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Introduction

In recent decades, biotherapeutic drugs have revolutionized
modern medicine, treating complex diseases and disorders
and impacting the lives of millions of patients. This class
of drugs provides a more targeted and personalized
approach to medicine, overcoming many of the challenges
that have impeded the development of small molecules.
Biotherapeutics entail many types of biological agents, but
they largely consist of antibodies. In the last 35 years, over
100 monoclonal antibodies (mAbs) have been designated
as drugs by the FDA. Available mAbs are directed against

a large number of antigens and used for the treatment of
immunological conditions, reversal of drug effects, cancer
therapy, inflammatory diseases, and infectious diseases
(such as COVID-19). With hundreds of additional entities
in preclinical development, these biological agents will
dramatically impact human health in the years to come.

As these agents are biological in nature, the manner in which
they interact with the body can dramatically affect their
safety and efficacy. Particularly, immunogenic responses
have impeded the development of some biotherapeutic
candidates. It is imperative, therefore, to perform extensive
preclinical research to understand the mechanism of action,
the pharmacokinetics (PK) and pharmacodynamics (PD),
safety and toxicity, and dosing of biotherapeutic candidates.

In this article collection, we highlight five recent publications
that cover aspects of biotherapeutic preclinical development.
First, Vasudevan et al. (2017) determined the potency of
inactivated H7 influenza vaccines using mAb-based biolayer
interferometry assays and ELISA, showing that these assays
are viable alternative methods for potency evaluation.

Next, Rossotti et al. (2021) analyzed and reviewed the
available evidence on immunogenicity of single-domain
antibodies. They also discussed strategies to reduce the

risk of immunogenicity by humanization. Following

these articles, Gibbs et al. (2020) review physiologically
based pharmacokinetic (PBPK) models in the context of
describing the PK of bispecific antibodies. Additionally,

they discuss the integration of PD models and PBPK models
and provide perspectives on building dual PBPK-PD models
to help guide the development of bispecific antibodies.
Next, Teal et al. (2022) identified highly specific, low
affinity affibody binding partners for insulin-like growth
factor-1 (IGF-1) and pigment epithelium-derived factor
(PEDF) to independently control protein release rates. They
examined protein-affibody binding interactions using BLI
and tested the system in vivo. Their work demonstrated a
new approach to tune the release of therapeutic proteins
both independently and simultaneously, paving the way

for precise control over the delivery of multicomponent

4

biological therapies. Finally, Marcion et al. (2021) studied
Nanofitins as antibody alternatives for colorectal cancer.
Particularly, they examined the binding of Nanofitins to heat
shock protein 110 (HSP110) using BLI and characterized
the ability of Nanofitins to inhibit HSP110 both in vitro

and in vivo. They found that Nanofitins can modulate the
tumor microenvironment and induce an anticancer immune
response, leading to a decrease in tumor growth, suggesting
that Nanofitins may be viable immunotherapies for cancer.

Through this research article collection, researchers
will be educated on important considerations and
strategies to enhance the preclinical development of
biotherapeutic agents. Readers of this article collection
will gain a deeper appreciation for the utility and role
of label-free approaches, like biolayer interferometry,
in the preclinical development of biotherapeutics.

Emily E. Frieben, Ph.D.
Associate Editor, Wiley Interdisciplinary Reviews
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Background: The single radial immunodiffusion (SRID) assay, the accepted method for
determining potency of inactivated influenza vaccines, measures an immunogenic
form of the influenza hemagglutinin. Nevertheless, alternative methods for measuring
vaccine potency have been explored to address some of the weaknesses of the SRID
assay, including limited sensitivity and the requirement for large amounts of standard-
ized reagents. Monoclonal antibody (mAb)-based potency assays also have the ability
to detect and measure relevant immunogenic forms of HA.

Objectives: The objective of this study was to continue evaluation of mAb-based al-
ternative methods for measuring the potency of inactivated influenza vaccines, focus-
ing on A(H7N9) pandemic influenza vaccines.

Methods: Several murine mAbs that recognize different epitopes on the H7 hemag-
glutinin (HA) were identified and characterized. These mAbs were evaluated in both a
mAb-capture ELISA and a mAb-based biolayer interferometry (BLI) assay.

Results: Results indicated that potency of inactivated A(H7N9) vaccines, including
vaccine samples that were stressed by heat treatment, measured by either alternative
method correlated well with potency determined by the traditional SRID potency
assay.

Conclusions: The availability of multiple H7 mAbs, directed to different HA epitopes,
provides needed redundancy in the potency analysis as A(H7N9) viruses continue to
evolve antigenically and suggests the importance of having a broad, well-characterized
panel of mAbs available for development of vaccines against influenza strains with
pandemic potential. In addition, the results highlight the potential of mAb-based plat-
form such as ELISA and BLI for development as alternative methods for determining

the potency of inactivated influenza vaccines.
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1 | INTRODUCTION

Traditionally, the potency of inactivated influenza vaccines has
been determined using the single radial immunodiffusion (SRID)
assay, an agarose gel-based format that uses strain-specific poly-
clonal antibody reagents to quantify the amount of influenza hem-
agglutinin (HA) present in a vaccine sample by comparison with the
assigned HA value of a reference antigen standard.'® The SRID
assay is relatively simple and practical, strain-specific, and has ac-
ceptable accuracy and robustness for current vaccines. However,
the dynamic range of the SRID is limited, the assay may not be
ideal for newer types of influenza vaccines, and the assay requires
large amounts of calibrated reagents that must be produced in a
timely manner to support vaccine manufacturing. The latter issue
is always a concern, both in the context of seasonal influenza
vaccine manufacturing, as well as in the response to the emer-
gence of a pandemic influenza strain.* Indeed, difficulties were
encountered in the preparation of the SRID potency antisera for
the A(HIN1)pdmO9 pandemic vaccine and for candidate vaccines
made in response to the emergence of the A(H7N9) virus in China
in 2013.°

In an attempt to address some of the limitations of the SRID,
several newer methods have been explored in recent years as
possible alternative potency assays for inactivated influenza vac-
cines.’3 Several of these assays rely on the use of strain-specific
monoclonal antibodies (mAbs) to capture and quantify HA in vaccine
samples. Although the initial reports describing mAb-based alter-
native potency assays are promising and demonstrate the general
feasibility for further development, there are unanswered questions
concerning the identification and selection of the appropriate an-
tibodies and how such antibody reagents can be generated in the
time frame required for vaccine manufacture. These issues are es-
pecially concerning in the time frame of pandemic influenza vaccine
manufacturing.

The goal of this study was to continue evaluation of mAb-based
alternative methods for measuring the potency of inactivated in-
fluenza vaccines, focusing on A(H7N9) pandemic influenza vac-
cines produced following the emergence of novel A(H7N9) viruses
in China in 2013 that resulted in hundreds of human fatalities.!**>
Several mAbs, recognizing different epitopes on the H7 HA, were
identified, characterized, and evaluated in both a mAb-capture
ELISA and a mAb-based biolayer interferometry (BLI) assay. The
results indicated that potency of inactivated A(H7N9) vaccines,
including vaccine samples that were stressed by heat treatment,
measured by either alternative method correlated well with potency
determined by the traditional SRID potency assay and suggested the
value and feasibility of having a broad, well-characterized panel of
mAbs available for development of vaccines against influenza strains
with pandemic potential. Overall, the results indicate the potential
of mAb-based ELISA and BLI platforms for continued development
as alternative methods for determining the potency of inactivated

influenza vaccines.

WILEY——
2 | MATERIALS AND METHODS

2.1 | Cells and viruses

The A(H7N9) A/Shanghai/2/2013 virus used in these studies is a
reassortant candidate vaccine virus (RG32A) prepared by and ob-
tained from the Centers for Disease Control and Prevention (Atlanta,
GA, USA). Influenza viruses were propagated in 9-day-old specific
pathogen-free embryonated chicken eggs. Selection and characteri-
zation of A(H7N9) escape viruses were performed in Madin-Darby
canine kidney (MDCK) cells. Mammalian virus-like particles (VLPs)
containing the HA of the A(H7N9) A/Shanghai/2/2013 virus were
prepared by modified vaccinia virus Ankara (MVA) vector infection
of Vero cells and purified as previously described.® All virus and VLP
work was approved by the FDA's Institutional Biosafety Committee.
Reference antigens for the A(H7N9) influenza vaccine virus were pro-
duced by the Center for Biologics Evaluation and Research (CBER)/
FDA. All cells were maintained in Dulbecco’s modified Eagle medium
supplemented with 10% FBS (HyClone, Logan, UT, USA), 2 mM L-

glutamine, and 50 pg/mL gentamicin.

2.2 | Production of influenza H7
monoclonal antibodies

Purified murine mAbs to A/Shanghai/2/2013 HA were prepared
as previously described,’” using VLPs containing the HA from A/
Shanghai/2/2013 as the immunogen. To select for mAbs directed to
epitopes other than antigenic site A in HA, VLPs were prepared as im-
munogens from two modified MVA vectors that expressed either the
H7 HA with a glycosylation site motif introduced at amino acid 123-
125 (amino acid numbering throughout the text refers to the mature
H7 HA, excluding the HA N-terminus signal peptide), or an H7 anti-
genic site A mutation at amino acid position 131 (R131G). Targeted
mutations were introduced into the MVA plasmid insertion vectors
using QuickChange Lightning® Site-Directed Mutagenesis Kit (Agilent
Technologies, Santa Clara, CA, USA). Hybridoma clones secreting
mADbs to influenza H7 HA were screened by ELISA using inactivated

A/Shanghai2/2013 reference antigen as a capture antigen.

2.3 | Selection of escape mutants

The selection of A(H7N9) escape virus mutants'® was performed by
incubating A/Shanghai/2/2013 virus with H7 mAbs over a range of
concentrations from 40 to 0.156 pg/mL, selecting resistant virus, and
repeating the process for up to 2 more rounds of selection. Escape
mutants were sequenced and tested for reduced inhibition of neutrali-
zation by the mAb compared to the parent virus.

2.4 | Measurement of potency by mAb ELISA

Potency ELISAs were performed as previously described.'? Purified
capture mAbs were used at a concentration of 2-4 ug/mL (determined
empirically for each mAb to optimize antigen capture and minimize
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non-specific background). Reference antigen and vaccine samples
were treated with 1% Zwittergent 3-14 for 30 minutes, diluted in PBS/
Tween/10% FBS (minimum 10-fold additional dilution) before being
added to the Immulon 2HB plate. The primary detection antibody
was a purified rabbit polyclonal 1gG, generated by the immunization
of rabbits with plasmid DNA vectors expressing A/Shanghai/2/2013
HA and boosted with mammalian-derived VLPs containing the same
H7 HA. The secondary detection antibody was a goat anti-rabbit 1gG
conjugated with HRP. A 1:1 mix of ABTS:H,O, was used as enzyme
substrate. The HA concentration was determined by parallel line anal-
ysis of the four-parameter regression fits of vaccine samples to that
of the standard (the reference antigen) on each plate. Replicates were

included on each plate, and assays were repeated on different days.

2.5 | Measurement of potency by single radial
immunodiffusion

The SRID assay was performed as previously described.*”?° Vaccine
potency was calculated using the parallel line bioassay method, which
uses reference and test vaccine dose-response curves (log antigen
dilution versus log zone diameter). Replicates were included in each

SRID assay, and assays were repeated on different days.

2.6 | Biolayer interferometry

Epitope binning and vaccine potency determination by BLI were per-
formed on an Octet Red-384 system (Pall ForteBio, Menlo Park, CA
USA\). For epitope binning, recombinant H7 (rHA) A/Anhui/01/2013
(Protein Sciences, Meriden, CT, USA) in PBS was biotinylated using
an EZ-Link NHS-PEG, Biotinylation kit (Thermo Fisher, Rockford, IL,
USA). A/Anhui/01/2013 is an A/Shanghai/2/2013-like A(H7N9) virus
with the same HA as A/Shanghai/2/2013.

Binning was performed in 96-well microplates (Pall ForteBio)
and used High Precision Streptavidin-coated (SAX) biosensors (Pall
ForteBio) loaded with the biotinylated A/Anhui rHA at 5 pug/mL (de-
termined empirically to generate a response signal of ~0.5). H7 anti-
bodies were loaded into adjacent wells at a concentration of 50 pg/mL
for initial saturating binding to HA and also loaded into a second set
of wells at a concentration of 25 pg/mL to be used as the competing
Ab in the assay. Loading time for the biotinylated rHA onto the SAX
biosensors was 600 seconds; loading times for antibody 1 (saturating
Ab) and antibody 2 (competing Ab) were 300 seconds. The binning ex-
periments were designed so that every antibody was used for satura-
tion and competition against all of the other antibodies. Data Analysis
HT 9.0 software (Pall ForteBio) was used to analyze the results, which
were presented in a matrix format to indicate antibody combinations
that were either blocking or non-blocking.

Biolayer interferometry vaccine potency determination exper-
iments used Dip and Read Anti-Mouse IgG Fc Capture (AMC) bi-
osensors (Pall ForteBio) in a 384-well plate format (tilted-bottom
microplates, Pall ForteBio) with a baseline buffer consisting of Kinetics
Buffer (Pall ForteBio) with 0.1% Tween 20/0.1% BSA. Each mAb
concentration was optimized by initially diluting the mAb to 10 pg/

mL followed by twofold serial dilution before loading onto the AMC
biosensor. Reference antigen, diluted to 30 pg/mL, was bound to the
different concentrations of mAb, and the optimal mAb binding con-
centration was determined by selecting the highest mAb concentra-
tion at which the binding curves were not overlapping. For mAbs 1E9,
7B5, and 98, the optimal mAb concentration was determined to be
0.3 pg/mL. For mAb 5Aé6, an optimal concentration of 0.128 pug/mL
was determined.

For vaccine potency determination, the AMC biosensors were
dipped into buffer (baseline step) for 60 seconds, followed by loading
the optimized mAb concentration for 300 seconds (load step). The bio-
sensors were then dipped into the baseline buffer again, followed by the
reference standard for 300 seconds (association step). A separate set of
biosensors was used to repeat this process, except that the association
steps used vaccine samples. The reference antigen and vaccine samples
were prepared as a twofold dilution series with a starting concentration
of approximately 30 pg/mL. All steps were performed at 23°C at a shake
speed of 400 rpm. The HA concentration of vaccine samples was calcu-
lated by comparing the standard curve of the reference antigen to the
standard curve generated for each vaccine sample. The same read time
was used for both the reference and the vaccine sample being com-
pared (20-300 seconds), and an unweighted dose-response 4PL curve
was used for both the reference and the vaccine samples. Three repli-
cates of standards and unknowns were included on each plate, and each

assay repeated a minimum of two times on different days.

3 | RESULTS

3.1 | Isolation and characterization of monoclonal
antibodies to the influenza H7 hemagglutinin

In a previous study, we described the isolation and characterization
of murine mAbs to the H7 HA of the recently emerged A(H7N9)
viruses in China,!” but interestingly, all of the mAbs isolated in that
study were directed to antigenic site A. In order to broaden the H7
HA epitope representation of our mAbs, we generated and char-
acterized additional panels of mAbs using approaches designed to
select for mAbs directed to epitopes other than antigenic site A.
In addition, we evaluated some existing mAbs (mAbs 62 and 98)
developed to an older H7N1 strain to determine how well these
mAbs would bind the more recent A(H7N9) hemagglutinins.?>%?
Monoclonal antibodies were assessed for binding to HA in an ELISA
using inactivated A(H7N9) A/Shanghai/2/2013 virus. Several mAbs
that bound H7 HA well were identified and selected for further
characterization, including testing for hemagglutination inhibition
and binding in Western blot under reducing and non-reducing con-
ditions (Table 1).

3.2 | Epitope analysis of influenza A(H7N9)
monoclonal antibodies

Biolayer interferometry was used to perform epitope binning of
the H7 A/Shanghai mAbs using biotinylated H7 A/Anhui/1/2013
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TABLE 1 Characterization of H7 monoclonal antibodies

Western blot

Binding titer Hemagglutination  reducing/
Antibody by ELISA? inhibition titer” non-reducing®
1A10 12 821K 3238 +/+
1E9 3226K 481 -/+
5A6 1587K 241 -/+
7B5 6250K 3851 -/+
7E3 3226K 1925 +/+
62 1587K 6476 -/+
98 1587K 4579 -/+

2Endpoint titer—highest dilution of antibody (initial concentration of 4 mg/
mL) giving an absorbance value (405 nm) >0.050 and greater than the high-
est dilution of a matched dilution of control antibody of the same isotype;
K =1000; antigens for capture (inactivated whole influenza A/
Shanghai/2/2013 virus used at 10 pg/mL).

PGMT of the antibody inhibition of A/Shanghai/2/2013 hemagglutination
of chicken red blood cells; initial mAb concentration 0.8 mg/mL.

‘mAb binding of A/Shanghai/2/2013 HA in Western blot analysis under
reducing and non-reducing conditions.

rHA. Each mAb was captured separately to saturation, and all other
mAbs were used as competing antibodies in order to examine com-
petitive binding. As shown in Table 2, three of the mAbs (7B5,
7E3, and 1A10) grouped in one antigenic “bin” that did not include
the other four mAbs (1E9, 98, 5A6, and 62). Of these other four
mAbs, 1E9, 98, and 5A6 clearly grouped into a second antigenic
“bin”, as using any of these mAbs as saturating antibody blocked
binding of itself and the other mAbs. The results for mAb 62 were
not as clear-cut, but suggested that mAb 62 is also likely part of
the second “bin.” Although mAb 62 competed somewhat with
saturating 1E9, 98, and 5A6 mAbs, saturating mAb 62 completely
blocked subsequent binding by itself as well as 1E9, 98, and 5A6
(column 62).

WILEY——

Finer mapping of the epitopes recognized by the H7 mAbs was
performed by generating virus escape mutants. Escape mutant vi-
ruses with single amino acid changes were obtained for mAbs 7B5
and 1A10 (G189E) and 1E9 (R247H). The G189 mutation is near
antigenic site B, defined originally for influenza H3 HA;?3?* the
mutation at position 247 selected by mAb 1E9 is not in any of the
previously defined antigenic sites for influenza H3. The locations
of these escape mutations, as well as those for 5A6%7 (previously
mapped to antigenic site A - R131G), are shown in Figure 1. Escape
mutant viruses with amino acid changes at positions 119 (G119E)
and 157 (K157E) have previously been reported for mAbs 9822 and
62,2 respectively. In several attempts at isolating escape mutants
to these two mAbs, viruses with both amino acid changes (G119E
and K157E) were always obtained. As shown in Figure 1, these two
amino acids are located spatially adjacent to each other on the HA,
suggesting that mAbs 62 and 98 probably recognize the same HA
epitope.

Cross-neutralization experiments with the escape mutant vi-
ruses and the H7 mAbs were used to extend the epitope analysis
of the H7 mAbs (Table 3). Initial experiments confirmed that mAbs
7B5, 1A10, and 7E3 shared a common epitope, as none of these
mAbs were able to neutralize an escape virus with a G189E mu-
tation (data not shown). In contrast, mAbs 5A6, 1E9, and 98 easily
neutralized the G189E escape virus and mAb 7B5 easily neutral-
ized the other three escape viruses. Although 5A6 and 1E9 grouped
together in the BLI binning experiments, neutralization analysis
indicated that the mAbs were different, as 5A6 was capable of neu-
tralizing the 1E9 escape virus and 1E9 was capable of neutralizing
the 5A6 escape virus. All escape viruses were neutralized well by
mAb 98 indicating that the epitope recognized by this mAb differed
from the other mAbs, including mAbs 5A6 and 1E9 which were
grouped together with mAb 98 by BLI binning. The mAb 98 escape
virus was not neutralized by mAb 1E9, however, suggesting that the
1E9 and 98 epitopes, although different, might be spatially close to

TABLE 2 Epitope binning of H7 monoclonal antibodies by biolayer interferometry

Saturating mAb®

mAb? 7B5 7E3 1A10 1E9 98 5A6 62 H5 2Cé6

7B5 0.0103 0.0133 0.0081 0.3313 0.3983 0.2563 0.1542 -0.0378
7E3 0.0097 0.0108 0.0085 0.3177 0.3918 0.2586 0.1542 -0.0368
1A10 -0.0022 -0.0013 0.0091 0.3324 0.404 0.2774 0.1763 -0.0271
1E9 0.2266 0.2311 0.2137 0.0176 0.0194 -0.0235 -0.0752 -0.1449
98 0.2775 0.278 0.2835 0.0551 0.0345 0.0211 -0.0629 -0.095

5A6 0.2009 0.1989 0.1799 0.0605 0.0686 0.014 -0.0752 -0.1967
62 0.288 0.2918 0.3048 0.1954 0.1578 0.1404 0.0142 -0.0544
H5 2Cé 0.4263 0.4378 0.3934 0.3993 0.4355 0.3149 0.2337 -0.0039

#Competing mAb—Data presented is the raw nanometer shift caused by the binding of the competing antibody. To differentiate between competing anti-
bodies that are blocked by the saturating antibody and those that are not, a threshold equal to the highest self-binding signal in the panel is set: 0.0345
(mAb 98). The threshold value is then used to color-code the matrix data in either red or green, to distinguish between competing antibodies that are or

are not blocked by the saturating antibody.

bSaturating mAb—H7 antigen was captured onto the SAX sensor surface using biotin tag and the loaded sensor first exposed to the indicated saturating

mADb.
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1E9 (R247H)

98 (G119E
K157E)

Top View

5A6 (R131G)

7B5 (G189E)

98 (G119E
K157E)

1E9 (R247H)

Side View

FIGURE 1 Location of HA amino acid changes in influenza A(H7N9) escape mutants. Antigenic structure of the A(H7N9) A/
Shanghai/2/2013 HA trimer (PDB ID: 4LNé) and location of the escape mutations to mAbs 7B5 (green), 5A6 (blue), 1E9 (magenta), and 98
(red). A, Top view—the location of each escape mutation on one HA molecule of the trimer is indicated. B, Side view—the location of three
escape mutations (5A6, 98, and 1E9) are shown on one HA monomer of the HA trimer; the location of the 7B5 mutation on the other two HA

monomers is shown by dotted lines

TABLE 3 mAb neutralization of A/Shanghai/2/2013 escape
mutants

mAb°
Virus® 5A6 7B5 1E9 98
A/Shanghai/2/2013 +++ e+ +++ o+
5A6v (R131G) - ++ ++ e+
7B5v (G189E) ++ - ++ -
1E9v (R247H) + +++ - e+
98v (G119E/K157E) + ++ - -

@Each virus was titrated and diluted to approximately 500 pfu/mL and in-
cubated with mAb concentrations from 80 to 0.31 pug/mL for incubation
with mAb.

b(-) No virus neutralization at mAb >80 pg/mL; (+) neutralization at 20 pg/
mL; (++) neutralization at 5 pg/mL; (+++) neutralization at mAb between
0.31 and 1.25 pg/mL.

each other on HA. Taken together, four distinct epitopes on the H7
HA were identified by the mAbs characterized in this study. Three
epitopes, recognized by mAbs 5A6, 1E9, and 98, are located on the
outer face of each HA monomer, whereas the fourth epitope rec-
ognized by mAb 7B5 is closer to the receptor-binding site of HA
(Figure 1).

