeton, NJ, United States) and
365.
descriptive statistics for serum drug concentrations are

Microsoft  Excel Pharmacokinetic parameters and
presented using nominal sampling times and summarized by
treatment group using descriptive statistics [mean and standard
deviation (SD)]. For calculation of mean concentrations and
generation of mean concentration-time profiles, all values below
the limit of quantification (BLQ) were set to zero. For the non-
compartmental analysis (NCA), a concentration that was BLQ
was assigned a value of zero if it occurred in a profile before the
first measurable concentration. The formation of Anti-Drug
Antibodies (ADAs) was suspected based on the abrupt drops
in serum drug concentrations across all molecules. Thus,
bioavailability was calculated using only the timepoints prior
to the observation of, or suspected development of ADAs.

Pharmacokinetic parameters reported are listed in Table 1.

Results
Animal subjects

There were no significant findings from any of the clinical
parameters measured (body weight, daily clinical observations,
physical exams, clinical pathology). All RP group subjects tolerated
administration of the RP and all capsule remnants were retrieved
by natural enteral elimination within 96 h after administration.
Animals remained healthy throughout the entirety of the study
period, and those receiving the RP had no discernible signs of
discomfort in relation to device deployment.

Study 1: Duodenal port administration of robotic
pill containing human monoclonal anti-TNFa
antibody (GP2017)

Pharmacokinetics, absolute and relative bioavailability of
GP2017 was determined following delivery directly into the
small intestine via RP and compared to intravenous and
subcutaneous delivery. Following IV administration of 4.96 mg
GP2017, mean serum concentrations reached peak levels at the
first sampling time point (4 h post-dose) and declined steadily
thereafter through the day 8 sampling time point. The median
Tmax Was 4 h (mean + SD: 5.33 + 2.31 h) and the mean C,,,, was
6.49 + 1.03 pg/ml (Table 2). Mean AUC, (622 + 28 h*pg/ml)
and AUC;,¢ (646 + 16 h*pg/ml) values were similar, indicating
that the sample collections captured most of the drug exposure
with less than 4% of the AUC;, value extrapolated. Both
clearance (Cl) and apparent volume of distribution (Vz) were
low and fit the non-compartmental analysis.
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TABLE 1 Pharmacokinetic parameters calculated using non-compartmental analysis.

Cmax Maximum observed serum concentration

Tmax Time of maximum concentration (min), obtained directly from the observed concentration versus time data.
AUClast Area under the serum concentration-time curve from time 0 to time of last measurable serum concentration
AUCinf Area under the serum concentration-time curve from 0-time extrapolated to infinity

AUCext % of AUCInf extrapolated

AUClast/Dose Dose-normalized AUClast

AUCinf/Dose Dose-normalized AUCinf

Cmax/Dose Dose-normalized Cmax

Half-life (t1/2) Terminal-phase half life

CL Total serum clearance after intravenous administration

CL/F Apparent total serum clearance after extravascular administration

Vz Volume of distribution during terminal elimination phase after intravenous administration

Vz/F Apparent volume of distribution during terminal elimination phase after extravascular administration

F Absolute bioavailability (Dose-normalized AUClast for non- IV administration/Dose-normalized AUCinf for IV administration *

100). Due to high AUCext values for some animals, AUClast rather than AUCinf was used to determine F. Therefore, values

reported for %F are underestimated.

TABLE 2 Pharmacokinetic parameters for duodenal port administration of anti-TNFa via robotic pill.

Group Dose  Tmax ti2 Cmae AUChg AUCa/ AUCys AUCy/  Vz/F  CL/F AUCext F?

