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ABSTRACT

Background: Due to multiple similarities in the structure and physiology of human and

pig skin, the pig model is extremely useful for biological drug testing after subcutaneous
administration. Knowledge of the differences between subcutaneous injection sites could have
a significant impact on the absorption phase and pharmacokinetic profiles of biological drugs.
Objectives: This study aimed to analyze the impact of administration site on
pharmacokinetics and selected biochemical and hematological parameters after a single
subcutaneous administration of ustekinumab in pigs. Drug concentrations in blood plasma
were analyzed by enzyme-linked immunosorbent assay. Pharmacokinetic analyses were
performed based on raw data using Phoenix WinNonlin 8.1 software and ThothPro v 4.1.
Methods: The study included 12 healthy, female, large white piglets. Each group received a
single dose of ustekinumab given as a 1 mg/kg subcutaneous injection into the internal part
of the inguinal fold or the external part of the inguinal fold.

Results: The differences in absorption rate between the internal and external parts of the
inguinal fold were not significant. However, the time of maximal concentration, clearance,
area under the curve calculated between zero and mean residence time and mean residence
time between groups were substantially different (p > 0.05). The relative bioavailability after
administration of ustekinumab into the external part of the inguinal fold was 40.36% lower
than after administration of ustekinumab into the internal part of the inguinal fold.
Conclusions: Healthy breeding pigs are a relevant model to study the pharmacokinetic profile
of subcutaneously administered ustekinumab.

Keywords: Swine; biologics; ustekinumabj; skin; pharmacokinetics

INTRODUCTION

Pigs have been used previously to investigate the pharmacokinetics/pharmacodynamics
and toxicology of small molecules and biologics [1-4]. The value of the pig model has
been demonstrated in many studies, and due to multiple similarities in the structure

1/10

ssaaduljwix §5p Aq pereseusy


https://creativecommons.org/licenses/by-nc/4.0
https://creativecommons.org/licenses/by-nc/4.0
https://orcid.org/0000-0002-3077-9698
https://orcid.org/0000-0002-3077-9698
https://orcid.org/0000-0002-2354-7696
https://orcid.org/0000-0002-2354-7696
https://orcid.org/0000-0002-8254-3521
https://orcid.org/0000-0002-8254-3521
https://orcid.org/0000-0002-8982-211X
https://orcid.org/0000-0002-8982-211X
https://orcid.org/0000-0002-0903-3445
https://orcid.org/0000-0002-0903-3445
https://orcid.org/0000-0002-5535-5955
https://orcid.org/0000-0002-5535-5955
https://orcid.org/0000-0002-3077-9698
https://orcid.org/0000-0002-2354-7696
https://orcid.org/0000-0002-8254-3521
https://orcid.org/0000-0002-8982-211X
https://orcid.org/0000-0002-0903-3445
https://orcid.org/0000-0002-5535-5955
http://crossmark.crossref.org/dialog/?doi=10.4142/jvs.2021.22.e47&domain=pdf&date_stamp=2021-05-27

Ustekinumab pig model

¢

Funding

This work was supported by The National
Centre for Research and Development in
Poland under grant number POIR.01.01.01-
00-0407/17-00. The Ustekinumab PK pilot
study was supported by The National Centre
for Research and Development in Poland as a
part of a development program for biosimilar
ustekinumab candidates by Polpharma
Biologics SA.

Conflict of Interest
The authors declare no conflicts of interest.