3.3 | Potency determination of A(H7N9) inactivated
influenza vaccines by mAb-capture ELISA and biolayer
interferometry

Monoclonal antibodies to H7 HA were used to develop a cap-
ture ELISA for quantifying the HA content of inactivated influenza
A(H7N9) vaccines. The assay setup was similar to that previously
described'? and used four different H7-specific capture mAbs. ELISA
potency values were determined by comparing the binding of HA in
the vaccine samples relative to the binding of the reference antigen
standard that has an assigned value in pg of HA. The measured ELISA
potency values were compared to potency values determined con-
currently by SRID assay. Two inactivated H7 vaccine samples from 2
different vaccine manufacturers were available for evaluation by SRID
and mAb-capture ELISA.

The potency values obtained for Vaccine 1 using the ELISA-based
potency assay were similar for mAbs 5A6, 98, and 1E9 (Figure 2A),
ranging from 238 to 260 pg/mL, and similar to the SRID value of
248 pg/mL. However, the potency value obtained using mAb 7B5 was
approximately 66% lower (85.1 pg/mL) than the average of the other
three mAbs (250 pg/mL), suggesting that mAb 7B5 interacted differ-
ently with Vaccine 1 relative to binding of the reference antigen in

the ELISA format. For Vaccine 2, the potency values determined using
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antigen (with an assigned value of HA in pg) to each H7 mAb and com-
paring that standard curve to a similar binding rate response curve
for each of the two inactivated vaccine samples. The potency values
obtained for Vaccine 1 using the BLI-based potency assay were consis-
tent for the four mAbs, ranging from 238 pg/mL (mAb 98) to 254 pg/
mL (mAb 1E9), and also correlated well with SRID value of 248 ug/mL
for this vaccine sample (Figure 2B). Similarly, potency values obtained
for Vaccine 2 were consistent for the four mAbs used in the assay,
ranging from 109 pg/mL (mAb 5A6) to 130 pg/mL (mAb 1E9), and cor-
related well with the SRID value for Vaccine 2 of 90 pg/mL.

3.4 | Potency of temperature-stressed A(H7N9) A/
Shanghai vaccine

To determine whether the mAb-based ELISA and BLI assays were able
to distinguish subpotent A(H7N9) vaccine and accurately quantify loss
of potency, we employed heat treatment at 56°C to accelerate the
decline in potency and establish conditions under which potency was
significantly reduced. Aliquots of A(H7N9) Vaccine 1 were incubated
at 56°C for 15 minutes, 1, 4, and 24 hours and then were assayed by
SRID, as well as ELISA and BLI using 1E9, 7B5, 5A6, and 98 H7 mAbs
(Table 4). As measured by SRID, this vaccine exhibited a rapid loss of
potency over time, with an 82% decline in potency after only 15 min-
utes at 56°C. The potency continued to decrease over time until the
HA content was undetectable at 24 hours.

There was also a decline in potency as measured by ELISA and
BLI using each H7 mAb. The relative potency decline measured by
ELISA and BLI generally mirrored the decline in potency as mea-
sured by SRID, and the results obtained in both the ELISA and BLI
analyses were similar for all four mAbs in each assay, indicating that
all H7 mAbs were stability-indicating in these assays. The potency
decline measured by ELISA or BLI appeared somewhat more rapid
than that measured by SRID, particularly for the BLI analysis. For ex-
ample, there was no detectable HA by the 4-hour time-point in the
BLI analysis using any mAb. Taken together, the data show that similar
heat-stressed declines in potency can be measured by all three assay
platforms (SRID, ELISA, BLI) with all of the H7 mAbs and that all the
platforms are capable of distinguishing temperature-stressed vaccines

from unstressed vaccines.

4 | DISCUSSION

The SRID assay is the accepted standard for determining the po-
tency of inactivated influenza vaccines. Importantly, the assay
measures an immunogenic form of the HA antigen in the vaccine,
and a link between SRID potency and vaccine immunogenicity and
vaccine efficacy has been established. Nevertheless, the limitations
of the SRID assay have spurred development of alternative meth-
ods to measure influenza vaccine potency. Monoclonal antibody-
based potency assays also have the ability to detect and measure
relevant immunogenic forms of HA, and several such promis-

ing assays have been described. However, there are at least two

key issues that will have to be resolved during the development
of mAb-based potency assays. One issue is the selection of the
appropriate mAbs for the assay, including whether multiple anti-
bodies are necessary to accurately assess the potency of the HA
antigen in the vaccine. A second issue is whether, and how, suit-
able mAbs can be generated and characterized in the time frame
of either seasonal or pandemic influenza vaccine manufacturing so
that antibody production is not a potential bottleneck to timely
vaccine manufacture.

In the current study, we began addressing these two issues in
the context of mAb-based potency assays for pandemic H7 influ-
enza vaccines that were developed following the A(H7N9) outbreak
in China in 2013. Since the initial outbreak, waves of A(H7N9) virus
infections in humans have reappeared each winter season, result-
ing in numerous human infections and deaths.?® We generated and
characterized several mAbs recognizing different epitopes on the
H7 HA and evaluated these mAbs, as well as H7 mAbs (mAbs 62
and 98) that were developed several years prior to the A(H7N9)
outbreak in China, for potency determination of A(H7N9) vaccines
using two assay formats. Potency results from these assays were
compared to the potency results obtained using the SRID potency
assay. There was generally good correlation between the SRID po-
tency values and potency values obtained using either the mAb-
capture ELISA or BLI assay for most of the vaccine samples tested.
However, as has been observed and discussed previously,s)'26 there
are occasionally discrepancies in the actual values determined by
SRID and any alternative potency assay, which may be at least par-
tially related to the type of reference antigen used in the compara-
tive analyses; additional work will be needed to better understand
and resolve this issue. In the potency ELISA results reported here,
one mADb (7B5) yielded potency results that were significantly lower
for Vaccine 1 than the other tested mAbs. This difference in potency
was not observed in the ELISA with the other vaccine sample, nor
in the BLI assay with either Vaccine 1 or Vaccine 2, indicating that
there are differences in the way individual mAbs interact with HA
antigen in different vaccine formulations or assay formats. Although
the fact that a particular mAb behaves differently in two assay for-
mats may not be especially surprising, it does emphasize the im-
portance of the issue of mAb redundancy and mAb selection and
characterization, the criteria for which at this point in time remain
mostly empirical. Importantly, however, mAbs such as mAb 98 that
were generated to an earlier H7N1 strain, before the emergence
of the A(H7N9) viruses in 2013, worked well in both assay formats
to quantify HA in the available A(H7N9) vaccine samples. In addi-
tion, recent studies have indicated that some of the mAbs in the
current panel of H7 mAbs, including 7B5 and 1E9, will capture HA
from recent strains of A(H7N9) (e.g, A/A/Hong Kong/125/2017 and
A/Guangdong/175F003/2016) that are being developed as newer
candidate vaccines (data not shown). Taken together, these results
suggest the importance of evaluating multiple capture mAbs, includ-
ing those directed to different HA epitopes, early in assay setup and
development to increase the robustness of the assay, and the ne-
cessity of developing panels of mAbs to HAs of potential pandemic
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influenza viruses, as well as for seasonal influenza strains, as a prac-
tical solution for implementation of a timely potency assay using
mAbs.

Previous studies have shown that the ELISA-based mAb approach
to determining the potency of vaccines can be used for a variety of
vaccines and strains, although only a limited amount of development
work has been performed for candidate pandemic vaccines. The ELISA
approach as an alternative influenza vaccine potency assay has sev-
eral attractive advantages. It is a relatively simple method commonly
used in laboratories worldwide, requires greatly reduced amounts of
standardized reagents, and is amenable to high-throughput automa-
tion. In addition, the ELISA method is more sensitive than the SRID
and has a shorter assay time. The ELISA potency assay does require
strain-specific antibodies, however, as well as characterized detection
antibodies, and as shown in the current study and previous studies,
the selection of the most appropriate antibodies for the assay is still
empiric, and developmental work is necessary to set up the assay for
a particular strain and vaccine formulation. For example, in addition to
the poor capture of Vaccine 1 by mAb 7B5 in the ELISA format, other
H7-specific mAbs such as 1A10 and 7E3 (Table 1) that recognize the
same HA epitope as 7B5 did not capture H7 reference antigen very
well in the ELISA setup (data not shown).

More recently, biolayer interferometry has emerged as an assay
platform for protein quantification and its potential for determination
of the potency of inactivated influenza vaccines has been proposed.?’
We used BLI to measure HA by comparing the binding of HA in vac-
cine samples to specific mAbs in comparison with a reference stan-
dard. In contrast to the ELISA, however, BLI measures rates of binding
rather than total HA binding and does not require a detection anti-
body step. This method is of high throughput and is extremely fast,
allowing for multiple samples and replicate assays to be run each day.
Furthermore, fewer steps are required for the BLI assay compared to
the ELISA method because no additional detection steps or reagents
are required, although without an additional amplification step, the BLI
method is less sensitive than the ELISA. We set up the BLI assay using
anti-mouse IgG Fc biosensors to bind the H7 mAbs, but other biosen-
sor presentations for the mAbs, as well as amplification steps, are pos-
sible. Although there is far less collective experience with a BLI-based
assay than ELISA-based assays for vaccine potency determination, the
initial studies are encouraging and the rapid turnaround time and high-
throughput capability are particularly appealing. Further studies will be
needed to determine whether this type of assay can be developed as
an alternative potency assay for influenza vaccines.

Encouragingly, both alternative potency assay formats using H7-
specific mAbs were capable of distinguishing heat-stressed vaccine
samples from non-stressed samples. Both alternative assays measure
fairly rapid declines in potency when vaccine was subjected to heat
treatment at 56°C and were, in fact, somewhat more sensitive to the
heat treatment than the SRID assay (e.g, 1- and 4-hour time-points).
Future studies will be needed to further define the most appropriate
methods for assessing the stability-indicating capabilities of alterna-
tive assays, and this will be an important component of the evaluation
and selection of antibodies for any mAb-based assay.
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In summary, the results of the current study broaden our under-
standing of the issues that must be resolved as development of mAb-
based alternative potency assay for influenza vaccines progresses.
Although the preparation and characterization of strain-specific mAbs
will be a challenge, the results from this and other recent studies
demonstrate that development and selection of cross-reactive mAbs
is a realistic possibility. Advanced development and preparation of a
well-characterized, diverse panel of mAbs that recognize different HA
epitopes for influenza subtypes with pandemic potential, such as the
H7 mAbs described in the present study, greatly increase the proba-
bility of having mAbs available for vaccine testing as influenza strains
evolve.
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Single-domain antibodies (sdAbs), the autonomous variable domains of
camelid and shark heavy-chain antibodies, have many desirable properties as
components of biologic drugs. However, their sequences may increase the
risk of immunogenicity and antidrug antibody (ADA) development in
humans, and thus, sdAbs are routinely humanized during development.
Here, we review and summarize the available evidence regarding the factors
governing immunogenicity of sdAbs and our current state of knowledge of
strategies to mitigate immunogenicity risks by humanization. While several
sdAb properties, including high homology of camelid VyHs with human
IGHV3 gene products, favor low immunogenicity in humans, epitopes
absent in the human repertoire including the exposed Vy:V interface may
be intrinsically immunogenic. While most clinical trials have demonstrated
minimal sdAb immunogenicity, two notable exceptions (the tetrameric DR5-
specific VgH TAS266 and the TNFR1-specific Vg GSK1995057) illustrate
that special caution must be taken in identifying preexisting ADAs against
highly potent sdAbs. Nonhuman sequence alone does not adequately explain
sdAb immunogenicity, as some camelid VyHs are nonimmunogenic while
some fully human Vys elicit ADAs. The presence of preexisting ADAs direc-
ted against the exposed C-termini of some sdAbs in a significant proportion
of individuals awaits a molecular explanation. Whether sdAb humanization
reduces or promotes immunogenicity remains unclear: reduction of nonhu-
man sequence content at the expense of introducing low-level aggregation in
humanized variants may be counterproductive. Further work will establish
thresholds for VgH and Vyar humanization to maximize human sequence
content while avoiding loss of binding affinity and/or immunogenicity result-
ing from aggregation or decreased stability.

Abbreviations

ADA, antidrug antibody; CD, cluster of differentiation; CD40L, CD40 ligand; CDR, complementarity-determining region; CEA,
carcinoembryonic antigen; Cy, constant heavy-chain domain; C, constant light-chain domain; DC, dendritic cell; DR5, death receptor 5;

EGFR, epidermal growth factor receptor; ELISA, enzyme-linked immunosorbent assay; EMA, European Medicines Agency; FDA, Food and
Drug Administration; FR, framework region; GPL-1, glucagon-like peptide 1; HCAb, heavy chain-only antibody; HCV, hepatitis C virus; HLA,
human leukocyte antigen; HV, hypervariable; IGHV, immunoglobulin heavy-chain variable gene; IgNAR, Ig new antigen receptor; IL,
interleukin; Kp, equilibrium dissociation constant; MHC, major histocompatibility complex; MMR, macrophage mannose receptor; MUC1,
mucin 1, cell surface-associated; PK/PD, pharmacokinetics/pharmacodynamics; RA, rheumatoid arthritis; sdAb, single-domain antibody; TCE,
T-cell epitope; TNFR1, tumor necrosis factor receptor 1; TNF-a, tumor necrosis factor-a; VEGF, vascular endothelial growth factor; Vi,
variable heavy-chain domain; VyH, autonomous variable domain of camelid heavy chain-only antibody; V, variable light-chain domain; Vyag.
autonomous variable domain of shark Ig new antigen receptor.
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Introduction

Conventional vertebrate immunoglobulins (Igs) are tet-
ramers of two heavy and two light chains. The vari-
able domains of each chain (Vg and Vi, respectively)
assemble to form the antigen-binding site. In 1993,
Hamers-Casterman et al. made an important discovery
in the sera of camelid species (camels, llamas, and
alpacas): in addition to conventional tetrameric anti-
bodies, camelids produced homodimeric heavy chain-
only antibodies (HCADs) devoid of light chains [1] that
arose through disruption of the 5’ splice site between

CH2

Human IgG1

P QY

Camelid IgG HCAb

Nanobody immunogenicity/humanization

the Cyl- and hinge-encoding exons [2]. HCAbs are
thus composed of two identical heavy chains, each
comprising two constant domains (Cyx2 and Cyx3), a
hinge region and a variable VyH domain responsible
for antigen recognition (Fig. 1). Antigen binding by
VuH domains is mediated by only three hypervariable
(HV)  loops/complementarity-determining  regions
(CDRs) rather than the six loops of conventional anti-
bodies, which are flanked by four relatively constant
framework regions (FRs). The VgH CDR3 loop is fre-
quently long and extended, forming finger-like elonga-
tions, which in addition to the small footprint of

Shark IgNAR

Fig. 1. Domain structures of conventional vertebrate tetrameric IgG1, camelid heavy chain-only IgG, and shark IgNAR. The variable domains
of each antibody molecule are shown in yellow and the antigen-combining site is indicated by a red box. Structural models of all three types
of antibodies are also shown below. Approximate paratope diameters and distances between antigen-combining sites are indicated.

Figure reproduced from [4,7].

The FEBS Journal 289 (2022) 4304-4327 © 2021 Her Majesty the Queen in Right of Canada

The FEBS Journal © 2021 Federation of European Biochemical Societies.

Reproduced with the permission of the Minister of National Research Council Canada

15



16

Nanobody immunogenicity/humanization

VyHs is partly responsible for their ability to bind
concave epitopes such as the active sites of enzymes
[3,4].

Two years after the discovery of camelid HCADbs, it
was reported that sharks and other cartilaginous fish
also produced HCAbs called Ig new antigen receptors
(IgNARs) [5]. Thus, homodimeric antibodies lacking
light chains have arisen multiple times by convergent
evolution following the origin of conventional tetra-
meric antibodies in an ancestral vertebrate [6,7].
IgNARs are composed of two identical heavy chains,
each comprising five constant domains and one vari-
able Vyar domain [8,9]. Compared with other Ig vari-
able domains, Vyars lack two B strands (C' and C"),
and consequently, CDR2 is absent; however, in addi-
tion to CDRI1 and CDR3, loops connecting the C-D
and D-E strands (HV2 and HV4, respectively) are
involved in antigen recognition [10]. The autonomous
variable domains of camelid HCAbs and shark
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IgNARs (VyHs and Vyars) share several characteris-
tics such as high stability and solubility, longer than
average CDR3 loops, and presence of noncanonical
disulfide linkages sculpting the binding site. However,
since camelid species are generally easier to handle and
access, generate stronger HCAb responses following
immunization [11,12], and produce immunoglobulins
sharing relatively high homology with human IGHV
genes [13], VyHs have attracted greater interest than
Vnars as biologic drugs.

Regardless of their species origin, single-domain anti-
bodies (sdAbs) have important advantages over full-
length conventional antibodies, which have been exten-
sively reviewed in previous publications [10,14—16]. One
major benefit of sdAbs is their small size (~ 15 kDa).
While recombinant full-length Igs are costly to produce
in mammalian cells, sdAbs are easily expressed in large
quantities in economic production systems such as bac-
teria and yeast. In addition, their fast blood clearance

VNAR

Fig. 2. Structures of human Vy (ant-MDM4, PDB ID: 2VYR), camelid VyH (antilysozyme, PDB ID: 1JTT), and Vnagr (antilysozyme, PDB ID:
2124) domains. Each domain is colored to indicate potential factors influencing immunogenicity. The FRs of fully human Vys/V s contain no
nonhuman sequences (white), while those of camelid VyHs share up to 95% identity with human IGHV3 gene products (light cyan). By
contrast, the FRs of shark Vyars share little sequence homology with human products (cyan). In Vys/V s and VyHs, the interface with the
absent V| domain (yellow) is partially exposed. The CDR loops of sdAbs (magenta) may be immunogenic for several reasons: (a) in synthetic
Vys/Vis, the CDRs may be prone to unusual amino acid composition including charged residues; (b) in camelid VyHs, long CDR3 loops may
take on unique conformations to fold over the V| interface; and (c) in shark Vyars, CDR2 is absent but additional HV loops can make
contacts with antigens. Both camelid VyHs and shark Vyags often contain noncanonical intradomain disulfide linkages (green) sculpting the
binding site and potentially influencing Ig domain structure. Finally, the exposed C termini of some sdAbs may be inherently immunogenic,
as |g variable domains are naturally fused with Cy1 or C,. domains in human antibodies. Figure generated using pymoL v 2.4.0 (Schrodinger,

LLC, New York, NY, USA).
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and effective tissue and tumor penetration make sdAbs
particularly effective noninvasive imaging agents com-
pared with conventional antibodies, which demonstrate
limited biodistribution and extended half-life. If pro-
longed exposure is required (e.g., for the treatment of
chronic diseases), the in vivo half-lives of sdAbs can be
facilely improved via fusion to a serum albumin-binding
moiety or the immunoglobulin Fc region [17-19].
Another important hallmark of sdAbs is their modular-
ity: their strictly monomeric behavior makes sdAbs
optimal building blocks for constructing multivalent
and multispecific therapeutic and diagnostic molecules
with improved functionality and potency [15,20-22].
Finally, the robust biophysical properties of sdAbs are
sufficient for proper folding and antigen recognition
under reducing intracellular conditions, enabling target-
ing of intracellular proteins in live cells that are other-
wise inaccessible to conventional antibodies [23-25].

