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ABSTRACT

Albumin has a serum half-life of 3 weeks in humans. This feature can be used to improve the pharmaco-
kinetics of shorter-lived biologics. For instance, an albumin-binding domain (ABD) can be used to recruit
albumin. A prerequisite for such design is that the ABD-albumin interaction does not interfere with pH-
dependent binding of albumin to the human neonatal Fc receptor (FcRn), as FcRn acts as the principal
regulator of the half-life of albumin. Thus, there is a need to know how ABDs act in the context of fusion
partners and human FcRn. Here, we studied the binding and transport properties of human immunoglo-
bulin A1 (IgA1), fused to a Streptococcus protein G-derived engineered ABD, in in vitro and in vivo systems
harboring human FcRn. IgA has great potential as a therapeutic protein, but its short half-life is a major
drawback. We demonstrate that ABD-fused IgA1 binds human FcRn pH-dependently and is rescued from
cellular degradation in a receptor-specific manner in the presence of albumin. This occurs when ABD is
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fused to either the light or the heavy chain. In human FcRn transgenic mice, IgA1-ABD in complex with
human albumin, gave 4-6-fold extended half-life compared to unmodified IgA1, where the light chain
fusion showed the longest half-life. When the heavy chain-fused protein was pre-incubated with an
engineered human albumin with improved FcRn binding, cellular rescue and half-life was further
enhanced. Our study reveals how an ABD, which does not interfere with albumin binding to human
FcRn, may be used to extend the half-life of IgA.

Abbreviations: ABD - Albumin binding domain, ADA - anti-drug-antibodies, ADCC - Antibody-dependent
cellular cytotoxicity, ELISA - Enzyme-linked Immunosorbent assay, FcaRl - Fca receptor, FcyR - Fcy
receptor, FcRn - The neonatal Fc receptor, GST - Glutathione S-transferase, HC - Heavy chain, HERA -
Human endothelial cell-based recycling assay, Her2 - Human epidermal growth factor 2, HMEC - Human
microvascular endothelial cells, IgG - Immunoglobulin G, IgA - Immunoglobulin A, LC - Light chain, QMP -
E505Q/T527M/K573P, WT - Wild type
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upon exposure to the neutral pH of the extracellular space.
This rescue-from-degradation mechanism takes place in both
non-hematopoietic cells and hematopoietic cells."*** Proteins
that are not rescued by FcRn will undergo degradation in the
lysosomes. This biological mechanism is used in the design of
IgG antibody variants®'>® and albumin fusions® ™' with tai-
lored FcRn binding and transport properties. Such molecular
design is clinically attractive, as the pharmacokinetic (PK) prop-
erties have a major impact on size and frequency of dosing, as
well as patient compliance.

As an alternative to albumin itself, small albumin-binding
modalities that can associate with endogenous albumin upon
administration, such as albumin-binding peptides,’**> albu-
min-binding antibody fragments®**® and albumin-binding
domains (ABDs) derived from bacteria, can be included in
fusion protein drugs.’’~*> Examples are Nanobodies derived
from camelids,” and designed ankyrin repeat proteins

Albumin is produced by hepatocytes and has a concentration
of 30-50 mg/ml in both mice and humans. In addition, it has a
long plasma half-life of three weeks in humans,' ™ a feature that
it shares with the antibody isotype immunoglobulin G (IgG).*™®
The longevity of albumin and IgG is due to the interactions of
these molecules with the neonatal Fc receptor (FcRn),> which is
broadly expressed throughout the body where it rescues its
ligands from intracellular degradation via a cellular recycling
process.'®"" This occurs as a result of noncooperative pH-
dependent binding of the ligands to structurally distinct binding
sites on FcRn, with binding at acidic pH and no binding and
release at neutral pH. After IgG and albumin are taken up by
fluid-phase pinocytosis and enter FcRn-positive endosomes, the
receptor engages both its ligands. The complexes are then
recycled back to the cell surface where the ligands are released
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(DARPins),” both selected for binding with nM affinity to
albumin from different species. Other examples are single
variable antibody domains with albumin specificity
(AlbudAb),**3® and ABDs derived from gram-positive bac-
teria displaying such proteins on their surface to camouflage
and evade the immune system of the host.””*' ABDs that bind
albumin from different species,”>"** have been explored as
biotechnological tools for purification and interaction analyses.
Importantly, they have also been explored as fusion partners to
extend the plasma half-life of fused proteins by indirect target-
ing of FcRn.**>' The most-studied ABD, derived from
Streptococcal protein G,>”>*">* has been engineered to strongly
bind to human albumin at both neutral and mildly acidic pH.*®

Previously, we reported on how the Streptococcal protein G-
derived high affinity engineered ABD,” fused to affibody mole-
cules targeting human epidermal growth factor 2 (Her2), can
be used to target rat and human albumin without affecting pH-
dependent binding to rat/human FcRn.>' Thus, this particular
engineered ABD binds the albumin species in such a fashion
that FcRn engagement is not hindered, which resulted in
extended half-life in a rat model.”" This ABD concept has
been extended to other fusion protein designs,”">’~>” including
more complex multi-domain proteins such as full-length
human immunoglobulin A (IgA) antibodies.*’

