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ABSTRACT

Diabetes mellitus (DM) is a widespread metabolic and chronic disease. Current management
of type 1 DM (T1DM) is based on exogenous subcutaneous administration of peptide drugs,
as insulin. However, the invasive and painful routes associated to their administration
frequently dictate poor patient compliance, contributing to a leading cause of mortality and
morbidity. To secure patients’ convenience and compliance, oral administration is the
preferred route for drug delivery. Though, the harsh condition of the gastrointestinal tract (GIT)
and selective epithelial barrier compromise efficient delivery of peptide drugs. The
developments in hanomedicine drug delivery have opened new perspectives to design and
synthesize efficient nanocarriers and multifunctional nanomaterials. Indeed, the potential of
nanomaterials to overwhelm the biologic barriers have led to the development of platforms
capable of improving the oral bioavailability of drugs. A strategy to overcome the intestinal
barrier is the modulation of nanomaterials size, charge and surface composition, in order to
dictate the internalization pathway, escape lysosomes and interact with the target. Particularly,
targeting of drugs to receptors expressed at the epithelial cell layers may enhance uptake and
transport across the mucosal barriers. One such receptor is the neonatal Fc receptor (FCRn),
which naturally transports immunoglobulin G and albumin bidirectically across polarized
epithelial cells. Comparing the endogenous FcRn-targeted ligands, albumin is reported to be
more efficiently transported through FcRn-expressing epithelial cells and produced in a cost-
effective manner, compared with IgG.

The main aim of this thesis was to develop biodegradable poly(lactic-co-glycolic)-poly(ethylene
glycol) (PLGA-PEG) mucodiffusive nanoparticles (NPs), surface-functionalized with albumin
as FcRn-targeting moieties, to increase the oral bioavailability of biopharmaceuticals, using
insulin as model drug. Initially, the focus was on the optimization of the physical-chemical
characteristics of NPs regarding particle size and surface charge, insulin association efficiency
(AE), albumin conjugation efficiency (CE), protein structure and insulin release. Specifically,
NPs were decorated with site-specific conjugated human albumin, engineered for improved
pH dependent binding to FcRn. The designed NPs of monodisperse 150 nm in size, had -9
mV of zeta potential, were 10% (w/w) loaded with insulin and their surface was further
functionalized in theoretical surface of 0.5% with engineered human albumin. Insulin structure
showed to be affected by the encapsulation method, while albumin structure was maintained
after conjugation. Furthermore, the developed nanosystem revealed a prolonged release, of
insulin, with only 2.5% being released within 8 hours. Importantly, the engineered albumin-
functionalized NPs bound human FcRn (hFcRn) favorably and showed enhanced transport
across epithelial polarized MDCK-hFcRn cell layers. After epithelial transcytosis, it was
demonstrated that NPs can be taken up and recycled by endothelial HMEC1-hFcRn cells, with

the same binding pattern.



After exploring the biologic mechanisms related to FcRn, it was investigated the potential of
simulated hypergravity to be used in oral delivery of biopharmaceuticals. Thus, it was explored
the effect of hypergravity in in vitro intestinal permeability of NPs, using Caco-2 cells. It was
shown that the cellular metabolic activity and integrity were maintained after exposure to
different gravity levels (g-levels), compared to reference conditions. The application of different
g-levels can lead to changes in the expression of different proteins on intestinal cells. However,
the FcRn-mediated transport of the produced nanoparticles showed no significant changes,
when increasing the g-levels.

Next, a porcine ex vivo model was used as a more realistic validation of the intestinal
permeability, due to its physiological and anatomical similarities, which allow the reduced
animal usage in preclinical validation. After analyzing the integrity and morphology of the
porcine tissue, the FcRn expression across the GIT was verified. Studying the stomach,
duodenum and jejunum, it was demonstrated that FCRn-expression was maintained for up 7
days, especially in duodenum. When evaluating the duodenal permeability, the engineered
human albumin variant with higher affinity to FcRn, showed to be more efficiently transported,
as demonstrated in vitro.

Finally, the conjugated NPs to engineered albumin variant with high binding affinity to FcRn,
were orally administered to hFcRn expressing mice induced with diabetes. In
pharmacodynamic in vivo studies, a reduction of glycemia was measured as a function of
receptor targeting, with up to around 40% reduction after 1 hour post-delivery.

Overall, a FcRn-targeted nanoplatform was developed for oral delivery of insulin, which was
validated in in vitro, ex vivo and in vivo models. These PLGA-PEG NPs decorated with human
engineered albumin for improved FcRn-dependent transport showed to offer a novel attractive
strategy in overcoming the barriers along the GIT, delivering encapsulated insulin and
increasing its oral bioavailability. Thus, shows clinical potential as an oral insulin delivery
system for TLDM therapy, and, potentially, for other biopharmaceutical-based therapies, since

FcRn is broadly expressed in humans.



RESUMO

Diabetes mellitus (DM) € uma doenca metabdlica e crénica prevalente. O tratamento atual da
DM tipo 1 (T1DM) é baseado na administracdo exdégena subcutanea de farmacos peptidicos,
como a insulina. No entanto, a administracdo esta associada a vias invasivas e dolorosas, 0
gue frequentemente ditam a baixa adeséo do paciente, contribuindo para uma das principais
causas de mortalidade e morbidade. Para garantir a conveniéncia e conformidade dos
pacientes, a administracdo oral € a via preferida para a administracdo do medicamento.
Contudo, as condi¢des adversas do trato gastrointestinal (GIT) e a barreira epitelial seletiva
comprometem a administracdo eficiente de farmacos peptidicos. Os desenvolvimentos da
nanomedicina, para a administracdo oral de farmacos, abriram novas perspetivas para
desenhar e sintetizar nanotransportadores eficientes e nanomateriais multifuncionais. Na
verdade, o potencial dos nanomateriais para ultrapassar as barreiras biolégicas levou ao
desenvolvimento de plataformas capazes de melhorar a biodisponibilidade oral dos farmacos.
Uma estratégia para superar a barreira intestinal € a modulagdo das caracteristicas fisico-
guimicas dos nanossistemas, como tamanho, carga e composicdo da superficie, a fim de ditar
a via de internalizacdo, escapar aos lisossomas e interagir com o alvo. Particularmente, o
direcionamento de farmacos para recetores expressos nas ceélulas epiteliais, pode aumentar
a absorcéo e o transporte através das barreiras mucosas. Um desses recetores € o recetor
Fc neonatal (FcRn), que transporta naturalmente imunoglobulina G e albumina
bidirecionalmente através de células epiteliais polarizadas. Comparando os ligandos
enddgenos direcionados ao FcRn, a albumina é descrita como sendo mais eficientemente
transportada através de células epiteliais que expressam FcRn e produzida de uma maneira
mais econémica, em comparagdo com a IgG.

O objetivo principal desta tese foi desenvolver nanoparticulas (NPs) biodegradaveis e
mucodifusivas de poli(lactico-co-glicélico)-poli(etilenoglicol) (PLGA-PEG), funcionalizadas
com albumina como ligando do FcRn, para aumentar a biodisponibilidade oral de farmacos,
usando a insulina como farmaco modelo. Inicialmente, foi focada a otimizacdo das
caracteristicas fisico-quimicas dos NPs, em termos de tamanho de particula e carga
superficial, eficiéncia de associagéo de insulina (EA), eficiéncia de conjugacéo de albumina
(CE), estrutura das proteinas e libertacdo do farmaco. Especificamente, as NPs foram
funcionalizadas com albumina humana, desenhada para melhorar a ligacdo dependente do
pH ao FcRn. As NPs produzidas tinham 150 nm de tamanho, eram monodispersas, tinham -
9 mV de zeta potencial, eram 10% (w/w) carregadas com insulina e a sua superficie tedrica
foi 0.5% funcionalizada, com albumina humana. A estrutura da insulina foi afetada pelo
método de encapsulagdo, enquanto que a estrutura da albumina foi mantida apos a
conjugacdo. Além disso, o nanossistema desenvolvido revelou uma libertagdo controlada e
prolongada, de insulina, com apenas 2.5% de libertacdo durante 8 horas. E importante
ressalvar que as NPs funcionalizadas com albumina ligaram-se favoravelmente ao hFcRn e



mostraram um transporte aprimorado através das células epiteliais MCDK-hFcRn polarizadas.
Apés a transcitose epitelial, foi demonstrado que as NPs podem ser absorvidas e recicladas
pelas células endoteliais HMEC1-hFcRn, com 0 mesmo padrdo de ligacéo.

Apbs explorar os mecanismos bioldgicos relacionados com o FcRn, foi investigado o potencial
da hipergravidade simulada para ser utilizada na administracdo oral de farmacos. Assim, foi
explorado o efeito da hipergravidade na permeabilidade in vitro intestinal de NPs, usando as
células Caco-2. Foi demonstrado que a atividade metabdlica e integridade celular foram
mantidas apds exposic¢ao a diferentes niveis de gravidade (niveis de g), em comparagcdo com
as condicoes de referéncia. A aplicacao de diferentes niveis de g pode levar a alteracdes de
expressédo de diferentes proteinas das células intestinais. Contudo, o transporte mediado por
FcRn das NPs produzidas, ndo apresentou alteragdes significativas, com o aumento dos
niveis de g.

Em seguida, um modelo ex vivo de porco foi utilizado como validagdo mais realista da
permeabilidade intestinal, devido as suas semelhancas fisiolégicas e anatdbmicas, o que
permite diminuir o uso de animais na validacdo pré-clinica. ApGs analise da integridade e
morfologia do tecido suino, foi verificada a expressdo do FcRn no GIT. Estudando o
estbmago, duodeno e jejuno, foi demonstrado que a expressdo do FcRn foi mantida durante
7 dias, principalmente no duodeno. Ao avaliar a permeabilidade duodenal, a variante de
albumina humana com maior afinidade para FCRn, mostrou ser transportada de forma mais
eficiente, conforme demonstrado in vitro.

Finalmente, as NPs conjugadas a variante de albumina com maior afinidade para o FcRn,
foram administradas por via oral a ratinhos, induzidos com diabetes, que expressam hFcRn.
Em estudos de farmacodinamica in vivo, uma reducéo da glicemia foi medida em fungéo da
ligagcdo ao recetor, com cerca de 40% de reducgéo apos 1 hora de administracao.

De uma forma geral, uma nanoplataforma direcionada ao FcRn foi desenvolvida para a
administragdo oral de insulina, que foi validada em modelos in vitro, ex vivo e in vivo. Estas
NPs de PLGA-PEG decoradas com albumina humana modificada, para melhor transporte
dependente de FcRn, mostraram oferecer uma estratégia nova e atrativa para ultrapassar as
barreiras ao longo do GIT, entregando a insulina encapsulada e aumentando a sua
biodisponibilidade oral. Assim, o sistema de entrega de insulina oral mostra potencial clinico,
para terapia de DMT1 e potencialmente, para outras terapias, uma vez que FcRn é

amplamente expresso em humanos.
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LIST OF FIGURES

Figure 1| Schematic representation of human insulin. It is formed by chain A with 21 a.a.,
chain B with 30 a.a., two disulfide bonds connecting the two chains and one disulfide linkage

within chain A.

Figure 2 | Crystallographic illustration of the ternary complex of hFcRn bound to higG
and HSA. The three domains of the hFcRn heavy chain (denoted a1, a2, and a3) are shown
in green, and the B2m subunit in gray. The hlgG1 Fc fragment is shown in brown. The
subdomains DI, DII, Dllla and DllIb of HSA are colored in orange, wheat, light cyan and light
blue, respectively. (A) Close-ups showing key amino acid residues involved in the interaction
between higG1 (H310, 1253, H435, N434) and hFcRn (E115, W131, D130). (B and C) Close-
ups of the interactions between two loops in DI of albumin (loop I; R81, D89, and looa Il; N109,
N111) and hFcRn (T153, K63, S58). (D) Close-ups of the intramolecular interactions between
H166 of the a2 domain and E54 and Y60 of the a1 domain in hFcRn, which form at acidic pH
and in turn stabilize the loop containing W51, W53, W59 and W61. (E and F) Close-ups
showing W59 and W53 of hFcRn inserted into hydrophobic pockets in Dllla (T422, V426, L460,
L463, H464 and T467) and DIlIb (F502, F507, F509, T527 and F551) of HSA, respectively.
The figure was made using PyMol and the crystal structure data of hFcRn in complex with
higG1 Fc and HSA (4NOU).

Figure 3 | Schematic representation of FCRn transcytosis and recycling pathways in
intestinal epithelial cells and endothelial cells, respectively. (A) Transcytosis: In the
polarized epithelial cell monolayer of the intestine, the acidic conditions of intestinal lumen
(apical side) favor the binding of endogenous ligands (IgG and albumin) to FcRn located on
the cell surface. (1) The receptor-ligand complex is internalized by receptor-mediated
endocytosis, and subsequently (2) transported across the intestinal epithelium, within acidic
endosomes (pH < 6), to the other side of the cells (basolateral side) by transcytosis. (3) Upon
exposure to neutral pH, the endosomes fuse with the basolateral membrane. This neutral pH
condition allows the release of ligands to the lamina propria. (B) Recycling: (1) 1gG and
albumin present in the systemic circulation are internalized into the endothelial cells by fluid-
phase pinocytosis, and subsequently (2) bind to the FcRn located within the acidic
endosomes. (3) The receptor-ligand complex is trafficked through the endothelial cells and
recycled back to the cell surface, (4) where the endosome fuses with the cellular membrane
by exocytosis and releases the ligands into the blood under neutral pH condition. (5) The

ligands that do not bind to the receptor are degraded by intracellular catabolism.