Author Contributions
Conceptualization: Grabowski T; Formal
analysis: Grabowski T, Stefaniak T, Rzasa
A, Borkowski J; Investigation: Burmariczuk
A; Methodology: Grabowski T; Resources:
Burmariczuk A; Writing - original draft:

Grabowski T, Stefaniak T, Rzasa A, Borkowski J;

Writing - review & editing: Derlacz R.

https://vetsci.org

Journal of
Veterinary Science )

and physiology of human and pig skin, is highly useful for testing subcutaneous (SC)
formulations [5-10]. Moreover, the Fc receptor (Brambel receptor) in pigs, which is critical
for the elimination half-life of therapeutic monoclonal antibodies (mAbs), is similar to the
human Fc receptor [11]. Thus, the absorption process and general pharmacokinetic profile
of the pig may provide a relevant and advantageous pharmacokinetic model for preclinical
development of subcutaneously administered drugs [12,13]. The inguinal and scapular
regions are most often used for SC mAb administration in pig model pharmacokinetic
studies [9]. Distinct SC injection sites can significantly impact the shape of the absorption
phase and the pharmacokinetics of biologics [14-17]. The key limiting factor related to
absorption is lymphatic drainage and presence of nearby lymph nodes [18]. Thus, the
administration site in SC studies can affect not only the pharmacokinetics of biological drugs
but also their variability, making it difficult to optimize animal pharmacokinetics models of
mAbs with SC administration [19].

Ustekinumab is a fully humanized immunoglobulin G1 (IgG1) mAb with high affinity to
human cytokines interleukin (IL)-12 and IL-23. Neutralizing these cytokines' biological
activity is important for plaque psoriasis and psoriatic arthritis treatment in humans

[20]. A pharmacokinetic, as well as efficacy and safety, profile for the intravenous and SC
administration of ustekinumab has previously been established [21]. The recommended
injection sites in humans are the upper thigh or the area around the belly (abdomen), at least
S5cm away from the navel (belly button). After abdominal SC injection in patients, biological
drugs are absorbed into the inguinal, iliac and lumbar lymph nodes [22]. The inguinal fold of
pigs is drained (inter alia) by afferent vessels of the inguinal lymph node [23].

This study aimed to analyze the impact of administration site on the pharmacokinetics and
on select biochemical and hematological parameters after a single SC administration of
ustekinumab in healthy pigs.

MATERIALS AND METHODS

Animals

Twelve healthy, female, large white piglets weighing between 15.0 and 20.0 kg and aged 45
+10 days were used in this study. The animals were divided into 2 groups (n = 6) and housed
with food and water ad libitum. Each group received a single dose of ustekinumab (Stelara;
Janssen-Cilag International NV, Belgium) given in a single 1 mg/kg SC injection: the first
group into the internal part of the inguinal fold (IF) and the second group on the external
part of the inguinal fold (EF). Before (at time O) and after drug administration, blood was
sampled from the jugular vein (2 mL) at intervals of 6, 12, 24, 36, 48, 60, 72, 84, 96, 120, 144,
168, 288, 384 and 432 h (18 days) after injection into heparinized tubes using a vacutainer
(BD Vacutainer Safety-Lok; BD Biosciences, USA) for pharmacokinetic and anti-drug-
antibodies (ADA) analysis. The study was approved by the ethics committee of the University
of Life Sciences, Lublin (51/2017). Animal experiments complied with the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines and were carried out in accordance
with the UK Animals (Scientific Procedures) Act, 1986 and associated guidelines, as well as
with EU Directive 2010/63/EU for animal experiments. The piglets were procured from the
breeding farm of the University of Life Sciences in Lublin. After the study, the animals were
used for breeding only.
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Hematological and biochemical parameters

The blood samples were analyzed for basic parameters at the same sampling points used for
pharmacokinetics analysis. The analyzed parameters included: cholesterol, bilirubin, urea,
creatinine, phosphorus, calcium, WBC — number of white blood cells, LYM — number of
lymphocytes, MID — number of types of WBC not classified as lymphocytes or granulocytes,
GRAN - number of granulocytes, RBC — number of red blood cells, HTC — hematocrit, HGB
—hemoglobin, MCV — mean corpuscular volume of red blood cells, MCH — mean corpuscular
hemoglobin in red blood cells, MCHC — mean corpuscular hemoglobin concentration,
RDWa - absolute red cell distribution width, RDW — red cell distribution width, PLT — platelet
count, and MPV —mean platelet volume. All parameters were calculated using an automated
hematology analyzer, Abacus Junior Vet (Diatron Group, Hungary).