IgA is an attractive therapeutic protein, but its short plasma
half-life of only 5 days in humans® could be a limitation for
clinical use. IgA-mediated killing of cancer cells is dependent on
binding to Fca receptor (FcaRI) expressed by myeloid cells.®!
Importantly, a large body of evidence has proven that IgA-induced
cross-linking of FcaRlI, expressed by polymorphonuclear leuko-
cytes (PMNs) upon binding to tumor antigens, is much more
efficient in the elimination of cancer cells compared with that of
IgG cross-linking to Fcy receptors (FcyRs).**' ™" In addition, this
killing potential can be further enhanced by simultaneously

blocking the CD47-SIRPa checkpoint axis.”* As such, IgA would
be an attractive antibody in tumor targeting. A strategy to solve the
short half-life of IgA may be to fuse IgA to an ABD to hijack
human albumin in blood.*” Extended half-life combined with the
potent ability of human IgA to induce antibody-dependent cell-
mediated cytotoxicity (ADCC) will make this antibody isotype
even more attractive as a therapeutic modality.

So far, design of ABD-fused human IgA has been studied in
conventional mice expressing mouse albumin and mouse
FcRn.*® However, we have demonstrated that there are great
cross-species  differences in FcRn-albumin interactions
between mice and human that compromise studies on
human albumin in conventional mice, and thus may also affect
studies on ABD-strategies.”>”> Here, we conducted a compre-
hensive study on IgAl fused to ABD, derived from
Streptococcal protein G, in both in vitro and in vivo systems
harboring human albumin and human FcRn.

Results

Design and production of ABD fused to Her2-IgA1
antibodies

Previously, we reported on the construction of ABD-fused anti-
Her2 IgA variants harboring the variable domains derived from
trastuzumab where IgA1 showed stronger anti-tumor effect than
IgA2 in a multi-compartment xenograft model performed in
human Fca receptor transgenic mice.®® As such, we focused here
on characterization of two IgA1 variants, one where the ABD was
fused to the C-terminal end of the light chains (IgA1-LCapp) and
another where it was fused to the heavy chains (IgA1-HCxpp)
(Figure 1(a)). In both cases, ABD was fused via a flexible glycine-
serine linker (9GS). The ABD used was previously engineered to
femtomolar affinity for human albumin, binding strongly at both
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Figure 1. Recycling model of IgA,gp through binding to albumin and indirect rescue by FcRn. A) lllustration of the two ABD-fused human IgA1 formats studied;
IgA1-LCapp and IgAT-HCpgp. B) (1) IgA1-LCagp and IgA1-HCagp Will be taken up in complex with albumin via fluid-phase pinocytosis and enter early endosomes. (2) FcRn
predominantly resides within acidified endosomes, where the lower pH will trigger binding of albumin bound IgA1gp to the receptor. As such, the IgA1 fusions will be
indirectly bound to FcRn. (3—4) The ligands bound to the receptor will then be recycled back to the cell membrane, where the physiological pH of blood (pH 7.4) results
in release of the ligands back into the circulation. (5) Proteins that do not bind FcRn in the sorting endosomes, such as naked IgA, will end in lysosomes for degradation.
Q) lllustrations of wild-type (WT) and engineered (QMP) human albumin variants. The figure was made with BioRender.



acidic and neutral pH.>® The concept of indirect targeting of
human FcRn is based on the ability of ABD-fused antibodies to
associate with human albumin in the blood followed by cellular
uptake and pH-dependent engagement of the receptor and exo-
cytosis back at the cell surface for release (Figure 1(b)), which may
happen both in the presence of wild-type human albumin and
albumin engineered for improved human FcRn binding (ie.,
QMP) (Figure 1(c)).

ABD-fused human IgA1 binds human albumin and
engages human FcRn

In order to use the Streptococcal protein G-derived ABD as a
human IgA fusion partner to achieve long half-life, it must bind
human albumin in a pH-independent manner. It is a prerequisite
that the IgAl,pp-albumin complex stays associated throughout
the pH-gradient of the cellular recycling pathway. The mixtures of
LC- and HC-fused IgAlapp with albumin were added to an
enzyme-linked immunosorbent assay (ELISA) plate coated with
anti-IgA antibody, followed by extensive washing at either pH 5.5
or 7.4. Bound albumin was then detected with anti-human albu-
min alkaline phosphatase (ALP)-conjugated antibody (Figure 2
(). The results clearly showed that both IgA1,pp variants bound
human albumin at both pH conditions (Figure 2(b)).

To address the ability of human albumin bound IgA1,pp to
engage human FcRn, ELISA was performed as above and
compared with that of naked IgAl. Glutathione S-transferase
(GST)-tagged recombinant soluble human FcRn was added at
neutral or acidic pH, and receptor binding was detected using
an anti-GST horseradish peroxidase (HRP)-conjugated
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antibody (Figure 2(c)). The results showed that the receptor
bound human albumin when associated with the IgAlpp
variants but not naked IgA1. Binding occurred in a pH-depen-
dent manner, with binding at acidic pH and no binding at
neutral pH. At higher concentrations, IgA1-LC,pp bound with
slightly greater capacity to human FcRn than IgA1-HCypp,
which may hint to some steric hindrance (Figure 2(d)).