Figure 4 | Schematic representation of the intestinal barrier. The intestinal mucosa is a
biologic barrier responsible for the absorption, composed by mucosa (epithelium, lamina

vii



propria and muscularis mucosae), sub mucosa (lymph nodes, glands and blood vessels),

muscularis externa (smooth muscle) and serosa (mesothelium).

Figure 5 | Schematic illustration of in vitro models: (A) Caco-2 mono-culture model, (B)
Caco-2/HT29-MTX co-culture model, (C) Caco-2/ Raji B co-culture model, (D) Caco-2/HT29-

MTX/ Raji B co-culture model and (E) 3D co-culture model.

Figure 6 | The mechanically active human Gut Chip. (A) Human villus intestinal epithelium
and vascular endothelium are lined on opposite sides of a flexible porous membrane under
fluid flow and peristalsis-like strains. A zoom-in schematic shows the intestinal
microenvironment undergoing complex crosstalk between commensal gut microbiome,
bacterial pathogens, and immune cells in parenchymal and vascular channels, respectively.
(B) Villus morphogenesis of human Caco-2 intestinal epithelium in the Gut Chip under
physiologically controlled motions and flow. (C) An overlaid image of the coculture of green
fluorescent protein—labeled Escherichia coli and microengineered villi in the Gut Chip. Bars =

50 mm. Reprinted with permission from %7,

Figure 7 | Schematic representations of the four of the organ systems used for
functional coupling. (A) The intestinal module is constructed in Transwell® from primary
jejunum enteroids. Test agents are applied in the apical compartment (1). The media collected
in the basolateral compartment (2) is used to add to the liver. (B) Media from the jejunum
intestine basolateral compartment (2) is perfused as a 1:3 jejunum/naive liver media into the
influx port of the SQL SAL liver model (3). Efflux media is collected (4) and used to add to two
downstream organ models. (C) The vascularized kidney proximal tubule module is a two
lumen, dual perfusion system. For the vascular compartment, jejunum/liver-conditioned media
(4) is diluted 1:2 or 1:4 with naive EGM-2 media and then perfused into the influx port (5) to
collect effluent from the proximal tubule at (6). In parallel with perfusion through the vascular
compartment, the proximal tubule compartment is perfused with naive DMEM/F12 PTEC
media (6) for effluent collection. (D) The blood-brain barrier with NVU is constructed in a
membrane-separated, two-chambered microfluidic device. The brain-derived endothelial
vascular compartment is perfused at the influx port (7) with jejunum/liver-conditioned media
(4) diluted 1:4 with naive EGM-2 media. The effluent is collected at the efflux port (7). In parallel
with perfusion through the vascular compartment, the neuronal cell compartment is perfused
with naive EBM-2 media at the influx port < 8> for effluent collection at (8). Reprinted with

permission from %2,

Figure 8 | Alignment of predicted porcine FcRn amino acid sequence (Sus scrofa,

NP_999362.2) with other species. The degree of homology is indicated by darker shading.
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Protein sequences are from GenBank (locus numbers: Human (Homo sapiens,
NP_001129491.1), Mouse (Mus musculus, NP_034319.2). Reprinted with permission from 17,

Figure 9 | Human FcRn transgenic mouse models for evaluation of IgG and albumin-
based therapeutics. Conventional C57BL/6J mice have been used to generate humanized
mouse strains that are transgenic for hFcRn. While (A) the Tg32 and Tg276 strains express
migG, (B) the Tg32-hFc strain expresses chimeric higG1 (chigG1). In comparison to these
mouse strains, (C) Tg32 albumin knockout mice do not express MSA, while (D) the double
transgenic mouse model (Albumus™) have both hFcRn and HSA. The figure was created with
BioRender.

Figure 10 | Representation of the rationale of this study: (A) lllustration of the crystal
structure of human albumin where targeted residues are shown as spheres: the free cys34
(black) in the N-terminal domain | and K500 (orange), H510 (orange) and K573 (blue) in the
C-terminal domain Ill. The figure was made using Pymol and the crystal structure data of
human albumin (PDB 1A06); (B) Schematic illustration of the designed NPs build up of PLGA
and PLGA-PEG-MAL with encapsulated soluble recombinant insulin and recombinant human
albumin on the NPs’ surface. Albumin was conjugated to the NP using maleimide chemistry,
which resulted in a thioether bond formed between the Cys34 of albumin and the maleimide
group of PLGA-PEG-MAL.

Figure 11 | Site-specific conjugation of albumin to NPs: (A) ELISA quantification of free
WT albumin detected after the washing step with Amicon® filter of 100 KDa; (B) Conjugation
efficiency (CE) with or without the presence of maleimide (MAL) after conjugation of 1 h or
overnight (ON) with WT albumin; (C) Conjugation efficiency (CE) of NPs conjugated with
reduced WT albumin (NP-WT) and non-reduced WT albumin (NP-WT without TCEP); (D)
Elementary analysis of native albumin, non-functionalized empty NPs (NPs-NF) and WT
albumin-conjugated empty NPs (NPs-WT); (E) Qualitative and (F) quantitative analysis
showing the similarity of the FTIR spectra between WT albumin and NPs-WT, using the area
overlap (AO) and spectral correlation coefficient (SCC) algorithms. Shown are the arithmetic

means * SD. *P< 0.05, comparing with native albumin by Student’s t-test.

Figure 12 | Insulin NPs characterization: (A) Representative TEM microphotograph of WT
albumin decorated PLGA-PEG NPs encapsulated with insulin, lyophilized 25000x. Scale bar:
500 nm. (B) Insulin release profile of functionalized and non-functionalized NPs under SGF (2
h) and SIF (from 2 h to 6 h). (C) The qualitative and (D) quantitative effect of NPs encapsulation
on protein structure. Analysis showing area-normalized second-derivative amide | spectra of

native insulin vs insulin-encapsulated NPs using the area overlap (AO) and spectral correlation



coefficient (SCC) algorithms. Shown are the arithmetic means + SD. **P<0.001, ***P<0.0001

comparing with native insulin by Student’s t-test.

Figure 13 | Albumin decorated NPs bind human FcRn. (A) A schematic illustration of the
ELISA set-up for measuring functional binding to human FcRn at pH 5.5. An engineered I1gG1
antibody (MST/HN) was coated in wells, to which recombinant soluble human FcRn was
captured, before adding naked albumin or albumin-decorated NPs. Bound albumin and
albumin-decorated NPs were detected using ALP-conjugated polyclonal anti-human albumin
antibodies. (B) Binding of naked human albumin variants (WT, KAHQ or KP) to human FcRn
at pH 5.5. (C) Binding of NPs decorated with human albumin variants (WT, KAHQ or KP) to
human FcRn at pH 5.5.

Figure 14 | Albumin-decorated NPs showed enhanced transcytosis capacity. Relative
amounts of (A) naked albumin variants (WT, KAHQ and KP) and (B) albumin-decorated NPs
detected in media collected at the basolateral side of polarized epithelial MDCK-hFcRn cells
4 h after adding the variants to the apical side in the Transwell® system (n=5-9). The amounts
were quantified by two-way anti-albumin ELISA, where WT albumin or NPs decorated with WT
albumin were set to 1, as a control. Shown are the arithmetic means + SD. **P<0.001,
***P<(0,0001 comparing with WT or NPs-WT by one-way ANOVA Dunnett's multiple

comparison test; n.a.: non applicable; ns: non-significant.

Figure 15 | HERA screening of engineered albumin variants and albumin-conjugated
NPs: (A) Relative uptake of naked albumin and albumin-conjugated NPs and (B) their
correspondent amount quantified by ELISA. (C) Relative recycling of naked albumin and
albumin-conjugated NPs and (D) their correspondent amount quantified by ELISA (n=9-11) in
HMEC1-hFcRn cells. Shown are the arithmetic means + SD. *P<0.05, **P<0.005,
***P<0.0005, **** P< 0.0001 comparing with WT or NPs-WT, n.a.: non applicable, by one-way

ANOVA Dunnett’'s multiple comparison test.

Figure 16 | Mean HERA score for naked albumin variants or conjugated to NPs. These

were calculated from the data shown in Figure 4.2 B and D.

Figure 17 | H&E stained sections of porcine Gl tract. (A) Morphologic differences between
esophagus, stomach, duodenum, jejunum, ileum, caecum, colon and rectum (10X); (B)
Identification of duodenum sections, as mucosa, sub mucosa, muscularis externa and serosa
(20X); (C) Schematic representation of intestinal morphology and sections division (mucosa,

sub mucosa and muscularis externa).



Figure 18 | Confirmation of FCRn gene expression across Gl tract. Before performing the
RT-PCR, RNA was extracted from fresh tissue of different sections of Gl tract and cDNA was
amplified. Results shown were performed with one tissue batch. Water and porcine blood were
included as negative and positive controls, respectively. Results shown were performed with

one tissue batch.

Figure 19 | Evaluation of FcRn expression over time, of stomach, duodenum and
jejunum. (A) Evaluation of FCRn expression by IHC of fresh porcine tissue. Control samples
were only treated with the secondary antibody, to check non-specific binding. Brown indicates
the antibody signal, while blue is the counterstain. (B) FCRn expression after 7 days of porcine
ex vivo incubation or freshly isolated at day zero. Before the RT-PCR, RNA was extracted from
fresh tissue and cDNA was amplified. Water and porcine blood were included as negative and
positive controls, respectively. Results shown were performed with one tissue batch.

Figure 20 | Engineered albumin showed enhanced transcytosis capacity in the porcine
ex vivo platform. (A) Representation showing porcine duodenum, as the tissue used to study
the intestinal permeability, using the porcine ex vivo platform. (B) Schematic illustration of the
cross-section of the interface design in a 96-well plate format. 100 uL of HBSS pH 7.4 was
added to the plate from the bottom, mimicking the basolateral side. Next, the tissue was put
on the plate, facing the apical side upwards. Finally, the magnetic plate from the top was
added, pressing the tissue to avoid leakage, and samples prepared in HBSS pH 6 were added.
(C) Relative amounts of naked albumin variants (WT, KAHQ, KP and PSA) detected in media
collected at the basolateral side, 4 h after adding the variants to the apical side in the porcine
ex vivo platform (n=6-10); (D) Relative amounts of NPs functionalized with albumin variants
(n=4-10). The amounts were quantified by two-way anti-aloumin ELISA, where WT albumin
and NPs-WT were set to 1, as a control. These results were obtained from 3 different pigs.
Shown are the arithmetic means = SD. =P < 0.05, *+P < 0.005, and #P < 0.0001, comparing
with WT by one-way ANOVA Dunnett’s multiple comparison test.

Figure 21 | Glycemiain human FcRn expressing mice induced with diabetes. (A) TLDM-
induced Tg32 mice were i.p. administered with STZ (150 mg kg—1) to induce diabetes. Body
weight and glucose levels were followed up every 2 days, during 7 days. (B) At day 7,
formulations were administered and plasma glucose levels were analyzed at different time
points, during 8 h: PBS, oral insulin 50 IU/Kg, s.c. insulin 2.5 [U/Kg, oral insulin 50 IU/Kg loaded
and non-functionalized NPs (NP-NF) and oral insulin 50 IU/Kg loaded and albumin-
functionalized WT albumin and KP NPs (n = 3-6/ group). Shown are the arithmetic means +
SEM. *P<0.05, ** P< 0.001 comparing with oral insulin by one-way ANOVA.
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Figure A1 | NMR analysis of all constituents from albumin-conjugated NPs loaded with
insulin: (A) HSA, (B) PLGA, (C) PLGA-PEG, (D) PLGA-PEG-MAL, (E) TCEP, (F) non-
functionalized NPs without maleimide, (G) non-functionalized NPs, (H) NPs functionalized with
non-reduced albumin, (I) albumin-functionalized NPs without maleimide and (J) albumin-

functionalized NPs.

Figure A2.1 | Experimental procedure of the intestinal permeability under different g-
levels; (A) Schematic illustration of cell culture and HG exposure process: Caco-2 cells were
cultured for 21 days, to allow their differentiation into enterocyte-like cells. After this, Ins-NPs-
Alb were incubated for 4 h, at different g-levels; (B) Schematic diagram for an example of HG
exposure at different time points (0.5, 1, 2, 3 and 4 h). During this rest period at 1 g, TEER
was measured and samples were removed from the basolateral side, for further quantification.
This set up was performed for 2.5 g, 5.0 g and 7.5 g using the LDC and 1.0 g using an orbital-
shaker, as control.

Figure A2.2 | Evaluation of metabolic activity of Caco-2 clone cells after HG exposure.
(A) Evaluation of cellular viability through resazurin assays; (B) Evaluation of cellular toxicity
through LDH assay. Shown are the arithmetic means + SD. *P<0.05 comparing with 1 g, by

one-way analysis of variance (ANOVA) Dunnett’'s multiple comparison test. N=6.