Immunochemical analysis

Immunization and production of inmune serum

The production of pig-anti-ustekinumab serum was carried out with two additional pigs. The
procedure was approved by the Local Ethics Committee for Animal Experiments in Wroclaw
(07/18, 21.02.2018). Production of pig-anti-ustekinumab serum was a necessary step enabling
the ADA analysis and analysis of concentration of ustekinumab in the experimental groups.
Two pigs aged 2.5 months were immunized intramuscularly 4 times every 2 weeks with 100
mg of ustekinumab in 0.5 mL of saline emulsified immediately before injection with 0.5

mL of Freunds Adjuvant, Incomplete (F5506, Sigma, USA). Prior to each injection, a blood
sample was taken from the vena cava cranialis. Two weeks after the last injection, around 200
mL of blood was taken using a 1.6 mm needle and 20 mL syringes. The hyperimmune serum
was produced by centrifugation and stored until use at -20°C.

Then, monovalent porcine anti-ustekinumab IgG antibody was affinity-purified and
conjugated with horseradish peroxidase (HRPO). IgG from pig's serum was purified by
ion-exchange chromatography [24]. The IgG-rich fraction of the serum was precipitated
using ammonium sulphate. The precipitate was dialyzed against 0.05 M phosphate buffer,
pH 7.0. The supernatant (about 180 mL) (A, = 55) was loaded onto a DE Cellulose (DE52)
column (120 mL) and equilibrated with the same phosphate buffer. The non-bound fraction
(210 mL, Ay = 28.5) was recognized as porcine IgG. Production of affinity-purified IgG
anti-ustekinumab was performed using two steps. In the first step, 0.4 mL of ustekinumab
solution (36 mg) was dialyzed against 0.05M carbonate buffer with 0.5 M NaCl to remove
low-molecular substances possessing free amino-groups and bound with activated Sepharose
4B (CNBr Activated Sepharose 4B). In the second step, 50 mL of pig IgG containing
ustekinumab antibody previously purified by ion-exchange chromatography was bound to
ustekinumab, coupled to a Sepharose 4B column (3 mL). The column was washed with 0.05M
phosphate buffer, pH 7.0, containing 0.1 M NaCl, then with the same buffer, containing

0.7 M NaCl, then with distilled water. The fraction containing affinity-purified porcine IgG
anti-ustekinumab was eluted using 0.1 M glycine-HCI buffer, pH 2.2. Harvested fractions
were neutralized using 1 M NaOH and 1M Tris base. Approximately 5.5 mL of affinity-purified
IgG was obtained (A, = 5.5). The preparation was dialyzed against a solution containing
0.5M NaCl and 0.05M NaHCO:;. Next, 10% (v/v) glycerol was added and the antibody frozen
until needed. Conjugation of affinity-purified porcine IgG anti-ustekinumab with HRPO was
made according to [25]. Immune reactivity of the HRPO-conjugated porcine IgG antibody
with ustekinumab was confirmed using direct enzyme-linked immunosorbent assay (ELISA).
The control wells were coated with bovine serum albumin (A2153; Sigma) and the working
concentration of harvested anti-ustekinumab antibody for coating the microplate wells was
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established with preliminary testing on 5 mg/L, and the dilution of HRPO-conjugated anti-
ustekinumab antibody was 1:100,000.