(mg/kg) (h) (h)  (ng/ (h*pg/ Dose (h*pg/ Dose (L/kg) (ml/ (%) (%)

ml) ml) (h*kg*ug/ ml) (h*kg*ug/ min/kg)
ml)/mg ml/mg)

v Mean 046 533 4190 649 622 ND 646 1,422 0.04 0.01 3.78 NA
=3 sp o004 231 2178 103 28 ND 16 232 0.03 0.00 211 NA
sC Mean 0.57 6400 2250 3.60 436 772 480 784 0.04 0.02 3.74 55.0
=3 sp o004 2771 ND 0.2 35 70 ND ND ND ND ND 4.9
DP1RP Mean 024 2000 2970 212 157 670 171 730 0.06 0.02 7.77 474
=3 sp 003 693 19.06 028 31 227 36 231 0.03 0.01 10.94 16.4
DP2RP Mean 048 2400 3665 3.63 329 689 354 742 0.07 0.02 7.39 522
=2 sp o0 0.00 3.04 101 72 135 66 120 0.02 0.00 3.16 8.5

DP, duodenal port; RP, robotic pill; SC, Subcutaneous; IV, intravenous; SD, Standard deviation; ND, not determined: F?, (AUCj,5pose)/ IV AUCingpose)-

Administration of GP2017 via RP capsule through the
duodenal port resulted in mean peak serum concentrations at
22 £ 5h post-dose whether 1 or 2 RP capsules were given
(Figure 2). The mean C,,,, values were 2.12 + 0.28 and 3.63 +
1.01 pg/ml for 1 and 2 capsules, respectively (Table 2). Although
Ciax values following administration of 2 RP capsules were less
than 2-fold higher than following administration of 1 RP, the
total systemic exposure was 2-fold higher (mean AUC,, 329 +
72 vs. 157 + 31 h*ug/ml; AUC,,p 354 + 66 vs. 171 + 36 h*ug/ml).
Sample collections captured most of the drug exposure with less
than 8% of the AUC;, value extrapolated. There were no
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differences in t;;,, Vz or Cl between the groups (Table 2).
Absolute bioavailability for RP groups was 47% and 52% for
one or two capsules, respectively. Relative bioavailability to the
SC Group was 93.1% and 94.6%, for one or two RP, respectively.
However mean bioavailability (F%) values were underestimated
for SC group (discussed below). Based on these dose normalized
of RP
GP2017 resulted in virtually equivalent systemic exposure

values, duodenal administration containing
compared to that of subcutaneous administration.
Subcutaneous administration of 4.96 mg in the SC Group

(0.57 £ 0.02 mg/kg) resulted in longer median T\, values of 48 h
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(A) Mean (+ SD) serum concentrations of GP2017 (ug/mL) versus time (days) for Intravenous (IV; n = 3); Subcutaneous (SC; n = 3); One Robotic
Pill (RP; n = 3) and Two RPs (n = 2). PK samples were analyzed via enzyme-linked immunosorbent assay (ELISA). (B) Enlarged view of serum GP2017

concentrations depicting Day 0-8 for all dose groups.

© IV Group (n=3)
& SC Group (n=2)
-4 RP Group (n=3)

IgG Concentration
(ng/ml)
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FIGURE 3

Mean (+ SD) serum concentrations of Human 1gG (ug/ml)
versus time (days) for Intravenous (IV; n = 3); Subcutaneous (SC;
n = 2); One Robotic Pill (RP; n = 3). PK samples were analyzed via
enzyme-linked immunosorbent assay (ELISA).

(mean 64 + 27 h) (Table 2). Absolute bioavailability (based on
AUC,) was 55.0% for the SC group. Note that AUC,,5 was used
to estimate %F because AUC;,r could not be estimated due to
abrupt drops in serum drug concentrations between days 5 to 8
suggesting the formation of ADAs.

Study 2: Oral administration of robotic pill
containing human IgG

Pharmacokinetics of IgG obtained after administration via
IV, RP and SC routes are shown in Figure 3. The RP, SC, and IV
groups were conducted in sequence. Upon completion of the RP
group, it was observed that serum drug concentrations had not
yet reached baseline by day 10, therefore the blood collection
timepoints were extended in the subsequent SC and IV groups.
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Following IV administration, serum IgG concentrations were
detected in the first sampling time point (2h post-dose) and
steadily declined through 14 days. The mean C,,,x was 5.34 +
0.18 ug/ml and mean T,,,, was 3.33 £ 1.0 h. Mean AUC,,,, and
AUC;,¢ values were similar at 501 + 108 and 513 + 112 h*ug/ml,
respectively, indicating that the sample collections captured most
of the PK exposure profile (less than 2.5% of AUC,
extrapolated). The mean clearance (CL) was relatively low at
0.00892 + 0.00169 ml/min/kg and the mean volume of
distribution (Vz) was also low at 0.0405 + 0.0098 L/kg. The
mean terminal elimination half-life was 51.5 + 3.3 h. Complete
pharmacokinetic parameters are shown in Table 3.