Figure A2.3 | Assessment and comparison of cellular integrity at different g-levels. (A)
Schematic illustration of the studied cellular components involved in different transport vias.
Visualization of (B) claudin-1 and MUC2; (C) ZO-1 and PEPT1, (D) actin and FcRn. Claudin-
1, ZO-1 and actin are presented in green. MUC2, PEPT1 and FcRn are presented in red.

Nuclei are blue.

Figure A2.4 | Overview sketch of the quantitative expression. Analysis of the expression
percentage of (A) transporters of influx and efflux; (B) components of tight junctions; (C)
cytoskeleton and (D) mucus production, after exposure to different g-levels. The quantitative
data are related to images presented at Figure 3. Quantification was done using ImageJ and

each sample was normalized to the reference condition.

Figure A2.5| ORTO visualization of cellular components at different g-levels. Claudin-1,
Z0-1 and actin are presented in green. MUC2, PEPT1 and FcRn are presented in red. Nuclei

are blue.

Figure A2.6 | H&E staining to address the cellular integrity when exposing to different

g-levels. Ins-NPs-Alb were exposed to different g-levels (2.5 g, 5.0 g and 7.5 g) for 4 h. Cells

Xii



with no treatment and shaking at 1.0 g were included as controls. Cytoplasm stained with pink
and nucleus with purple. The Transwell® membrane is transparent and is right below the

cellular monolayer. Scale bar = 100 pm.

Figure A2.7 | Evaluation of the safety of Ins-NPs-Alb in Caco-2 clone cells. (A) Cellular
viability, assessed by the MTT assays and (B) cellular cytotoxicity assessed by the LDH assay,
of NPs loaded or not with insulin and conjugated or not with WT albumin. Free insulin was
included as a control.

Figure A2.8 | Intestinal permeability and respective TEER values of Ins-NPs-Alb after
HG exposure. (A) Schematic representation of FcRn-mediated transcytosis used by Ins-NPs-
Alb through intestinal epithelial cells; (B) Permeability percentage of Ins-NPs-Alb, quantified
by ELISA, and (C) respective TEER values during 4 h of incubation at different g-levels. Shown
are the arithmetic means = SD. *P < 0.05 comparing with 1.0 g, by two-way analysis of

variance (ANOVA) Dunnett’'s multiple comparison test. N=6 for all groups.

Figure A3.1 | Analysis of protein interaction using Bio-layer interferometry (BLI): (A)
screening of NPs concentrations; (B) regeneration test, (C) kinetic test of the three
formulations, against different FCRn concentrations, and (D) differences between shape and
intensity of the FcRn binding affinity with engineered albumin conjugated NPs. Relative binding
of (E) naked human albumin variants and (F) NPs decorated with human albumin variants to
human FcRn at pH 5.5.

Figure A3.2 | The relative transport of: (A) naked albumin variants (WT, KAHQ and
TNNEKP), and (B) albumin-decorated NPs detected in media collected at the basolateral side
of polarized epithelial MDCK-hFcRn cells 4 h after adding the variants to the apical side in the
Transwell® system (n=5-12). The amounts were quantified by ELISA, where WT albumin or
NPs decorated with WT albumin were set to 1, as a control. Shown are the arithmetic means
+ SD. *P<0.005, ***P<0.0001 comparing with WT or NPs-WT by one-way ANOVA Dunnett’s

multiple comparison test.

Figure A3.3 | The relative uptake and recycling of: (A) naked albumin variants (WT, KAHQ
and TNNEKP), and (B) albumin-decorated NPs, and their correspondent amount quantified
by ELISA (n=9-15) in HMEC1-hFcRn cells. Shown are the arithmetic means * SD.
***P<0.0005, **** P< 0.0001 comparing with WT or NPs-WT, by one-way ANOVA Dunnett’s

multiple comparison test.

Figure A3.4 | Biodistribution in vivo detection. (A) Qualitative analysis of the fluorescence,
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after 30 min of administration of NPs with cy7.5 and respective blanks whithout cy7.5; and (B)
guantitative of the fluorescence present in mice, at different time points during 8 h. (C)
Qualitative and (D) quantitative analysis of the GIT after 2 h of administration. NPs without
cy7.5 were included as controls. All images were normalized by the control (same scale and
ROI window).

Figure A3.5 | Hypoglycemic effect of TLDM-induced mice following i.p. administration
of STZ (150 mg kg™). (A) Plasma glucose levels and (B) Plasma insulin level following PBS,
oral insulin 50 IU/Kg, s.c. insulin 2.5 [U/Kg, non-functionalized NPs (NPs-NF) and
functionalized with KAHQ and TNNEKP (n = 5-6 animals).
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1. Introduction

1.1. Epidemiology and the biology behind the disease
Diabetes mellitus (DM) is a major worldwide health burden. Around 463 million people
were living with diabetes worldwide by 2019, and this number will rise to 700 million by
2045 if current trends are maintained 1. In addition, it is estimated that the full global costs
of diabetes in adults will increase from U.S. $1.3 trillion in 2015 to $2.1 trillion by 2030 2.
There are three main types of DM: type | diabetes mellitus (T1DM), type Il diabetes
mellitus (T2DM) and gestational diabetes. Also, intermediate conditions, such as
impaired glucose tolerance and impaired fasting glycemia can be considered, since they
can progress into diabetes 2. TIDM is caused by an autoimmune reaction, characterized
by the attack of the immune system to the pancreatic insulin-producing beta cells.
Commonly, it is a childhood-onset disease and patients are insulin dependent. In this
case, patients have to chronically administer multiple daily injections, which is painful,
invasive and reduces patient’'s compliance *. In T2DM, hyperglycemia is initially the result
of the inability of cells to fully respond to insulin and, over time, to inadequate production
of insulin as a result of failure of the pancreatic beta cells. T2DM, predominant in adults,

also implies recurrent administration of GLP-1 incretin analogs by invasive routes °.

1.2. Oral insulin delivery for TIDM
Insulin, with 5.8 KDa of molecular weight, is composed by 51 aminoacids (a.a.), which
are divided into two chains: chain A with 21 a.a. and chain B with 30 a.a. As shown in
Figure 1, these two chains are connected by two disulfide bonds (A7-B7 and A20-B19)
and the chain A also presents one disulfide linkage (A6—A11). Tipically, the basal insulin
correspond to 5-15 U/mL and the response to meal intake is 60-80 U/mL 3.
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Figure 1 | Schematic representation of human insulin. It is formed by chain A with 21 a.a.,
chain B with 30 a.a., two disulfide bonds connecting the two chains and one disulfide linkage

within chain A.

Doubtless, insulin is considered the main candidate to treat the symptomatology of

T1DM. Some user-friendly products have been slowly reaching the market, as insulin
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patch-pumps systems as well as inhaled and buccal insulin. However, these are currently
used for T2DM or do not have an advantageous bioavailability, compared to the current
subcutaneous (s.c.) administration. Lately, a lot of investigation has been focused on
oral delivery of insulin for TIDM, as the most preferable route of administration. In fact,
the s.c. insulin do not mimic a physiologic situation, since insulin is delivered to peripheral
circulation. In an oral delivery situation, insulin is absorbed in the intestinal lumen and
transported to the liver via portal circulation, where can avoid the hepatic glucose
production. This biodistribution was already studied elsewhere ©. The liver is the primary
site to regulate glucose homeostasis and it is known that 80% of the oral insulin is
retained in it and the rest reaches systemic circulation, creating a 3-fold higher insulin
concentration in portal vein than in systemic circulation. However, in case of s.c., insulin
is obviously more concentrated in peripheral circulation, which disrupt the liver’s balance
between glycogen storage and glucose output. This unbalanced state drives to
hiperglycemia, which can easily lead to hypoglycemia when treated with high insulin
doses ’. Insulin has a hydrophilic nature, so the paracellular route is the main way to
surpass the intestinal epithelium. However, as happens with other proteins, insulin can
be degraded throughout the gastrointestinal tract (GIT), reducing the oral bioavailability.
In this sense, absorption enhancers and protease inhibitors are currently used as
strategies to enhance insulin bioavailability. However, these can be a concern regarding
the long-term toxicity. Table 1 presents some examples of oral insulin formulations that
are currently in clinical trials. From these, the system developed by Diasome seems to
be the most promising strategy. The technology contains proteolytic enzymes and
mimics endogenous insulin via HTM guidance towards hepatocytes. Besides, it uses low

insulin doses, reducing the risk of hypoglycemia &.

Table 1 | Oral insulin formulations for TLDM under clinical trials.

Name Technology Clinical trial Company Ref

Protein Oral Delivery™ (POD) technology

comprises an enteric-coated capsule that Oramed
ORMD-0801 | . ) o lla . °

incorporates insulin, protease inhibitors and Pharmaceuticals

absorption enhancers.

. Silica nanoparticles with a combination of Oshadi Drug
Oshadi Icp o S ) Il o ) 10
insulin, proinsulin, and C-peptide. Administration
HDV Oral hepatocyte-directed vesicle insulin gel i Diasome .
capsule. Pharmaceuticals
IN-105 Insulin analog: Lys-B29 bond to PEG. I Biocon u




1.3. Biologic barriers of oral delivery drugs
During drug design for drug delivery, some details should be taken into account: (1)
drugs must be able to surpass the harsh conditions of GIT; (2) once internalized, they
must reach the target; and (3) guarantee that pharmacokinetics is maintained.
Drugs can be administered by ocular, buccal, sublingual, oral, intravenous,
intramuscular, subcutaneous, transdermal, pulmonary/nasal or vaginal/rectal routes,
being the oral the most convenient 12, However, for orally delivering, the preferred route,
they have to pass through: the oral cavity coated by proteins, mucosal compounds and
bacterial flora; the stomach, and be attacked by acid bath; and the intestine and contact
with the alkaline environment, being subjected to the activity of different digestive
enzymes, the presence of a mucus layer (glycoprotein mucin) and tight junctions. After
being absorbed, drugs pass through endothelial cells, and reach the blood, where can
be taken up by a monocyte. Meanwhile, and in case of intracellular delivery, drugs travel
through endosomal and lysosomal environments, which might contribute for drug
degradation, until reach the target 2.
Taking all this in mind, it is mandatory that nanomaterials surpass the mononuclear
phagocyte system (MPS), avoid nonspecific distribution, drug resistance, escape to
lysosomes and reach the target with the original bioavailability *.

2. Nanoparticles as a strategy for drug delivery
Nanoparticles (NPs) are seen as carriers that protect peptides from degradation and
deliver active payloads more efficiently to the intended sites within the GIT, ultimately

potentiating the oral bioavailability.

2.1. The evolution of Nanomedicine
The developments in nanomedicine drug delivery have opened new perspectives to
design and synthesize efficient nanocarriers and multifunctional nanomaterials. At the
beginning, the production was focused on biocompatibility and toxicity. The second-
generation of nanomaterials aimed for having an optimized surface, to give more
stability, stealth, and targeting capabilities. The most recent model support the “smart
nanomedicine” idea, improving targeting mechanisms and theranostic abilities *°. In fact,
nanomaterials provide a stable biocompatible environment to encapsulate drugs,

promote a controlled release and an efficient absorption %17, It is also noted that they



improve the therapeutic effects duration and minimize unwanted effects by driving drugs
and increasing their concentration in the site of action ! 1°. Depending on the
accumulation of the delivery system in the tissue, cell or in a specific subcellular
compartment of interest, targeting approaches can be primary, secondary or tertiary,
respectively 2°. This nanotechnological advance became very important since it allows
drugs to cross physiological barriers to reach target sites, safely and sustainably 2*.

2.2. Nanoparticles characteristics and their influence

Internalization and intracellular transport mechanisms are affected by nanomaterials
properties. Different characteristics (size, charge, shape, elasticity) contribute to a
different interaction between the nanomaterial and the cell membrane, causing altered
signaling events and activation of different pathways of adhesion and internalization.
Thus, the desired result, for more effective and distinctly targeted delivery, can be
obtained controlling these parameters, which are important to attain the target and
specific activity at a predetermined rate and time 2 15,

Size

Size is the priority parameter because it determines the endocytosis pathway and also
states which cells uptake the particle. Particles smaller than 10 nm are mainly removed
by renal clearance ?2. Particles, when orally administered, with a size between 10-100
nm have higher cellular uptake efficiency, since they are taken up in Peyer’s patches,
and then absorbed into systemic circulation, avoiding rapid renal clearance. On the other
hand, larger particles are removed by MPS, and those within 200—300 nm cannot even
pass, being concentrated in the spleen 2324, In internalization, larger particles (>1um)
enter the cell by macropinocytosis; with 120 nm by clathrin-dependent pathway; those
with 50-100 nm by caveolae-dependent pathway and finally smaller particles (<50 nm)
can be internalized through clathrin- and caveolae-independent pathway. So the

internalized nanomaterials are intimately connected with the size of vacuole formed 2°.