Immunogenicity of sdAbs

Despite their many desirable properties, the nonhuman
origin of VyHs and Vyagrs may increase the chance of
triggering unwanted immune responses when adminis-
tered as therapeutic agents. When considering
immunogenicity risks, it is important to remember that
although the transition from fully murine to chimeric
(murine Vy/Vy, human constant domain) antibody
therapy significantly reduced the frequency of antidrug
antibody (ADA) development [26], subsequent
advances (humanized and fully human antibodies) had
comparatively minor impact on immunogenicity. Even
fully human antibodies can elicit ADAs when adminis-
tered parenterally at high dose [27]. However, some
intrinsic features of sdAbs may favor low immuno-
genicity in humans: these include small size, which
should decrease the number of potentially immuno-
genic epitopes, resistance to forming highly immuno-
genic aggregates, and for non-half-life-extended sdAbs,
rapid blood clearance. Many of these features are
shared with monomeric nonantibody scaffolds, which
fall outside the scope of this review [28]. The high
sequence identity of most VyHs with human IGHV3
family gene products (up to 95% identity in FR
sequences; [13]) is comparable to that of humanized
murine Vy domains (e.g., trastuzumab) and would be
expected to translate to low immunogenicity. VnyarS,
in contrast, share the classical Ig fold architecture, but
their core frameworks are more distantly structurally
related to human Vy and Vi domains [29], T-cell
receptor variable domains [9], and other Ig-superfamily
cell-surface receptors [30]. Because of the evolutionary
distance separating sharks and humans, Vyars share

Nanobody immunogenicity/humanization

little sequence identity with human Vy and Vi
domains (~ 30% overall; [29]) and would thus be pre-
dicted to be the most immunogenic of all sdAbs.

Other general features of sdAbs, including fully
human Vgs and Vs, may be inherently immunogenic
and even trigger the generation of novel types of
ADAs (Fig. 2). Because the interface between the Vy
and V| domains of conventional antibodies is exposed
in sdAbs (except for possibly Vyars, which may never
have had a pairing partner that was subsequently lost
during evolution), ADAs may be generated against it.
While the CDR1 and CDR2 loops of VyHs adopt
similar canonical structures as human antibodies [13],
their long CDR3 loops may adopt conformations
absent in the human repertoire [31]. High levels of
somatic hypermutation [32,33] of VyH CDRs and
FRs may serve to decrease their sequence homology
with human IGHV3 gene products. Immunogenic con-
formational epitopes may also potentially be formed
by subtle shifts in sdAb domain architecture arising
from the presence of noncanonical disulfide linkage
formation [34]. Anti-sdAb ADAs may also be more
prone to neutralization than ADAs generated against
full-size conventional IgGs, as by definition they must
target epitopes in the variable domain including
regions forming the antigen-binding site.

Preclinical assays of antibody immunogenicity

Prior to administration in humans, the immunogenic-
ity of antibody therapeutics can be assessed in several
ways. First, the presence of preexisting ADAs can be
assessed using large and diverse panels of serum sam-
ples from animals or treatment-naive human volun-
teers [35]. This method is simple but often requires
design and validation of customized binding assays for
individual antibodies, thus making comparisons of
ADA incidence across different antibodies inexact.
Second, in silico analyses (e.g., https://www.iedb.org/)
can be used to predict antibody immunogenicity via
the presence of CD4+ T-cell epitopes (TCEs), which
are associated with sustained ADA production [36].
Such tools are often based on experimental datasets
(peptide-MHC II binding assays [37] and T-cell stimu-
lation assays [38]) but may still over-estimate the num-
ber of putative immunogenic regions and thus in silico
TCE predictions should be corroborated using cell-
based assays [39-41]. Third, in vitro immunoassays can
help identify the presence of any TCEs. A variety of
assays and screening platforms have been developed
for this purpose including HLA peptide binding assays
[37], T-cell epitope peptide screening assays [42], and
whole protein ex vivo T-cell activation assays [43]. A
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good illustration of the potential utility of these meth-
ods was provided by Harding et al. [41], who evalu-
ated 15-mer peptides from the Vi and Vi domains of
eight humanized or fully human therapeutic Abs in a
cell-based assay using primary cells from almost 100
individuals and found that TCEs were largely present
in CDRs and not FRs. Finally, immunogenicity can
be assessed by dosing experimental animals (e.g., mice
or nonhuman primates) although this is generally
poorly predictive of human immunogenicity [44].

Immunogenicity of VyHs

One of the pioneers in the clinical development of
VyHs was Ablynx, the Belgian biopharmaceutical
company that was acquired by Sanofi in 2018. At the
time of their acquisition, Ablynx had at least eight
VyH-based clinical programs and many others in late
preclinical or earlier stages of development [45]. The
bulk of clinical programs have been based around
humanized VyHs. To the best of our knowledge, no
preclinical studies of the immunogenicity of VyHs and
their humanized derivatives using human serological
panels or in silico studies have been published. The
only preclinical study of the in vitro immunogenicity of
VyuHs was carried out on two non-humanized *®Ga-la-
beled anti-human epidermal growth factor receptor 2
(HER2) and anti-macrophage mannose receptor
VyHs, both of which are in phase II clinical trials for
PET imaging of breast cancer and tumor-associated
macrophages, respectively [46]. Both VyHs were free
of aggregates and were taken up by dendric cells
(DCs) but failed to activate DCs or T cells in co-cul-
tures (Table 1). Additionally, one study of a llama
anti-epidermal growth factor receptor (EGFR) VyH
[47] found that amorphous aggregates (insoluble and
disulfide-shuffled VyHs) were immunogenic in mice
while the soluble VgH and heat-induced aggregates
were not, even after six doses, illustrating that nonhu-
man sequence is not the only determinant of sdAb
immunogenicity. While the pharmacokinetics/pharma-
codynamics (PK/PD) profiles of monomeric and
dimeric/trimeric half-life extended VyHs showed no
evidence of ADA development following a single injec-
tion in cynomolgus monkeys [48], ADAs were gener-
ated against vobarilizumab (ALX-0061, a bispecific
antibody consisting of a humanized anti-interleukin 6
receptor VgH fused to a humanized antiserum albu-
min VyH for half-life extension) in at least half of
monkeys after a single injection [49]. The consensus of
more than 22 immunization studies of VyxHs in
rodents and nonhuman primates was that ADAs were
generated in 0-37% of animal, but were generally not
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neutralizing and did not impede interpretation of PK/
PD or safety data [50].

As of 2020, at least 35 clinical trials of VyH-based
biologic drugs have been carried out involving more
than 1000 patients and healthy volunteers [51]. Most
trials have revealed no or minimal immunogenicity,
comparable to that of fully human or humanized
IgGs, with primarily transient treatment-emergent
ADAs observed in 0-30% of subjects and neutralizing
ADAs in < 3% of subjects [50]. In a phase I trial of a
®8Ga-labeled anti-HER2 dromedary VyH for PET/CT
imaging of breast cancer, none of 20 patients devel-
oped ADAs after a single injection [52]. A subsequent
study found that 1/20 of these patients showed low
levels of preexisting ADAs, which increased marginally
over 3 months following the injection, albeit with no
safety- and PK-related adverse effects [46]. A phase I
study of ALX-0761 (a trimeric antibody consisting of
humanized camelid anti-IL-17F, anti-IL-17A/F, and
antiserum albumin VyHs) showed that ~ 15% (5/33)
psoriatic patients injected with multiple doses devel-
oped treatment-emergent ADAs that did not affect
drug exposure [53]. A phase I study of ALX-0141 (a
trimeric antibody consisting of two identical anti-
RANKL humanized camelid VyHs and one antiserum
albumin humanized camelid VyH) showed no evidence
of ADAs in 42 healthy volunteers after a single subcu-
taneous injection [54]. No ADAs were detected in a
24-week phase I/II study of vobarilizumab (ALX-0061,
bispecific humanized anti-interleukin 6 receptor and
humanized antiserum albumin camelid VyHs) in 37
patients with rheumatoid arthritis (RA) dosed every 4
or 8 weeks [55]; subsequent phase II and IIb trials in
patients with RA and systemic lupus erythematosus
identified treatment-emergent ADAs in similar propor-
tions of drug-treated and placebo-treated patients
[56,57]. Phase I and II studies of ALX-0171 (a trimeric
antibody consisting of three identical anti-RSV
humanized camelid VyHs) administered in multiple
doses by nebulization showed no evidence of treat-
ment-emergent ADAs [58,59]. Phase I/II studies of
ozoralizumab (ATN-103, a trimeric antibody consist-
ing of two identical antitumor necrosis factor (TNF)-a
humanized camelid VyHs and one antiserum albumin
humanized camelid VyH) revealed < 3% incidence of
neutralizing ADAs after long-term dosing of RA
patients (< 3%; [60—62]). Phase I and 1b studies of
caplacizumab (ALX-0081, a bivalent anti-von Wille-
brand factor humanized camelid VyH) revealed no
immune responses following single or multiple injec-
tions of the drug up to 1 month after the last dosing
[63]. Larger subsequent phase II and phase III studies
[64-66], treatment-emergent ADAs were identified in
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Table 1. Summary of the results of sdAb immunogenicity assessments. aTTP, acquired thrombotic thrombocytogenic purpura; CD40L,
CD40 ligand; DC, dendritic cell; GLP1R, glucagon-like peptide 1 receptor; HLE, half-life extension; IL, interleukin;, MMR, macrophage
mannose receptor; NR, not reported; RANKL, receptor activator of nuclear factor-xB ligand; RSV, respiratory syncytial virus; SA, serum
albumin; SLE, systemic lupus erythematosus; TNFR1, tumor necrosis factor receptor 1; TNF-a, tumor necrosis factor-a; VEGF, vascular
endothelial growth factor; vVWF, von Willebrand factor.

Type of Humanization
sdAb Candidate Target Format status Stage Immunogenicity assessment Reference(s)

VyH Nb 3.49 MMR Monomer Not humanized Preclinical VyH showed low capacity to [46]
(in vitro) activate DCs and induce T-cell
proliferation in DC-T cell
coculture assays
7D12 EGFR Monomer Not humanized Preclinical The soluble VyH did not elicit [47]
(mouse) ADAs following six injections,
but amorphous VyH aggregates
were highly immunogenic
Various None (SA Monomer, NR Preclinical PK/PD profiles suggested no [48]
for HLE) dimer, (cynomolgus ADA development following a
trimer monkey) single injection
Vobarilizumab  IL-6, SA Dimer Humanized Preclinical ADAs detected in at least 50% [49]
(ALX-0061) (cynomolgus of monkeys following a single
monkey) injection.
Phase I/11 0/37 RA patients developed [55]
ADAs following multiple
injections
Phase Il Similar proportions of 250 ALX- [57]
0061-treated (103, 41%) and
62 placebo-treated (32, 52%)
SLE patients showed
treatment-emergent ADAs
against ALX-0061
Phase Ilb 58/187 (31%) ALX-0061-treated  [56]
RA patients developed
treatment-emergent ADAs
against ALX-0061
2Rs15d HER2 Monomer Not humanized Preclinical VyH showed low capacity to [46]
(in vitro) activate DCs and induce T-cell
proliferation in DC-T cell
coculture assays
Phase | In one study, 0/20 breast cancer [46,52]
patients showed ADAs before
or after a single injection. In a
subsequent study, one patient
showed low levels of
preexisting ADAs, which
increased marginally over 3
months with no effect on drug
exposure
ALX-0761 IL-17A/F, SA Trimer Humanized Phase | 5/33 (15%) of patients with [53]
psoriasis developed treatment-
emergent ADAs following
multiple doses that did not
affect drug exposure
ALX-0141 RANKL, SA Trimer Humanized Phase | 0/42 healthy volunteers [54]
developed ADAs after a single
injection
ALX-0171 RSV fusion Trimer Humanized Phase | 0/60 healthy volunteers [58]
protein developed ADAs following
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Table 1. (Continued).

M. A. Rossotti et al.

Type of

sdAb Candidate Target

Format

Humanization
status

Stage

Immunogenicity assessment

Reference(s)

Ozoralizumab
(ATN-103)

TNF-o, SA

Caplacizumab  vVWF

(ALX-0081)

TAS266 DR5

VNar E06 SA

C4, D1 TNF-o, SA

Vi or BMS-986004  CD40L

VEGF dual
dAb

VEGF

Placalumab TNF-o
(PNO621,
ART621,

CEP-37247)

GSK2374697  SA, (GLP1R)

Trimer

Dimer

Tetramer

Monomer

Trimer,

biparatopic

Fc fusion
Fc fusion

Biparatopic
Fc fusion

Fc fusion

Monomer

Humanized

Humanized

Humanized

Nonhumanized
and
humanized

Nonhumanized

Fully human V.

Fully human
VH and VL

Fully human V.

Fully human V.

Phase Ilb

Phase /11

Phase I/Ib

Phase Il

Phase Ill

Phase |

Preclinical
(in vitro)

Preclinical
(mouse)

Preclinical
(cynomolgus
monkey)

Preclinical
(rabbit,
cynomolgus
monkey)

Phase Il

Phase I/11

Phase |

single or multiple doses of
nebulized ALX-0171

Similar proportions of 135 ALX-
0171-treated (46, 34%) and 39
placebo-treated (10, 26%) RSV-
infected children showed
treatment-emergent ADAs
against ALX-0171

Treatment-emergent ADAs
detected in < 3% of 266 RA
patients receiving multiple
doses

No immunogenicity detected
after multiple dosing of 40
healthy volunteers and 24
patients with stable angina

Treatment-emergent ADAs
detected in 3/36 (9%) of
caplacizumab-treated aTTP
patients after multiple doses
that did not affect drug
exposure

Treatment-emergent ADAs
detected in 4/145 (3%) of
caplacizumab-treated aTTP
patients after multiple doses
that did not affect drug
exposure

Preexisting ADAs detected in 3/
4 (75%) contributing to Grade
> 3 hepatotoxicity

Shark and humanized Vyars
showed minimal T-cell
activation in a DC-T cell
coculture assay compared with
positive controls

After dosing mice, no ADAs
were generated that interfered
with TNF-a neutralization
PK/PD profiles suggested no
clearing ADAs following single
or multiple doses

Clearing ADAs elicited in some
animals following a single
ocular injection

No ADAs detected following
single or multiple dosing of 27
RA patients

No ADAs detected in sciatica
patients following a single dose
via the transforaminal epidural
route

[69]

[60-62]

[63]

[64,65]

(66]

[67]

[68]

1691

(83]

[84]

[85,86]

187

(88l
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Table 1. (Continued).
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Type of

sdAb Candidate Target Format status

Humanization

Stage Immunogenicity assessment Reference(s)

GSK1995057 TNFR1 Monomer

Vi

GSK2862277  TNFR1 Monomer

A

Fully human

Fully human

19/82 (23%) healthy individuals
developed ADAs against the
GLP1 agonist peptide after
single or multiple dosing; 13/82
(16%) had weak preexisting
ADAs against the V| that did
not impact drug exposure

Preexisting anti-Vy ADAs were
present in ~ 50% of drug-naive
subjects and caused cytokine
release syndrome in at least 2/
17 GSK1995057-treated healthy
subjects

Preexisting anti-Vy ADAs were [91]
present in 7/46 (15%) of
healthy subjects and caused
cytokine release syndrome in
at least one GSK2862277-
treated subject

Phase | [89,90]

Phase |

small number of patients (3-9%) but did not affect
exposure. Caplacizumab was approved in 2018 by the
EMA and in 2019 by the FDA for the treatment of
thrombotic thrombocytopenic purpura and thrombosis.

In contrast with the minimal immunogenicity
observed with most VyHs, Papadopoulos et al. [67]
described unexpected hepatotoxicity in a phase I safety
and tolerability study of a tetravalent humanized came-
lid VgH (TAS266) targeting death receptor 5 (DRS).
TAS266 acted as a DRS5 agonist and elicited superior
antitumor efficacy compared with conventional anti-
DRS5 antibodies in preclinical studies. The trial was ter-
minated early when three of four patients dosed with
3 mg-kg~' TAS266 developed grade > 3 hepatotoxicity
attributable to the study drug. Preexisting ADAs were
detected in the three patients who developed hepatotoxi-
city but not the one patient who did not. The authors
suggested that preexisting ADAs might promote the for-
mation of immune complexes that could accumulate in
the liver, bind DRS, and induce apoptosis through acti-
vation of complement and inflammation. The case of
TAS266 needs to be studied in more detail: the underly-
ing mechanism of toxicity may not rely on preexisting
ADAs and could instead reflect the ultra-high potency
of the tetravalent antibody.

Immunogenicity of Vyars

Unlike camelid VyHs, no clinical trials of shark
Vnars have yet been conducted. In a preclinical study,
Steven et al. [68] applied the ProImmune REVEAL®

DC-T cell assay to a shark antiserum albumin Vyar
(E06) and found that the Vyagr had very low immuno-
genicity compared with positive controls (tuberculin
and KLH). Recently, Ubah et al. [69] showed encour-
aging preclinical results for the future of Vynagrs as
human therapeutics. The authors assessed the
immunogenicity of Vyagrs in two different molecular
formats: a tetravalent fusion of two different anti-
TNF-a shark Vyagrs to IgG1 Fc, and a trimeric fusion
of the same two anti-TNF-o Vyars with a humanized
antiserum albumin Vnar. After dosing mice with
Vnar-based proteins or the anti-TNF-o IgG adali-
mumab, ADAs were elicited against adalimumab that
hindered its ability to neutralize cytokine in a cell-
based assay while no neutralizing ADAs were detected
against the Vyar molecules.

Immunogenicity of human Vys and Vs

In view of limiting immunogenicity, there has been
high interest in development of fully human sdAbs
(Vys or Vis). Autonomous Vys/Vis do not exist natu-
rally as part of the human antibody repertoire and
must instead be engineered synthetically using a vari-
ety of technologies. In vitro display technologies, pre-
dominantly phage display, have been key platforms
for discovery of all types of sdAbs, including syn-
thetic/semi-synthetic fully human Vys and Vs [14,70-
72]. Unlike VyHs and Vyagrs, human Vygs/Vis have
the drawbacks of low solubility and high propensity to
form aggregates, potentially leading to immunogenicity
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despite their human FR sequences. Several remediating
approaches have been developed [73,74], including
transgenic mice/rats with knock-out endogenous anti-
body production and knock-in igh loci containing
autonomous human Vy, D, and Jy gene segments and
constant region genes lacking Cyl exons [75-77], and
have enabled the successful identification of nonaggre-
gating and soluble human Vys and Vs against a wide
range of antigens. However, three fundamental proper-
ties of human Vys and Vs may impact their immuno-
genicity: (a) with fully human FRs, these molecules
depend entirely on their CDR sequences for both anti-
gen binding, and for solubility, and solubility-enhanc-
ing CDRs may have unusual amino acid composition
including over-representation of charged residues and
histidine [73,78-80]; (b) despite their fully human
sequences, the regions of Vys and Vs making up the
interface between these two domains is not naturally
exposed to the human immune system; and (c) as non-
natural antibodies, the CDR sequences of Vys and
Vis are not screened by human central tolerance
mechanisms [41,81]. With this in mind, another
approach to building libraries based on autonomous
human Vy and Vi scaffolds is to amplify naturally
occurring CDR sequences from human repertoires
[82], although it remains unclear whether this strategy
is compatible with Vy/Vy solubility, stability, and anti-
gen binding.

To the best of our knowledge, no preclinical studies
of the immunogenicity of human Vys and Vs using
human serum panels (apart from the case of
GSK 1995057, see below), in silico or in vitro studies
have been published. The PK/PD profile of an Fc-
fused anti-CD40L human Vy domain antibody (BMS-
986004) in cynomolgus monkeys showed no indication
of clearing ADAs after multiple doses [83]. By con-
trast, single ocular injection of a tetravalent fusion of
two different anti-VEGF human Vy domains to IgGl
Fc, administered with hydrogel microparticles for sus-
tained release, elicited clearing ADAs in rabbits and
nonhuman primates [84].