To further visualize the binding events, surface plasmon
resonance (SPR) experiments were performed. IgA1-HCxpp
was immobilized followed by injections of human albumin
until saturation was reached. Then, a constant amount of
soluble human FcRn was injected at pH 5.5 (Figure 3(a)).
The sensorgrams demonstrated in real-time that the receptor
can engage albumin in a reversible manner when bound to
IgAl,pp (Figure 3(b-c)).

Indirect FcRn-mediated cellular rescue and extended in
vivo half-life

To investigate whether the IgA1 ,pp variants would be rescued
from intracellular degradation, a human endothelial cell-based
recycling assay (HERA) was used.'® This assay is based on a
human microvascular endothelial cells (HMEC)-1 cell line
overexpressing human FcRn (Figure 4(a)). IgA1-LCypp and
IgA1-HCapp were compared with naked IgAl and pre-incu-
bated with human albumin before addition to the cell medium.
Cells were incubated for 4 hours to allow protein uptake.
Subsequently, the cells were washed and fresh medium was
added. After overnight (ON) incubation, medium was col-
lected and the amounts of IgAlpp variants present were
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Figure 2. Human albumin binds IgA1-fused ABD in a pH-independent manner but human FcRn in a pH-dependent manner. A-B) ELISA showing binding of
titrated amounts of ABD-fused IgA1 variants to human albumin at both pH 5.5 and 7.4. The numbers represent the meanzs.d. of duplicates. C-D) ELISA showing pH-
dependent binding of ABD-fused IgA1 in complex with human albumin to human FcRn. The numbers represent the meanzs.d. of duplicates. Figure A and C were made

with bioRender.
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Figure 3. Reversible human FcRn binding to albumin in complex with ABD-fused IgA1. A) SPR setup with immobilized IgA1-HCygp, followed by injection of human
albumin and soluble monomeric human FcRn at pH 5.5. The figure was made with bioRender. B) Sensorgram showing binding of human albumin after multiple
injections over immobilized IgA1-HCxgp, followed by injections of human FcRn. C) Close-up of the sensorgram showing binding of monomeric human FcRn to human

albumin captured on ABD-fused IgA1-HCppp.

quantified by ELISA. The HERA results showed that both the
heavy and light chain fused IgAlpp variants were recycled
more efficiently than naked IgA1, as about 3-5-fold more of the
fusions were detected in the medium. Thus, membrane-bound
human FcRn can engage human albumin when bound to the
IgA1App variants in acidified endosomes to the effect that both
are rescued from degradation (Figure 4b). The light chain fused
variant was recycled more efficiently than the heavy chain
fusion. Notably, in the presence of albumin, ABD-fused IgAl
variants were rescued from degradation to the same extend as
anti-Her2-IgG1 (supplementary Figure 1a).

To investigate whether the enhanced FcRn-mediated rescue
from degradation detected in HERA would translate into
extended in vivo half-life, we used a state-of-the-art humanized
mouse model, which is engineered to lack mouse FcRn and
mouse albumin, and is transgenic for human FcRn.”® This
strain has been shown to be more suitable for studies of
human albumin in the context of human FcRn,””””® due to
cross-species differences.”>””>”’

IgA1-HCupp and IgA1-LCupp were intravenously injected
either alone or together with human albumin, and blood samples

were collected after a period up to 23 days from the retrobulbar
venous sinus (Figure 5(a)). When given alone, the IgAlapp
variants were rapidly cleared from blood, with half-lives of
around 1 day, similar to that of naked IgAl (Figure 5b-c).
However, when mice received the IgAl,pp variants in the pre-
sence of human albumin, the half-lives of the ABD-IgA1 fusions
were considerably extended, by 3.8-fold for IgA1-HCpp and 5-
fold for IgA1-LCxpp (Figure 5(b-c)). The longer half-life of the
LC-fused IgA1 variant is in line with the in vitro data, showing
better binding and recycling of the LC-fused version than the
HC-fused verison. Notably, ABD-IgA1 in complex with albumin
achieved a half-life in the same range as that of Her2-IgG1 in
human FcRn-expressing mice (supplementary Figure 1b).

Engineered human albumin as a strategy to enhance
recycling and half-life

ABD-fused proteins may also associate with human albumin
variants that have been engineered for enhanced half-life via
improved pH-dependent FcRn binding.””"*' One such variant
harbors three mutations (E505Q/T527M/K573P; QMP) that
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Figure 4. FcRn-mediated recycling in a cellular system. A) A schematic illustration of the HERA protocol. Briefly, HMEC-1 cells overexpressing human FcRn are seeded
one day prior to the experiment. Cells are then washed and starved before samples are added and incubated for 4 hours. Before incubation ON, the medium is replaced.
Recycling was defined as amount of protein taken up after 4 hours of incubation and further released back into the medium after ON incubation . The amounts of
proteins present in the medium are then quantified in ELISA. The figure was made with BioRender. B) IgA1, IgA1-LCagp and IgA1-HCagp pre-incubated with human
albumin were added to the cells. The amounts of the human IgA1 variants in collected medium samples were quantified by ELISA. The numbers given represent
duplicates in ELISA of triplicates in HERA (SD). ns > 0.05, * = p 0.0136, **** = p < .0001, by two-tailed analysis using unpaired T-test (df = 10, t = 2.99, 11.05).
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Figure 5. Extended plasma half-life in human FcRn transgenic mice in the
presence of human albumin. A) Schematic illustration of the in vivo experi-
mental setup, where IgA1 variants were pre-incubated with excess amounts of
human albumin and given by intravenous (i.v.) injection to human FcRn trans-
genic mice that lack mouse albumin. Blood samples were collected up to day 23
post injection. The figure was made with BioRender. B-C) Log-linear changes in
plasma levels (%) of B) IgA1 and IgA1-LCagp given with and without human
albumin, and C) IgA1-HCpgp given with and without human albumin. The variants
were given to 5 mice per group. ns > 0.05,**** = p < .0001, by two-tailed analysis
using unpaired T-test (df = 8, t = 7.45-17.17).