Surface composition

Nanomaterials surface is also an important aspect, since its composition is in contact
with the cell, which can be affected by hydrophobicity or hydrophilicity. So, this parameter
determines the cellular internalization and intracellular transport and influences the
circulation time and nanocarrier association with cells and their recognition. Hydrophobic

particles can be delivered to immune cells and penetrate into the bilayer membrane,
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being easily internalized 2% 2. Normally, polymers are added to nanomaterials to turn
their surface more inert, hydrophilic, avoid immune clearance and increase the blood
circulation time. PEGylation is a strategy to make nanomaterials invisible to
macrophages or phagocytes and to prolong half-life 2. In this case, polyethylene glycol
(PEG) chains are covalently conjugated to nanomaterials, conferring a hydrophilic nature
29 PEG can capture water molecules and form a natural barrier around the nanomaterial

hindering proteins from adsorption, usually known as the “stealth” effect *.

Charge

Also surface charge can be manipulated. For example, intestinal cell membrane is
negatively charged, as plasmatic membrane, due to phospholipids, so positively charged
nanomaterials interact more strongly, enhancing internalization 1. A typical example is
polyethyleneimine (PEI), which is commonly used to permeate membranes and let
nanomaterials enter 2. In terms of transport, positively charged particles utilize clathrin
and macropinocytosis 3 while negatively charged particles tend to utilize caveolae
mediated pathway 3+ 3. Neutral or slightly negatively charged particles are considered
the best for long circulation, since they are not susceptible to MPS. On the other hand,
charges highly positive or negative are taken up by macrophages %",

Shape

Shape can also dictate the path of the particle and, inclusively, can change over time or
after receiving external stimuli for long circulation and surpass barriers. It is an important
factor in flow margination, avoidance of immune system and tissue accumulation.
Spherical particles are better internalized by macrophages, while asymmetrical
nanomaterials are more advantageous for sensing, self-assembly, tissue engineering,
immunoengineering, therapeutic and diagnostic delivery > 26, One of the strategies is to
create elliptical particles to escape macrophages and then, after a stimuli, change to a

sphere form for a better internalization 25 3,

Elasticity and solubility

Finally, increasing elasticity also increases blood residence time and avoids clearance
by immune system. Soft nanomaterials use macropinocytosis while harder ones are
internalized through clathrin-dependent mechanisms 2639,

It is also popular chemically modify nanomaterials to change the fluidity and/or solubility

of mucus, regarding oral administration. According to literature it is possible to add fatty
9



acids or to substitute a.a. to obtain an increased solubility. The fatty acids addition is
proportional to the increased solubility, which may increase 16-fold with linoleic acid “°.
A similar effect was also observed with capric acid, lauric acid and oleic acid. These fatty
acids increase the hydrophilic transport and reduce the transepithelial electrical
resistance, which indicates the opening of tight junctions .. In fact, the paracellular
transport has been related, in several papers, with the transport of poorly absorbed
drugs. It was even studied the relation of that event with fatty acids and their effects on
increased absorption of mannitol, a paracellular marker, and on morphology changes of
tight junctions %2, The a.a. substitution is demonstrated by a group of scientists that
introduced 20 a.a. in ribonuclease (Rnase) Sa at position 76, confirming that asparagine,
glutamine and threonine have more significant protein solubility 3.

In short, it is clear that these characteristics (Table 2) influence the uptake, renal
clearance, drug stability, circulation time, drug release or even change NPs properties
after internal (pH, redox, temperature, enzymes) or external stimuli (ultrasound,

magnetic, light, electrical) 12 32,

Table 2 | The influence of NPs characteristics on cellular uptake, internalization pathway
and their strategies.

Characteristic Cellular uptake Internalization pathway Strategy

<10 nm Renal clearance Add a penetration
10-100 nm Peyer’s patches <50 nm: clathrin- and enhancer (PPS,
caveolae-independent polyacrylate, chitosan,
Si 100-200 nm Removed by MPS 50-100 nm: caveolae- phytic acid, self-
ize i
dependent assembling lipid-like
120 nm: clathrin- peptides, thiomers and
dependent lectins) to macromolecules
200-300 nm Spleen Macropinocytosis to open tight junctions
Avoid phagocytic
clearance, prolong drug
circulation and improve
Surface Hvdrophobic immune cells their biocompatibility:
compaosition yarop -Add hydrophilic polymers
(PEGylation)
-Biomimetic surfaces
(CDA47, leukocytes)
Positive Highly positive: Clathrin and
taken up by . .
macropinocytosis
macrophages
Neutral The best for long Positively charged
circulation nanomaterials interact
Charge -Highly negative: more strongly with the
taken up by negatively intestinal cell
Negative macrophages ) Caveolae mediated membrane
- Slightly negative:
the best for long
circulation
Spherical Macrophages Elliptical particles to
Shape .
Asymmetrical --- --- escape macrophages and
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after a stimulus change to
a sphere form for a better
internalization

Avoid immune

EIa:rtllé:lty Soft system Macropinocytosis -Add fatty acids
Solubility Harder Clathrln-dependent -Substitute amino acids
mechanisms

3. Functionalized nanoparticles for an enhanced bioavailability
Functionalized nanomaterials are guided to a specific target, improving drug effect and
minimizing unwanted effects by driving drugs towards the exact site of action. Inclusively,
the upgrading of their ADME (absorption, distribution, metabolism, and excretion),
enhance the therapeutic efficiency 3 2,

Active targeting of NPs is commonly referred when drugs reach the right target through
the site-specific targeting. This means that there is an interaction between the targeting
ligands on nanocarriers and the receptors on cell membranes. The recognition
performed during the interaction is specific, promoting particles internalization 4+ 4. So,
modifying nanomaterials surface with certain ligands is an option to improve cell uptake

and endosomal escape “°.

3.1. Albumin as a ligand

Albumin is an endogenous protein with nontoxic and nonimmunogenic properties, and
biodegradable and biocompatible in nature, being a desirable carrier for drugs. In
addition, albumin is one of the most abundant protein in blood (40 mg/mL in mouse and
humans) 4, possessing high binding capacity and good water solubility, which promotes
the transport of poorly soluble drugs “¢. Through the 3D crystalline structure of albumin,
it is known that is made up by 585 a.a. in a heart shape, contains three domains (l, Il and
), each of them divided into two subdomains (A and B) and stabilized by 17 disulfide
bridges. Moreover, albumin has binding sites within hydrophobic cavities in subdomains
[IA (site 1) and IlIA (site II). The subdomain IIA has one Trp residue (Trp214) and is the
binding site for several drugs. Furthermore, albumin structure also contains seven
binding sites for fatty acids in IB, IlIA and IlIB subdomains, and a high affinity metal
binding at the N-terminus “°.

The C-terminal DIl of albumin contains the principal binding sites for FcRn, while the N-
terminal DI modulates the binding °* ®1. Mutations within DIl can therefore alter the

binding affinity of albumin for FcRn %2. The albumin residues Lys500 and His510 are
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considered to be crucial for the receptor binding, in which the two-point mutation of lysine
with proline (K500A) and histidine with glutamine (H510Q) results in a 14-fold reduction
in FcRn binding (KAHQ) compared to the WT albumin %°. Individual mutations at these
positions have been shown to decrease the binding affinity to the receptor by 30-fold
(KA) and 14-fold (HQ). Conversely, a single-point mutation at position 573 with any a.a.
improves ligand binding to FcRn. In particular, K573P (KP), where Lys573 is substituted
by proline, increases the binding affinity by 12-fold and extends 1.4- and 1.6-fold the

serum half-life in human transgenic mice and cynomolgus monkeys, respectively 5.

3.2. FcRn as areceptor

3.2.1. FcRn structure and interaction with albumin

FcRn is a transmembrane heterodimeric glycoprotein structurally similar to major
histocompatibility complex class | (MHC-I) molecules with an alpha (a) heavy chain (40-
46 kDa), composed of three extracellular domains (a1, a2 and a3), and a beta-2-
microglobulin (Bzm) light chain (12 kDa) 5* %%, The a1 and a2 domains assemble a
platform of eight antiparallel 3-strands topped by two a-helices, while the a3 domain,
located below the a1- a2 platform, is non-covalently associated with the B.m light chain
55, %6 Unlike MHC-I, the peptide binding groove of FcRn is occluded. Instead, FcRn
exhibits high binding affinity to IgG and albumin at an acidic pH of 5.0-6.5 and no binding
at physiological pH (7.4), except some IgG2 and IgG3 allotypes % 57€0 This pH-
dependent behavior can be attributed to the pH-sensitive histidines (His) residues,
located in the domain IlI (DIII) of albumin and in FcRn. According to the literature, His is
the only amino acid that changes its charge between pH 5.5 to 7.4, which is due to the
presence of an imidazole group. At acidic conditions, the imidazole group becomes
positively charged and binds to a.a. that are negatively charged. However, at
physiological pH (7.4), His residues lose their protonation and, consequently, are unable
to interact with oppositely charged aminoacids. As result, FCRn releases their ligands,
IgG and albumin, and does not interact with them at physiological pH °° %% %2, FcRn can
simultaneously bind both IgG and albumin as a ternary complex (Figure 2) with a
stoichiometry of 1:1 for albumin:FcRn ¢ and 1:2 for IgG:FcRn % &, This simultaneous
binding occurs in a non-cooperative manner without undergoing major conformational
changes 50 61.64.65,

Compared to 1gG, albumin is more hydrophobic in nature and hence involves a larger

FcRn binding region located at the opposite binding site for IgG. Both DI and DIll of
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albumin play a critical role in the FcRn-albumin interaction. While DIl is the core binding
site of FcRn, DI modulates the binding of albumin to the receptor %° %1, The hydrophobic
pockets DIIIA and DIIIB interact with the FcRn residues Trp59 and Trp53 located within
a pH-sensitive a1-domain loop. This loop regulates interaction of the receptor with
albumin 62 % At acidic pH, the histidine residue, His166 residing within the FcRn a2-
domain, is protonated and interacts with Glu54 and Tyr60 found on the loop via hydrogen
bonding, resulting in loop stabilization, and an ordered FcRn structure required for
efficient albumin binding. The mutations of Hisl66 have shown to diminish or
considerably reduce the binding affinity of FcRn to albumin *°. Several other DIl residues
of albumin essential for binding include histidine residues (His464, His510 and His535),
as well as Lys500 °% 62, |n addition to DIII, DI of albumin contributes to FcRn binding by
interacting with residues of the FcRn a1-a2 platform. Asn109, Asn111, and Asp89-Arg81

of albumin form contacts with Lys63, Ser58, and Thr153 of FcRn, respectively 5766,

HSA Dlilay’
E \Z_NL%?N ’

Figure 2 | Crystallographic illustration of the ternary complex of hFcRn bound to higG and
HSA. The three domains of the hFcRn heavy chain (denoted a1, a2, and a3) are shown in green,
and the 2m subunit in gray. The higG1 Fc fragment is shown in brown. The subdomains DI, DII,
Dllla and DllIb of HSA are colored in orange, wheat, light cyan and light blue, respectively. (A)
Close-ups showing key amino acid residues involved in the interaction between higG1l (H310,
1253, H435, N434) and hFcRn (E115, W131, D130). (B and C) Close-ups of the interactions
between two loops in DI of albumin (loop |; R81, D89, and looa II; N109, N111) and hFcRn (T153,
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K63, S58). (D) Close-ups of the intramolecular interactions between H166 of the a2 domain and
E54 and Y60 of the a1 domain in hFcRn, which form at acidic pH and in turn stabilize the loop
containing W51, W53, W59 and W61. (E and F) Close-ups showing W59 and W53 of hFcRn
inserted into hydrophobic pockets in Dllla (T422, V426, L460, L463, H464 and T467) and Dlllb
(F502, F507, F509, T527 and F551) of HSA, respectively. The figure was made using PyMol and
the crystal structure data of hFcRn in complex with higG1 Fc and HSA (4NOU).

3.2.2. Biologic mechanisms mediated by FCRn

FcRn has a key role in bidirectional transporting and prolonging half-life of IgG and
albumin at mucosal and systemic sites, respectively. The receptor is predominantly
expressed within acidified endosomes of endothelial cells lining the inner surface of
blood vessels and lymphatic vessels, which is associated to the long half-life of both IgG
and albumin in the systemic circulation ¢ %8, However, FcRn can also be found on the
outer surface of plasma membrane of polarized epithelial cells ¢°. At both cell types, the
interaction of IgG and albumin to FcRn befalls simultaneously in a strict pH-dependent
manner, with binding at acidic pH (5.0-6.5) and release at neutral pH. Due to lysosomal
escape and recycling pathway, the FcRn ligands are the most abundant blood proteins
in humans with half-lives around 3 weeks, which is much higher than most other proteins
in the human body ©2.

Regarding the transcytosis mechanism, it can occur in polarized epithelial cells of
intestinal epithelium of the GIT, where the mildly acidic conditions of the intestinal lumen
promotes the binding of IgG and albumin to FcRn and their trafficking through the
enterocytes. Briefly, at the apical surface of the mucosal membranes, 1gG and albumin
bind to FcRn and form FcRn-ligand complexes, which are then transcytosed through the
polarized epithelial cells from the intestinal lumen to the basolateral side of the epithelium
(lamina propria) (Figure 3 A). Upon the pH change to neutral on the basolateral side,
the ligands are dissociated from FcRn and released into the lymphatic system, entering
the systemic circulation via the thoracic lymph nodes. The ligands that do not bind to
FcRn are degraded by lysosomes ° %, The amount of endogeneous ligands
transcytosed can be quantified through the traditional Transwell® assay °. For this assay
it is normally used human colonic adenocarcinoma-derived Caco-2 and T84 epithelial
cell lines or Madin-Darby Canine Kidney (MDCK) cells, among others, since
endogenously express FCRn.