The bulk of clinical development of human Vy and
V. domain antibodies has been led by the UK com-
pany Domantis, which was acquired by GSK in 2006.
The first autonomous human Vy/Vy domain tested in
a clinical trial was placulumab (PN0621/ART621/
CEP-37247), an Fc-fused anti-TNF-o Vp domain:
administration of single doses to healthy volunteers
and multiple doses to RA patients [85,86] or patients
with sciatic pain [87] did not elicit detectable ADAs
according to the study sponsors. In a phase I study of
single and multiple doses of GSK2374697 (an anti-
serum albumin Vi domain fused to a GLP-1 receptor
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agonist peptide), 23% (19/82) of healthy individuals
developed treatment-emergent ADAs that were specific
to the peptide and not the Vi moiety [88]. A smaller
group of subjects (16%) had weak preexisting ADAs
targeting the Vi domain that did not affect drug expo-
sure or lead to stronger treatment-emergent ADA
responses. A surprising result was observed by Hol-
land et al. [89] in a phase I clinical trial of
GSK 1995057, a TNFRI1-specific Vi domain: preexist-
ing ADAs were detected in roughly half of 28 healthy
male subjects and single infusions of the Vy resulted
in TNFRI1-dependent cytokine release syndrome in
some ADA-positive subjects, resulting in early termi-
nation of the trial. Based on these data, healthy sub-
jects with preexisting ADAs were excluded from a
phase I trial of nebulized GSK 1995057 for treatment
of acute lung injury [90]. In a subsequent study, Cordy
et al. [91] mapped the specificity of ADAs elicited
against GSK 1995057 to multiple sites on the Vy, with
the C terminus (and proline 14 by Kabat numbering,
located near the C terminus in the three-dimensional
structure) playing the largest role. Based on these data,
a single alanine residue was added to the C terminus
of the Vy, yielding a derivative Vg (GSK2862277)
with dramatically reduced binding by GSK1995057-eli-
cited ADAs. Hundreds of sera were negative for preex-
isting ADAs against GSK2862277, and in a phase I
trial, preexisting ADAs were detected in a much smal-
ler proportion of healthy men (15%, 7/46) receiving
single or multiple doses of the drug. However, cyto-
kine release syndrome occurred in one subject that was
likely mediated by preexisting ADAs against
GSK?2862277. The explanation for the presence of pre-
existing ADAs against Vy FRs, and especially the
exposed C terminus, remains a mystery.

Strategies to mitigate sdAb
immunogenicity

Antibody drugs destined for human therapy often
have sequences that are foreign to the human immune
system and therefore potentially immunogenic, eliciting
ADAs that adversely affect drug efficacy. Sequence
modification-based strategies to reduce antibody
immunogenicity during development include human-
ization, de-immunization, and tolerization. Only
humanization, and not de-immunization and toleriza-
tion, has yet been applied to sdAbs (Fig. 3).
Humanization is defined as the replacement of xeno-
geneic sequences with human sequences in the anti-
body variable domain FRs. Since the first clinical
approval of a therapeutic antibody in 1985 [92], several
humanization approaches have been developed
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CDR
grafting
—

Synthetic phage-displayed libraries

Syntheticcamelized
V,, display library

Synthetichumanized
VyH display library

Resurfacing CDR loop grafting
Antig.e'n— Loop acceptor
specific VyH Resurfacing (human V or
_— humanized V4H)
Reference Humanized VyH
(humanV,) Loop donor
(antigen-
specific V4H)
Antigen- Transgenlcanlmals
specific Vyap Resurfacing
_— Immunization
an >
Reference Humanized Vyag
(e.g.,humanV,) Transgenic
mice/rats with
modified Igloci

by
Synthetichuman
Vy display library

Synthetichuman
V, display library

Human V

Fig. 3. Major strategies for mitigating the immunogenicity of sdAbs. Camelid VyHs and shark Vyagrs can be humanized by resurfacing/
veneering using a homologous human variable domain as reference. VyHs, and in principle Vyagrs, can also be humanized by grafting their
CDRs onto a suitable acceptor scaffold (either a previously humanized VyH/Nnar or a fully human Vy followed by back mutation).
Alternatives to humanization include use of phage display library technology and transgenic mice/rats with inactivated endogenous antibody
production and knock-in igh loci containing autonomous Vy, D, and Jy gene segments and constant region genes lacking Cy1 exons.

including CDR grafting and resurfacing (also known
as veneering). CDR grafting, the first method devel-
oped to humanize therapeutic antibodies, is the pro-
cess whereby carefully selected CDRs from xenogeneic
antibodies are grafted into human FRs. The design of
the CDR-grafted antibody is essential to maintain the
affinity and specificity of the parental antibody:
choices of the CDR boundaries, of the human frame-
works, and of back mutations in human FRs to the
nonhuman antibody sequence are crucial to obtain the
best possible outcome. Originally, CDR grafting
strategies relied on the fixed FR sequences of a limited
subset of well-characterized human IgGs [93,94]. How-
ever, over the years, evidence showed the importance
of selecting FRs based on sequence homology with the
parental nonhuman antibody [95,96]. The positions of
back mutations are determined by sequence analysis
and structural homology modeling. Delineation of
CDR extent is crucially important and is based on a
combination of CDR definitions to select only residues
critical for binding. Resurfacing is defined as the
replacement of only surface-exposed FR residues of
nonhuman antibodies with corresponding residues
from human antibody FRs [97-99]. Resurfacing is
intended to have minimal effects on the properties of
the parental antibody.

Despite progress in antibody humanization tech-
niques, both humanized and fully human antibodies
may still elicit ADAs [41]. While immunogenicity asso-
ciated with antibodies depends on several factors such
as aggregation, dose, and target antigen, the presence

of CD4+ helper TCEs is a major determinant of sus-
tained production of clearing ADAs. The identification
and removal of CD4+ helper TCEs through immuno-
logical, molecular biological, and in silico techniques
are referred to as de-immunization and have been suc-
cessfully applied to several currently approved thera-
peutic antibodies [39]. By contrast with CD4+ helper
TCEs, the presence of regulatory TCEs within the
antibody backbone can minimize immunogenicity. The
process of introducing tolerogenic regulatory TCEs
into the antibody primary amino acid sequence to
induce the expansion of regulatory T cells is called
tolerization [39].

There is a consensus that despite the expected low
immunogenicity of VyHs and Vnagrs [100,101],
humanization is performed routinely as part of their
development. The sdAb sequence is modified until
finding a variant, with as high identity to human
IGHV sequences as possible, that does not compro-
mise the original properties of the parental sdAb. The
current state of the art for humanization of a VyH or
Vnar consists of several steps for CDR grafting or
resurfacing the xenogeneic sdAb sequence to mimic
human variable domains [102,103]. First, the sdAb
sequence is aligned to a database of human germline
IGHYV genes (or in the case of Vyars, light-chain vari-
able genes). The selected human germline V sequence
is then used as a reference to modify amino acids in
FRs at fixed positions that are least damaging to the
robust properties of VgHs and Vnars [103]. Gener-
ally, two of the four germline encoded FR2
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hydrophilic amino acids principally responsible for the
solubility of VyHs can be substituted (IMGT positions
49 and 50) without compromising the solubility or the
monomeric behavior and function of the nonhuman
antibodies [104-106]. The remaining two amino acids
from the germline FR2 tetrad (IMGT positions 42 and
52) cannot be humanized as they are crucial to main-
tain the structural integrity of the VyH and are essen-
tial for the proper conformation of the CDR3 loop
[105,106]. Despite this restriction, humanized VyHs
have higher sequence identity with human IGHV gene
products than humanized murine Vy domains (e.g.,
trastuzumab). Completely humanized VyHs and
Vnars have sometimes been generated by introducing
all amino acid exchanges (usually > 10 for VyHs and
dozens for Vyars) at once with variable detrimental
effects on expression yield, aggregation behavior, and
recognition of antigen. Alternatively, selected homolo-
gous human germline sequences can be used as accep-
tor scaffolds for the grafting of the CDR loops from
VyuHs or Vyars, followed by back mutation of specific
positions to restore sdAb properties. In both cases, the
resulting variants are thoroughly characterized based
on physicochemical and binding properties to select
lead humanized sdAbs. Because some VyHs use FR
residues to make contacts with antigens [107], the
effects of humanization may be inherently unpre-
dictable.

Humanization of VyHs

The first comprehensive report describing the human-
ization of VyHs was by Vincke et al. [103], who pro-
posed general systematic guidelines for accomplishing
this goal. Prior to this, Saerens et al. explored the
potential for CDR exchange between homologous
VyuH scaffolds and identified a “universal’ dromedary
VyuH framework (cAbBCII10) for CDR grafting while
maintaining robust biophysical properties (expression,
stability, and refoldability [102]). Vincke et al. chose
NbHuL6, a VyH specific for human lysozyme [108],
and NbBcII10, a potent VyH inhibitor of the Bell B-
lactamase from Bacillus cereus [109], as test cases for
humanization. Both VyHs belonged to dromedary
VyH subfamily 2, representing more than 75% of iso-
lated VyHs in the literature [32]. Full humanization of
NbHuL6 and NbBclI10 at the four key FR2 solubiliz-
ing residues (IMGT positions, 42, 49, 50, and 52),
yielding NbHuL6y6; - and NbBcll10y6.1, adversely
affected VyH expression yield, solubility, and antigen-
binding affinity (45- and 2000-fold decreases in Kps,
respectively). The authors went on to generate partially
humanized variants of NbHuL6 to dissect the impact
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of each member of the germline FR2 tetrad on the
VyH’s biochemical properties. They found that
humanization of E49 and R50, yielding NbHuL6 x5, 6,
did not compromise expression yield or affinity and,
furthermore, significantly increased stability as deter-
mined by measuring the free energy of unfolding
(Table 2). These results were consistent with previous
studies in which humanization of cAbAn33, a VygH
specific for the variant surface protein of try-
panosomes, at positions 49 and 50 led to stability
increases [105] and, conversely, camelization of human
Vs at positions including 49 and 50 resulted in stabil-
ity decreases [74]. Moreover, size exclusion chromatog-
raphy experiments showed that the variant was
monomeric although hints of decreased solubility,
judged based on size exclusion chromatography peak
tailing, were observed. Conversely, humanization of
positions 42 and 52 (F42V and G52W) led to signifi-
cant decreases in affinity as well as diminished stabil-
ity. Humanization of position 42 played the most
prominent role in affinity loss. Comparison of the co-
crystal structures of NbHuL6 and its partially human-
ized variant, NbHuL6zg7 1, in complex with human
lysozyme revealed similar CDR1 and CDR2 loop con-
formations for both VyHs but a conformational shift
in the NbHuL6x5; 5 CDR3 loop resulting from the
G52W substitution, providing a structural explanation
for the reduced affinities of NbHuL6 and NbBcII10
variants in which residue 52 was humanized.

In a subsequent set of experiments, Vincke et al. [103]
humanized the complete framework of NbBcII10 by
resurfacing (veneering). Using the human germline Vg
DP47 (IGHV3-23) from the IGHV3 family as the refer-
ence [110,111], 11 solvent-exposed FR residues dis-
tributed over the entire VgH outside of FR2 were
substituted with human IGHV3 residues. The resulting
resurfaced VgH, h-NbBcIl10, had similar affinity for
Bell B-lactamase but decreased expression yield and
thermal stability compared with the parental dromedary
VyH. The FR residues altered during resurfacing were
previously shown to be important for the stability of
monomeric llama Vys [112,113]. Further humanization
of positions 49 and 50 of NbBclII10 and h-NbBcII10,
yielding NbBcll10z5; 4 and h-NbBcll10gg7 4, respec-
tively, resulted in improved thermostability without
compromising solubility or antigen binding. By con-
trast, humanization of positions 49 and 50 of the
NbHuL6 VyH adversely affected solubility as deter-
mined by size exclusion chromatography analyses.
Importantly, the maximally humanized VyH, h-
NbBcll10z5; 4, showed a complete loss of reversible
folding and antigen binding following heat-induced
denaturation, consequences which were collectively
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Table 2. Summary of the results of sdAb humanization campaigns. MUC1, mucin 1; SA, serum albumin; VSG, variant surface glycoprotein.

Type of

sdAb Candidate Target Humanization technique  Acceptor or reference  Human FR identity (%)  Reference

VyH cAbAN33 VSG Resurfacing/veneering IGHV3-23 83.5° [105]
NbHuL6 Lysozyme Resurfacing/veneering IGHV3-23 83.7 [103]

CDR grafting h-NbBcll10£G,4 92.3 [103]

NbBcll10 Bcll B-lactamase Resurfacing/veneering IGHV3-23 92.3 [103]
NbHSA SA CDR grafting h-NbBcll10rg.4 92.3 [103]
NbAahll10 Aahll scorpion toxin  CDR grafting h-NbBcll10r6, 4 92.3 [117]
Nb42 VEGF Resurfacing/veneering IGHV3-23 87.9° [119]
NRC-sdAb022 EGFR Resurfacing/veneering IGHV3-30 88.8-93.8 [120]
NRC-sdAb028
NRC-sdAb032
NRC-sdAb033
NbCEA5S CEA CDR grafting h-NbBcll10£G,4 92.3 [121]
VHH6 CcD7 CDR grafting h-NbBcll10£6,4 92.3° [123]
ER46 MUC1 CDR grafting IGHV3-23 96.7° [125]
C21 CD16 CDR grafting IGHV3-23 95.6° [125]
R11 SA Resurfacing/veneering IGHV3 consensus 82.4-92.3 [126]
R28
M75
M79

VNar 5A7 Lysozyme Resurfacing/veneering IGKV1-39 69.8 [29]
E06 SA Resurfacing/veneering IGKV1-39 63.5 [29]
E06 SA Resurfacing/veneering IGKV4-1 60-65 [68]

aSequence identity was assessed in all framework regions (FR1-4) using IMGT FR definitions; "Humanization either significantly reduced sta-
bility and/or affinity for antigen, or these parameters were not assessed.

attributed to substitutions across the

h-NbBcII10

domain, not just at positions 49 and 50. Comparison of
the crystal structures of h-NbBcIl10x5; 4 and NbBcIl10
revealed that although substitutions distributed across
the humanized VyH induced minimal conformational
changes, the structure of the humanized VyH was dis-
tinct from that of the parental dromedary VyH. Fur-
thermore, superimposing the crystal structure of h-
NbBclI10g;;.4 onto those of two human Vs of DP47
germline origin [114,115] revealed that except for two
amino acids (S83 and V101), the remaining 11 human-
ized residues had identical spatial positioning, suggest-
ing that the structural consequences of humanization
were minimal.

Finally, Vincke et al. [103] employed CDR grafting
as a second humanization approach to explore whether
the humanized VygH, h-NbBcll1045; 4, could serve as a
‘universal’ acceptor scaffold for grafting CDR loops
from donor VyHs. Two CDR-grafted chimeric VyHs
were constructed: one containing the CDR loops from
NbHuL6, a VyH belonging to the same dromedary
subfamily 2 as the NbBclI10z5; 4 scaffold, and another
containing the CDR loops from a llama antiserum
albumin VyH, NbHSA, belonging to subgroup C [116].
Both CDR-grafted variants (h-NbBcll10gs; 4 L-L-L
and h-NbBcIl10gg; 4 S-S-S) had comparable expression

levels and affinities as the parental CDR-donor VyHs.
While there was a slight decrease in thermodynamic sta-
bility of NbBcIl10x57 4 S-S-S compared with the donor
NbHSA, the thermodynamic stability and the 7y, of
NbBcll10z5; 4 L-L-L were increased compared with
the donor VyH, NbHuL6. Furthermore, grafting of the
NbHuL6 CDR loops was beneficial to the h-
NbBclII10ggra scaffold in terms of reversibility of ther-
mal unfolding, underling the contribution of the CDRs
to this property of VyHs. Based on these findings, the
authors proposed two general strategies for generating
humanized VyHs with optimal stability and affinity.
The first option to consider is CDR grafting onto the
‘universal’ humanized VyH scaffold, h-NbBclII10g6/ 4,
which often yields humanized ViyHs with good expres-
sion, stability, and solubility as well as preserved affin-
ity and specificity. If this strategy leads to unacceptable
affinity losses, the resurfacing approach, in which posi-
tions 49 and 50 are humanized but positions 42 and 52
are left unchanged due to their impact on stability and
affinity, is a second option.

Following the resurfacing protocol of Vincke et al.
[103], Ben Abderrazek et al. [117] humanized NbAa-
hIl10, a potent Aahll scorpion toxin-neutralizing
VyH. Using h-NbBCII10x5;4 as reference, NbAa-
hIT10 and a variant in which a CDRI cysteine was
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substituted with serine (NbAahII10 C/S) were human-
ized at 10 positions, yielding hu2NbAahll10zzz; and
hu2NbAahll10;zzs C/S. Both partially humanized
VyHs maintained the camelid FR2 solubilizing resi-
dues at IMGT positions 42, 49, 50, and 52. From this
starting point, maximally humanized versions hu3N-
bAahll10z;6 and hu3NbAahll10z5,6 C/S were gen-
erated by humanizing positions 49 and 50.
Humanization somewhat compromised VyH expres-
sion, and although size exclusion chromatography
experiments showed that the humanized variants
appeared to be monomeric, progressive retardation of
elution volume was observed with each humanization
step. This finding reflected the propensity of the
humanized VyHs to interact with the column matrix
because of hydrophobic changes in the Vi interface
region, an effect seen with other FR2-humanized
VyHs as well [103,105]. Conversely, camelization of
the same FR2 positions of aggregating human Vys
leads to their solubilization [74]. In the study by Ben
Abderrazek et al. [117] as in many others, humanized
VygH monomericity was assessed by size exclusion
chromatography at relatively low protein concentra-
tions, which may not be sufficiently sensitive to reveal
aggregation at the high concentrations required for
storage and administration of therapeutic antibodies.
Humanization also led to decreases in the T,,s of all
four humanized variants, although the T,, decrease
was marginal for the maximally humanized VyH.
Importantly, humanization did not affect the affinity
or the neutralization potency of NbAahII10.

Kazemi-Lomedasht er al. [118] applied a more con-
servative resurfacing approach to humanize a dromed-
ary anti-VEGF VyH, Nb42, altering its sequence at
nine FR positions while maintaining all four key came-
lid solubility residues in FR2 [119]. Humanization did
not significantly impact the ELISA binding or inhibi-
tory function of the VyH and was predicted to have lit-
tle effect on domain structure based on homology
modeling. The authors stated that humanization was
predicted to lead to reduced immunogenicity based on
in silico TCE predictions, although these data were not
shown. Regrettably, the effects of humanization on
important biophysical properties as solubility, expres-
sion yield, and stability were not explored.

Rossotti et al. [120] humanized four llama anti-
EGFR VyHs (NRC-sdAb022, NRC-sdAb028, NRC-
sdAb032, and NRC-sdAb033) by veneering using
human IGHV3-30 and IGHJ1 germline sequences as
references. For each of the four VyHs, three human-
ized versions (H1, H2, and H3) with increasing degrees
of humanization were generated, but all variants main-
tained the parental camelid residues at IMGT
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positions 42 and 52. The H1 (minimal humanization)
and H2 (intermediate humanization) variants had all
other FR residues humanized except for those within
five positions (H1) or two positions (H2) of a FR-
CDR boundary, whereas the H3 (maximal humaniza-
tion) variants had all other FR residues humanized.
While humanization was unsuccessful for all variants
of NRC-sdAb022 (H1 and H3 had low expression,
while H2 aggregated and lost binding affinity), the H1
variants of the remaining three VyHs as well as the
H2 variant of NRC-sdAb033 displayed unimpaired
solubility and binding. The humanized variants bore
89% (NRC-sdAb028-H1) to 94% (NRC-sdAb033-H2)
FR sequence identity with human IGHV3-30. The
remaining H2 and H3 variants either did not express,
aggregated, or had compromised affinities. This is a
clear example showing that the success and extent of
VyH humanization are sequence-specific; depending
on the VygH, not all amino acid could be substituted
while maintaining a stable and active protein.

Vaneycken et al. [121] applied a CDR loop grafting
approach using the “universal’ h-NbBclI10xs; 4 accep-
tor scaffold [103] to humanize NbCEAS, a dromedary
VugH specific to carcinoembryonic antigen (CEA)
[122]. The CDR-grafted VyH showed a 30-fold loss of
affinity for CEA compared with the parental dromed-
ary VizH, although the affinity of the humanized VyH
was still high (Kp ~ 10 nm). Specific binding of the
humanized VyH to soluble and cell-displayed CEA
was verified by ELISA and flow cytometry experi-
ments, which also showed weaker binding compared
with the parental VgH. Competition binding assays
confirmed binding specificity and indicated that both
NbCEAS and its humanized version recognized the
same epitope. Furthermore, the CDR-grafted VyH
had essentially the same T,, as the acceptor scaffold
(~ 74 °C), which was higher than that of NbCEAS5
(70 °C). The humanized CEAS VyH could be labeled
efficiently with *™Tc for imaging purposes without
loss of binding and was shown to specifically target
tumor cells in vivo similarly to the wild-type VyH
despite its significantly lower affinity.

h-NbBcll10z57 4 was also used by Yu et al. [123] as
the acceptor scaffold to graft the CDRs of a CD7-
specific llama VygH, VHH6 [124]. With the goal of
using the humanized VyH (huVHHG6) for therapy of
T-cell acute lymphoblastic leukemia, the authors con-
structed two immunotoxins consisting of a dimeric
form of huVHHG6 fused to two different Pseudomonas
exotoxin A fragments. VyH humanization did not alter
the specificity of the immunotoxins, as shown by flow
cytometry, and similar target cell-specific endocytosis
was observed by laser scanning confocal microscopy for
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the humanized and parental immunotoxins. Humanized
immunotoxins also demonstrated selective cytotoxicity
in in vitro assays, albeit less effectively than immunotox-
ins bearing the parental llama VyH; this finding was
attributed to reduced affinity resulting from humaniza-
tion, although this was not explicitly tested. Further ani-
mal studies showed that one humanized immunotoxin
format (dhuVHHG6-PE38) prolonged the survival of
tumor-bearing mice, although no benchmarking
against immunotoxins comprising the parental llama
VyH was performed. Additionally, studies of the effect
of humanization on the biophysical properties of
VHHG6, alone or in the context of immunotoxins, were
not performed. However, all immunotoxins expressed
in Escherichia coli with good yields (5 mg of purified
protein per 1 L of bacterial culture).