In animals receiving the oral RP, the mean total time from
capsule ingestion to confirmed deployment within the small
144 =+
concentrations at 24 h in all three animals. The mean t;;,
following administration of the RP was 87.7 + 44.0h and
ranged from 41 to 128 h. The variable terminal elimination
half-life, with some values exceeding the half-life observed

intestine was 57 min, vyielding peak serum IgG

following IV administration, suggests that the true terminal
elimination half-life was not observed in 2 of the 3 animals.
The mean C,,,,x was 2.50 + 0.43 pg/ml, and the mean AUC, and
AUC;, values were 327 + 39 h*ug/ml and 410 + 102 h*pg/ml,
respectively (Table 3). The percent extrapolated AUC;,¢ values
(AUC.) were 4.6%, 20.5% and 29.1%. For this reason,
bioavailability was estimated by comparing dose-normalized
AUC,, values to the mean dose-normalized AUC;,¢ value for
IV administration. Bioavailability using AUC, for RP
administration ranged from 50.0% to 68.3% (mean of 60.7%).
Following SC administration, serum levels of IgG increased
but exhibited considerably longer T, values than either IV or
RP administration (Figure 3). Each of two animals reached C.x
of 1.25 pg/ml by day 5 and C,,.x of 1.51 ug/ml by day 3. Mean
Cinax AUCq 104, AUCj,g and AUGC; ¢ values were 1.38 + 0.19 g/
ml, 245 + 11 h*pg/ml, 274 + 22 h*ug/ml and 298 + 46 h*ug/ml,
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TABLE 3 Pharmacokinetic parameters for oral administration of human immunoglobulin G (IgG) via RP.

Group Dose Tmax tiy  Cuax  AUGCg  AUCLg/ AUC; s AUC;,¢/ Vz CL (cI/ff AUCext F?
(mg/kg) (h) 2 (ng/ (h*pg/ Dose (h*ug/ Dose (Vz/ (ml/ (%) (%)
(h) ml) mL) (h*kg*ug/ mL) (h*kg*ng/ F) min/kg)
ml)/mg ml/mg) (L/kg)
v Mean 0.271 3.33 51.5 534 501 1847 513 1893 0.0405 0.00892 2.44 NA
(n=3) SD 0.02 1.0 33 0.18 108 336 112 347 0.0098 0.00169 0.32 NA
Oral RP Mean  0.283 24 87.7 2.50 327 1,160 410 1,459 0.0833 0.0122 18.1 60.7
(n=3) SD 0.02 NA 440 043 39 182 102 419 0.0215 0.0039 125 9.5
SC Mean  0.282 96 499 138 274 973 298 1,057 0.0647 0.0159 7.51 45.8*
(n=2) SD 0.00 34 41.6 0.19 22 62 46 148 0.0478 0.0022 7.07 2.8°
RP, robotic pill; SC, Subcutaneous; IV, intravenous; SD, Standard deviation; NA, not applicable; F?, (AUCj,qypose)/ IV AUCingpose)-
“For SC, group, F is calculated based on (AUCy_194/pose)/ IV AUCihgpose)-
TABLE 4 Pharmacokinetic parameters for oral administration of anti-IL-17A (CIM112) via RP.
Group Dose  Tmax ti2 Cmax AUCLg AUCpg/ AUC,; AUGC,/ Vz (Vz/ CL (CUF) F?
(mg/kg) (h) (h)  (ng/ (h*ug/ Dose (hpg/ Dose F) (ml/ (%)
ml) ml) (h*kg*ug/ ml) (h*kg*ug/ (L’kg)  min/kg)
ml)/mg ml/mg)
IV (n=3) Mean 0.54 6.7 230.3 1139 2,294 4,216 3,147 5,787 0.055 0.003 NA
SD 0.03 23 1334 147 333 332 862 1,500 0.017 0.001 NA
SC(n=3) Mean 0.54 96.0 1747 522 1,421 2,694 1716 2,938 0.081 0.006 53.8
SD 0.05 24.0 1233 081 93 632 272 693 0.042 0.001 0.1
1 RP Mean 0.27 37.7 1141 251 506 1866 660 2,458 0.063 0.007 47.8
(n=7) SD 0.01 18.9 78.5 0.58 159 609 170 592 0.036 0.001 7.9
2 RP Mean 0.55 48.0 100.2  6.25 1,320 2,410 1,472 2,688 0.048 0.007 54.2
(n=4) SD 0.02 19.6 74.2 1.44 405 643 538 909 0.025 0.003 0.1