In comparison to epithelial cells, endothelial cells take up surrounding 1gG and albumin
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by fluid-phase pinocytosis due to the neutral pH of the blood and form intracellular
vesicles. The low pH into the acidified endosomes (pH 5.0-6.0) allows ligands to bind
FcRn. FcRn-ligand complexes are subsequently recycled back to the cell surface and
dissociated from FcRn under neutral conditions of the bloodstream, while unbound
ligands are broken down by lysosomes (Figure 3 B). FcRn recycling can be a strategy
to prolong drug circulation and enhance the therapeutic drug profile, when it comes to
drug degradation, rapid renal clearance and non-specific accumulation. The recycling
can be quantified through the human endothelial cell-based recycling assay (HERA) ™.
In addition, through this assay it is possible to estimate the extended half-life in human
FcRn (hFcRn), transgenic mice and cynomolgus monkeys. In this assay is normally used
a modified human dermal microvascular endothelial (HMEC1) cell line to express human
B2-microglobulin and the hFcRn HC with an N-terminal HA-tag and EGFP-fused C-
terminally (HMEC1-hFcRn) 72,
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Figure 3 | Schematic representation of FcRn transcytosis and recycling pathways in
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intestinal epithelial cells and endothelial cells, respectively. (A) Transcytosis: In the

polarized epithelial cell monolayer of the intestine, the acidic conditions of intestinal lumen (apical
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side) favor the binding of endogenous ligands (IgG and albumin) to FcRn located on the cell
surface. (1) The receptor-ligand complex is internalized by receptor-mediated endocytosis, and
subsequently (2) transported across the intestinal epithelium, within acidic endosomes (pH < 6),
to the other side of the cells (basolateral side) by transcytosis. (3) Upon exposure to neutral pH,
the endosomes fuse with the basolateral membrane. This neutral pH condition allows the release
of ligands to the lamina propria. (B) Recycling: (1) IgG and albumin present in the systemic
circulation are internalized into the endothelial cells by fluid-phase pinocytosis, and subsequently
(2) bind to the FcRn located within the acidic endosomes. (3) The receptor-ligand complex is
trafficked through the endothelial cells and recycled back to the cell surface, (4) where the
endosome fuses with the cellular membrane by exocytosis and releases the ligands into the blood
under neutral pH condition. (5) The ligands that do not bind to the receptor are degraded by
intracellular catabolism.

3.3. Albumin- based drug delivery of insulin

By harvesting recent knowledge about FCRn biology, it was possible to fuse receptor-
targeting molecules to the peptides, to provide a favorable binding and transport
properties. For the treatment of both TIDM and T2DM, fatty acid-based strategies have
been developed for insulin. One is insulin detemir (Levemir®) 7 and another is insulin
degludec (Tresiba®) ™ 76, Both are recombinant human insulin analogs with a fatty acid
linked to a lysine residue, while insulin degludec also lacks a threonine residue. They
have distinct half-lives of 18-26 hours and 42 hours for insulin detemir and insulin
degludec, respectively 78, An insulin analog with an activity profile close to that of
insulin detemir is insulin glargine (Lantus®) with a half-life of about 24 hous . Instead of
modification of the fatty acid side chains, insulin glargine includes two additional arginine
residues in the beta chain and an amino acid replacement of asparagine at position 21
with glycine. Nevertheless, these products have gained market approval for once-daily
dosing. To further extend half-lives of insulin analogs, insulin icodec (LAI-287) has been
developed as a once-weekly insulin that is currently in phase | and phase Il clinical trials
in patients with TIDM and T2DM, respectively & 81 As a result of three amino acid
substitutions and the addition of an icosane fatty diacid to this insulin analog, it shows an
extended half-life of 8 days in humans and improved stability and solubility.

Despite that these strategies secure prolonged blood persistence compared with native
peptides, treatment relies on s.c. injections. Currently, there are no oral insulin (Ol)-
based drugs available for DM treatment. However, very recently, the first clinically tested
once-weekly Ol analog, named OI338, demonstrated efficacy near subcutaneously

injected insulin glargine 8, which has led to the development of long-acting Ol
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formulations &. Commonly, a tyrosine at position 14 and a phenylalanine at position 25
are replaced by glycine and histidine, respectively, in addition of a deletion of threonine
at position 30 8. These amino acid modifications make Ol less susceptible to
degradation in the GIT upon oral administration 8 8% in combination with the use of an
absorption enhancer, such as Gastro Intestinal Permeation Enhancer Tablet |
(GIPET®1) based on sodium caprate 8. To gain improved HSA binding, the lysine
residue at position 29 of the Ol is coupled to a strong albumin binding molecule (C18
fatty diacid) via a hydrophilic linker. Moreover, Ol molecules can be designed for
prolonged half-life by engineering for decreased insulin receptor affinity. This design
resulted in 01338 with a half-life of 70 hours in T2DM patients 82, In the context of FcRn,
it has been demonstrated that binding of fatty acids to the hydrophobic pockets of HSA
is, in fact, negatively affecting receptor binding, in which the effect depends on the length
of the fatty acid °¢. As such, half-life extension upon conjugation to fatty acids will have
limitations. Regarding oral delivery, this means that fatty acid-based strategies may not
benefit from albumin binding to FcRn expressed at epithelial cell barriers. This is a highly
interesting topic that should be addressed in future studies.

Antidiabetic peptide strategies may be combined with nanosystems tailored for oral
administration to achieve more efficient delivery across the selective mucosal barriers.
Although, this requires a sophisticated design that allows the nanosystems to be taken
up and delivered to the circulatory system more efficiently than what has been
demonstrated to date. Receptor-targeting molecules may also be used to decorate

nanosystems, as will be discussed below.

3.4. Albumin-targeted nanosystems for oral delivery of insulin

Although IgG Fc have been explored as FcRn-targeting moieties, their use is impeded
due to the need for chemical modification for conjugation. As such, HSA may be used
for decoration of NPs owing to low immunogenicity and ease of production 8 8,
Furthermore, it was very recently shown that HSA is transported more efficiently than
hlgG across mucosal lung barriers in vivo in hFcRn trangenic mice . On this basis, HSA
may be an attractive targeting molecule for favorable FcRn-mediated transepithelial
delivery of nanosystems for oral administration of antidiabetic peptides 8-,

An example of nanosystems that have been combined with albumin is polymeric
alginate-dextran sulfate-based (ADS) NPs with an average hydrodynamic diameter of
233 nm, that were coated with chitosan . In contrast to synthetic PLA and PLGA, the

polymers alginate, dextran and chitosan used to synthesize NPs are natural product-
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derived compounds that provide nanosystems with mucoadhesive characteristics . In
this study, bovine serum albumin (BSA) was non-specifically adsorbed onto the surface
of ADS NPs &, in contrary to site-directed chemical coupling of Fc-decorated NPs %13,
In an in vitro model of polarized epithelial cells expressing hFcRn combined with mucus-
producing goblet cells, BSA-decorated NPs loaded with insulin showed an improved
permeability profile of the peptides compared to free insulin 8. However, cautious should
be taken when interpreting the result since the binding kinetics of BSA for hFcRn is not
identical to that of HSA %4, Aside from that, strategies for surface modification of NPs and
pH-dependent functionality of ligands are two other important parameters to address.

An attempt was made to decorate the surface of HPMC-treated undecylenic acid-coated
SiNPs with HSA via EDC/NHS reaction ®. The chemical surface modification of NPs with
HSA showed an increase in particle size from 162 nm to 238 nm after conjugation, with
high monodispersity. Interestingly, HSA-conjugated NPs (HSA-NPs) exhibited improved
cytocompatibility in human epithelial cell lines relative to non-conjugated NPs, which
suggests that decorating nanosystems with biocompatible compounds, such as HSA,
may reduce the toxicity of inorganic nanomaterials. Furthermore, the presence of HSA
on the NP surface demonstrated enhanced cellular uptake and internalization of
nanosystems in vitro with the aid of hFcRn expressed on the cell surface . Done in this
fashion, HSA-NPs encapsulating insulin showed enhanced transport of loaded peptides
across polarized epithelial cell monolayers in an in vitro transcytosis assays. The data
also suggested an improvement in the transepithelial delivery of encapsulated
antidiabetic peptides when comparing HSA-NPs with 1IgG Fc-NPs °%, which encourages
research on the use of engineered HSA variants tailored for improved FcRn binding and

transport properties as targeting ligands 8.

4. Intestinal models for preclinical validation

The intestinal epithelium is responsible for the control of drugs passage, namely
digestion, absorption of nutrients and water homeostasis. The intestine is thus important
for the permeability of NPs, which depends on intestinal morphology, biochemical factors

and dosage *.

4.1. Intestinal morphology

Morphologically, the small intestine is divided into mucosa, sub mucosa, muscularis
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propria and serosa %°. The mucosa is 90% covered by enterocytes and consequently by
microvilli, having an important impact on absorption %. This area is composed by
epithelium, lamina propria and muscularis mucosae. In more detail, epithelium, the layer
in contact with lumen, is where cell proliferation, differentiation and apoptosis may occur,
due to the presence of proliferative crypts. These differentiated cells can be absorptive
enterocytes or secretory cells (goblet cells, enteroendocrine cells and Paneth cells). In
terms of function, enterocytes present the most important one, the absorption of
nutrients, since they are highly polarized cells and can transport them from the apical,
through the epithelium, to basolateral side. Other than those, goblet cells are responsible
for lubricate and protect the gut by secreting mucins, which produce mucus;
enteroendocrine cells can secrete hormones and coordinate the intestinal functioning;
finally, Paneth cells secrete proteins responsible for innate immunity °. Away from
intestinal crypts there are isolated lymphoid follicles, Peyer’s patches, which contain the
specialized microfold cells (M cells). M cells are essential for the transepithelial transport
of macromolecules or particles and microorganisms. In addition, M cells have the
particularity of possessing sparse microvilli on their apical side, not possessing a
glycocalix layer and forming a pocket with lymphocytes or macrophages at the
basolateral side. These specific characteristics make these cells an ideal place for
antigen sampling, which facilitates the contact with the immune system %97, The second
layer, lamina propria works as a connective tissue presenting a set of cells
(macrophages, dendritic cells, B and T cells and blood capillaries), while the third layer
is composed by a smooth muscle .

The sub mucosa is formed by a connective tissue with lymphatic and blood vessels,
ganglion and nerve cells. The muscularis propria layer is made by smooth muscles and
finally, the serosa layer by mesothelium, a continuous connective tissue with the

abdominal peritoneum % (Figure 4).
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Figure 4 | Schematic representation of the intestinal barrier. The intestinal mucosa is a
biologic barrier responsible for the absorption, composed by mucosa (epithelium, lamina propria
and muscularis mucosae), sub mucosa (lymph nodes, glands and blood vessels), muscularis

externa (smooth muscle) and serosa (mesothelium).

The intestine is a biologic barrier that significantly reduces the bioavailability of drug-
loaded NPs. This can occur due to enzymes such as proteolytic enzymes present in
lysosomes, brush-border peptidases in the villi and pancreatic proteases in the duodenal
region as well as bacterial flora from the complex hydrogel containing mucin, known as
mucus of the intestine. All these factors can modulate the solubility at gastrointestinal
pH, lipophilicity, pKa and molecular weight of NPs and consequently their permeability
% Also epithelial cells, bond by tight junctions, plus the transit time, fluid dynamics,
physiological response, gut mucosa, transporters and receptors may contribute as
physiological and anatomical barriers %°. As previously mentioned, NPs can suffer
physicochemical modifications originated by low pH, high temperature, reactions with
surrounding molecules, besides NPs weight, shape and charge which also influence
absorption and degradation 3 1%, Finally, factors regarding luminal complexation, drug
metabolism, liver uptake and bile excretion are related with permeability efficiency 1°1. A

strategy to mimic the intestinal morphology, transport mechanisms and to study the
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permeability of NPs is using in vitro, ex vivo or in vivo models, which will be focused on

the following sections.

4.2. In vitro models

Despite the fact that in vitro models do not mimic a real in vivo situation, they can easily
simulate a multiple transport system and be reproduced in laboratory. Besides, this type
of studies are becoming more important to the pharmaceutical industry, since the
obtained results can influence the initial steps of drugs developing. This method is
characterized for being less labor-intensive and cost-intensive, and raise less ethical
considerations compared to in vivo studies. Plus, the use of in vitro models allows an
early evaluation of drugs, without using in vivo models and large amounts of drug to
analyze its ADMET . In this sense, it is possible to have in vitro models where gastric
and intestinal fluid can be simulated, and dialysis membrane system and Transwell® to
test the permeability of compounds.