Li et al. [125] reported a bispecific antibody, Muc-Bi-
1, consisting of a first VyH targeting MUCI [126] con-
nected through a short Gly-Ser linker to a second VyH
specific for the natural killer cell antigen CD16 [127]. A
humanized version of the bispecific antibody, Muc-Bi-2,
with 19 changes in the MUCI6 VyH FRs and 10
changes in the CD16 VyH FRs, was generated by CDR
loop grafting using the germline human Vi DP47 as the
acceptor scaffold. Muc-Bi-2 had similar binding to Muc-
Bi-1 in flow cytometry experiments. However, slight
aggregation of Muc-Bi-2 was observed by size exclusion
chromatography experiments, possibly because of full
humanization of the four key FR2 solubility positions
(42, 49, 50, and 52). No binding studies were performed
to quantify the effect of humanization on the affinity of
either VyH arm of the bispecific antibody.

van Faassen et al. [128] reported the engineering,
biophysical, and functional characterization of a series
of humanized variants of four llama serum albumin-
specific VyHs (R11, R28, M75, and M79). To begin,
the llama VyH CDRs were grafted onto human
IGHV3 consensus FRs (FR1-FR4), yielding fully
humanized HO variants with changes at 15 (R28-HO,
M75-H0) or 19 (R11-HO and M79-H0) FR positions.
Full humanization included key FR2 solubility resi-
dues (IMGT positions 42, 49, 50, 52). From the HO
variants, an additional five (R28, M75, M79) or six
(R11) variants (H1-H6) were designed with increasing
numbers of back mutations (decreasing levels of
humanization) at positions thought to have a role in
antigen binding and/or solubility and stability. For all
four VxHs, full humanization (HO variant) was detri-
mental to expression in E. coli. Significant expression
was restored for M75 and R28 by back mutations at
FR2 positions 42 and 52 (H1 variant), while additional
back mutation of FR3 position 105 was required for
expression of M79 (H2 variant). In addition to the

Nanobody immunogenicity/humanization

above reversions, back mutation of positions 49 and
50 was required for expression of R11 (H3 variant).
At these levels of humanization, the variants showed
aggregation resistance status comparable to those of
the parental llama VyHs, although further back muta-
tions were required to restore parental levels of ther-
mostability (7},). In terms of antigen binding, the H1
variant of M75 with back mutations at positions 42
and 52 (previously shown to be important in support-
ing the active conformation of the CDR3 loop [103])
had similar affinity to the parental llama VyzH. For
the remaining three VyHs, additional positions beyond
42 and 52 required back mutation to restore antigen-
binding affinity. For M79, this was achieved in the H2
variant with an additional back mutation at position
105, which flanks and structurally supports the CDR3
loop. For R28, affinity was restored in the H4 variant
with back mutations at key FR2 solubility/stability
positions 49 and 50, at Vernier zone positions 1 and
54 that structurally support the CDR loop conforma-
tions, and at positions 83 and 85 in the FR3 D-E loop.
For R11, affinity was restored in the H6 variant with
back mutations at key FR2 solubility/stability posi-
tions 49 and 50, at position 105 flanking the CDR3
loop, at Vernier zone positions 1 and 54, at positions
83 and 87 in the FR3 D-E loop, and at positions 25
and 26 immediately preceding CDRI1. Based on com-
bined assessment of expression yield, solubility, stabil-
ity, and antigen binding, M75-H1, M79-H2, R28-HS5,
and R11-H6 were chosen as leads and were subse-
quently shown to have similar in vivo serum half-life
extension capabilities compared with the parental
llama VyHs. The results again emphasize the variabil-
ity and sequence dependence of VyH humanization.

Humanization of VyarS

HEL-5A7 (5A7) is a type I Vyar that was isolated
from an immune nurse shark phage display library. It
specifically binds to hen egg white lysozyme with low
nanomolar Kp and demonstrates considerable resis-
tance to irreversible thermal denaturation [129]. In
subsequent studies, attempts were made to humanize
S5A7 by resurfacing using a human Vkl germline
sequence (DPK9, IGKV1-39) as the structural tem-
plate; of all human Ig variable domains, DPK9 was
the most structurally similar to 5A7 [29]. Solvent-ex-
posed residues in FR1, FR2, HV2, FR3b, and FR4
were exchanged for human DPK9/JKI1 residues, leav-
ing all six cysteine residues of the type I Vyar scaffold
intact. The resulting humanized Vyar (5A7-IVabc)
shared ~ 54% identity with the DPK9 Vp (~70%
identity in FRs). Humanization did not compromise
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the biophysical properties of S5A7-IVabc, as it
expressed well in mammalian cells, showed no signs of
aggregation as a monomer or Fc fusion, and retained
full antigen-binding affinity (13.6 nm for 5A7
vs.14.8 nm for 5A7-IVabc).

The resurfacing approach was also extended to a
second Vyar (E06) for further validation [29]. E06 is a
high-affinity (picomolar Kp) anti-human serum albu-
min Vyar With cross-reactivity to mouse, rat, and
monkey serum albumins and was isolated from an
immune spiny dogfish phage display library [130]. E06
is a type IV Vyar with < 30% sequence identity to
human variable domains. Using 5A7-IVabc as the
guide, a starting humanized variant of E06 was
designed by replacing 30 of 103 residues with DPK9
residues (substitutions in FR1, FR2, FR3b, and FR4).
The resulting molecule, huE06 vl.1, shared 63.5%
identity with DPK9 in non-CDR sequences. Using
huEO6 v1.1 as the starting point, five additional
humanized variants with changes in HV2, HV4, FRI1,
and FR3a (mostly toward the DPK9 consensus) were
produced. No significant effect of humanization on
expression yield of parental and humanized Vyagr-Fc
fusions following transient transfection of COS-1 cells
was observed. ELISA experiments using a panel of
Vnars (E06, huE0O6 v1.1, huE06 v1.2, huE06 vl.3,
huE06 v1.4, huE06 v1.5, huE06 v1.7) showed reduced
binding of the humanized variants to serum albumin;
loss of binding correlated with the extent of mutations
in HV2 and HV4, with humanization of HV4 having
the largest adverse effect on affinity (huE06 v1.4 and
huE06 v1.5 showed no binding at all). Based on these
results, the authors selected huE06 v1.1 and the paren-
tal E06 Vnyar for X-ray crystal structure determina-
tion. Structural data demonstrated that E06 N-
terminal residues were involved in antigen binding and
loss of binding in huE06 v1.4 was attributed at least
partly to humanization of this region. Comparison of
E06-albumin and huE06 v1.1-albumin co-crystal struc-
tures revealed the loss of one Vyagr:albumin contact
following humanization. Thus, back mutations were
introduced in huE06 vl1.1 to replace three DPK9 resi-
dues with E06 Vyar residues, yielding a new human-
ized variant, huE06 v1.10. ELISA showed that huE06
v1.10 had improved binding to serum albumin com-
pared with huE06 v1.1, although binding was still sig-
nificantly weaker compared with E06. No nonspecific
binding of the humanized variants was observed
against bovine serum albumin. The ELISA data were
confirmed by surface plasmon resonance experiments
showing that compared with E06, huE06 vl1.1 and
huE06 v1.10 had 85- and 34-fold weaker affinities,
respectively, for human serum albumin.
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Building on the efforts to obtain huE06 v1.10
(v1.10), Steven et al. [68] designed a second humanized
version of E06 (v2.4) using the human Vg germline
framework DPK24 (IGKV4-1) as the reference. These
humanized Vnars, however, had significantly weaker
binding affinity and undesirable biophysical properties
compared with the parental E06 Vyagr. Thus, further
studies were conducted to engineer humanized variants
with improved biophysical properties and reduced
immunogenicity. Random mutagenesis phage display
libraries based on v1.10 and v2.4 were constructed and
panned against human serum albumin to obtain vari-
ants with improved properties. Initial affinity and
specificity screenings by ELISA identified tens of
clones (49) from both libraries. Further stepwise
screening of the clones expressed in HEK293 cells was
performed based on antigen binding (ELISA), off-rate
screening relative to E06 (surface plasmon resonance),
ranking ELISA, and expression yield. This process
identified four lead clones: BB10, BAI1l, and BBI11
from the vI.10 library and 2G from the v2.4 library.
These Vnar variants typically had 1-2 mutations dis-
tributed randomly. These four humanized clones, simi-
lar to the parental E06 Vyar and unlike v1.10,
showed minimal tendency to aggregate. Immunogenic-
ity screening using in vitro T-cell proliferation assays
showed that while all wild-type and humanized ver-
sions were less immunogenic than positive controls,
the humanized Vyar 2G was the most immunogenic,
followed by BB11. By contrast, BA11 and BB10 were
slightly less immunogenic than the parental E06 Vyar.
All of the Vnars tested showed immunogenicity
indexes similar to those of antibody therapeutics cur-
rently in the clinic. Size exclusion chromatography
analyses showed that dimers and trimers of E06 and
its humanized variants (BB11, BA1l, and BB10) were
nonaggregating, unlike dimers comprising v1.10. In
this format, BA11 and BB11 extended serum half-life
in rats to a similar extent as the parental E06 Vyar.
Finally, temperature- and pH-induced denaturation
studies showed that humanization did not have a detri-
mental effect on the refolding of E06 following denatu-
ration. BA11 was selected as the lead candidate, and
in a follow-up study, a trimeric antibody consisting of
humanized BA11l and shark anti-TNF-o0 Vyagrs was
shown to potently neutralize TNF-o in various in vitro
assays [131]. The trimeric Vyar Was less immunogenic
than adalimumab in mice [69].

Alternatives to sdAb humanization

Because of the complexity and variable success of
sdAb humanization, sometimes requiring multiple
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attempts and engineering steps, several strategies have
been developed to circumvent the need for humaniza-
tion entirely. These technologies fall into three cate-
gories: (a) synthetic sdAb libraries constructed using
humanized or fully human sdAb scaffolds, (b)
attempts to bias VyH isolation toward rare molecules
with Vy-like sequence characteristics, and (c) trans-
genic animals producing HCAbs with fully human
variable domains.

Synthetic humanized Vy4H libraries

A synthetic phage display library of humanized VyHs,
NaLi-H1, with a complexity of 3 x 10°, was described
by Moutel et al. [132]. To construct the library, a con-
sensus VyH optimized for intracellular expression and
stability (hs2dAb) was partially humanized at several
positions in FR1-3 to mimic human IGHV3
sequences. The humanized hs2dAb maintained its
camelid residues at IMGT positions 42, 49, 50, 52, and
103 (Gln). Using hs2dAb as the library scaffold, a syn-
thetic phage display library of humanized VyHs was
constructed with diversity introduced through in vitro
randomization of CDR1, CDR2, and CDR3. Selection
and screening of the library yielded many functional
and specific humanized VyHs against intracellular and
cell-surface protein targets, with some selected VyHs
having high affinities in the nm or pm range by surface
plasmon resonance. However, these values may have
been exaggerated due to potential contribution of avid-
ity to binding because of aggregate contamination in
the analytes. Using the same NaLi-H]1 library, a family
of six anti-tau VyHs sharing the same CDR3 was
selected [133] and showed Kps in the range of 0.7-
4.5 um. One representative  VyH (F8-2) fused to
mCherry functioned as an intrabody, retaining its bind-
ing to tau when expressed in neuroblastoma cells. Affin-
ity-optimized versions of the F8-2 VyH in IgG Fc-
fused formats were shown to detect tau in the brain tis-
sues of transgenic mice. In another study, Crepin e? al.
[134] isolated five humanized follicle-stimulating hor-
mone receptor VyxH inhibitors from the NaLi-HI
library. The dimeric, Fc-fused versions of the VyHs
were produced in E. coli cells expressing sulthydryl oxi-
dase and DsbC in functional form. Regrettably, in all
three studies [132-134], data on biophysical attributes
of humanized VyHs such as expression yield, solubility,
stability, and aggregation resistance were lacking.

From the same NaLi-Hi library, Galli er al. [135]
generated a conformation-specific VyH, dynab, show-
ing preferential binding to the GTP hydrolytic state of
dynamin-1 and thus allowing real-time monitoring of
the enzymatic activity of dynamin in vive. Utilizing

Nanobody immunogenicity/humanization

dynab in live-cell intracellular imaging, the uncoupling
of dynamin polymerization and GTPase activity was
visualized. Experiments performed with eGFP-fused
dynab demonstrated the VyH’s functionality as an
intrabody. Mikhaylova et al. [136] reported the genera-
tion of an antitubulin VgH (VHH#1) from the NaLi-
H1 library. Using the VyH (as well as a second
immune llama VgH, VHH#2, obtained from a differ-
ent library) as the labeling agent, super-resolution
imaging of microtubule bundles both in vitro and in
various fixed cells was achieved, providing new insights
into the mechanisms of microtubule organization.
VHH#1 was reported to have good expression in
E. coli (25 mg protein per liter of culture). However,
no data on other important biophysical properties
such as solubility, stability, and aggregation resistance
were reported.

A similar CDR randomization approach was
employed by Ju et al. [137] to generate a synthetic
humanized VyH phage display library based on the
‘universal’ humanized scaffold, hNbBcll10zg; 4, of
Vincke et al. [103]. Several humanized VyHs against
each of three model antigens were identified by phage
ELISA and DNA sequencing. However, no further
steps were taken to characterize the humanized VyHs,
so the performance of the library with respect to bind-
ing affinity and biophysical properties including stabil-
ity and solubility remains to be seen.

Naturally occurring camelid Vys

Approximately 10% of the camelid VyH repertoire
includes molecules with Vg sequence hallmarks, even
at key positions in FR2 required for solubility
[112,138,139]. Kastelic et al. applied a simple protocol
which skipped the separation of Vi and VgH domains
during library cloning into a phagemid vector. Surpris-
ingly, the authors claimed to have isolated camelid Vy
domains with high affinity and good expression yields
to multiple targets [140]. However, the binding data
reported in this study were unconvincing, and thus,
these domains may have had properties similar to
those of rare human and murine autonomous Vg
domains. A different approach was taken by
Thanongsaksrikul et al. [141], who constructed a
humanized naive Vy/VyH phage display library from
a nonimmunized dromedary. The authors used human
Vu FRI1- and FR4-specific primers in an attempt to
increase the human sequence content of the cloned
dromedary Vys/VyHs. The degree of FR humaniza-
tion of library members was variable but was signifi-
cantly higher for Vys than VyHs. Surprisingly, despite
its unusually small size (1.6 x 10°), the library yielded
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binders in several screening attempts. The library
yielded several humanized VyHs specific for the light
chain of type A botulinum toxin that efficiently neu-
tralized the toxin, one of which had a Kp of ~ 12 nm.
In subsequent screenings, the library yielded antigen-
specific Vy/VyHs that neutralized monocled cobra
venom phospholipase A2 [142], inhibited hepatitis C
virus (HCV) RNA-dependent RNA polymerase [143],
inhibited the helicase activity of a C-terminal NS3 pro-
tein [144], inhibited HCV replication by binding to a
HCV serine protease [145], neutralized the hemolytic
activity of Bordetella pertussis CyaA hemolysin toxin
[146], and inhibited the catalytic activity of the EGFR
tyrosine kinase domain [147]. In none of these studies
were important properties of the humanized Vy/VyHs
including expression, solubility, stability, and affinity
assessed.

Synthetic humanized Vyag libraries

To our knowledge, synthetic humanized Vyag libraries
have not been reported. However, given the difficulty
in optimally humanizing Vyar domains, we expect
that such libraries might be useful for the development
of Vnar technology. Unfortunately, patents covering
existing humanized Vnar scaffolds restrict work in
this area.

Synthetic fully human Vy/V, libraries

Humanized, de-immunized, or tolerized antibodies are
still not considered fully human since their origin was
from a different species. Mitigation of immunogenicity
is generally not attempted for therapeutic antibodies
(at least conventional tetrameric IgGs) whose
sequences are fully human in origin. The first fully
human therapeutic antibody to be approved for clini-
cal use, the antitumor necrosis factor-o IgG1 adali-
mumab, was isolated by phage display [148,149]. In
this method, a library is constructed in which geneti-
cally engineered filamentous bacteriophages display
human immune or naive antibody repertoires. The
library is then screened in repeated rounds of panning
against a specific antigen to select binders. There are
currently nine phage display-derived fully human con-
ventional antibodies approved for therapy and many
more being tested in the clinic [150,151]. However,
application of in vitro display technology to discovery
of fully human Vg and Vi sdAbs for human therapy
has been more challenging for several reasons (see Sec-
tion Immunogenicity of sdAbs above): (a) autonomous
Vu and Vi domains do not exist naturally, so cannot
be considered fully human, (b) since autonomous Vg
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and Vi domains rely entirely on their CDRs for solu-
bility, stability, and antigen binding, molecules with
optimal properties are extremely rare, and (c) clinical
trial data have not shown that autonomous Vg and
Vi domains are less immunogenic than camelid VyHs.
In an attempt to improve the properties of phage-dis-
played human Vy libraries, Vi camelization (introduc-
tion of solubilizing residues within FR2) was explored
as an early strategy [74]. However, its effectiveness in
solving the challenges listed above was unclear, and
this strategy has been largely abandoned in favor of
fully human Vg and Vi domains.

Transgenic animals

Transgenic animals whose endogenous immunoglobu-
lin loci are inactivated and fully human antibody gene
segments are inserted represent an interesting alterna-
tive to humanization methods. These promising tech-
nologies have led to the development of 19 antibody
drugs currently on the market for the treatment of
cancer, autoimmune, and inflammatory diseases [151].
Many years after the development of transgenic mice
producing fully human conventional tetrameric anti-
body repertoires (e.g., Abgenix’s XenoMouse™), it
was discovered that inactivation of endogenous anti-
body production and knock-in of autonomous Vy
gene segments along with constant region genes lack-
ing the Cyl exon [75-77] permitted the development
of functional HCAD repertoires capable of binding a
wide range of antigens. These technologies are propri-
etary and the mechanisms through which they have
resolved the stability—diversity tradeoffs associated
with synthetic fully human Vy/Vy libraries using the
engine of in vivo VDJ recombination remains unclear.
Importantly, while the starting material for these tech-
nologies (autonomous human Vg gene segments) may
not contain nonhuman sequences, the final products
may acquire autonomous folding (via VDJ recombina-
tion and/or somatic hypermutation) using sequence
and structural patterns not found in the human reper-
toire. In addition, the resulting antibodies pass
through a rodent and not a human tolerance system.

Conclusions

There are relatively limited data on immunogenicity of
sdAbs compared with conventional antibodies. Long-
term, high-dose sdAb treatment of chronic conditions
may result in different immunogenicity outcomes.
However, the available data suggest that the parame-
ters governing sdAb immunogenicity are largely the
same as those for conventional antibodies and include
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sequence, dose, route of administration, target, and
other factors. With two notable exceptions (TAS266
and GSK1995057), clinical trial data support the
notion that sdAbs elicit limited ADAs with similar fre-
quencies as humanized and fully human conventional
antibodies. Clearly primary amino acid sequence alone
is insufficient to fully explain sdAb immunogenicity, as
shown by the lower in vitro immunogenicity of a shark
Vnar compared with humanized variants and the
absence of ADA responses following administration of
nonhumanized camelid VyHs. The presence of preex-
isting ADAs against the C terminus of one fully
human Vg domain (GSK1995057) in a large propor-
tion of individuals has yet to be explained, but also
shows that nonhuman sequence is not always the pri-
mary determinant of sdAb immunogenicity. Low-level
aggregation induced following sdAb humanization
may contribute to immunogenicity, and thus, the bene-
fits of humanization are not totally clear, especially for
VuHs that naturally share high homology with human
IGHV3 gene products. More work is needed to define
optimal strategies for humanization of VyHs and
VNARS, SO as to maximize human sequence content
without compromising affinity, stability, or solubility
in even minimal fashion, as subtle changes in these

parameters may have unpredictable effects on
immunogenicity.
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Abstract

Antibody therapeutics continue to represent a significant portion of the biotherapeutic pipeline, with growing promise for bispecific antibodies (BsAbs).
BsAbs can target 2 different antigens at the same time, such as simultaneously binding tumor-cell receptors and recruiting cytotoxic immune cells.
This simultaneous engagement of 2 targets can be potentially advantageous, as it may overcome disadvantages posed by a monotherapy approach,
like the development of resistance to treatment. Combination therapy approaches that modulate 2 targets simultaneously offer similar advantages,
but BsAbs are more efficient to develop. Unlike combination approaches, BsAbs can facilitate spatial proximity of targets that may be necessary to
induce the desired effect. Successful development of BsAbs requires understanding antibody formatting and optimizing activity for both targets prior to
clinical trials. To realize maximal efficacy, special attention is required to fully define pharmacokinetic (PK)/pharmacodynamic (PD) relationships enabling
selection of dose and regimen. The application of physiologically based pharmacokinetics (PBPK) has been evolving to inform the development of novel
treatment modalities such as bispecifics owing to the increase in our understanding of pharmacology, utility of multiscale models, and emerging clinical
data. In this review, we discuss components of PBPK models to describe the PK characteristics of BsAbs and expand the discussion to integration of
PBPK and PD models to inform development of BsAbs. A framework that can be adopted to build PBPK-PD models to inform the development of
BsAbs is also proposed. We conclude with examples that highlight the application of PBPK-PD and share perspectives on future opportunities for this
emerging quantitative tool.