RP, robotic pill; SC, Subcutaneous; IV, intravenous; SD, Standard deviation; NA, not applicable, F, (AUCspose)/(IV AUCigpose)> ND, not determined.

respectively. Absolute bioavailability of IgG was calculated to be
43.9% and 47.8% following SC administration based on
comparison of dose normalized AUC, 104 for SC and mean
dose normalized AUC;,; for IV. Thus, oral administration of
IgG using the RP capsule attained bioavailability of 60.7%, which
was comparable to SC administration (45.8%).

Study 3: Oral robotic pill administration of anti-
interleukin-17A antibody (CIM112)

The objective of this study was to assess the bioavailability of
orally RPs.
Pharmacokinetics of anti-interleukin-17A antibody delivered

a novel Dbiotherapeutic administered via
as one or two RP were compared to the pharmacokinetics of

SC administration. The mean time from oral RP ingestion to
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confirmed deployment in the small intestine was 155 + 89 min.
The complete pharmacokinetic parameters for each group are
shown in Table 4.

Mean serum concentrations of CJM112 over time for all
groups are shown in Figure 4. The mean serum concentration of
CJM112 following SC, one RP or two RP administration peaked
at 72-120h (96 + 24 h), 24-72h (37.7 + 18.9h), and 24-72 h
(48 + 19.6 h), respectively. Following SC administration, the
mean + SD for C,, (5.22 + 0.81 pg/ml), AUC,,q (1,421 *
93 h*pg/ml), and the AUC; (1,716 272 h*pg/ml) were
similar to values obtained after oral administration of two RP
capsules [mean (Cp.x 6.25 * 1.44 ug/ml), (AUCp, 1,320 +
405 h*pg/ml), and (AUC;,¢ 1,472 + 538 h*ug/ml)]. Based on
dose-normalized values, the systemic exposure of CJM112 was

+
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FIGURE 4

Mean (+ SD) serum concentrations of CIM112 (ug/mL) versus
time (days) for Intravenous (IV; n = 3); Subcutaneous (SC; n = 3);
One Robotic Pill (RP; n = 7); Two RPs (n = 4). PK samples were
analyzed via enzyme-linked immunosorbent assay (ELISA).

essentially equivalent following SC administration and the oral
administration of two RPs. The mean bioavailability following SC
administration was 53.8%, while the mean bioavailability
following oral administration of two RPs was 54.2%.

Discussion

This study demonstrates for the first time, the ability of a novel,
orally administered, transenteric delivery system to administer
therapeutic levels of monoclonal antibodies comparable to those
yielded by standard subcutaneous administration (Table 5). The
clinically relevant blood levels of biologic compounds or their
biosimilars via an orally administered preparation represents an
important advancement in drug delivery. The results of these
preclinical studies in the canine model are complemented by the
successful demonstration in humans of the same transenteric
delivery mechanism to achieve systemic exposures of another
biotherapeutic agent, octreotide, comparable to parenterally
administered concentrations (Dhalla et al., 2022).

10.3389/fddev.2022.955569

Using this orally ingestible robotic pill platform, we evaluated
the pharmacokinetics and bioavailability of polyclonal human
IgG and two clinically important human monoclonal antibodies
in the awake canine model. GP2017 (Sandoz/Novartis) is an anti-
TNFa biosimilar of adalimumab (Heo, 2018; von Richter et al.,
2019) and CJM112 (Novartis) is a novel anti-IL-17A antibody in
the same class as secukinumab and ixekizumab, that has shown
clinical efficacy (Kaul et al, 2021). These antibodies are
representatives of the IgG class of monoclonal antibodies, the
major class of therapeutic antibodies approved for clinical use
today. The successful transenteric delivery and resultant
bioavailability of these large, humanized proteins provides a
framework for the oral delivery of a variety of therapeutic
antibodies currently requiring parenteral administration.