The assessment of ustekinumab in porcine serum

Affinity-purified porcine IgG anti-ustekinumab was coated on a microplate (100 mL, 5

mg/L per well); the microplates were then washed 3 x 5 min with phosphate-buffered saline
containing 0.05% Tween 20 (PBS-T). Following this, the swine blood serum samples (diluted
1:100, 100 mL/well) were added in duplicate and incubated for 2 h. After washing, HRPO-
conjugated porcine IgG anti-ustekinumab was added (diluted 1:100,000, 100 mL/well).
Following the next washing, a substrate solution (TMB, Sigma) was added (100 mL/well) and
the microplates were incubated in the dark at room temperature for 10 min. The reaction
was stopped with 50 mL of 1 M H,SO, per well and read at 1 =450 nm. A standard curve was
prepared in duplicates with the following (ustekinumab) concentrations: 500, 250, 125, 62.5,
31.2,15.625, 7.8125 and 0 ng/mL on every plate. The intra assay CV was 2.887%; all samples
were tested within one assay. All measurements were made in duplicate in one series.

The determination of ADA

The HRPO-conjugated antibody against porcine IgM (rabbit anti-pig IgM secondary
antibody [HRP] LS-C59959), (LifeSpan BioSciences Ltd., USA) was negatively absorbed
using ustekinumab coupled to the Sepharose 4B column as described above. The antibody
passing this column was evaluated as anti-pig IgM free of cross-reactivity with ustekinumab
and was used for the determination of porcine IgM anti-ustekinumab by ELISA. Periods of
microplate coating and respective steps and washings were performed as described above.
Nunc Maxisorp Microplate wells were coated with ustekinumab (50 mL per well, 5 mg/L).
After washing, swine blood serum samples (diluted 1:100, 50 mL/well) were added. After
washing, anti-pig IgM HRPO, produced as described above (diluted 1:100, 50 mL/well), was
added. After the next washing, substrate solution (TMB, Sigma) was added (50 mL/well) and
the microplates were incubated in the dark at room temperature for 20 min. The reaction was
stopped with 100 mL of 1M H,SO, per well and read at 1 = 450 nm.

Pharmacokinetics and statistical analyses

Pharmacokinetic analyses were performed based on raw data using Phoenix WinNonlin 8.1
software (Certara L.P., USA) and ThothPro v 4.1 (ThothPro LLC, Poland). The calculations
were based on the slope, height, area and moment analysis after SC administration for

two different regions of the body. Key pharmacokinetic parameters were included in the
comparative analysis, i.e., k, —absorption rate constant, k. — elimination rate constant,

ti1e — elimination half-life, t,,. — time to reach C,,., Cumax — maximal concentration, AUCq. —
area under the curve calculated between zero and the last sampling point, AUC .cmay — area
under the curve calculated between zero and t.,,., AUC(o.wrr) — area under the curve calculated
between zero and MRT g, AUMC oy — area under the first moment curve calculated between
zero and the last sampling point, MRT|,., — mean residence time calculated for the last
sampling point, CL/F —apparent clearance, and V,/F — apparent volume of distribution.

Statistical analyses were carried out using Microsoft Excel 365 and GraphPad Prism 6.01
software (GraphPad Software Inc., USA). Predicted seroconversion time was calculated
based on linear fit analysis, y = a x x + b, where y = ADA concentration, a = slope, x = abscissa
of arithmetic means per time point and b = is the y-intercept. The difference between
concentration variability for each time point of the concentration-time curve, external versus
internal part of inguinal region, was shown as RSD%y/RSD%gr where RSD%p=percent of
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relative standard deviation of concentrations after SC injection into internal part of inguinal
region and RSD%g=percent of relative standard deviation of concentrations after SC
injection into external part of inguinal region.

The Student's t-test was used for IF versus EF comparisons and the two-tailed Mann-Whitney
test for ADA value analysis. Differences in IF versus EF with p < 0.05 were considered
statistically significant.