Keywords
biologics, bispecific antibody, PBPK

In recent years, novel biologic therapies have made un-
precedented progress in bringing highly specific treat-
ments to the fight against multiple types of diseases.
These novel biologic treatments bring increased effi-
cacy while minimizing adverse side effects in patients.
Bispecific antibodies (BsAbs) are some of the most
promising formats of biologics in development. Al-
though emerging data suggest application of BsAb
therapies in nononcology disease areas such as asthma
and other immunologic disorders, the biggest strides
have been made in using BsAbs to treat hematological
malignancies.! With the approval of Blincyto for acute
lymphoid leukemia and several trials in immunotherapy
and immunology underway, BsAbs represent a proven
and valuable alternative in the armamentarium to fight
against deadly diseases.

Clinical success of this approach has been possible
largely for 2 reasons: (1) our improved understanding of
antibody structure and antigen-antibody interactions,
namely, lock and key, induced fit, and conformational

selection; and (2) enhancements in molecular biological
understanding of disease progression and treatment-
resistance mechanisms. Antibody formats that include
mutations that impact FcRn binding can have a sig-
nificant impact on pharmacokinetics and thereby on
dosing regimens of new antibodies. Similarly, fun-
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damental physicochemical properties including shape,
size, hydrophobicity, and charge also have a significant
impact on pharmacokinetics (PK), antigen-antibody
interactions, and biological activity.” The complex in-
terplay between the therapeutic antibody and the inter-
action with the target and its ultimate effect on clinical
outcome can be elucidated using our fundamental
understanding of factors affecting pharmacokinetics,
pharmacology, and disease pathophysiology.

The emerging science of physiologically based phar-
macokinetic (PBPK) modeling has made significant
progress because of the continued impact on decision-
making across the drug development continuum and
resulting rapid uptake in academia, industry, and reg-
ulatory organizations. Because PBPK models explicitly
describe processes that account for drug disposition,
it is possible to obtain a quantitative characterization
of pharmacokinetics in blood and other tissue com-
partments representing major organs in the body. Such
prediction is of therapeutic relevance because it enables
the estimation of drug exposure not only in plasma,
but also at the site of action, which may be nearly im-
possible to measure via experimental methods. Because
drug development decisions are rarely made only based
on PK considerations, accounting for pharmacody-
namic (PD) changes such as blood pressure reduction,
tumor size reduction, or target receptor occupancy
modulation can have a direct benefit in clinical efficacy
decision-making when the relationship between PD
changes and clinical outcome is known. PBPK models
offer a mechanistic framework to quantify the PD effect
of a drug by representing free drug concentrations at
the site of action or in other tissues of relevance; in
some cases, it may even be possible to link PK to clinical
end points. Understanding tissue PK is particularly
important in the case of large molecules like bispecific
antibodies for which blood or plasma PK may not
always be reflective of tissue concentrations because of
various nonlinear processes.® Hence, PBPK-PD models
provide a valuable framework for disease or toxicity
modeling to inform important questions during drug
development such as target and dose selection.*

The aim of this review is to (1) highlight the im-
portance of BsAb therapies, (2) describe the applica-
tions of PBPK-PD models in development of BsAbs,
(3) propose a PBPK-PD framework that can be imple-
mented in informing the development of BsAbs, and
(4) illustrate some of the future applications of BsAbs
and the utility of PBPK-PD models in decision-
making.

Mechanistically, BsAbs are designed to bind to 2
targets and can provide more robust and tailored im-
munogenic targeting than what is possible with natural
antibodies.” BsAbs are engineered artificial antibodies
capable of recognizing 2 epitopes of an antigen or

2 antigens. The targets may be 2 soluble targets, 2
cell-based receptor targets, a soluble target and a cell-
based target, or 2 membrane-bound targets on the same
cell (Figure 1). The diversity of bispecific formats and
their biological and pharmacological properties make
it possible to consider BsAbs as promising agents for
use in various therapeutic areas and diseases, from
recruiting cytotoxic T cells to targeting cancer cells for
oncology treatments to anti-interleukin therapy to treat
asthma and fibrosis.

Therapeutic antibodies use variable regions of heavy
and light chains to bind to specific antigens through
the Fab domain. Antibodies can bind to antigens with
variable affinity and specificity with a diversity of 108 to
1010 different variants for each antigen-binding site.’
The Fc region of the antibody can bind to receptors
of the host immune system such as Fcy receptors
(FcyRs), Clg, and neonatal Fc receptor (FcRn) to
initiate distinct effector functions. Small differences
in the amino acid sequence and glycosylation pattern
on the Fc domain can have significant impact on
key properties such as immunoglobulin G (IgG) ther-
mal stability, Fcy R-binding effectiveness, and serum
half-life.

Through decades of research and development
of BsAbs and their derivatives, there are 2 common
formats of BsAbs currently being explored: the single-
chain variable fragment-based (no Fc fragment)
antibody and the full-length IgG-based antibody. There
are several approaches to improving the design of novel
BsAbs such as antibody linker engineering, quadroma
technology,’ knobs-into-holes technology,” common
light chain,® CrossMADb technology,” and protein
engineering. These and other approaches have all been
extensively investigated and make up the principal
knowledge base of this fast-growing and diverse field.

Defining PBPK-PD Modeling

PBPK modeling is an approach to characterizing the
absorption, distribution, metabolism, and elimination
characteristics of a compound in humans or animal
species. It also allows the evaluation of the effect
of intrinsic (eg, organ dysfunction, age, genetics) and
extrinsic (eg, drug-drug interactions) factors, alone
or in combination, on drug exposure.'”!! A PBPK
model platform includes 3 key components: physio-
logical framework (system parameters), computational
framework, and drug properties.'?

The physiological framework comprises a compart-
mentalized representation of the different organs, with
each compartment described by a specific tissue volume
and blood flow rate, which communicate with the
blood (venous and arterial). The computational frame-
work includes the program code, model structure, and
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Figure 1. Mechanism of action of various formats of bispecific antibody therapies under development or currently approved.

mathematical equations used to represent the physio-
logical framework. The system parameters are popu-
lation specific and account for population variability
and correlation between parameters. The drug model
component of the PBPK platform comprises drug-
dependent parameters including, but not limited to,
molecular weight, hydrodynamic radius, and dissocia-
tion constant for binding to FcRn. The PBPK model is
extended to include PD by describing the mechanism of
action of the drug and its effects on the target biological
pathway. These effects, which could include on-target
effects that lead to efficacy or off -target effects that lead
to toxicity, are dependent on binding affinity and avid-
ity. Study design and formulation parameters are also
part of the building blocks in an attempt to describe the
PK in plasma as well as individual tissues/organs.'>!3

Whole-Body Versus Minimal PBPK Modeling

The complexity of a PBPK model can vary, going from
a minimal PBPK model to a full whole-body PBPK
model. Although in the full model all the distribution
organs and tissues are represented as separate per-
fused compartments, in the minimal model tissues with
similar kinetics are lumped together.'#'® The reduced
complexity in a minimal PBPK model still allows for the
openness of mechanistic characterization in only the
organs/tissues of interest, whereas one advantage of full
PBPK modeling is the ability to simulate the exposure
of a drug in specific tissues that are not accessible to
clinical sampling.'!

PBPK-PD Versus Population Modeling and Quantitative
Systems Pharmacology

Different modeling methods have been used to quan-
titatively describe the PKPD of drugs, with some of
them incorporating more mechanistic approaches that
describe disease pathophysiology and the complexity
of drug action. Here we describe some differences
and/or similarities between modeling approaches such
as population PK, PK/PD, PBPK-PD, and quantitative
system pharmacology (QSP) and the ways in which
these approaches complement each other and can be
integrated to provide a comprehensive understanding
of the BsAbs and their action.

Population PK modeling applies statistical ap-
proaches and involves fitting of the model parame-
ters to a clinically observed plasma concentration-time
profile and/or urine data of a drug following dose
administration. In this top-down approach, the main
objectives are to build a model that describes observed
data, estimates parameters means and their intersubject
variability, and to identifies significant covariates of PK
parameters.'>!”

In a PK/PD model, the relationship between the
pharmacokinetics (PK) of a therapeutic intervention
and the resulting pharmacodynamic (PD) effect is
demonstrated.'®!” This approach can be empirical or
can incorporate more mechanistic components with
respect to either PK (in which a PBPK model would be
used) or PD (in which case an empirical, semimecha-
nistic, or QSP model can be employed), which facilitate
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Figure 2. Application of PBPK-PD modeling in informing development of bispecific antibodies.

biology-driven translations across species and/or be-
tween different patient populations.”?! In some cases,
the separation of mechanistic PK/PD from QSP models
is not obvious, but certainly the mechanistic details,
scientific questions, and technical aspects addressed by
PK/PD and QSP models may differ.?!

PBPK models have significant mechanistic detail
and rely on physiological and drug-dependent param-
eters. The main advantage of PBPK models is that
they can be used to extrapolate outside the studied
population and experimental conditions.'®!* This ap-
proach focuses predominantly on absorption, distri-
bution, metabolism, excretion, and PK questions, but
their value can be exponentially increased by combining
them with PD models (empirical, semimechanistic, or
QSP) to develop a PBPK-PD model that spans from
dose to exposure (PBPK models) to response (PD
models).*!°

The distinction between PBPK and other QSP mod-
els can become vague when considering local kinetics in
tissues, which may be represented in great mechanistic
detail. However, it is the PBPK models that focus
on how the body handles the drugs rather than the
more holistic view of QSP that defines the way drugs
affects the body,?> which differentiate PBPK and QSP
models. The ultimate goal of PBPK modeling is to
quantitatively determine drug distribution throughout
the body, whereas the ultimate goal of QSP is to mech-
anistically and quantitatively understand a biological,

toxicological, or disease process in response to thera-
peutic modulation.”* The extension of PBPK to PBPK-
PD may leverage QSP models to the understanding of
the way the body handles the drug and the way the drug
affects the body or may leverage more conventional
PD modeling approaches. It is important to remember,
however, that either of the modeling approaches should
focus on the mechanistic basis of drug action and
not explain all the biological processes involved.”* The
decision to develop a PBPK-QSP versus a PBPK-PD
model is driven by the clinical question of interest
(and has the same considerations for developing a QSP
model that is not intended for integration with a PBPK
model).

Advantages of PBPK-PD Modeling

PBPK-PD models can be used to address PK or PD
questions throughout development (Figure 2). PBPK
models were initially developed to determine the drug
concentrations in plasma and specific tissues that are
not easily accessible to clinical sampling. This can
be particularly important if the pharmacological or
toxicological effects are driven by the concentrations
in that tissue.” Because PBPK, and PBPK-PD models
allow separation of the parameters pertaining to the
physiology and disease pathophysiology from that of
the drug and the study design, they can be used to
extrapolate PK/PD properties in various healthy and
patient populations in the absence of clinical data. This
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ability to predict and extrapolate beyond the initial data
used to develop the models is a major advantage of
modern PBPK-PD models and is a general limitation
of data-driven models. This is a paradigm shift from the
classical “learn-confirm” to a “predict-learn-confirm-
apply” cycle. With respect to PK understanding, this
change is largely because of combining in vitro-in
vivo extrapolation (IVIVE) approaches with PBPK
models.”> Moreover, the separation of drug-specific
and physiologic parameters within the model can allow
a more mechanistic understanding of the sources of
interindividual variability than can be provided by
population and compartmental modeling techniques.'*
However, one caveat is that detailed understanding of
physiologic variables in the population of interest is
required but not always available, which can hinder
the use of PBPK modeling in special populations.?®
PBPK-PD modeling allows extrapolation of pharma-
codynamic effects across species and populations and
has been facilitated by the use of mechanistic and QSP
modeling.

General Applications and Challenges in Building a PBPK-
PD Model

Advancements in computer science and physiologically
based mathematical models have led to the expansion
of the applications of PBPK-PD modeling. PBPK
models have been recently used to support discovery
and development of biologics including BsAbs. Case
studies on the application of PBPK-PD in BsAbs are
covered in the latter part of this article.

In the past 10 years, PBPK modeling has become
increasingly accepted by regulatory agencies as a means
of informing clinical study strategy, and it has become
a useful tool in drug development. In addition, a num-
ber of drug labels are informed by simulation results
generated using PBPK models.”® The simulation results
are mainly related to drug-drug interaction (DDI)
risk assessments and genotype-related PK parameter
estimates in a rare disease population. These cases
show that either the simulations are used in lieu of
conducting clinical studies or have informed the drug
label that otherwise would have been silent in some
specific situations.

Despite the increasing use of PBPK-PD model-
ing, there are many challenges that limit the utility
of PBPK-PD modeling and simulation. Perhaps, the
biggest challenge in further expansion of PBPK-PD
models is the lack of adequate and reliable systems
or physiological data. In general, IVIVE using PBPK-
PD models requires considerably more experimental
and in silico data than static models. because of the
large number of parameters required for PBPK-PD
modeling and the limited availability of in vivo data
to verify individual parameters, model predictions can

be confounded by lack of confidence in individual
parameters.”

Systems data, such as the abundance and activity
of non-CYP enzymes and transporters in various tis-
sues, and absorption-related data and how these are
changing by age/disease status are generally lacking.
For example, the application of PBPK modeling to
predict the pharmacokinetics in disease populations is
hindered by lack of in vivo data in patient populations,
poor understanding of the physiologic changes that
occur in certain populations, and limited knowledge
of tissue-specific changes in enzyme and transporter
expression.'?® Similarly, in case of special populations
(eg, pregnancy, elderly, and pediatric populations), al-
though there have been tremendous interest and ap-
plication of PBPK models, there are several factors
that need further refinement and elucidation to reliably
inform the ontogeny functions.?’

Some of the challenges are even bigger when de-
veloping mechanistic PBPK-PD models for biologics
and/or models that aim to provide mechanistic insights
into drug efficacy and safety. In developing PBPK
models for biologics, limited data on target expres-
sion and changes in disease populations result in the
risk for overparameterization with PBPK models, and
thus, there is an effort to move toward reduced PBPK
models for therapeutic proteins.’®? These challenges
are magnified when combining PBPK models with
mechanistic models that allow for extrapolation of
pharmacodynamic effects and assessment of clinical
efficacy, like QSP models. The modeler faces the need
to acquire all the data needed to inform a PBPK model
for biologics, including target expression data and the
data needed to inform a mechanistic or QSP model to
predict PBPK-PD, a not inconsiderable challenge to
surmount.

Another challenge in the PBPK-PD modeling field is
determining how to assess model quality. In this regard,
recent European Medicines Agency (EMA) and US
Food and Drug Administration guidelines regarding
PBPK analyses and reporting provide a significant
milestone for this field and pave the way for a broader
application of PBPK-PD modeling,**3! and perspec-
tives from drug developers have made some impact and
resulted in more clarity in the final guidance issued by
the regulators.'?

One of the significant applications of PBPK mod-
eling for large molecules is to account for pharma-
cokinetics of tissue and in circulation. Ectodomain
shedding is a common phenomenon that is noticed for
some membrane-bound antigens in which the extracel-
lular domain of the receptor is cleaved and released
into circulation. This can have a significant impact
on large-molecule pharmacokinetics, especially when
targeting membrane-bound targets. Li et al previously
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Figure 3. Proposed framework of core components to implement PBPK-PD-based decision-making in development of bispecific antibodies.

showed the application of minimal PBPK model-
ing to illustrate the impact of trough concentrations
and clearance of trastuzumab with varying levels of
its target antigen, human epidermal growth factor
receptor 2.3

A Framework for Building PBPK-PD Models for BSAB
The understanding of BsAb PK and factors that can
affect it is critical for the development of safe and
efficacious drugs. Bridging PK to PD effects and clinical
efficacy “closes the development loop,” allowing for the
selection of optimal doses and regimens that deliver
the maximum benefit to patients. We propose a gen-
eral framework to accomplish this goal that integrates
PBPK modeling with conventional, semimechanistic,
and/or QSP models to characterize BsAb PKPD across
species and populations and effectively guide develop-
ment (Figure 3). In this framework, a conventional
PBPK model that describes distribution throughout
the body is extended to describe BsAb binding to
multiple targets, both of which potentially facilitate
target mediated drug disposition (TMDD) mechanistic
models with some feedback to describe the action of
immune-modulatory agents on cytokine release. The
particular details, especially with respect to PD, must
be driven by the individual mechanism of action of the
BsAbs under development, but this framework provides
a guide for the modeler to extend these ideas into any
therapeutic area to describe disease pathophysiology in
general. In many cases, it will be possible to leverage
publicly available models, to which much value can be
added through integration.

PBPK modeling is an approach that has been used
to characterize the in vivo behavior of drugs. A recent

review?? focused on PBPK modeling of monoclonal
antibodies (mAbs), highlighting the key PK process and
parameters to be considered and suggested potential
extension of these PBPK models to predict the behavior
of the next generation of antibody therapeutics as
BsAbs.

PBPK models consist of many compartments linked
via rate constant compartments and are realized as a set
of ordinary differential equations. Each compartment
represents certain organs and tissues in the body and
is parameterized using known tissue physiology (ie,
volume or weight). The rate constants governing trans-
port between these compartments are parameterized
according to known tissue- or organ-specific blood and
lymph flows.

Several PBPK models/platforms for mAbs are
available,>*37 and a similar model structure can be used
to model BsAbs. In general, it consists of organs/tissues
connected through blood and lymph flow to systemic
circulation. Each tissue is subdivided into spaces rep-
resenting the vascular, interstitial, and cellular spaces.
It also includes an endosomal space, where lysoso-
mal degradation and high-affinity FcRn binding are
located.

During subcutaneous absorption, antibodies are
usually well absorbed (bioavailability of 50% to 100%),
and this process has been simply described through
administration of mAbs to the interstitial space of the
skin in published PBPK models, mainly because there is
low confidence in parameters as rate of fluid flows from
injection site through the lymphatics to the circulation
and the expression of FcRn in cells present in the
lymphatics and lymph nodes™ asit is generally accepted
that the predominant route of absorption of antibody
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therapeutics following subcutaneous administration is
via the lymphatics.®®

Understanding of determinants of BsAb disposition
is crucial for the development of PBPK models. The
primary route of distribution of antibodies to the
tissues is via convective transport, which depends on
the size of pores relative to the size of the antibody
molecule and on the rate of fluid movement into tissue
and has been mathematically described as a function of
lymph flow and the vascular reflection coefficient, rep-
resenting the fraction of mAbs in plasma that is unable
to pass through paracellular pores.®* In addition, “2-
pore formalism™’ has been used in some models*>*’
to describe the transcapillary exchange of the antibody
between plasma and the interstitial space in each organ
across the endothelial layer via convection through
large pores and fluid circulation through small pores.

The elimination of antibodies is mainly via cata-
bolism following endocytosis and transport to the
lysosome, with the binding to FcRn playing a role as
a protective pathway from degradation and recycling.
In PBPK models, FcRn-mediated protection of IgG
is typically described as occurring within the endo-
somes of the vascular endothelium and requires data
describing FcRn expression and the rate of uptake
into endothelial cells.’> TMDD can happen because
of the high-affinity interaction between antibody and
target, and parameters such as target expression, target
turnover, and target accessibility are also needed.

To account for differences in the structure of the
model for BsAbs, TMDD should be extended to in-
corporate sequential binding to 2 targets at tissue
sites of action to anticipate systemic and local BsAb
concentrations and target suppression, which have been
described,**2 and it has been shown that tissue-site
target density, target-binding affinity, and type of target
(soluble versus membrane-bound ligand) are major
determinants governing BsAb disposition.*” A mecha-
nistic model*® (extended from a mAb model**) to guide
affinity optimization against soluble and membrane-
bound targets for BsAbs has also been proposed to
predict the optimum Ky for the 2 arms of the BsAbs
given the target properties and to elucidate the effect
of relative target expression and rate of target inter-
nalization on final target occupancy. It is crucial to
incorporate target internalization rates into the anal-
ysis. If the receptor internalization rate is very high,
resulting in TMDD, then the tighter bound compound
(low Kp) may clear out faster through internalization
than it would have with a higher Kp. This effect
can be even more critical in the case of BsAbs than
for monospecific ones. Because 2 membrane-bound
targets create an opportunity for 2 TMDD sinks, it is
particularly important to understand this property for
both targets.