was recently shown to have 2-fold extended half-life compared
to wild-type (WT) albumin in human FcRn transgenic mice.*’

First, we addressed if the IgAlapp variants could bind the
engineered QMP variant and subsequently engage human FcRn.
This was studied using the same ELISA setups as above (Figure 2
(a,c)). The results revealed that QMP and WT albumin bound
equally well to the IgAl,pp variants at both acidic and neutral
pH (Figure 6(a,b)), while human FcRn bound more strongly to
QMP-associated complexes than to the WT albumin counter-
part, in a strictly pH-dependent manner (Figure 6(c,d)). Notably,
IgA1-HCapp showed slightly better binding to human FcRn
than IgA1-LCxpp when associated with QMP.
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To measure how the presence of QMP affected FcRn depen-
dent recycling and rescue, HERA was performed as before
(Figure 4(a)). IgA1-LCxpp and IgA1-HCupp were pre-incu-
bated with either WT or QMP albumin before addition to the
FcRn-expressing HMEC-1 cells. Both IgAlpp variants were
recycled efficiently in the presence of QMP, as 3-5-fold more of
the fusions were detected in the medium compared to in the
presence of WT albumin (Figure 7(a)).

Finally, we measured if QMP could enhance the half-life of
the two IgA1,pp variants in the human FcRn transgenic mice.
The IgAlapp variants were co-injected with QMP or WT
albumin, and the clearence curves revealed that their half-life
increased up to 1.3-fold in the presence of QMP. However, the
gain in half-life was more pronounced and only statistically
significant for the IgA1-HCpp fusion (Figure 7(b)).

Discussion

Here, we used a Streptococcal protein G-derived ABD as a model
system to provide a preclinical guide on how to study indirect
targeting of human FcRn in the context of human albumin. We
demonstrate that human albumin in complex with an engi-
neered version of the ABD fused to human IgAl can engage
human FcRn in a pH-dependent fashion. This translated into
receptor-mediated cellular recycling in HERA and extended
half-life in a humanized mouse model. The data conclusively
show that the molecular design favors hijacking of soluble albu-
min followed by transport in and out of cells in a pH-dependent
fashion. As such, the design does not sterically interfere with pH-
dependent FcRn binding and release. This supports that the
particular model ABD used in our study binds to a site on
human albumin distal from that of human FcRn.

Human albumin consists of three homologous domains,
denoted DI, DII and DIIL®* where DIII harbors the principle
FcRn binding site while DI modulates binding to the receptor.®’
Indeed, both DI and DIII are important for optimal receptor
engagement,” and as such, the binding site for the engineered
Streptococcal protein G-derived ABD is very likely localized in
DII. This is in line with data showing that the ABD homologue
from Finegoldia magna binds DIL>* Thus, engaging DII may be
the optimal strategy for indirect targeting to FcRn, not to inter-
fere with the albumin:FcRn interaction.

We and others have shown that there are large differences in
the FcRn-albumin interaction across species.”>””>”* In a previous
study describing the design of the ABD-fused IgA variants, con-
ventional mice and tumor-bearing SCID mice transgenic for
human FcaRI were used.*” These mice express mouse FcRn and
mouse albumin, which may compromise evaluation of strategies
aiming for indirect targeting of human FcRn. In our case, the
engineered ABD binds human albumin with femtomolar affinity,
while the binding to mouse albumin is weaker.® Notably, we
recently demonstrated that, while both DI and DIII of human
albumin are required for optimal interaction with human FcRn,
DIII of mouse albumin plays the major role in engagement with
the mouse receptor.”” This distinct difference in the mode of
binding across species should be taken into consideration when
exploring albumin targeting strategies. Thus, we conducted the
studies in a mouse strain that is transgenic for human FcRn, but
that lack mouse FcRn and mouse albumin.”® These mice can be
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represent duplicates in ELISA of triplicates in HERA (SD). ns > 0.05, **** = p < .0001, by two-tailed analysis using unpaired T-test (df = 10, t = 2.99, 11.05). B) Log-linear
changes in plasma level (%) of IgA1-LCagp When given together with WT or QMP, and, IgA1-HCagp When given together with WT or QMP, in human FcRn transgenic
mice lacking expression of mouse albumin. The variants were given by i.v. injections to 5 mice per group. ns > 0.05, * = p 0.0342, by two-tailed analysis using unpaired

T-test (df = 8, t = 2.23, 2.55).

preloaded with human albumin without any sign of
immunogenicity.'*””** The set of in vitro and in vivo systems
used in this study provides a guide to preclincical testing of
drugs indirectly targeting human FcRn.