RESULTS

The comparison of pharmacokinetic profiles for both groups is shown in Fig. 1. Only 4 out of
14 sampling points had a lower concentration variability in the IF group versus the EF group.
The comparison of pharmacokinetic parameters in both groups is shown in Table 1. The
pharmacokinetic profile of ustekinumab after a single SC administration was characterized
by a simple and predictable decline. The absorption phase in both cases (EF and IF) was
shown to last 2-3 days. At 18 days after the single SC dose, the final observed concentrations
were still high at 1,308.18 + 201.20 and 1,850.73 + 621.07 ng/mL for the EF and IF group,
respectively (p > 0.05). Assuming a linear decrease in concentrations, described by the slope
of the elimination rate constant, 99% elimination of the drug from blood plasma should have
taken 102.6 + 84.8 and 121.4 + 36.7 days for the EF and IF group, respectively (p > 0.05). ADA
concentrations were first observed at 144 h (6 days) after drug administration in both groups.
The ADA concentrations at 144 h were 8.51 * 4.49 (2 of 6 animals) and 0.04 ng/mL (1 of 6
animals). ADA concentrations at 432 h after drug treatment (day 18) were 40.19 + 25.04 (5
out of 6 animals) and 20.55 + 17.6 ng/mL (6 animals) for the EF and IF group, respectively (p

> 0.05). The predicted seroconversion times were 10.96 and 73.04 h for the EF and IF group,
respectively. Only t,,., had lower variability in the EF than in the IF group, but the difference
in RSD% values between the groups was < 5%. Differences in variability < 5% were also found
in kel, AUCp.; and CL/F. An RSD%;;/RSD%yg; > 1 was observed relative to the raw data for 10
sampling points. An RSD%;/RSD%yg; < 1 was observed relative to the raw data for 4 sampling
points. The comparison of selected biochemical and hematological parameters in both
groups is shown in Table 2. Only 7 of the 20 parameters differed between the EF and IF group

External part inguinal region (n = 6) Internal part inguinal region (n = 6)
7,000 -
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Fig. 1. Scatter plot representing two separate pharmacokinetic profiles of ustekinumab after subcutaneous
injection into the external (rings) or internal (squares) part of the inguinal region. Rings and squares represent
the observed concentrations. Data are presented as means and standard errors of the mean.
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( < 0.05). The physiological range of the measured parameters was exceeded only in the
case of urea (EF and IF) and calcium levels (EF and IF) (Table 2). Differences in the variability
of hematological and biochemical parameters between the groups were > 5% only in the
case of MID (5.79%), LYM (6.09%) and cholesterol (6.20%). For these three parameters, the
variability in the EF group was higher than in the IF group.

Table 1. Pharmacokinetic parameters of ustekinumab (arithmetic mean; standard deviation) after single
subcutaneous administration 1 mg/kg BW into two different parts of the inguinal region of a pig

Parameter External part of inguinal region  Internal part of inguinal region p value®
ka (™) 0.141; 0.147 0.102; 0.103 >0.05
ket (h™) 0.006; 0.004 0.003; 0.001 >0.05
tyjaket () 246.254; 203.61 291.355; 88.047 >0.05
tmax () 40; 11.314 62.4; 20.646 0.03
Crnax (ng/mL) 4,302.855; 982.453 4,329.768; 553.989 >0.05
AUCo.yy (hxng/mL) 524,279.414; 160,129.037 879,097.339; 235,094.091 0.00
AUCo-cmax (hxng/mL) 962,451.95; 463,420.775 1,728,779.234; 697,387.859 >0.05
AUC o sy (hxng/mL) 291,264.047; 89,329.841 433,319.142; 85,662.869 0.01
AUMC . (h?xng/mL) 61,272,689; 44,181,081.751 122,177,749.4; 38,626,379.669 0.02
MRT .y (h) 103.99; 43.513 149.176; 19.283 0.04
V,/F (mL/kg) 316.202; 118.027 956.702; 63.403 >0.05
CL/F (mL/h/kg) 1.267; 0.497 0.67; 0.233 0.01

BW, body weight; k., absorption rate constant; ke, elimination rate constant; t ., elimination half-life; tya.,

time to reach Cpay Crmax» maximal concentration; AUC ., area under the curve calculated between zero and the
last sampling point; AUCo.cmay, area under the curve calculated between zero and ty.; AUC(o.vrr), area under the
curve calculated between zero and MRTq.y; AUMC o, area under the first moment curve calculated between zero
and the last sampling point; MRT.,, mean residence time calculated for the last sampling point; V,/F, apparent
volume of distribution; CL/F, apparent clearance.