TNFa is an inflammatory cytokine produced by
macrophages/monocytes during acute inflammation such as
seen with autoimmune disorders (Willrich et al., 2015).
Adalimumab is a monoclonal antibody that inactivates TNFa
thus reducing its inflammatory effects (Nuti et al., 2015; Willrich
et al,, 2015) and sold under the brand name Humira® (AbbVie,
Lake Bluff, Illinois, United States), among others (Scheinfeld,
2003; Coghlan et al., 2021). This monoclonal antibody has been
used to treat a variety of inflammatory diseases including
rheumatoid arthritis, psoriatic arthritis, ankylosing spondylitis,
Crohn’s disease, ulcerative colitis, psoriasis, and uveitis, among
others. Humira and biosimilars of Humira are delivered by SC
injection of relatively high doses (40-80 mg) but at infrequent
intervals of every other week. A single dose of 40 mg reportedly
reaches 64% drug bioavailability and a C,,.x of 4.7 + 1.6 pg/ml of
plasma within 5-6 days (Humira drug insert). Data presented
here show that GP2017 delivered directly into the small intestine
via RP exhibited 52% bioavailability, reached a C,,, of 2.12 +
0.28 pg/ml within 24 h following administration of one RP
capsule and 3.63 + 1.01 pg/ml with two RPs, which is within
reach of the clinical range.

To assess bioavailability of antibodies delivered orally, both
human IgG and CJM112 were orally administered to awake
canines via the RP. The pharmacokinetic data presented
here demonstrates that oral administration of human IgG via
the RP capsule resulted in similar systemic exposures compared
to SC administration (mean bioavailability 60.7% vs. 45.8%,

TABLE 5 Mean bioavailability, Cax, Tmax and AUC,,; achieved after oral delivery of drugs via RP capsule vs. SC administration in the canine animal

model.
RP capsule SC injection
Biotherapeutic %F Cinax (ug/ml) Tmax (h) AUC, 5 (h*ug/ml) %F Cinax (ug/ml) Tomax (h) AUC,, (h*ug/ml)
GP2017 52.2 3.63 24 329 55.0 3.60 64 436
CIM112 54.2 6.25 48 1,320 53.8 5.22 96 1,421
Human IgG 60.7 2.49 24 327 45.8 1.38 72, 120 274

RP, robotic pill capsule delivered via oral administration or via duodenal port insertion; SC, Subcutaneous.
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respectively). Importantly, oral administration reached peak
IgG 24 £ O0h post-RP deployment,
considerably faster than the SC group (96 + 34 h).

CJM112 is a novel monoclonal antibody against IL-17A
developed by Novartis Pharma AG (Basel, Switzerland) that
has been evaluated in the early clinical stages. IL-17A is

serum levels at

implicated in immune responses to infectious pathogens and
in the pathogenesis of inflammatory autoimmune diseases. In
human studies, Kaul et al. (2021) reported that CJM112 had
clinical efficacy in moderate to severe psoriasis and was well
tolerated in the doses tested. Examples of other drugs in this class
include ustekinumab (Stelara®, Janssen Pharmaceuticals of Johnson
and Johnson), bimekizumab [Bimzelx®, UCB (Union Chimique
Belge)], secukinumab (Cosentyx®, Novartis) and ixekizumab (Taltz,
Lilly). This class of drugs has shown effectiveness in treating a range
of autoimmune diseases such as plaque psoriasis, psoriatic arthritis,
axial spondylarthritis and ankylosing spondylitis (Glatt et al., 2017;
Gordon et al,, 2021; Loricera et al, 2021; Aparicio et al., 2022;
Kolbinger et al., 2022; Oliver et al., 2022) representing an important
new treatment tool. Like GP2017 however, these biotherapeutics
must be delivered by injection.