Instead of targeting endogenous albumin, the protein drug
of interest may also be directly coupled to an engineered
human albumin with improved human FcRn binding.””®!
We have previously reported on such variants that have
extended half-life beyond that of WT human albumin.”**
Here, we pre-incubated the ABD-fused proteins with one
such engineered variant, QMP,* and showed that it bound
equally well to IgA1,pp as WT albumin, but more strongly to
human FcRn. When the complexes were compared in HERA,
IgAl,pp was rescued more efficiently from degradation in the
presence of QMP then when in complex with WT albumin.

Enhanced cellular rescue from degradation of ABD-fused IgA1l
translated into extended half-life in human FcRn transgenic mice
when given together with human albumin. Thus, human FcRn is
capable of recycling a complex multi-domain protein when bound
to human albumin. In addition, we could further extend the half-
life of ABD-fused IgA1 when in complex with QMP. Previously,
we determined the plasma half-life of WT albumin to be 16.8 days
compared with 20.4 days for naked QMP in human FcRn-expres-
sing mice lacking endogenous albumin, which gives a 1.2-fold
prolonged circulation time of the engineered albumin.** When
we studied the IgA1,pp variants in this model in the absence of
albumin, they were rapidly cleared with a plasma half-life of only 1
day, similar to that of IgA1. Thus, genetic fusion of ABD, to either
the light or the heavy chain, does not affect plasma persistence.
However, in the presence of WT human albumin, the plasma half-



life was significantly extended to 4.9-9.2 days and when QMP was
used, we measured an additional 1.3-fold prolongation of half-life.
Thus, human FcRn engagement in vivo results in higher blood
levels over time. Notably, we observed a 2-fold difference in half-
life values between independent experiments using the same
transgenic mouse model. As the groups of mice used were a mix
of males and females at roughly the same age, we do not know the
reason for this.

Despite great improvement in plasma half-life of the IgA1,pp
fusions in the presence of albumin, it is still far from that of
albumin, which is likely due to biophysical properties of the
IgA1,pp fusions. However, the half-life measured in the human
FcRn-expressing mice is considerably longer than what was mea-
sured in conventional mice, which was 1.5-1.6 days only.” As such,
the use of humanized mice preloaded with human albumin is a
preclinical model that mirrors the human situation better.

With regards to molecular design, our in vitro and in vivo
data indicate that fusion of ABD to IgAI-LC may be the
preferred format. However, the improvement in half-life was
slightly more pronounced for the HC fused version in the
presence of QMP. In the previous study, LC fused IgA1 was
found to bind slightly better to human FcaRI than IgA1-HC in
the presence of albumin, which translated into a distinct dif-
ference in ADCC activity by human neutrophils.*” The differ-
ence observed between the LC and HC fused formats in
receptor binding could be explained by the location of the
FcaRI-binding site in the CH2-CH3 elbow region of IgA and
possible steric hindrance of the fused ABD. However, in mice
expressing human FcaRl, no difference between the ABD-
fused IgAl formats was observed, but they reduced tumor
volume more than naked IgA1.* To fully address the effect
of plasma half-life extension on the tumor killing potency of
human IgA in vivo, it would be attractive to construct mice
expressing both human FcaRI and human FcRn, which may be
pre-loaded with human albumin.

Protein-based therapeutics, including monoclonal antibodies,
may be immunogenic and induce anti-drug antibody (ADA)
responses in patients over time. The consequences may range
from no clinical impact to reduced bioavailability and therapeutic
efficacy as well as altered safety profile.** Thus, in a clinical setting,
IgA fused to the bacterial-derived ABD may induce ADAs, and we
can only speculate whether the fused ABD will trigger enhanced
immunogenicity. Interestingly, it has been reported that ABD
binding to human albumin is used by bacteria as a strategy to
hide from the immune system.””*' In our study, we did not
observe any sign of immunogenicity from the clearance curve
profiles, as monophasic log-linear decay in plasma concentrations
were measured. ADA responses were measured by ELISA for
IgA1-HC,pp from day 7 post-injection, but this was not consistent
between two independent experiments (supplementary Figures 2
and 3). Although it is important to examine whether ABD mod-
alities may induce ADA responses preclinically, caution should be
taken based on our data, as we injected a human protein fused to a
bacterial-derived protein into mice. Notably, prediction of Band T
cell epitopes suggested that the engineered ABD contains a few
potentially immunogenic peptides (supplementary Figures 4), but
caution should be taken as such predictions are regarded to have
largely unresolved challenges, with T cell epitope prediction being
of slightly higher quality, as recently discussed.®
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To further gain insight into immunogenicity towards the bac-
terial-derived ABD, we measured the presence of preexisting anti-
body responses in a commercial intravenous immunoglobulin
(IVIG) preparation, representing pooled IgG from 1000-15,000
healthy human donors. While strong antibody responses were
measured for an antigen derived from adenovirus 5, very low
responses were detected toward the ABD-fused IgAl variants,
which were about 2-3-fold stronger than for unfused IgAl. The
anti-ABD reactivity could be partly blocked in the presence of
human albumin supplementary (Figure 5). Thus, some individuals
may have preexisting antibody immunity against the bacterial-
derived ABD, which may potentially affect treatment.