In the case of T-cell-engaging bispecific antibodies
(T-BsAbs), a class of BsAbs that simultaneously binds
to CD3 on T cells and a tumor-associated antigen
on tumor cells,¥ the rapid and uncontrolled induc-
tion of T-cell-mediated cytokine release that leads to
dose-limiting adverse events*® should to be taken into
account in the model to predict the optimal dosing
regimen. A semimechanistic PK/PD model has been
proposed,*’ and this framework could be integrated to
a PBPK platform, resulting in a PBPK-PD approach
to efficiently inform optimal dosing regimens for T-
BsABs. A PBPK model to evaluate the effect caused by
BsAbs of transient elevation of cytokines, particularly
interleukin (IL)-6, on cytochrome P450 suppression has
also been described.*®

To inform model parameters, determination of base-
line levels of a target and its levels of expression are
often difficult and in cases when such data are not
available at least an understanding of relative changes
between healthy and disease physiological levels can
help to guide preliminary simulations. For example,
to account for faster clearance of infliximab in indi-
viduals with severe inflammation possibly because of
higher tumor necrosis factor (TNF)-o concentrations
and vascular hyperpermeability, a global 2-fold*->?
and a local 3-fold increase in TNF-« concentration in
inflamed organs®>>* was applied in the PBPK model.>
An increase in pore size was also applied to incorporate
hyperpermeability in inflamed organs, in accordance
with previous minimal PBPK models of inflammatory
conditions that observed the requirement for lower
vascular reflection coefficients in inflamed organs.>6-3
Another study also showed that inflammatory diseases
such as inflammatory bowel disease (IBD) can increase
vascular permeability and change mAb disposition®’
and confirmed a previous suggestion that convection
and lymph drainage are the dominant pathways for
biologic uptake and removal from tissues.”’*®" The
study also demonstrated higher TNF-« production in
inflamed colon and higher mAb distribution to in-
flamed tissue, with the reflection coefficient for colon in
IBD mice estimated to be significantly lower than that
in non-IBD mice. All these exemplify disease-related
physiological parameters that can be incorporated into
the PBPK model.

Another case is the elevation of the proinflam-
matory cytokine IL-6 in patients with various sys-
temic inflammatory diseases including psoriasis and
rheumatoid arthritis (RA)®-%? and patients with certain
types of cancer.®® As IL-6 modulates drug-metabolizing
enzymes such as cytochrome P450s (CYPs), resulting
in alteration in biotransformation and elimination of
small-molecule substrates of the affected CYPs,* it
can lead to disease-mediated therapeutic protein—drug
interactions. An example in which these physiological
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changes were included in PBPK models to predict DDI
liabilities is also available.®

Examples of PBPK-PD Modeling of BsAbs

Examples of PBPK models being used to support
discovery and development of BsAbs over the past few
years have been summarized (Table 1, Figure 1). These
case studies cover a broad range of categories, including
optimal design of a BsAb, optimization of clinical
dosing, and management of a risk:benefit profile. Each
example is presented with a brief description of the
theme, key questions being addressed, and a summary
of the potential implications and impact.

Design of Bispecific Antibody

To aid in the optimal design of BsAbs for the treatment
of cancer, Van Steeg et al developed a mathematical
modeling approach that accounted for in vitro tar-
get binding of BsAbs.°® The model was an extension
of earlier efforts and included heterogeneous bivalent
binding as a function of the BsAb concentration,
receptor expression, binding constants with an avidity
factor, and consideration of spatial limitations. Spatial
limitations dictate that a second binding interaction can
occur only when the second receptor is in the vicinity
of the first receptor. The model also considered other
nontumor cells that could express the target serving
as “decoy” receptors that might limit bivalent binding
of the BsAb to the tumor cell. In vitro binding data
for monovalent and BsAb constructs against epidermal
growth factor receptor (EGFR) and insulin-like growth
factor 1 receptor in 3 cell lines were used to verify
the model after adjusting the reaction volume in the
model. The model was used to design a new anti-
EGFR bispecific targeting different epitopes for a case
in which receptor density is high in the tumor and low
in other tissues such as skin and liver. Results from the
simulations predicted that low-affinity EGFR binding
(750 nM) would yield high tumor receptor occupancy
with minimal receptor occupancy in skin and liver
(~20%). This example shows how PK/PD modeling of
in vitro data can be used to help guide the selection of
potency targets for early discovery efforts.

An alternate modeling approach to address spatial
limitations for BsAb binding to cell membrane tar-
gets was proposed by Sengers et al.®” The binding of
anti-CD4/CD70 DuetMab was evaluated in cells that
expressed both targets or just 1. Additional variants
were prepared with reduced affinity for CD4 rela-
tive to the parent DuetMab, which had high affinity
for CD4 (Kg = 0.9 nM) and low affinity for CD70
(Kg = 25 nM). Two binding models were consid-
ered based on ordinary differential equations and a
Monte Carlo approach that was based on a computa-
tional biology model of processes involving diffusion

and chemical reactions. Both models considered the
diffusion-limited association rate constant for surface-
bound reactants, which leads to cross-linked membrane
targets. The mechanistic binding model may be useful
for designing novel candidates by providing insights
into bivalent ligand interaction for 2 cell-membrane
receptors.

In a third example, a model for hypothetical BsAbs
was developed to consider the relative impact of biodis-
tribution into tissues and target-mediated elimination
on predicted receptor occupancy for 2 cases.** The
model included binding terms for 2 targets with produc-
tion and degradation rates for the targets, elimination
of the drug-target complex, and physiological represen-
tation of biodistribution of the antibody from plasma
to a representative tissue compartment. A local sensitiv-
ity analysis was conducted to identify the impact of key
model parameters on the antibody concentration-time
profile in plasma and tissue as well as the concentration-
time profile of free ligand or receptor. Overall, the
authors showed how a mechanistic model of a bispecific
could be used to evaluate drug-target interactions at the
site of action to identify optimal binding affinities for
2 targets.

Informing Clinical Dose and Regimen

The first example in this category dealt with the
projection of first-in-human (FIH) dose for a bis-
pecific immunomodulatory antibody (P-cadherin LP-
dual-affinity retargeting [DART]) based on the DART
scaffold.®® A minimal anticipated biological effect level
(MABEL) approach was applied to project the FIH
dose because of its immune agonistic properties. The
pharmacological activity of P-cadherin LP-DART is
driven by binding to both P-cadherin on the tumor
cells and CD3 on T cells. A mechanistic PK/PD-driven
approach was explored to understand the exposure-
response relationship based on the trimolecular synapse
concentration to project the MABEL dose. Orthog-
onal approaches including PK-driven and receptor
occupancy calculations were also investigated for com-
parison. The PK/PD and PK-driven approaches sug-
gest comparable doses, whereas receptor occupancy
approach yields much higher doses. The advantage
of the PK/PD method is that in using the synapse
concentration as the exposure driver for pharmacology,
the predicted dose is independent of experimental con-
ditions. This study showcases the application of PK/PD
modeling in immuno-oncology and could potentially be
implemented for other bispecific biotherapeutics.

In the second example, a translational QSP model
was constructed to quantify and predict efficacy across
species.®” The model considered T-cell activation, which
is driven by the formation of a trimolecular complex be-
tween drugs, T cells, and tumor cells, and incorporated
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Table I. Key Examples of Modeling and Simulation of BsAbs and Their Impact on Drug Discovery and Development

Category Key Theme Key Question(s) Brief Description Implications/Impact Reference

Optimal Properties of Is the avidity hypothesis A mathematical model was developed for ~ This tool can be used for the van Steeg T)
design of bispecific binding universally true, or the binding of BsAbs to their targets that design and development of etal,
BsAbs systems that are there conditions accounts for the spatial distribution of the next generation of 2016%

would maximize under which the binding receptors and the kinetics of anticancer bispecific
binding efficiency bispecifics are only binding and is scalable for increasing compounds.
for a BsAb. as good as (or even valency. Results show that the affinity of
Optimal design worse than) bispecific arms must be optimized for
of a BsAb. combination maximum binding potency to be
antibodies? superior in their binding potency to a
combination of antibodies.

Role of surface Can we use models to A mathematical framework has been The work can be useful for Sengers et al,
diffusion in the predict how the developed to describe a bispecific pharmacokinetic and 2016%7
binding of a BsAb bispecific mAb monoclonal antibody interaction with 2 pharmacodynamic modeling
to 2 membrane interacts with the 2 independent membrane-bound targets of novel drug candidates and
targets. cell-surface antigens? that are expressed on the same cell targets, as well as

surface. The BsAb in solution binds understanding bivalent ligand

either of the 2 targets first and then interaction with 2 cell

cross-links with the second one while on membrane receptors in

the cell surface, subject to rate-limiting general. It is also useful for

lateral diffusion step within the lifetime comparing the advantages

of the monovalently engaged and disadvantages of applying

antibody-antigen complex. The authors a combination of

validated this approach against an monospecific mAbs versus

independently published anti-CD4/CD70 respective bispecific variants

DuetMab experimental data set. in the case of cell
surface-expressed targets.

Simulations of What are the Although the biophysical properties of Plasma kinetics alone is not Chudasama
site-specific differences in the BsAbs are well studied, limited sufficient to predict etal,
target-mediated disposition of BsAbs information is available outlining the target-site kinetics and 20154
pharmacokinetic in plasma and determinants of their plasma and/or dynamics of an BsAb.
models for possible sites of tissue disposition. This work extended Mathematical models can be
guiding the action in humans? the general TMDD modeling approach used to define relationships
development of to incorporate sequential binding to 2 among inaccessible system
BsAbs targets at tissue sites of action to variables and provide

anticipate systemic and local BsAb projections of drug and
concentrations and target suppression. target temporal profiles at
the site of action.

Clinical dose  PBPK modelingto ~ How to optimize the Tumor-killing lymphocytes cannot reach the The design of the BFA is Friedrich
and elucidate the design of bifunctional tumor cells in sufficient quantity to keep critical, and the binding etal,
regimen lack of benefit antibodies to the tumor in check. Recently, the use of constants of the antigen- and 20027°

from using a enhance therapy? BFA has been proposed as a way to lymphocyte-binding epitopes
bifunctional direct immune cells to the tumor, which need to be optimized for
antibody (BFA) has shown limited success. A PBPK successful therapy.
over a traditional model was developed that accounted for
approach. interactions between all relevant species

in the various organs and tumor.

Selection of How to project FIH A minimal anticipated biological effect level ~This study showcases the Chen et al,
first-in-human dose for bispecific (MABEL) approach was applied to application of PK/PD 2016,
(FIH) dose for biotherapeutics using project the FIH dose for a bispecific modeling in projection of CPT¢®
bispecific a mechanistic PK/PD immunomodulatory molecule first-in-human dose for
immune- model? (P-cadherin LP-DART) because of its bispecific biotherapeutics.
oncology immune agonistic properties. The
biotherapeutics. pharmacological activity of P-cadherin

LP-DART is driven by binding to both
P-cadherin on the tumor cells and CD3
on T cells. A mechanistic PK/PD-driven
approach was explored to understand
the exposure-response relationship
based on the trimolecular synapse
concentration to project the MABEL
dose.
(Continued)
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Table I. Continued

Category Key Theme

Key Question(s)

Brief Description

Implications/Impact

Reference

Integration of the
kinetics of T-cell,
biologic, and
effector cells
under a unified
mechanistic
model structure.

A translational
quantitative
systems
pharmacology
(QSP) model to
quantify and
predict efficacy
across species.

PBPK modeling to
predict the dose
of emicizumab
for a pediatric
population.

TMDD model for
BsAbs and
optimal dosing
strategy.

Management  PD of
of drug-mediated

risk:benefit drug interaction.

Optimize clinical
dosing strategies
for T-BsAbs by
avoiding CRS.

How to extrapolate in
vitro and in vivo data
to inform clinical
dosing of BsAbs?

How to construct a
model to integrate in
silico, in vitro,and in
vivo data to quantify
T-cell-mediated
tumor cell killing and
translate it to the
clinic?

How to support dose
projection for a
pediatric population
in the absence of
observed data?

How to develop the

general

target-mediated drug
disposition model for

BsAb and compute

an optimal dose that

immediately creates
and maintains
maximal possible
ternary complex

(TC) concentration?

transient cytokine

elevation resulting
from the
immunotherapy
blinatumomab likely
to result in clinically
meaningful DDIs?

@

How can we efficiently
determine optimal
dosing regimen for
T-BsAbs and to
assess cytokine
release on
T-cell-engaging BsAb
treatment?

A target-cell biologic-effector cell (TBE)

complex-based cell-killing model was

developed using in vitro and in vivo data,

which incorporate information on
binding affinities of BsAbs to CD3 and
target receptors, expression of CD3 and
target receptors, concentrations of
effector and target cells,and the
respective physiological parameters. The
approach was successfully applied to
blinatumomab as validation.

CD3 BsAb constructs recruit cytolytic T
cells to kill tumor cells. T-cell activation
is driven by the formation of a
trimolecular complex between drugs, T
cells, and tumor cells, mimicking an
immune synapse. A translational QSP
model is proposed for CD3-bispecific
molecules capable of predicting trimer

concentration and linking it to tumor cell

killing. The model was used to quantify
the pharmacokinetic

(PK)/pharmacodynamic (PD) relationship
of a CD3-bispecific-targeting P-cadherin.

A PBPK model was developed to
investigate whether a more mechanistic
description of age-related differences
could improve the confidence in PK
projections.

BsAbs exert their cytotoxic effect by
bridging effector T cells and target cells
to form immunological TCs, driving the
pharmacodynamics. Currently, there are

no generalized mathematical models and

no quasiequilibrium approximation
characterizing the relationship between
dose and TC formation, which is
essential for successful discovery,
development, and clinical translation.

Blinatumomab immunotherapy mediates
transient cytokine elevation. Cytokine

elevation may affect CYP activity. A PBPK

model was established to evaluate the
effect of transient cytokine elevation on
CYP activities. Transient cytokine

elevation observed during blinatumomab

treatment has a low DDI potential.
CRS is a common dose-limiting adverse
event for T-BsAbs. A “priming” dose

strategy (ie, a lower initial dose followed

by a higher maintenance dose) has been
implemented in the clinic to mitigate
CRS and to achieve efficacious doses

with T-BsAbs. So far, the selection of the
optimal priming dosing regimen is largely

empirical. A semimechanistic cytokine
model was developed to simulate
cytokine profiles following various
dosing regimens.

extrapolate drug-specific
parameters of the BsAbs to
inform clinical dose selection.
Next steps were proposed
to include minimal PBPK
model structure to guide
dose and regimen selection.

The mechanistic PK/PD model

can be translated to the
clinic for human PK/PD

predictions and sensitivity

analysis to determine
important parameters

driving efficacy. The model
can be applied at early stages

to aid in the design of

CD3-bispecific constructs
and to select molecules with

optimal properties.

Modeling and simulation
activities led to the approval

of emicizumab in all age

groups by EMA, even with no

clinical data available.

A developed BsAb model can
help in optimizing the design
of BsAbs and selection of
targets. In addition, the BsAb
model/approximation can be
used to select an optimal

dosing strategy.

No DDI study was planned or
performed by the sponsor. A
dedicated DDI study was not
requested by the regulatory

agencies.

The model may assist the

design of clinical dosing
strategies for T-BsAbs

programs and thus enable

the conduct of more
efficient clinical trials.

The TBE model can be used to  Jiang et al

(mAbs
2018)72

Betts et al,
2019%°

Retout et al,
202074

Schropp et al,
20194

Xu et al,
2015

Chen et al,
20194
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T-cell distribution to the tumor, proliferation, and
contraction. The model was used to quantify the
PK/PD relationship of a CD3 bispecific targeting P-
cadherin (PF-06671008). A tumor stasis concentration
was calculated as an estimate of minimum effica-
cious trimer concentration. The model was translated
to the clinic and used to predict the disposition of
PF-06671008 in patients. This example showed the
utility of a translational QSP model for CD3-bispecific
molecules, which integrates in silico, in vitro, and in
vivo data in a mechanistic framework to quantify and
predict efficacy across species.

The third example** illustrated the application of the
TMDD model for BsAbs to characterize the relation-
ship between dose and immunological ternary complex
(TC) formation that drives the pharmacodynamics and
to identify an optimal dose that maximizes formation
of TCs. The model includes 4 different binding events
for BsAbs, turnover of the targets, and internalization
of the complexes. To reduce the number of model
parameters, the quasiequilibrium approximation was
constructed based on the fundamental assumption of
rapid binding during all 4 binding events. The model
was further used to investigate the kinetics of BsAb
and TC concentrations, and the analysis showed that
larger doses of BsAbs may delay the buildup of the TC.
Developed BsAb model/approximation can be used to
select an optimal dosing strategy. In addition, the BsAb
model can aid in optimizing the design of BsAbs and
selection of targets.

A PBPK model of lymphocytes was optimized to
gain insights into T-cell BsAbs that targeted CD3 on
T cells and a tumor antigen in mice.”” A whole-body
PBPK model described the distribution and retargeting
of a BsAb, and an effector cell model captured pro-
cesses controlling lymphocytes in blood, tissues, and
tumor compartments.”! Comparisons between model
predictions and experimental data indicated reason-
able agreement between lymphocyte AUC values, with
highest levels in the tumor, spleen, lymph node, and
skin. The results indicated that the lymphocyte traf-
ficking dominated the system and strongly influenced
the biodistribution of the BsAb. Sensitivity analysis
of the therapeutic index using AUCumor/AUCjasma
ratio showed that adhesion-site density in the tumor
vasculature was a critical parameter determining the
therapeutic index. Overall, this work shows how to
integrate T-cell trafficking into a physiologic model of
a bispecific to guide dose and regimen.

The activity of T-cell-redirecting BsAbs is dependent
on multiple interrelated factors, and the identification
of the desired target product profiles remains a difficult
task. A mechanistic PK/PD modeling framework for T-
cell-redirecting bispecifics was developed’” to assist the
development of T-cell-redirecting BsAbs. A target-cell

biologic-effector cell (TBE) complex-based cell-killing
model was developed using in vitro and in vivo data,
which incorporates information on binding affinities
of BsAbs to CD3 and target receptors, expression
of CD3 and target receptors, and concentrations of
effector and target cells, as well as the respective phys-
iological parameters. This TBE model can simultane-
ously evaluate the effect of multiple system-specific
and drug-specific factors on the T-cell-redirecting BsAb
exposure-response relationship on a physiological ba-
sis; it reasonably captured multiple reported in vitro
cytotoxicity data and successfully predicted the effect
of some key factors on in vitro cytotoxicity assays and
the efficacious dose of blinatumomab in humans. The
model can be expanded to guide target selection, can-
didate selection, and clinical dosing regimen projection.

PBPK modeling has been employed to support dose
projection for pediatric population of emicizumab, a
bispecific humanized mAb that binds activated factor
(F) IXa and FX to activate FX, mimicking the func-
tion of missing or defective FVIIIa in patients with
hemophilia A (PwHA).”* In this example,”* the PBPK
simulations were carried out to investigate whether
a more mechanistic description of age-related differ-
ences could improve the confidence in PK projections.
Although the predictions remained highly uncertain
because of the lack of validation of the PBPK approach
for mAbs in pediatrics and the absence of data for the
ontogeny of key mechanisms (eg, FcRn), the predic-
tions were provided to the EMA,” highlighting that the
methodology was not robust enough yet to confidently
extrapolate PK in infants. The leverage of different
modeling approaches (ie, popPK, PBPK, and exposure-
response), together with literature data, led to approval
of emicizumab in PWHA with FVIII inhibitors in all
age groups in the European Union countries, and EMA
acknowledges that modeling and simulation activities
were decisive in the approval for patients < 1 year old,
even when no clinical data were available.