The simulated gastric and intestinal fluid model can be used as a preliminary study to
analyse the reaction of the NPs to the GIT environment. The used medium has to be
representative of the stomach and intestine fluid, presenting characteristics as enzymes
and ionic strength, which influences the interaction and stability of NPs. According with
the United States Pharmacopeia (USP) the simulated gastric fluid (SGF) medium should
be at pH 1.2 and the simulated intestinal fluid (SIF) medium at pH 6.8. These mediums
are easily prepared and normally experiences are performed at 37 °C with agitation (100
rpm). At different time points the supernatant can be removed by centrifugation and
quantified. It is known that these conditions reduce the number of NPs, besides changing
size and morphology and consequently bioavailability 1°2. On the other hand, the dialysis
membrane system test the transport of the nanosystems across the barriers of the gut.
In this method, nanosystems are added to a dialysis membrane with the same conditions
as the last technique, in order to represent the GIT characteristics and movements.
These two models can be done without using human cell lines, which can be a drawback
since do not represent the epithelial behaviour 1%, Lastly, the Transwell® system is the
most used model to evaluate the permeability of drugs from lumen to blood circulation.
Briefly, this system is composed by a membrane with pores that separate the apical from
the basolateral side. The epithelial cells are seeded at the apical side and when confluent
with an ideal transepithelial electrical resistance (TEER), the experience can be
performed. Nowadays, this system can be performed with only one cell line (mono-

culture) or combined with other cell lines (co-culture) °°.
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4.2.1. Monoculture model

In this type of model a single cell line is seeded forming a monolayer. There are several
cell lines being used in in vitro models of the intestine, but the most widely used to
recreate the human environment is the Caco-2 cell line. According to the Food and Drug
Administration (FDA), Caco-2 cell line integrates the Biopharmaceutics Classification
System (BCS), since it has the advantageous ability to screen and predict NPs solubility
and bioavailability, as well as their interaction with the gut 1%, Caco-2 is a high-resistance
cell line from a human colorectal carcinoma and is considered the gold standard
permeability screen for compounds in drug discovery, due to its morphological and
functional characteristics as well as the presence of cytochrome P450 3A4 (CYP3A4)
enzymes, sucrase-isomaltase, mature enterocyte alkaline phosphatase, drug
transporters and efflux proteins. It was also previously confirmed the presence of FcRn
expression in Caco-2 cells. In addition, the albumin transport through Caco-2 monolayer
was considered a saturable process, above 40 pg/mL, indicating a receptor-mediated
uptake 1% 1% After culturing (3-4 days), cells are undifferentiated and do not present
microvilli, neither their indicator (sucrase immunoreactivity). When confluent, they form
a polarized monolayer with microvilli and connected by tight junctions (Figure 5 A). The
strenght and tightness of the monolayer, meaning confluence and viability, can be
identified by measuring the TEER. Higher TEER values indicate tighter membranes and
consequently the modulation of the paracellular transport. Also, an indicative of the
membrane integrity is the paracellular transport of small molecules like lucifer yellow,
FITC-dextran or mannitol °¢. Although, Caco-2 cells present some drawbacks, namely
the low expression of the CYP3A4 metabolizing enzyme, high and variable expression
of P-glycoprotein (P-gp) and low paracellular transport of hydrophilic compounds,
because of the tigther junctions 1%, Also, the permeability of drugs with slow absorption
is poor in this model, comparing with rates in humans, and may be due to the lack of a
3D architecture. Plus, this model lack the presence of mucus production, which exclude
the main barrier of NPs absorption.

Furthermore, there have been suggested some alternative cell lines to find a model that
better mimics the human system, being inclusively some of them used to analyze NPs
permeability. In this line of thought, human colonic adenocarcinoma cell line (T84) is a
possibility for permeability studies, specially regarding the transport of IgG and albumin
in a FcRn-dependent manner °. Studies show that T84 cell line produces mucin in

culture and releases it in response to various secretagogues 1, It is known that the
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absorption mainly occurs at the small intestine, so cells from colon have, per se, the
drawback of differing in the paracellular permeability since, they present a tighter
conformation and the absorption of compounds paracellularly is lower.

Despite having a nonintestinal origin, the Madin-Darby canine kidney (MDCK), from the
distal tubule and collecting duct, is highly correlated with Caco-2 cells, working as a
strong alternative to study drugs that are absorbed passively 1. Authors showed the
utility of MDCK cells in probing interactions between P-gp and their substrates.
Comparing the permeability of anti-malaria compounds in Caco-2 and MDCK cells, they
verified the overexpression of P-gp in MDCK-MDRL1 cells, which allows high permeability
10 It was analysed the mecanisms of transport of Deoxynivalenol (DON), using
inhibitors, verifying the presence of organic anion and cation transporters. P-gp was also
identified as the major efflux protein, due to the higher basolateral-to-apical observed
transport 1!, Regarding NPs permeability, it was also proved the transport of
nanoemulsions of self-nano-emulsifying drug delivery systems (SNEDDS) through
MDCK cells 112, Also, these cells only need 3-6 days to become confluent and form tight
junctions 1%°, Conversely, the fact that they are not intestinal neither human confer them
different levels of transporters expression as well as different metabolic activity 2.

4.2.2. Co-culture model

Caco-2/HT29-MTX model

HT29 cell line is originally from human colorectal adenocarcinoma and can mimic goblet
cells. Though, HT29 cells need a different medium, comparing with Caco-2 cells, so they
can differentiate and acquire a heterogeneous phenotype. To surpass this barrier,
authors verified that by adding 10 M methotrexate (MTX), HT29-MTX cell line is able to
form a polarized monolayer with goblet cells and differentiate into mature goblet cells,
able to produce mucus, after 21 days in culture 4. The differentiation character can be
approved by confirming MUC cell markers. Mucus is a visoelastic gel produced by mucin
glycoproteins and is responsible to prevent pathogens entrance, also acting as a barrier
of NPs absorption, which affects the retention time °. In fact, authors already
demonstrated that mucus clearly decreases the uptake and transport of NPs %5, It is
known that NPs (with positive charges) can interact with mucus (negatively charged)
through electrostatic interactions, as well as hydrophobic or van der Waals interactions
118, The role of mucus in cell-based models is already well descibed elsewhere . So,
this parameter must be taken into consideration when evaluating NPs permeability.

When cultured with Caco-2 cells, there was the necessity to study different ratios to
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prevent alterations in barrier properties caused by the overgrowth of HT29-MTX cells 18,
When 10° Caco-2 cells/cm? are combined with HT29-MTX in a 9:1 proportion, the model
(Figure 5 B) gets closer to the human intestine characteristics, generating more
predictable results '*°. Furthermore, HT29-MTX do not express P-gp and present tight
junction less tight than Caco-2 (decreasing TEER values), which facilitate the passive
permeability of nanosystems and represent a more physiological model %,

Caco-2/Raji B model

It is also described that Raiji B cells, from a human Burkitt's lymphoma, when combined
in a 1:2 proportion with 10° Caco-2 cells/cm? induce M cell phenotype (sparse microvilli
and high transcytosis activity) (Figure 5 C). This happens due to the interaction between
Caco-2 cells and lymphocytes and the presence of galectin-9 or SLAA, a signal of
differentiation. In this model, Raji B lymphocytes cells are only added at the basolateral
side after 14 days of seeding Caco-2 cells at the apical side. It was recently published
a protocol suggesting an inverted in vitro M-cell model, where it is possible to do transport
experiments every 10 h, after 3 weeks 2L, Despite not being in contact with Caco-2 cells,
it is possible to observe cells with M cell characteristics. As mentioned before, M cells
serve as antigen-sampling cells and unlike enterocytes, they can translocate particles
without digesting them. Indeed, studies confirm that M cells play a major role in
translocation and permeability of NPs, claiming that these parameters are higher in this
type of co-culture comparing to Caco-2 mono-culture 22, All in all, as a drawback, this

model do not take into account the mucus, which is an important intestinal characteristic.

Caco-2/HT29-MTX/Raji B model

Taking all the above information into consideration, Sarmento’s group developed a triple
co-culture model, with the three cell lines: Caco-2, HT29-MTX and Raji B cells (Figure
5 D). This group tested the model with normal and inverted orientation, verifying higher
permeation with normal orientation 2%, This is actually a more accurate and realistic
model due to its similarity with human intestine characteristics: enterocytes (Caco-2
cells), mucus production by goblet cells (HT29-MTX cells) and M-cells (Raji B cells). The
proportions mentioned before were based on physiological ratios and previous works 24,
In addition, it was already shown that Caco-2/HT29-MTX co-culture and the triple Caco-
2/HT29-MTX/Raji B co-cultyre models are useful to predict the intestinal transport of free
drugs and NPs and to classify them, acording to BCS, with low or high permeability.

Furthermore, they have a good correlation with ex vivo models, which will be explained
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later 125,

4.2.3. 3D co-culture model

All the models mentioned before are based on a 2D-surface which, once again, do not
represent in vivo cells with a heterogenous environment containing several cellular
events %, So, there was a necessity to create a 3D model with physiological structures
to reproduce more accurately intestinal functions, namely growth, differentiation,
interactions between cells themselves and with matrix and mechanical forces as well. In
addition, cells in a 3D arquitecture are easily differentiated and polarized when on top,
comparing with those that are near the villus base, which may be an advantage for NPs
that remais longer in the lumen (slow absorption) ?¢. Like atenolol, a hidrophilic and slow
absorbed drug, certain NPs can migrate to the bottom of cells and be transported through
cell-cell tight junctions '?¥’. Furthermore, 3D models have tight junctions less tight,
comparing with Caco-2 monolayer, contributing for a better permeability which allies to
less expression of P-gp and is consistent with in vivo observations 128,

Some authors verified that MDCK cells in Matrigel can form a 3D arquitecture when the
viscosity is low and the cellular contractile forces are strong. The 3D structure can then
be changed in a viscosity-dependent manner. A way to play with it is to do a treatment
with genipin (GP), since it allows the cross-link between amino groups of the matrigel
peptide chains 1%°. The 3D model can also include macrophages, increasing the uptake
of particles, as well as other type of cells or even polymeric scaffolds to comprise the
intestinal microvilli architecture. For instance, a recent model was proposed, where 10*
cells/cm? of intestinal myofibroblasts (CCD18-Co cells) are entrapped in a thick layer of
Matrigel and then 10° cells/cm? of Caco-2 cells are added over **°, The differentiation of
CCD18-Co cells can be confirmed by the observation of a-SMA or CD90 through
immunocytochemistry. It was verified that the matrix is important to maintain the
architecture and support the model. On the other hand, fibroblasts contribute for
epithelial cells growth (Figure 5 E) 13°. There is, inclusively, a model using Caco-2, HT-
29 and T84 cell lines as well as proinflammatory stimuli, to mimic an inflamed intestinal
mucosa 3!, Also, a model with the traditional Caco-2 cell line and human immune cell
lines (Human macrophages (THP-1) and human dendritic cells (MUTZ-3)) was
developed to evaluate the toxicity/safety of NPs 32, The 3D co-culture model presents,
in fact, additional complexity that may contribute for developing NPs to treat inflamatory
diseases or even to study the interaction of the NPs with an inflammated intestine. Some

authors already investigated the genetic and physiological properties of the 3D model,
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verifying that knocking down MUC17 it is possible to reduce the protein expression of
tight junctions (occludin) and increase the permeability. These authors inclusively
created a 3D collagen scaffold enabling the exact geometry and density of the intestine
in in vivo situation and more recently a synthetic and biodegradable hydrogel 3% 123,
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Figure 5| Schematic illustration of in vitro models: (A) Caco-2 mono-culture model, (B) Caco-
2/HT29-MTX co-culture model, (C) Caco-2/ Raji B co-culture model, (D) Caco-2/HT29-MTX/ Raji

B co-culture model and (E) 3D co-culture model.