Interestingly, it has been shown that tumors use albumin as a
source of nutrition.*® As such, albumin-bound cancer drugs
accumulate in solid tumors and show an enhanced anti-tumor
effect.**"®” This is supported by studies demonstrating that albu-
min accumulation is caused by the so-called “enhanced perme-
ability and retention effect” where higher permeability of blood
capillaries increases accumulation in the tumor. Based on this, it
may well be that ABD-fused IgAl in complex with albumin
could be taken up by tumors more efficiently that unfused
IgAl. However, in light of data showing that both the molecular
size and plasma half-life greatly affect anti-tumor efficacy,”
investigating how human IgA with and without albumin-bind-
ing properties behave in mouse tumor models will be valuable.

Materials and methods
Cell culture

HEK293F cells (ThermoFisher, Catalog number: R79007) were
maintained in Freestyle medium (ThermoFisher, Catalog number:
12338018), while HEK293E cells (ATCC, Catalog number: CRL-
1573) were maintained in RPMI medium (Sigma, Catalog num-
ber: R2405) supplemented with 10% heat-inactivated fetal calf
serum (FCS) (Sigma, Catalog number: F7524), and 1%
Penicillin-Streptomycin (Merck, Catalog number: P4458), or
Freestyle medium (ThermoFisher, Catalog number: 12338018).
High five cells (Invitrogen, Catalog number: B85502) were
grown in Express FIVE SEF medium (ThermoFisher, Catalog
number: 10486025) with 18 mM L-glutamine (ThermoFisher,
Catalog number: 25030123) and 1% antibiotic—antimycotic
(ThermoFisher, Catalog number: 15240096) added. The
HMECI-hFcRn cell line” was grown in Gibco MCDB 131 med-
ium (ThermoFisher, Catalog number:10372019) complemented
with 10% heat-inactivated FCS (Sigma, Catalog number: F7524), 2
mM L-glutamine (ThermoFisher, Catalog number: 25030123), 1%
Penicillin-Streptomycin (Merck, Catalog number: P4458), 10 ng/
ml mouse epidermal growth factor (ThermoFisher, Catalog num-
ber: PMG8043) and 1 pg/ml hydrocortisone (Sigma, Catalog num-
ber: H0888). To ensure stable FcRn expression, the medium was
supplemented with 5 pg/ml blasticidin (ThermoFisher, Catalog
number: A1113903) and 100 pg/ml G418 (ThermoFisher,
Catalog number: 10131027).

Her2-IgA1-ABD production and purification

Her2-IgAl, Her2-IgA1-HCapp and Her2-IgA1-LCxpp var-
iants were designed and produced as previously described.*’
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Albumin production and purification

c¢DNA encoding full-length human serum albumin, WT or the
engineered albumin variant, QMP (E505Q/T527M/K573P),
were expressed in pcDNA3 vectors. The vectors were transiently
transfected into HEK293E cells using Polyethylenimine Max
(Polysciences, Catalog number: 24885-2). The supernatant con-
taining secreted albumin were harvested every day for up to
2 weeks and purified using a CaptureSelect human albumin
affinity matrix (Life Technologies, Catalog number:
191297005) packed column (Atoll, as described by the manu-
facturer). Eluted proteins were up-concentrated and buffer-
exchanged to phosphate-buffered saline (PBS) (Sigma, Catalog
number: D8537) using Amicon Ultra-15 ml 10 K columns
(Millipore, Catalog number: C7715) before purifying them in a
second step using size exclusion chromatography (SEC). SEC
were performed using a Superdex 200 increase 10/300GL col-
umn (GE Healthcare, Catalog number: 28-9909-44) coupled to
an AKTA Avant instrument (GE Healthcare). Further, mono-
meric fractions were collected and up-concentrated using
Amicon Ultra-4 ml 10 K columns (Millipore, Catalog number:
C7715) before protein concentration were measured using a DS-
11 spectrophotometer (Denovix Inc.) and 2 g of the albumin
variants were analyzed on a 12% SDS-PAGE (Thermo Fisher
Scientific, Catalog number: NW00125BOX).

Recombinant human FcRn production and purification

A pcDNA3-GST-hP2-microglobulin vector generated from a
PcDNA3.1 vector (Invitrogen, Catalog number V79020) encoding
soluble recombinant GST-tagged human FcRn was transiently
transfected into HEK293E cells, and secreted receptor was purified
as previously described, using a GSTrap HP column (GE
Healthcare, Catalog number: 17-5282-02).* Production of
recombinant His-tagged human FcRn was done by using a
Baculovirus expression vector system,” and the viral stocks were
kind gifts from Dr. Sally Ward (University of Texas, Southwestern
Medical Center, Dallas, TX). The receptors were purified as pre-
viously reported using a HisTrap HP column supplied with Ni**
ions (GE Healthcare, Catalog number: 17-5248-02).°