*The p value representing the comparison of data between groups.

Table 2. Comparison of selected biochemical and hematological parameters (arithmetic mean; standard deviation)
of pig blood after ustekinumab single subcutaneous administration 1 mg/kg BW into two different parts of the
inguinal region

Parameter External part of inguinal region  Internal part of inguinal region p value”
Cholesterol (mg/dL) 102.296; 16.594 103.855; 10.411 > 0.05
Bilirubin (mg/dL) 0.017; 0.022 0.01; 0.012 >0.05
Urea (mg/dL) 30.021; 6.216™ 97.532; 5.452" 0.00
Creatinine (mg/dL) 1.025; 0.17 0.826; 0.14 0.00
Calcium (mg/dL) 9.463; 1.423% 8.951; 1.269" >0.05
Phosphorus (mg/dL) 10.491; 1.184 11.255; 1.252 > 0.05
WBC (x10°/L) 292.836; 4.496 24.772; 4.097 0.01
LYM (x10°/L) 9.789; 1.819 10.09; 1.26 >0.05
MID (x10%/L) 3.067; 0.775 3.343; 0.651 0.02
GRAN (x109/L) 10.171; 2.922 11.419; 2.757 0.01
RBC (x10'2/L) 5.696; 0.489 5.599; 0.737 >0.05
HTC (%) 30.507; 2.871 29.284; 3.689 > 0.05
HGB (g/dL) 10.098; 1.081 10.334; 1.453 >0.05
MCV (fL) 53.453; 1.941 53.266; 1.923 >0.05
MCH (pg) 17.759; 0.661 17.42; 0.832 >0.05
MCHC (g/dL) 33.236; 0.947 31.428; 1125 0.00
RDW (%) 20.441; 0.969 20.437;1.404 > 0.05
RDWa (fL) 36.892; 2.001 38.217; 2.684 0.03
PLT (x10°/L) 272.157; 93.548 274.355; 96.221 > 0.05
MPV (fL) 7.372; 0.304 7.136; 0.241 > 0.05

WBC, number of white blood cells; LYM, number of lymphocytes; MID, number of types of WBC not classified as
lymphocytes or granulocytes; GRAN, number of granulocytes; RBC, number of red blood cells; HTC, hematocrit;
HGB, hemoglobin; MCV, mean corpuscular volume of red blood cells; MCH, mean corpuscular hemoglobin in
red blood cells; MCHC, mean corpuscular hemoglobin concentration; RDW, red cell distribution width; RDWa,
absolute red cell distribution width; PLT, platelet count; MPV, mean platelet volume; *, ¥, mean value higher or
lower than physiological range.

*The p value representing the comparison of data between groups.
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DISCUSSION

In the current literature, only a few studies have described the pharmacokinetic profiles of
human mAbs in pigs after SC administration [6-9]. To date, published reports have described
selected pharmacokinetic parameters for trastuzumab, anakinra, etanercept and adalimumab
(in minipigs). The current study demonstrated the applicability of using a breeding pig
model in ustekinumab preclinical studies. In general, the shape of the pharmacokinetic
profile of ustekinumab did not deviate from observations made in other studies regarding
trastuzumab, anakinra, etanercept and adalimumab, in minipigs. The pharmacokinetic
profile of ustekinumab after a single SC dose showed a predictable and slow disposition.

As shown in other animal models, ADAs were also detected in the current study. In theory,
the seroconversion time should have had a strong impact on the observed C,,,,. However, in
the current model, there was no impact on the Cy,, value (p < 0.05) as a result of differences
in the predicted seroconversion time (10.96 vs. 73.04 h). Here, it could be hypothesized that
in the first two days after a single ustekinumab dose, the pig immune system had no influence
on the drug pharmacokinetics. The differences in k, between the EF and IF group were not
significant; however, the t,,., between the groups was ultimately substantially different (p >
0.05). To conclude, the k, and C,y,, up to ty,, were the same in both groups and had no impact
on drug bioavailability up to t,.; the differences in C,,.x and AUC g.cmay between the groups
were not significant; and the relative bioavailability after EF administration of ustekinumab
was 40.36% lower than after IF administration.