4.2.4. Gut-on-a-chip model
Microfluidics has been revealing a very promising strategy to mimic the human intestine.
In this way, human gut-on-a-chip has been developed as a more cost-effective, simple,
fast and physiological relevant model. This model presents 3D architecture, constant
flow and mimics the mechanically active microenvironment of living intestine, which
facilitates cell-cell and cell-matrix interactions ***. In fact, if a system is able to replicate

external cellular conditions, more closely cells will replicate and behave as in vivo. For
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instance, for clinical applications, flow is useful to study drug’s dynamics, delivery of
molecules, transport and absorption mechanisms that are not present in static models.
Besides, with this type of systems, low volumes are required and so, can, for example,
concentrate cell-derived factors. Plus, the user has easy access to cell-conditioned
medium and can control the shape and interconnectivity of cell compartments 34,

The chip can be produced by semiconductor industry, using computer microchip
manufacturing, as litography techniques. The mold is typically generated from silicon,
glass or plastic and parameters such as mechanical compression or cyclic stress can be
regulated and adjusted as desired in order to better mimic the intestinal environment 3°,
In general, gut-on-a-chip consists in 4 chambers (Figure 6): 2 central chambers where
cells can be seeded and the culture medium circulate, and 2 vacuum chambers (one on
each lateral side) responsible for controlling external factors, such as the membrane
stretch and the peristaltic motion simulation 36137,

Some devices are inclusively used to study the intestinal drug metabolism as well as
interaction with NPs, nutrients or host-microbe. For instance, it was observed that 3D
porous membrane in a gut-on-a-chip model potentiates the upregulation of villin and
sucrase-isomaltase genes, responsible for intestinal cell differentiation, as well as
CYP3A4 and CYP2C9, two cytochrome enzymes related to intestinal metabolism 38 139,
Despite forming a planar epithelial monolayer, Caco-2 cells can form undulating
structures when in a gut-on-a-chip after 2 days. In addition, it was found that gut-on-a-
chip model promotes the Caco-2 cells’ differentiation in the four main types (absorptive,
mucus-secretory and enteroendocrine cells present in the villus regions and, Paneth
cells present in the crypt region). These authors also showed that the mechanically active
intestine stimulates CYP3A4 activity, glucose reuptake and mucus production, which is
known to be absent in static Caco-2 models *°. Here, once again it was shown the
importance of external factors, like mechanical forces in getting closer to the in vivo
human intestine. Also, it was reported that fluidic shear contributes for higher expression
of tight junction Occludin and ZO-1 proteins in Caco-2 cells, which are responsible for
forming tight junctions and, consequently, an increased TEER **. Plus, authors
considered mechanical strain and created a biomimetic gut-on-a-chip that mimics the
structure, physiology and microflora. Interestingly, under these conditions, the co-culture
of Caco-2 cells with Lactobacillus rhamnosus GG (LGG) demonstrated high TEER
values over time. It is also described that external factors accelerate cell differentiation
within 3 days *¢. However, this can be a disadvantage since tighter tight junctions do not

facilitate the transport of molecules and thus, do not mimic a real situation. On the other
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hand, other authors verified that cyclic strain enhances the cell differentiation, formation
of 3D villi-like structures and paracellular permeability, without changing TEER values in
the monolayer, meaning that mechanical forces act directly in paracellular mechanisms
136 All in all, the TEER vales are not always concordant across literature and this might
be due to the current TEER measure devices being designed to fit into conventional
Transwell® culture plates and not into microfluidic device. As curiosity, embedding
electrodes inside microfluidic organ chips have already been designed. The creators
showed both in human lung airway chip and human gut chip the utility of this embedding
electrodes to assess formation and disruption of barrier function. In this way, the users

can have real-time results through a non-invasive approach 41,
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Figure 6 | The mechanically active human Gut Chip. (A) Human villus intestinal epithelium and
vascular endothelium are lined on opposite sides of a flexible porous membrane under fluid flow
and peristalsis-like strains. A zoom-in schematic shows the intestinal microenvironment
undergoing complex crosstalk between commensal gut microbiome, bacterial pathogens, and
immune cells in parenchymal and vascular channels, respectively. (B) Villus morphogenesis of
human Caco-2 intestinal epithelium in the Gut Chip under physiologically controlled motions and
flow. (C) An overlaid image of the coculture of green fluorescent protein—labeled Escherichia coli

and microengineered villi in the Gut Chip. Bars = 50 mm. Reprinted with permission from 137,

Alternatively, some authors choose to incorporate human intestinal organoids (HIO)

through induced pluripotent stem cells (iPSCs) to an amenable model for study. To form
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HIO, these authors supplemented iPSCs with Actividin A, CHIR99021, noggin, fibroblast
growth factor 4 and epidermal growth factor to induce endoderm and hindgut formation,
as to maintain the organoid formation 42, Besides having the four intestinal cell types of
diferentiation and the characteristic crypt-villus 3D architecture, this model has the
advantage of responding to exogenous stimuli *2. More recently, the same authors
aprimorated the intestine-on-a-chip to recapitulate the dynamic host-microbiota
interface. In this sense, they recreated a system with hipoxia gradient across an
endothelial-epithelial interface. The authors claim that the intestinal barrier integrity is
actually better under these conditions. This system includes microscale oxygen sensors,
Caco-2 cells or human organoid derived epithelial cells, housed in an anaerobic
chamber, and enables to keep different commensal aerobic and anaerobic
microorganisms in direct contact with patient-derived human intestinal epithelium for 5
days #3. Donald Ingber and colleagues also fabricated a human small intestine-on-a-
chip composed by 3D organoids of epithelial cells isolated from healthy regions of
intestinal biopsies. According to their transcriptomic analysis, this intestine chip is closer
to human duodenum than duodenal organoids '#4. This can be a personalized strategy
for each individual, a way to understand specific mechanisms and therapies and get
more reliable results. These organoids are dissociated and cultured on a porous
membrane. This system is also characterized by having human intestinal microvascular
endothelium cultured in a parallel microchannel under flow and cyclic deformation. Plus,
as advantage, this intestine-on-a-chip is useful for metabolism, nutrition, infection and
drug pharmacokinetics studies, considering the easiness to quantify nutrient digestion,
mucus secretion and establish a intestinal barrier function 4. Meanwhile, there is a
commercial version available. Mimetas, the organ-on-a-chip company, created the
Organoplate that combine microfluidics to a standard well plate. This allows the user the
freedom to decide which extracellular matrix (ECM), cell types, co-culture and perfusion
to use, according to each interest. In addition, this company recently developed a
methodology to assess the barrier integrity using 40 leak-tight, polarized epithelial gut
tubes, exposed to an ECM. The method was recreated in a microfluidic environment,
expressing polarization and transporters. This can be a way to simulate a pathological
situation like dysfunction of epithelial barriers, or drug-induced toxicity, which can reduce
cellular life conditions and drug development. The epithelial barrier disruption condition
is characterized for having an increased paracellular permeability. The authors claim to
be a method of friendly-use, sensible, with real-time analysis °.

Basically, it is possible to combine different approaches and aprimorate the intestinal
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models with p.e. immune cells, intestinal microbiota, organoids, mechanical forces, to
approximate in the maximum possible way to an in vivo situation 46, Although, further
studies are developing systems encouraging the integration of liver, for instance, since
it is important for reproducing the first-pass metabolism. In this sense, different organs-
on-a-chip have been developed, in order to connect them and mimic the whole system
present in the body and have more trustable results *’. In addition, with a more complex
system it is possible to have a broader perspective of drugs’ effects, meaning it is
possible to check possible side effects at different organs 148 14°, The future goal is to
include in the whole system and cells from patients like iPSCs. In this way, treatments
can be uniquely designed for each patient % 51 |t was already reported a functional
coupling between five microphysiological systems (MS) to validate the transport,
metabolism, blood-brain barrier permeability, and toxicity of drugs. These MS represent
the organs responsible for absorption, metabolism and clearance, as jejunum, liver and
kidney, respectively, as well as skeletal muscle and neurovascular models. After testing
terfenadine, trimethylamine (TMA) and vitamin D3, the authors obtained results showing
an agreement between organ-on-a-chip and clinical data. Plus, it was discovered that
trimethylamine-N-oxide (TMAO) was able to cross the blood-brain-barrier. Here, it is
obvious the potential of these MS to use sequential fluid transport to study different
organs’ effects on downstream organs and to evaluate drug’s toxicity and ADME (Figure
7) 12, As future perspectives, some authors are considering to incorporate induced
pluripotent stem cell-derived organoids in gut-on-a-chip models, which enhances the
personalized therapeutics. Others are thinking in integrating important components such
as intestinal fibroblasts, immune cells and the enteric nervous system. The value offer of
this models is the possibility to mimic in vivo human intestine by integrating different cell
types and external factors (shear stress, mechanical forces, flux) as well as the ability to

analyze the complexity of the systems at different growth stages.
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Figure 7 | Schematic representations of the four of the organ systems used for functional
coupling. (A) The intestinal module is constructed in Transwell® from primary jejunum enteroids.
Test agents are applied in the apical compartment (1). The media collected in the basolateral
compartment (2) is used to add to the liver. (B) Media from the jejunum intestine basolateral
compartment (2) is perfused as a 1:3 jejunum/naive liver media into the influx port of the SQL
SAL liver model (3). Efflux media is collected (4) and used to add to two downstream organ
models. (C) The vascularized kidney proximal tubule module is a two lumen, dual perfusion
system. For the vascular compartment, jejunum/liver-conditioned media (4) is diluted 1:2 or 1:4
with naive EGM-2 media and then perfused into the influx port (5) to collect effluent from the
proximal tubule at (6) . In parallel with perfusion through the vascular compartment, the proximal
tubule compartment is perfused with naive DMEM/F12 PTEC media (6) for effluent collection. (D)
The blood-brain barrier with NVU is constructed in a membrane-separated, two-chambered
microfluidic device. The brain-derived endothelial vascular compartment is perfused at the influx
port (7) with jejunum/liver-conditioned media (4) diluted 1:4 with naive EGM-2 media. The effluent
is collected at the efflux port (7). In parallel with perfusion through the vascular compartment, the
neuronal cell compartment is perfused with naive EBM-2 media at the influx port < 8> for effluent

collection at (8). Reprinted with permission from 152,

4.3. Ex vivo models
In vitro tissue-based models, also called ex vivo are used in intestinal permeability
studies in a way to move from in vitro to in vivo models. In this type of models, living
functional tissues or organs are cultivated in a controlled environment after being isolated

from organisms. These models present features that are normally not present in cell
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models such as the adequate presence of mucus, paracellular permeability or the
expression of transport proteins and drug metabolism. The main drawbacks of this and
all in vitro models is the impossibility to recreate the gastric empty rate, Gl pH or transit
rate.

4.3.1. FcRn tissue expression and cross-species differences
FcRn is expressed in nearly every organ in mammals, as blood-brain barrier, eye, lungs,
breast, kidneys, intestine, skin, endothelial cells, antigen-presenting cells (e.g.
macrophages, monocytes and dendritic cells), placenta, genitals and bone, which are
described elsewhere 153 154, However, only intestine will be highlighted here, since this
work focus oral delivery of FcRn-targeted NPs for an enhanced intestinal permeability
with application in DM.

4.3.1.1. Human
FcRn has a special role in early life stages for transporting IgG from mothers to neonates.
However, the expression of FCRn is maintained along the adult stage in human intestine.
Through immunohistochemical studies, it was possible to verify that FCRn is mostly
located in the apical region of epithelial cells, in different sections of human intestine .
Moreover, FcRn is highly expressed in colon and ileum and less expressed in jejunum

and duodenum .

4.3.1.2. Mouse
FcRn is also expressed in several tissues of mice and has the same importance when
transporting the maternal 1gG. It was previously reported that neonatal mice deficient in
B-m and FcRn HC were not able to absorb IgG from mother’s milk, which demonstrated
the highlight impact of FcRn in the 1gG transport 1%, In adults, these mice had low levels
of 1gG in the bloodstream owing to the lysosomal degradation 6% Thus, the
expression of mFcRn is restricted to the suckling period, being down-regulated after
weaning *°. For this reason, it is recommended to use mice 6-16 weeks after weaning,
since FcRn levels are stable. Besides, the homology to the rodent FcRn is around 70%
compared to hFcRn, which is one more cause for the cross-species differences °. Thus,
the transgenic mouse model mimics the tissue expression profile of hFcRn 7. Overall,
it is described that FcRn has higher expression in duodenum and jejunum in rat pup

intestine, which is ~10-fold higher than human proximal colon %161,
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Structurally, it was verified that some sequence variations may cause cross-species
binding differences. Among these variations are the residues 132-147, the nonconserved
residue 137 (Leu in hFcRn and Glu in mFcRn) %2 and residues 79-89, of which there is
a two-residue deletion in hFcRn and a possible glycosilation site in mFcRn 163, Regarding
the FcRn-albumin interaction, HSA has a 5-fold lower affinity to hFcRn compared to
mouse serum albumin (MSA) 5% 164 while MSA has a 25-fold stronger affinity to mFcRn
than HSA 5165 These cross-species differences are related to nonconserved amino
acid found in the conserved His166 within the a2 domain of FcRn 5% 8% 165 put also with
different amino acid structure of DI and DIII from both species % 1%, The differences
associated to DI are represented by four mutations in loop | and Il of its domain. However,
Argl114 (from loop 1) as well as both loops of | are crucial role for the I-hFcRn interaction
52, Regarding the DIIl, the major difference is the amino acid at position 573, which is
lysine in humans and proline in rodents °.. The replacement of Lys573 for Pro573
increases 1.5-fold the half-life of HSA in mice and augment 12-fold and 15-fold the affinity
for hFcRn and mFcRn, respectively . Thereby, the interaction between mFcRn and
MSA is stronger compared with the mFcRn interaction with HSA, which can contribute
to rapid clearance and interfere with in vivo preclinical evaluation in mice. In this case,
HSA competes with the higher amounts of endogenous MSA (40 mg/mL) for the binding
to mFcRn, resulting in an augment in the half-life of endogenous MSA and no alteration
in half-life of HSA 15,

4.3.1.3. Porcine
The pig has been confirmed as a non-primate model suitable for assessing PK of HSA,
since porcine serum albumin (PSA) minimally competes for binding to FcRn . In fact,
pigs have gained importance as a large animal in pharmaceutical research due to its
physiological and anatomical similarities to human. In addition, pigs are replacing dogs
as the preferred non-human primate model in preclinical studies. Stirling et al. 1
characterized the porcine FcRn (pFcRn) and tested its utility as a potential model for
transepithelial protein delivery °°. The sequence of the pFcRn gene is 80% similar to the
corresponding human gene and 69% similar to the rodent receptor gene (Figure 8).
Structurally, the similarity between the pFcRn protein and the human version is based
on the single N-linked glycosylation site (NVSV) in the a domain, as well as both di-
leucine- and tryptophan-based endocytosis signals present in the cytoplasmic tail. In
particular, the porcine receptor has a type 1 membrane protein with an N-terminal single

peptide and a single transmembrane domain. However, it does not seem to be an
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agreement about specific amino acid differences of the FcRn structure between the two
species; this could be due to different polymorphisms, as described elsewhere ¢,