ELISA

To measure FcRn binding, ninety-six-well ELISA plates (Costar,
Catalog number: 10544522) were coated with 1.0 ug/ml of a
polyclonal IgG from goat specific for human IgA alpha chain
(Abcam, Catalog number: ab97211), diluted in PBS (Sigma,
Catalog number: D8537), and incubated ON 4°C. Plates were
blocked with PBS containing 4% skimmed milk (S) (ITW
reagents, Catalog number: A0830) for 1 hour at room tempera-
ture (RT) and washed 4 times with PBS containing 0.05% Tween
20 (T) (Sigma, Catalog number: P1379). 100 pl of titrated
amounts of purified anti-Her2 IgAl,pp pre-incubated with 5
ug of albumin variants, diluted in PBS/S/T, were added to the
plates and incubated for 1 hour on a shaker at RT. Wells were
washed either with PBS/T pH 5.5 or PBS/T pH 7.4 before 2 pg/ml
of GST-fused soluble recombinant human FcRn, diluted in PBS/
S/T pH 5.5 or in pH 7.4, was added and incubated for 1 hour at
RT. The plates were washed at either pH 5.5 or pH 7.4, and

bound receptors were detected using HRP conjugated goat anti-
GST antibody (Rockland, Catalog number: 600-102-200),
diluted (1:8000) in PBS/S/T with pH 5.5 or 7.4, and incubated 1
hour at RT. The plates were washed as before and 100 pl of
3,3',5,5'-tetramethybenzidine  substrate  solution  (Merck
Millipore, Catalog number: CL07) was then added to the wells.
Absorbance was measured at 620 nm with a Sunrise spectro-
photometer (TECAN). The reaction was stopped by adding 50 ul
1 M HCI, and then measured at 450 nm.

ABD binding to human albumin-WT and -QMP were mea-
sured by coating, blocking, washing and adding IgAlapp
+albumin variants to the plates as described above. Binding
of the ABD to either human albumin-WT or -QMP were
measured by adding 100 pl of anti-human albumin ALP-con-
jugated antibody from goat (1:4000) (Bethylx, Catalog number:
A80-229AP) for 1 hour at RT. The plates were washed as
above, and bound proteins were visualized by adding 100 pl
of ALP substrate (1 mg/ml phosphate in diethanolamine buf-
fer) (Sigma, Catalog number: S0942). Absorbance was mea-
sured at 405 nm with a Sunrise spectrophotometer (TECAN).

To analyze HERA samples, 96-well ELISA plates (Costar,
Catalog number: 10544522) were coated with 1.0 pg/ml of a
polyclonal IgG from goat specific for human IgA alpha chain
(Abcam, Catalog number: ab97211), diluted in PBS (Sigma,
Catalog number: D8537), and incubated ON 4°C. Plates were
blocked with PBS/S for 1 hour at RT and washed 4 times with
PBS/T. HERA samples were added, and binding were detected
by adding 100 pl of an ALP-conjugated anti-human IgA (a-
chain specific) antibody produced in goat (Sigma, Catalog
number: SAB3701226) (1:2000) and incubated for 1 hour at
RT. The plates were washed as above, and bound proteins were
visualized by adding 100 pl of ALP substrate (1 mg/ml phos-
phate in diethanolamine buffer) (Sigma, Catalog number:
S0942). The anti-Her2 IgG1 variant was analyzed by capture
on 1.0 pg/ml human Her2 (Sino Biological, Catalog number:
10004-HCCH), and detected by using an ALP-conjugated anti-
human IgG (Fc-specific) antibody from goat (1:5000) (Sigma,
Catalog number: A9544). Absorbance was measured at 405 nm
with a Sunrise spectrophotometer (TECAN).

To detect for ADA in the plasma samples from the PK
studies, ELISA plates (Costar, Catalog number: 10544522) were
coated with 1.0 pg/ml of the IgA1,pp variant of interest, with or
without albumin, diluted in PBS (Sigma, Catalog number:
D8537), and incubated ON 4°C. Plates were blocked and washed
as described before. Plasma samples were diluted 1:200 in PBS/S/
T and 100 pul was added per ELISA well. Plates were washed
again, and binding was detected by adding 100 pl of an ALP-
conjugated anti-mouse IgG (Fc-specific) from goat (1:4000)
(Sigma, Catalog number: A2429). The plates were washed as
above, and bound proteins were visualized by adding 100 pl of
ALP substrate (1 mg/ml phosphate in diethanolamine buffer)
(Sigma, Catalog number: S0942). Absorbance was measured at
405 nm with a Sunrise spectrophotometer (TECAN).

To study preexisting reactivity toward the ABD in IVIG, 96-
well plates (Costar, Catalog number: 10544522) were either
coated with 1.0 ug/ml of IgA1l,pp variants directly or coated
with 1.0 pg/ml Her2 (Sino Biological, Catalog number: 10004-
HCCH) in PBS (Sigma, Catalog number: D8537) ON at 4°C,
followed by a layer of the IgAlpp variants in PBS/S/T. The



variants were studied both in the presence and absence of
albumin. Adenovirus type 5 hexon (BioRad; Catalog number:
MPPO002) was used as a positive control in the first setup. Plates
were blocked and washed as described before. 100 pl of titrated
amounts of IVIG (Octagam, Octapharma) starting at 1 mg/ml
diluted in PBS/S/T was added per ELISA well. Plates were
washed again. An ALP-conjugated anti-human IgA (a-chain
specific) antibody (Sigma, Catalog number: SAB3701226)
toward IgAl was used as a positive control in the second
setup and binding of IVIG was detected by adding 100 pl of
an ALP-conjugated anti-human IgG (Fc-specific) antibody
from goat (1:5000) (Sigma, Catalog number: A9544). The
plates were washed, and bound proteins were visualized as
before.