Large differences between the EF and IF group were provoked by a significant difference in
CL/F. Only changes in CL/F led to differences between AUC .y and AUCg.urr) (p < 0.05). In
general, CL/F in the pig model was approximately 12 times faster than in humans [21]. The
tie Value in the current pig model was around 12 days, which is close to the lower limit in
humans (duration from 15 to 32 days across various patient populations) [21]. However, it is
noteworthy that V,/F in the pig model was only approximately 2 times higher than in those
with psoriasis [26].

The absorption process in the current model takes approximately 2 days, which is an
advantage of the model. Such a time range allows accurate tracking of the absorption

phase by means of an appropriate number of sampling points. The current study showed
that differences in the administration site can strongly impact ustekinumab concentration
variability and the variability of calculated pharmacokinetic parameters. The observations
clearly indicate that the variability of ustekinumab concentration in the EF group is lower
than in the IF group, especially in the absorption and early distribution phases within the
first 3 days of administration. However, out of the entirety of pharmacokinetic parameters,
only t,,,, variability was lower in the EF group. In the context of pig physiology, ustekinumab
is a xenogenic molecule. Xenogenic Igs induce a humoral immune response, and immune
complexes are involved in their rapid removal from the blood of the recipient [27]. The key
mechanisms influencing the disposition of human mAbs in animal models involve numerous
interactions with the immune system [18]. In the current study, it was shown that in the
absorption phase (0-t,,) the interaction between ustekinumab and the pig immune system
had no impact on pharmacokinetic parameters and did not generate any significant response
in terms of ADA formation. There were no notable differences in the pharmacokinetic
characteristics of ustekinumab between the EF and IF group in the absorption phase. This
means that changing the administration site did not significantly affect the absorption of
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the drug. However, differences in the administration site were shown to strongly impact
the immune system response in the current study. This response is typically of a delayed
nature [28]. Such a response was observed with regard to parameters extending beyond the
absorption phase (MRT ., AUC ¢.y, AUC(g.mrr), AUMCq.y, CL/F) and in differences between
groups related to select hematological parameters.

Analysis of the hematological parameters showed that a single SC dose of ustekinumab at
a1 mg/kg body weight (BW) dose in pigs did not cause changes in excess of physiological
limits. At the same time, it should be noted that the proposed model was sensitive enough
to reveal an effect of administration site on select hematological parameters within their
physiological ranges. Ustekinumab had no negative effects on renal function [29]. As such,
it can be concluded that any changes in urea do not reflect an effect of ustekinumab on
kidney physiology. In the case of LYM, MID, and GRAN, the single dose of ustekinumab
used to treat the EF and IF groups induced different effects, with the IF group generating
significantly higher values (p < 0.05). All three parameters remained within physiological
values but proved that variations in injection site could generate different responses related
to immunocompetent cells. It should be emphasized that in immunotoxicity studies,
ustekinumab has been shown to have no impact on circulating lymphocyte subpopulations,
which is in line with the findings of the current study [20]. The injection site impacted RDWa
values in both groups. This finding could be valuable when considered in conjunction with
recent results connecting cardiovascular disease risk in Crohn's disease with RDW and
identification of RDW as a possible biomarker in psoriasis [30,31].

The proposed pig model is characterized by low inter-individual variability and the
absence of a severe immune response. The pharmacokinetic profile is predictable without
any fluctuations. The model allows for comparative studies regarding the analysis of the
absorption process of ustekinumab after SC administration. In summary, the breeding
pig can be proposed as a relevant and advantageous pharmacokinetic model to study SC-
administered ustekinumab.
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