Pig RV (3= TR .y z Y Hit 2 p G=00YLE v 75
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Figure 8 | Alignment of predicted porcine FcRn amino acid sequence (Sus scrofa,
NP_999362.2) with other species. The degree of homology is indicated by darker shading.
Protein sequences are from GenBank (locus numbers: Human (Homo sapiens,
NP_001129491.1), Mouse (Mus musculus, NP_034319.2). Reprinted with permission from 167,

Porcine FcRn is expressed in endothelial cells and monocytes, as well as in cells in the
heart, lung, kidney, intestine, muscle, and brain; it is also highly expressed in cells in the
liver, spleen, thymus, and lymphoid. Also, porcine FcRn is maintained in the adult stage,
as in humans 166 167 Despite PSA sequence being 75.1% similar to HSA, HSA has 2.9-
fold higher affinity towards pFcRn, which does not cause competition 6°,

As for applicability, more and more devices and systems have used porcine tissues. As
an example, Rani Therapeutics studied the pharmacokinetic/pharmacodynamic (PK/PD)
of recombinant human insulin delivered by an ingestible device in the porcine jejunum
168 Recently, a robotic system for the screening of oral drug formulations was developed
using a porcine ex vivo intestine model. The tissue is placed between two magnetic
plates. These researchers correlated in vitro data of the gold standard, Caco-2 cells, and
the ex vivo porcine model, with drug permeability data in humans and verified that it was
0.3 and 0.9, respectively. The cultivation of intact tissue enabled the maintenance of the
complex Gl architecture, mucus layer and the expression of several drug transporters

for 7 days. 1.
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4.3.2. Standard models
43.2.1. Diffusion chambers

The most performed method using intestinal tissues is diffusing chambers, namely
Ussing chamber or Franz cells. The main difference between these two is the direction

of the flux. In the first, is horizontal, or side-by-side, and in the second is vertical 17°.

Ussing chamber

Ussing chamber was the first to be invented, in 1951, later using intestinal tissue in 1988
171,172 The size, volume and area of exposed tissue are parameters that can vary. In this
methodology, a section of intestinal tissue is excised, separated in small fragments and
opened to form a flat surface. Then the tissue is placed in the chamber between two
halves. The chamber is filled with physiological buffer, gassed with carbogen and
warmed at 37°C. Two chambers, donor and receiver, are divided by the tissue, one of
them representing the serosal side and the other the mucosal side. The drug or NPs to
be tested in a permeability test can be placed in one of the chambers and samples should
be removed from the other chamber, replacing the volume took with fresh buffer 173 174,
The TEER is again one of the parameters that can be measured by placing the
electrodes in each side of the membrane ’>. The main advantage of this model is the
maintenance of the gut architecture, membrane transporters and enzymes when
compared with cell-based models. It is also possible to study regional differences in the
GIT by using different sections of it. Ussing chamber can also be used with human
tissues instead of animal tissues. Since tissues can be easily obtained from tumor
resections or gastric bypass surgeries, more recent studies have been using this type of
tissue 176, One disadvantage, though, is the fact that the experiments should be

performed near a surgery clinic since the tissues can quickly deteriorate outside the body
177

Franz cell

On the other hand, Franz cell is mostly used for skin permeation studies than intestinal
permeability, but used nevertheless. This model is not much different than Ussing
chamber, since the tissue membrane is still placed between the donor and receptor
chamber. The main significant difference, besides the direction of the flow, is the size of
the chambers, since in the Ussing chamber the sizes are similar and in the Franz cell
the donor compartment is smaller than the receptor 1’8, This difference in volumes can

induce discrepancies in the permeability when compared to the Ussing chamber, but can
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be resolved by using a magnetic stirrer in the receptor chamber in order to reduce the
unstirred water layer. It is important to use the tissue as soon as harvested and ensure
sink conditions are maintained. Few work have been done using intestine tissue in Franz

cells to evaluate nanoparticle permeability.

4.3.2.2.  Everted intestinal sac model
Another method used in ex vivo intestinal permeability studies is the everted intestinal
sac. This model can be applied in the study of mechanisms and kinetics of drug
absorption and metabolism including pro-drug conversion in the GIT, efflux transport,
drug resistance and interactions 17°. A section of the intestine of the animal is removed,
washed, inverted with a rod and one of the ends is tied. The inside of the sac is filled with
oxygenated buffer and the other end closed after. Then it is placed in the container. This
container has the sample to be tested, and its presence in the interior of the sac is then
evaluated, within the determined time-points. There are two different techniques that can
be applied in this method, one where both sides are closed, creating a closed sac and
the other where the end of the tissue is cannulated in the tubes. The main advantages
of this model is the low cost, quickness, the possibility of test several drugs, the presence
of the mucus layer, large surface area and the possibility of study passive and active
transport. The main disadvantages are the possibility of damaging the tissue, the release
of proteins and/or enzymes as well as the muscularis mucosa that mislead the results,
and the time which the tissue remains viable, that is only two hours 8% 181 The everted

sac is the main method used to test NPs permeability.

4.3.2.3. Non-everted intestinal sac model
In order to avoid tissue damaging, this model does not evert the gut sac after excision.
The intestinal sac is removed from the animal, washed properly and one of the ends of
the sac is tied. The sample solution is placed inside the sac and the other end is closed.
Afterwards, the sac is placed in the release medium. This release medium should be
able to mimic the conditions existing in the GIT. This method is more limited than the
everted sac in terms of information that can be accessed, but it is simple and rapid to
perform, while still capable of test drug absorption. It is not only simpler but also requires
low amounts of the drug tested and samples are easier to quantify an can be collected
at various time points 78182 |n terms of disadvantages, this method is quite similar to

the everted sac, where the viability of the tissue is the main issue to carefully handle.
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4.3.2.4. Everted intestinal ring
Similar to the everted intestinal sac, the everted intestinal ring is also used in ex vivo
intestinal permeability studies. Most used to assess the uptake and metabolism of the
tested compounds, in this model, the intestinal tissue is harvested, everted and cut into
small rings. Then it is put in an incubator with proper incubation media and agitation. The
simplicity is the main advantage of this method allied with the ability of testing several
compounds 8. However, this technique also presents disadvantages. Since both
connective tissue and muscular layer are exposed in the media, the diffusion of the
tested compounds could not occur on the mucosal side. Also, the time of incubation is

quite reduced, around 10 min 174183,

4.4. In vivo FcRn model systems

Primates are considered the best animal model to mimic the human PK parameters 8,
but the high costs and ethical subjects make their use unapproachable 14 185 |n this
sense, rodents have been considered the preferred models to assess the bioavailability
of biopharmaceuticals 84, due to the convenience, cost-effective and defined genetic
background 1% 18, Nevertheless, the expression of FcRn and the affinity of its ligands
differ between humans and rodents, which can interfere with the FCRn therapeutics.
Taking into account all the differences reported between humans and rodents, as
previously discussed, the conventional rodent models do not reflect an adequate PK
profile of FcRn-targeted ligands. To solve this preclinical challenge, several genetically
engineered mouse strains have been developed where the mFcRn heavy chain has
been replaced with the human counterpart, either under the control of the mouse or
human promoter elements 64 157:186-192 These strains are the current gold standards for
the evaluation of hFcRn-targeting strategies addressing PK/PD and delivery across
selective mucosal barriers prior to studies in non-human primates.

The most commonly used hFcRn-expressing strains are generated from conventional
C57BL/6J mice, named Tg32 and Tg276 (Figure 9 A), which are extensively used to
assess the half-life of higG and HSA variants 64 157. 186, 189,191, 192 " Both strains have
substituted the mouse heavy chain with that of the human form, which can pair non-
covalently with the endogenous mouse p2m 64 157.186,191,192 ' A distinct difference between
these strains is that the Tg32 mice express the heavy chain under the control of its
human regulatory elements 157 186, 189, 191,192 " \yhjle the expression in Tg276 mice is
regulated by a constitutive CAG promoter, a human cytomegalovirus enhancer fused to

chicken B-actin/rabbit B-globin hybrid ®* 8. This results in a much more widespread
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expression profile of hFcRn in Tg276, whereas the FCRn expression profile in Tg32 mice
has been mapped to be similar to that in humans %1%, There is also a modified version
of Tg32 that expresses human 32m, but no difference in half-life of the ligands has been
reported that can be related to whether the mice carry a mouse or human form of f2m
191 In general, the half-life of IgG is shorter in Tg276 homozygous mice relative to the
Tg32 strain, and longer in the Tg32 hemizygous than the homozygous strain . Since
the expression profile of the Tg32 strains resembles more closely to that of humans,
studies of FcRn in mucosal immunity and receptor targeting for delivery across the
epithelial barriers have been mainly studied in these mice, as recently reviewed 1%,
Therefore, the Tg32 strains should be used for studies addressing the mucosal delivery
of FcRn-targeted molecules or nanosystems.

In humans, injected higG and HSA variants as well as fusions will compete for binding
to FcRn in the presence of high concentrations of IgG (10 mg/mL) and albumin (40
mg/mL), produced by the plasma cells and liver, respectively. This is in stark contrast to
what has been found in mice kept under pathogen-free housing, where the
concentrations of endogenous mlgG are low (roughly 1.0-0.2 mg/mL) compared to those
found in nature, while the concentrations of MSA are high due to constitutive production
by the liver (20-50 mg/mL) ®* 1%  These conditions must be taken into consideration in
the preclinical evaluation of FcRn-targeted strategies, since the outcome can be greatly
affected by a lack of competition for receptor binding, as in the case of the 1gG binding
site, which is in contrast to strong competition for the albumin-binding site. To address
how competition for the IgG binding site of FcRn affects targeting approaches, mice may
be pre-loaded with excess amounts of hilgG prior to administration, which has been
shown to modulate the half-life of injected IgG variants 185 186188 |nterestingly, a modified
version of the Tg32 strain was recently reported that is engineered to produce hlgG1 Fc
combined with migG Fab arms, which is rescued by hFcRn (Figure 9 B) %, The levels
of endogenous chimeric mouse-human IgG1 were shown to be greatly increased upon
immunization, which modulated the half-life of injected higG. Thus, this Tg32-hFc mouse
model may be attractive for studies addressing competition for the 1gG binding sites. A
similar mouse model that also expresses the human classical Fcy receptors have been
reported %7

Regarding studies of HSA-based strategies, a version of Tg32 that lacks expression of
MSA has been developed **°. This model allows studies in the absence of competition,
but also in the presence HSA following preloading (Figure 9 C). An alternative to this is

a mouse strain, named Albumus™, that has been genetically modified to express both
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hFcRn and HSA 87, However, the expression of the heavy chain of hFcRn is here not
under control of the human promoter (Figure 9 D). Despite this, studies of engineered
HSA variants in Tg32 with competition and in the double transgenic mouse model have
revealed similar half-lives %1 187:192_ Dye to differences in the construction of these strain,
they may vary regarding the expression of the receptor in different mucosal tissues,
which has not yet been studied in detail. Importantly, it has recently been shown that
competition for the albumin-binding site strongly affects the half-life of injected HSA "
190 "While the half-life in Tg32 mice lacking expression of albumin was measured to be
around 3 weeks for injected WT HSA, it was only a few days in the presence of
competition & 1% This demonstrates that the competitive pressure is high for the
albumin-binding site of FcRn. As such, only minor alterations to the binding kinetics of
WT HSA fusions may affect their half-life. To compensate for this, HSA engineered for

improved hFcRn binding may be used.

Conventional Human FcRn transgenic Preclinical
C57BL/6J mouse models evaluation
mFcRn: no
hFcRn: yes

Tg32 and Tg276 Tg32-hFc Albumin knockout  Double transgenic

Q MSA: yes g MSA: yes v MSA: no v MSA: no
HSA: no HSA: no HSA: no HSA: yes
V migG: low V migG: low V migG: low V migG: low

chlgG1: no chigG1: yes chlgG1: no chlgG1: no

Figure 9 | Human FcRn transgenic mouse models for evaluation of IgG and albumin-based

therapeutics. Conventional C57BL/6J mice have been used to generate humanized mouse
strains that are transgenic for hFcRn. While (A) the Tg32 and Tg276 strains express migG, (B)

the Tg32-hFc strain expresses chimeric higG1 (chlgG1l). In comparison to these mouse strains,
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(C) Tg32 albumin knockout mice do not express MSA, while (D) the double transgenic mouse

model (Albumus™) have both hFcRn and HSA. The figure was created with BioRender.
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1. Overview

Diabetes is a worldwide disease and its incidence is increasing over the years. The
common treatment is based on daily injections of antidiabetic peptides, which is invasive
and painful. Nanotechnology is revolutionizing drug delivery through multifunctionality
and increased bioavailability. To maintain patient compliance, oral administration is the
preferred drug delivery route. Nevertheless, biopharmaceuticals do not endure the h