SPR

SPR was performed using Biacore T200 (GE Healthcare) and
CMS5 Series S sensor chips following the manufacturer’s pro-
tocol. IgA1-HCxpp (6 pg/ml in 10 mM sodium acetate pH 4.5)
were immobilized using amine coupling chemistry to ~500 RU,
and unreacted moieties on the CM5 chips were blocked with 1
M ethanolamine. Phosphate buffer (155 mM phosphate buffer,
85 mM NaCl, 0.05% Tween 20) pH 5.5 and phosphate buffer
(195 mM phosphate, 85 mM NaCl, 0.05% Tween20) pH 7.4
were used as running buffer and regeneration buffer, respec-
tively. Binding measurements were performed by injecting
monomeric human serum albumin with a flow rate of 30 ul/
min for 320 seconds at 25°C until saturation of the chip was
reached. Further, soluble monomeric human FcRn with a His-
tag was injected at 1 uM at 30 ul/min for 120 seconds at 25°C.

Human endothelial cell-based recycling assay

A human endothelial recycling assay was performed as pre-
viously described.'® Briefly, 7.5 x 10* HMEC-1 cells stably
expressing HA-hFcRn-EGFP were seeded into 24-well plates
per well (Costar, Catalog number:10732552) and cultured for
one day in growth medium. The cells were washed and starved
for 1 h in Hank’s balanced salt solution (HBSS) (ThermoFisher,
Catalog number: 14025100). 400 nM of IgA1,pp variants pre-
incubated with 800 nM of albumin variants and IgG1 were
diluted in 250 ul HBSS (pH 7.4) and added to the cells followed
by 4 h incubation. The medium was removed and the cells were
washed with ice cold HBSS (pH 7.4), before fresh warm HBSS
(pH 7.4) or growth medium without FCS and supplemented
with MEM non-essential amino acids (ThermoFisher, Catalog
number: 11140050) were added. Samples were collected the
next day. The amounts of anti-Her2 IgAl,pp variants and
IgG1 were quantified using ELISA. The ELISA was performed
as described above.

In vivo studies

Homozygote Tg32 Alb™" mice (B6.Cg-Tg(FCGRT)32Dcr
Alb™ PN Beapt™ P Myw]) from The Jackson Laboratory,
expressing human FcRn and not mouse albumin, were used to
determine the half-life of the IgA1 variants. Hemizygote Tg32
mice (B6.Cg-Fcgrt™' P Tg(FCGRT)32Dcr/Dcr]) expressing
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human FcRn were used to determine half-life of IgGI.
Female and male mice, age 7-15 weeks, weighing between 19
and 26 g (5 mice per group), received 1 mg/kg of IgAlpp
premixed with 10 times (number of molecules) more of albu-
min variants and 1 mg/kg IgG1 (diluted in PBS) and given by
intravenous injections. Blood samples (25 pul) were drawn from
the retro-orbital sinus at days 1, 2, 3, 4, 5, 7, 10, 12, 16, 19 and
23 after injection. To prevent coagulation, the blood samples
were mixed with 1yl 1% K3-EDTA and then centrifuged at
17,000 x g for 5min at 4°C. Plasma was isolated and diluted
1:10 in 50% glycerol/PBS solution and then stored at —20°C
until analysis by ELISA. Plasma samples were diluted ranging
from 1:400 to 1:50 in PBS/S/T and 100 ul was added per ELISA
well. The study was carried out at The Jackson Laboratory (JAX
Services, Bar Harbor, ME). The experiments and procedures
used were approved by the Animal Care and Use Committee at
The Jackson Laboratory and performed in accordance with the
approved guidelines and regulations.

Half-life calculation

The plasma concentration of the IgA1 variants is presented as
percentage remaining in the circulation at indicated time
points post-injection compared to the concentration on day
1. Non-linear regression analysis was performed to fit a straight
line through the data using the Prism 8 software, and the B-
phase half-life was calculated using the formula: t;),

= (k);g\% x t, where t1/2 is the half-life of the IgA1 variants,
Ae is the amount of IgA1 remaining, A0 is the amount of IgA1

on day 1 and t is the elapsed time.

Statistical analysis

Data were analyzed using GraphPad Prism 8 for Mac (Version
8; GraphPad Software Inc.) and Microsoft Excel for Mac (ver-
sion 16.35). GraphPad Prism 8 was used to perform two-tailed
statistical analyses using unpaired T-test, and were performed
with a 95% confidence interval and where p <0.05 was con-
sidered a statistically significant difference.

T- and B-cell peptide epitope prediction

The WT (ABDO001) and the engineered ABD (ABDO035)
sequence’® were aligned using Clustal Omega (1.2.4) multiple
sequence alignment.

To predict T cell epitopes, we performed MHC presentation
using the state-of-the-art method NetMHC4.1°*%° (http://
www.cbs.dtu.dk/services/NetMHCpan/) using rank threshold
for strong binders: 0.5, and weak binders: 2.0.

For prediction of B-cell epitopes, the gold standard Immune
Epitope Database analysis resource antibody epitope predic-
tion tool®® (http://tools.iedb.org/bcell/) was used with a thresh-
old of 0.500.
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