In the current study, oral administration of CJM112 with the
RP to awake canines resulted in virtually equivalent systemic
exposure compared to that of subcutaneous administration. As
in the case of GP2017, C,,.x values occurred earlier following oral
administration of CJM112 (48 = 19.6h from deployment)
compared to SC injection (96 + 24h). These shorter Ty
values with the RP suggest delivery via the transenteric route
enables more rapid access to the vascular compartment compared
to SC administration. C,,,, values were also similar for SC and RP
administration (5.22 + 0.81 vs. 6.25 + 1.44 pg/ml for SC and 2RP,
respectively). Mean bioavailability was essentially the same for SC
administration (53.8%) and two robotic pills (54.2%). These data
demonstrate that oral delivery of large molecular weight
biotherapeutic antibodies is possible. Clinical dosing of IL-17A
antibodies such as Cosentyx requires 150-300 mg monthly
injections to achieve steady state values of 16.7-34.4 ug/ml,
respectively (Cosentyx drug insert). Although it was not the
intent of the current study to achieve clinical levels of CIM112,
the data suggest it is conceivable that a daily oral dosing protocol
could be developed to reach clinical values.

Oral drug treatments are preferred by patients and their
prescribing physicians over injectables (Aletaha et al., 2020;
2020).
however, more than 350 biologic agents and their biosimilars

Taylor et al, Unlike conventional medications,
cannot be administered orally as they are incapable of escaping
digestion and thereby inactivation. The required parenteral
administration of biologic drugs such as monoclonal
antibodies has long been viewed as limiting. This, along with
other drugs requiring parenteral administration, has prompted
the development of a variety of novel orally administered
alternatives. These approaches have utilized protective enteric

coatings of drug capsules (Chuang et al., 2015), included protease

Frontiers in Drug Delivery

09

10.3389/fddev.2022.955569

inhibitors to enhance drug half-life (Bernkop-Schnurch, 1998),
and added intestinal permeation enhancers to improve drug
absorption across the intestinal mucosa (Aungst, 2012; Maher
et al,, 2016). While these strategies have shown some success for
oral formulation of some biologics, the bioavailability using these
strategies remains low (< 1%), limiting the approach to a few
small peptides (Melmed et al., 2015; Brayden and Alonso, 20165
Granhall et al., 2019). Also, chronic use of permeation enhancers
may damage the mucosal lining of the intestine potentially
altering its protective barrier function which can lead to dose
variability and potential safety concerns (McCartney et al., 2016).

More recent efforts have focused on co-administration of
protease inhibitors or permeability modifiers with specialized
carriers with only minor improvements in bioavailability (Bao
et al,, 2021). Other efforts have ignored the intestine altogether
and explored protein and peptide delivery through transdermal
patches containing microneedles (Aich et al., 2021) or inhalation
of lyophilized therapeutic protein powders (Eedara et al., 2021).
However, patients prefer the simplicity and painless delivery of
oral medications and capsules are by far the most acceptable, and
safest, form of oral drug administration to patients (Kaur et al.,
2019).

Safety and tolerability of the robotic pill
platform

All animals utilized for these studies were awake at time of
drug administration. No animal showed signs of pain during or
after capsule deployment or drug administration. Safety and
tolerability of the RP delivery system was also demonstrated
in humans (n = 72) with no adverse effects. In addition, data
show that the RP was easily swallowed, withstood the acidic
gastric environment, deployed painlessly in the small intestine,
and was properly excreted with normal bowel movements
(Dhalla et al., 2022). The hollow organs of the GI tract are
insensate to typical noxious stimuli, such as puncturing and
cutting while sensitive to stretch and distension (Gebhart and
Bielefeldt, 2016). The absence of any reported pain or discomfort
during deployment of the RP from human subjects suggests that
the transient balloon inflation and deflation is insufficient to
activate the intestinal stretch receptors. It is also noteworthy that,
given the variability of capsule dissolution time in the small
intestine coupled with the wide variation in intestinal motility
rates, it is highly unlikely for the RP to inject the drug in the exact
same location of the intestinal wall upon repeat administrations.
This has been corroborated in non-clinical GLP safety studies in
canines (unpublished) in which, following daily administration
of the RP for 7 days, no evidence of any macro/microscopic tissue
injury to the gastrointestinal tract was observed.

Evaluation of animal feces showed passage of non-digestible
components of the RP capsules within 96 h. There was no
evidence of large or small bowel obstruction. This is
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consistent with the subsequent human study in which no subject
reported any perception during the transit of the RP through the
GI tract and/or during the deployment of the device. Abdominal
imaging conducted during a return visit of the human subjects
72-96 h after RP capsule ingestion confirmed that all device
remnants had been excreted without sequelae in all subjects
(Dhalla et al., 2022).

Limitations and challenges

All studies presented in this report utilized humanized
antibodies in the canine model. While none of the canine
subjects in this study exhibited signs of an allergic reaction,
some animals produced levels of anti-drug antibodies during the
period of drug measurements, as displayed by abrupt drops in
serum drug levels indicative of immunogenicity. Data from these
animals were not used to calculate bioavailability as they would
have underestimated true bioavailability. Formation of anti-drug
antibodies or immunogenicity was independent of mode of drug
delivery. Formation of anti-drug antibodies does not compound
the results of this study demonstrating equivalent bioavailability
of oral and subcutaneous drug delivery but indicates the canine
model may not be suitable for multi-day dosing studies with
humanized biotherapeutics. In addition, the results of this study
were focused on, and limited to, the pharmacokinetic parameters.
Future studies will need to focus on pharmacodynamic (PD)
studies in a suitable animal model to enable PK-PD analyses.

In general, we demonstrated that biotherapeutics reach the
vascular space faster via the transenteric delivery than by
standard subcutaneous injection. This finding mimics the
rapid uptake of trans-gastric delivery reported by Abramson
et al. (2022). However, this time-course does not take into
account post-ingestion transit time from the stomach to the
site of RP capsule drug delivery in the small intestine. From a
clinical perspective, a limitation of the RP technology is the lack
of predictability of the exact time of drug delivery following oral
ingestion due to the inherent variability in gastric motility (Lee
et al,, 2014; Koziolek et al, 2015; Dhalla et al, 2022). The
variability of gastric transit presumably impacts the time
course of any orally ingested drug that is absorbed within the
small intestine. In clinical trials, the time of gastric retention may
be determined by fluoroscopically observing the location of
radio-opaque markers incorporated into the RP capsule.
Factors that influence gastric retention/passage of drug tablets/
capsules into the small intestine include physicochemical factors
and biological factors (Das et al., 2021). Physicochemical factors
include size of the dosage form. For example, a large-sized tablet
or capsule may encounter difficulty passing through the pyloric
sphincter and thus be retained in the stomach for a long duration.
The shape of the dosage form also affects the gastric retention
time. Round or ring shape may facilitate passage (Streubel et al,
2006; Parmar et al., 2014; Das et al., 2021). Density of the system
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may also impact gastric passage. Biological factors such as the age
of the subject affects the gastric retention time. Geriatric subjects
show slower gastric transit (and pediatric subjects show faster
gastric passage) than do normal adults (Parmar et al., 2014). In
addition to subject age, male gender predisposes a subject to a
faster gastric transit than females irrespective of their height,
body surface, and weight. Fed and unfed states are also important
determinants of the gastric emptying time (Singh and Kim, 2000)
and the role of diet in the deployment of the RP capsule was
evaluated and reported in a human trial (Dhalla et al., 2022).

Conclusion

We have shown in the awake canine model that transenteric
delivery of monoclonal antibodies achieves bioavailability on par
with that obtained with standard subcutaneous injections.
Although the acute safety and reliability of the RP oral
delivery system used here have been demonstrated in healthy
human subjects in small clinical studies (Dhalla et al., 2022), it
remains to be determined in larger, long-term studies with repeat
administrations in patients and across broader demographics.
Nevertheless, in these single administration studies, there was no
observed incidence of pain or discomfort associated with the RP
either during its deployment or during transit through the
gastrointestinal tract, and all device remnants were safely and
uneventfully excreted in all subjects. If confirmed in chronic
studies in specific patient populations, this innovative drug
delivery platform may offer an oral alternative for many
patients with chronic diseases currently taking frequent and
painful parenteral injections.
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