Management of Risk:Benefit Profile

Of the 2 cases in the category of better managing
risk:benefit using PBPK models, both are related to
cytokine release syndrome (CRS) on T-cell-engaging
BsAb treatment, such as blinatumomab. One case
specifically assessed the risk of drug interaction medi-
ated by the pharmacodynamics (ie, transient elevations
in cytokine levels) of blinatumomab.*® This case is
of interest because it relates to a drug interaction
mediated by therapeutic proteins by downregulation of
CYPs as a result of cytokine release, especially of 1L-
6. Currently, there is limited information on clinical
DDIs related to cytokine elevation, as well as relevant
PBPK models to predict them. In this case, the potential
for cytokine-mediated DDI was predicted based on
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data from in vitro hepatocytes incubated with blinatu-
momab or cytokines and the clinical cytokine profiles.
The model predicted little potential for DDI, and as a
result of this prediction, no clinical DDI studies were
conducted. PBPK modeling has thus proven useful in
the development of blinatumomab. A similar modeling
approach was successfully applied to understanding
the relationship among an inflammation-driven disease
rheumatoid arthritis, IL-6, and CYP3A4 activity, sug-
gesting a general utility of PBPK modeling for risk
assessment of cytokine-mediated drug interactions.’”®

The other example deals with how to minimize CRS
toxicities in the clinic by designing the optimal priming
dosing regimen.*” A “fit-for-purpose” semimechanistic
PK/PD model was developed to characterize the cy-
tokine release profiles on T-BsAb treatment, including
the priming effect observed with repeated dosing. The
model was tailored to account for differences in tumor
regression between hematological malignancies and
solid tumors to reflect the impact of tumor-cell killing
on cytokine release. The model captures the key features
of cytokine kinetics with T-BsAb treatment, including
the priming effect in which cytokine release was attenu-
ated following repeated doses. It reasonably described
the cytokine data for blinatumomab in patients and
for P-cadherin LP DART in cynomolgus monkey. The
model can be applied in determining optimal dosing
strategies for T-BsAb programs to balance risk and
benefit.

Emerging Applications of PBPK-PD
Modeling in BsAb Development

Intratumoral Biodistribution for Understanding Target
Engagement and Predicting Efficacy
Biologics with immunomodulatory potential that alter
the immune cells have revolutionized cancer therapy.”’
Major challenges remain in understanding the optimal
dose and target receptor occupancy for optimal biologi-
cal activity, especially in solid tumors. One of the signif-
icant challenges is systemic administration, which is the
preferred option, but may not be the optimal route of
administration. Locoregional delivery of therapeutics
by direct intratumoral injection has been proposed as
a strategy to bypass the reticuloendothelial system and
tumor vasculature barriers. This option could benefit
a subset of patients with cancers that spread locally
or regionally rather than systemically by treating the
primary tumor site to control local cancer invasion.
Furthermore, the most therapeutically meaningful sites
of action are on the surface of lymphocytes in the
lymph nodes closer to already infiltrating the tumor or
present in the tumor microenvironment.

Several BsAbs in development are currently being
considered in solid tumors with limited yet promising

results.”® For example, catumaxomab, a triomab cotar-
geting EpCAM/CD3, was approved for the intraperi-
toneal treatment of malignant ascites in patients with
EpCAM-positive cancers.”

Determination of the recommended phase 2 dose in
oncology immunotherapy is usually not just based on
maximum tolerated dose but is usually informed via
the totality of data such as pharmacodynamics, safety
biomarkers, and efficacy. The advantage of PBPK-PD
modeling is that it can potentially aid in the selection
of optimal biological dose by accounting for not only
drug exposure but also the temporal relationship be-
tween PK and biomarkers such as tumoral receptor
occupancy and cytokine and T-cell activation data in
blood, lymph node, and tumor.

Informing Drug Discovery and Novel Platforms

Novel discoveries and clinical successes pave the way
for expanding therapeutic applications in other dis-
eases that had little success. For example, as neuroin-
flammation becomes ever more deeply implicated in
Alzheimer’s disease, bispecific therapies targeting this
process have entered into clinical trials. For exam-
ple, Roche recently developed a bispecific transferrin
receptor-engineered version of gantenerumab called
the brain shuttle.?” Experimental studies revealed that
the effector function of the BsAb is camouflaged when
the BsAb is bound to transferrin receptor but fully
active when it binds to amyloid, its central nervous
system target.

Another novel application of bispecific antibodies
that has recently been reported is the clinical efficacy
and safety data on faricimab, a novel bispecific anti-
body targeting angiopoietin and vascular endothelial
growth factor-A (VEGF-A) in patients with diabetic
macular edema.?! The bispecific antibody is specifically
designed for intraocular use and binds both VEGF-
A and angiopoietin-2 with high affinity and specificity.
The antibody is engineered to abolish binding interac-
tions to the Fc gamma receptor and FcRn for reduced
effector function and faster systemic clearance, provid-
ing evidence for the impact of antibody engineering
to result in the desired effect on pharmacology of
bispecific antibodies.®”

Chimeric antigen receptor (CAR) T cells, T cells that
have been genetically engineered to express a receptor
that recognizes a specific antigen, have given rise to
breakthroughs in treating hematological malignancies.
However, their success in treating solid tumors has been
limited. The unique challenges posed to CAR T-cell
therapy by solid tumors can be described in 3 steps:
finding, entering, and surviving in the tumor. The use
of dual CAR designs that recognize multiple antigens
at once and local administration of CAR T cells are
both strategies that have been used to overcome the
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hurdle of localization to the tumor.®* Application of the
PBPK-PD model was very elegantly shown by Singh
et al. The authors used the PBPK-PD model to quanti-
tatively inform the CAR-T development by predicting
tumor growth inhibition for various CAR-T targets.
The authors proposed the translational framework to
inform the selection of lead CAR-T constructs and
platforms.34

Conclusions

Therapeutic applications of BsAbs have evolved sig-
nificantly in the recent past with significant promise
toward future clinical approvals in various therapeutic
areas. Here we have attempted to illustrate the available
literature evidence of successes in using PBPK-PD
modeling in BsAb development and provide a frame-
work for future application of this emerging tool. The
application of PBPK-PD modeling is an evolving field
and when combined with the growing experience in the
development of BsAbs will be a valuable asset to inform
the development of BsAbs.
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Directed Evolution Enables Simultaneous Controlled Release
of Multiple Therapeutic Proteins from Biopolymer-Based

Hydrogels

Carter J. Teal, Marian H. Hettiaratchi, Margaret T. Ho, Arturo Ortin-Martinez,
Ahil N. Ganesh, Andrew J. Pickering, Alex W. Golinski, Benjamin J. Hackel,

Valerie A. Wallace, and Molly S. Shoichet*

With the advent of increasingly complex combination strategies of biologics,
independent control over their delivery is the key to their efficacy; however,
current approaches are hindered by the limited independent tunability of
their release rates. To overcome these limitations, directed evolution is used
to engineer highly specific, low affinity affibody binding partners to multiple
therapeutic proteins to independently control protein release rates. As a
proof-of-concept, specific affibody binding partners for two proteins with
broad therapeutic utility: insulin-like growth factor-1 (IGF-1) and pigment
epithelium-derived factor (PEDF) are identified. Protein—affibody binding
interactions specific to these target proteins with equilibrium dissocia-

tion constants (Kp) between 107 and 1078 m are discovered. The affibodies
are covalently bound to the backbone of crosslinked hydrogels using click
chemistry, enabling sustained, independent, and simultaneous release of
bioactive IGF-1 and PEDF over 7 days. The system is tested with C57BL/6)
mice in vivo, and the affibody-controlled release of IGF-1 results in sustained
activity when compared to bolus IGF-1 delivery. This work demonstrates a
new, broadly applicable approach to tune the release of therapeutic proteins
simultaneously and independently and thus the way for precise control over

1. Introduction

Therapeutic proteins offer significant
advantages over small molecule drugs
because they modulate biomolecular path-
ways to treat disease in ways that small
molecules cannot. Sustained delivery of
therapeutic proteins can improve patient
compliance, minimize toxicity associated
with high drug concentrations, and pro-
long their effect in the body. However,
most controlled release strategies were
developed for use with small molecule
drugs and are not compatible with pro-
teins. Encapsulation within nanoparticles
typically involves exposure to high shear
stresses and organic solvents, which result
in protein denaturation.? Covalent teth-
ering of therapeutic proteins to biomate-
rials may interfere with receptor binding
interactions and mask catalytic sites
required for bioactivity.’¥l Strategies that

the delivery of multicomponent therapies is paved.

rely on physical properties of a material to
mediate protein releases, such as matrix
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degradation or polymer crosslinking density, result in unpre-
dictable, accelerated protein release in vivo.[]

Affinity-controlled release strategies minimize protein
degradation through incorporation of therapeutic proteins into
biomaterials that modulate protein release through non-cova-
lent, reversible interactions. Early affinity-controlled protein
release strategies relied on native interactions with heparin
and other extracellular matrix (ECM) molecules.’l However,
heparin—protein interactions are inherently non-specific,
limited to select proteins, and difficult to modify to tune pro-
tein release rates.! As a result, synthetic affinity interactions
have been engineered between proteins and materials to con-
trol the release of a broader range of therapeutics. For example,
fusion proteins have been expressed with either ECM-binding
domains in order to mimic naturally occurring affinity inter-
actions!!®13 or with other small protein domains with affinity
for known binding peptides (e.g., Src homology 3)*! to facili-
tate controlled release from ECM-based or peptide-containing
biomaterials. While these strategies enable tunable release of
a wide range of proteins that do not have an inherent affinity
for natural or synthetic biomaterials, they require challenging
recombinant expression and do not allow independently
tunable release of multiple proteins.

Combining multiple proteins into a single therapeutic
strategy can offer significant advantages over single compo-
nent therapies, but require sophisticated delivery systems. For
example, sequential delivery of proteins has been achieved by
combining different release mechanisms, through layer-by-layer
degradation of a composite material, or use of stimuli respon-
sive biomaterials.'®201 Recent research has highlighted the
importance of not only temporal control, but rate of protein
release. For example, co-delivery of bone morphogenetic pro-
tein-2 (BMP-2) and platelet-derived growth factor (PDGF) with
different release kinetics achieved robust bone regeneration
only if the burst release of PDGF was followed by sustained
release of BMP-2, but not if both therapeutics were released
simultaneously or individually.?!l. Moreover, Anderson and
co-workers demonstrated improved axonal outgrowth across
spinal cord lesions by the combined, staggered delivery of viral
vectors before injury and recombinant proteins after injury.??
Notably, the most effective treatment condition had all six
therapeutic proteins delivered.

We were interested in co-delivery of two therapeutic pro-
teins of broad interest: insulin-like growth factor-1 (IGF-1) and
pigment epithelium-derived factor (PEDF). IGF-1 is a small,
7.6 kDa, positively-charged protein at physiological pH (pI =776)
whereas PEDF is a larger, 45 kDa, negatively-charged pro-
tein (pI = 5.97). IGF-1, a potent mitogenic protein, has shown
promising results in pre-clinical trials by reducing lesion
volumes after strokel?s! and improving cardiac function after
congestive heart failure.?¥ PEDF, an anti-angiogenic protein,
has demonstrated success in treating a wide variety of cancers
in pre-clinical studies through its ability to inhibit tumor blood
vessel growth.?>-?] Moreover, IGF-1 and PEDF have significant
therapeutic potential in retinal degenerative diseases,?8-3! and
co-delivery of these factors together may have a synergistic ther-
apeutic effect.

We wanted to create a system which enabled indepen-
dently tunable and simultaneous controlled release of multiple
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therapeutic proteins. To achieve this, we utilized affibody
proteins. Affibodies are derived from the B-domain of the
immunoglobulin-binding region of staphylococcal protein
A.B2 Affibodies have similar molecular recognition properties
as antibodies, but are much smaller in size (less than 10 kDa
vs over 150 kDa). Furthermore, they have greater specificity for
target proteins than peptides and their bacterial origin enables
high-yield expression and purification from Escherichia coli.
Affibodies lack any native cysteine residues, enabling plasmid
constructs to be engineered with N- or C-terminal cysteines for
simple chemical modification via Michael-type addition.??-34
Thus, affibodies are ideal for immobilization within a hydrogel
drug delivery vehicle using click chemistry.

We used directed evolution to develop affibodies with low, but
specific affinities for our target therapeutic proteins of interest.
Similar to affinity maturation, in which B cells create antibodies
with increasing affinity for a particular antigen,! directed evo-
lution has enabled the development of affibodies with high
affinities for target proteins through iterative rounds of affibody
gene diversification and screening using display technolo-
gies. Each round of library diversification and screening yields
increasingly stronger interactions between binding partners.1*¢l
This approach previously enabled the discovery of an affibody
protein with a picomolar (Kp = 1072 m) affinity to human
epidermal growth factor receptor 2, a cancer marker, after five
rounds of evolution.’”] Since we were interested in low affinity
binding partners for controlled release, we limited our diver-
sification and screening process to one round. We aimed to
isolate affibody binding partners with dissociation constants
between Kp = 107 to 10~ M, which is similar to affinities used
in other controlled release systems.[®!*38] There are several
display platforms for protein engineering including tethering
protein variants to ribosomes, mRNA, DNA, phages, bacteria,
mammalian, or insect cells."” While these other techniques
could be used to identify low affinity binding partners, yeast
surface display has several advantages.'® Most strikingly for
the current work, yeast display enables fine affinity quantifica-
tion and stratification by FACS, enabling recovery of affibody
mutants with precise affinity to the target of interest.’] More-
over, display of thousands of protein replicates per yeast along
with multivalent target presentation (via bead immobilization[>*!
or avidin tetramerization of biotinylated target’)) enables
highly avid selections to enrich binders of moderate affinity for
controlled release. Also, yeast are easy to manipulate compared
to other eukaryotic display systems and can incorporate
post-translational modifications into displayed proteins.

To demonstrate the broad utility of affibody-controlled release
with different biomaterial matrices, we immobilized them into
three different hydrogel drug delivery vehicles. We modified
affibodies with a methyltetrazine (Tz) functional group and used
inverse electron Diels—Alder (IEDDA) chemistry to immobilize
them onto two different biopolymers (methylcellulose, MC, and
hyaluronan, HA) with norbornene (Nb) functional groups. The
IEDDA reaction occurs spontaneously under physiological con-
ditions, minimizing protein denaturation. For our in vitro experi-
ments, we then used the same tetrazine—norbornene click chem-
istry to produce crosslinked MCxMC and HAxHA hydrogels
which are stable for at least 28 days.[**2 For our in vivo experi-
ments, we took our MC modified with affibodies and created

© 2022 Wiley-VCH GmbH
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Figure 1. Pipeline for identifying affibody binding partners for controlled release. 1) An affibody library of 10® genetic variants was screened using yeast
for binders to target therapeutic proteins. 2) Single yeast clones that bound to the target protein were isolated and the dissociation equilibrium constant
was measured. 3) Binding partners were immobilized within hydrogels for independent, simultaneous controlled release of target therapeutic proteins.

a physical blend with HA to form our HAMC hydrogel, which
forms physical crosslinks at physiological temperatures. HAMC
has previously been shown to be biocompatible, and has been
used deliver therapeutic proteins to the retina.*¥! Thus, we dem-
onstrate the versatility of our system for different applications.
In this work, we used directed evolution in a completely
new way—that is to identify affibody binding partners to each
of IGF-1 and PEDF, with low, but specific affinities for each
target protein to enable controlled release. We evolved binding
partners to our target proteins, quantified their binding affini-
ties, and incorporated them into our hydrogel delivery vehicles
(Figure 1). We then simultaneously and independently con-
trolled the release of each of IGF-1 and PEDF and demonstrated
bioactive release in vitro with both and in vivo with IGF-1.

2. Results

Magnetic activated cell sorting (MACS) was first used to enrich
for affibody binding partners to either IGF-1 or PEDF. After four
rounds of MACS, the enriched populations were sorted by fluo-
rescence activated cell sorting (FACS). Yeast that were double
positive for both expressed affibody and immobilized target
protein were present in the top right quadrant (Figure 2A).
Flow cytometry analysis showed 12.0% (Figure S1, Supporting
Information) binding to IGF-1 and 14.4% (Figure S2,
Supporting Information) binding to PEDF after normalizing
to all yeast displaying affibodies on their surface. FACS was
performed to select yeast cells that bound to the target protein
with low affinity determined from target binding normalized
by affibody expression (Figure S3, Supporting Information,
red gates). Individual yeast clones that frequently occurred in
each enriched population were isolated for further analysis.
Analysis by flow cytometry demonstrated that each yeast clone
displayed high specificity for its respective target protein. We
identified two affibodies of interest from our initial library.
The IGF-1-binding clone, AEAKYTKEWYAAALEIASLPNLI-
GYQKDAFNYALLNDPSQSSELLSEAKKLNDSQAPK, displayed
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high binding to IGF-1 (62.6% of yeast normalized to all yeast
displaying affibodies bound to 1 x 107® m of IGF-1) (Figure 2B)
and negligible binding to both the no target and PEDF controls
(Figure 2C,D), demonstrating high specificity to IGF-1.
Similarly, the PEDF-binding clone, AEAKYYKELDTAILSI-
WSLPNLTDSQVLAFVLALYDDPSQSSELLSEAKKLNDSQAPK,
displayed high binding to PEDF (71.3% of yeast normalized
to all yeast displaying affibodies bound to 1 x 10°® m PEDF)
(Figure 2E) and minimal binding to the no target and IGF-1
controls (Figure 2F,G), demonstrating high specificity to PEDF.

We characterized the affinity interactions between target
proteins and soluble, recombinant-expressed affibodies.
Genes coding for affibody proteins were ligated into pET28b+
plasmids and flanked by sequences coding for hexahistidine (H)
and strep (WSHPQFEK) purification tags, as well as a
C-terminal cysteine for downstream chemical modification
(Figure S4A, Supporting Information). Affibodies expressed in
E. coli were approximately 8.6 kDa, as indicated by SDS PAGE
(Figure S4B, Supporting Information) and mass spectrometry
(Figure S4C, Supporting Information). The C-terminal cysteine
of the affibody was modified with methyltetrazine-maleimide
for site-specific conjugation to MC-Nb and HA-Nb polymers.
After modification with methyltetrazine-maleimide, affibody
molecular weight increased from 8.6 to 9.1 kDa, confirming the
addition of a single functional group (Figure S4D, Supporting
Information). Importantly, the modified affibody maintained
an alpha-helical structure, as determined by circular dichroism
(CD; Figure S4E, Supporting Information). We used biolayer
interferometry (BLI) to quantify binding interactions between
affibodies that bind to either IGF-1 or PEDF (Figure 2H). The
IGF-1-binding affibody bound to IGF-1 with a dissociation con-
stant (Kp) of 2.94 + 0.39 x 107 M, a binding constant (k,,) of
43 £ 0.40 x 10* m7!s7!, and an unbinding constant (k. of
1.25 £ 0.39 X 1072 57, indicating fast on- and fast off-rates. The
IGF-1-binding affibody bound to soluble IGF-1 (Figure 2I), with
no significant binding to soluble PEDF (Figure 2]).The PEDF-
binding affibody bound to PEDF with a K, 0f 2.99+0.95x 1078 m,
ko, of 4.28 £ 0.89 x 103 m7's™!, and kyg of 1.22 £ 0.21 x 107 57,
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Figure 2. Directed evolution identifies unique affibody binding partners for IGF-1 and PEDF. A) Affibody proteins were expressed with a c-myc peptide
tag at their C-terminus. Primary antibodies bound to the tag, ensuring full expression of the protein, followed by a secondary conjugated to Alexa Fluor
488. Target proteins were modified with biotin on their surface. After incubating the target protein with the yeast, a streptavidin conjugated to Alexa
Fluor 647 bound to the biotin on the target. B-D) Yeast displaying 488-labeled-IGF-1 affibody incubated with 647-labeled-IGF-1 (B), no target protein
(C), and 647-labeled-PEDF (D). E-G) Yeast displaying 488-labeled-PEDF affibody incubated with 647-labeled-PEDF (E), no target protein (F), and
488-labeled-IGF-1 (G). H) Biolayer interferometry measured association and dissociation between affibodies and their target proteins through changes
in the interference pattern of reflected white light, enabling quantification of the equilibrium dissociation constant (Kp) that governs release. 1,)) Target
protein biolayer interferometry data of binding between 200 x 1072 m of soluble IGF-1 affibody and 15.625 to 500 x 107 m of IGF-1 (1) or off-target
15.625 to 500 x 10° m of PEDF (J). K) Target protein biolayer interferometry of binding between 200 x 1072 m of soluble PEDF affibody and
15.625 to 500 x 107° m of PEDF. L) Off-target biolayer interferometry of binding between 200 x 1072 m of soluble PEDF affibody and 15.625 to
500 X 107 m of IGF-1.

indicating both slower binding and slower release than that spectrophotometry. For MC, there were 0.12 mmol Nb per gram
observed with IGF-1 and its affibody binding partner. The  of MC and 0.09 mmol methyltetrazine per gram MC (Figure S5,
PEDF-binding affibody bound to soluble PEDF (Figure 2K), but ~ Supporting Information). For HA, there were 1.61 mmol Nb
not to soluble IGF-1 (Figure 2L). per gram of HA and 1.17 mmol methyltetrazine per gram of

The substitution reactions of MC and HA with methyl- HA (Figure S6, Supporting Information). While isomerism
tetrazine and Nb were confirmed by 'H NMR and UV-vis can impact the rate of reaction between tetrazine and Nb

Adv. Mater. 2022, 34, 2202612 2202612 © 2022 Wiley-VCH GmbH

56



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

A Q B C *k
g IGF-1- 8x107+
V:‘:_f:’;( = = MCxMC ® MCxMC-IGF-1-Affibody posil 2
P € ek . e D T
J \V B 100{ : - & 610" !
% + + "3 2 o 1 N " 2 s Nl’ 5x10-111
I L - S 804, E
4 54 b 4 ox * ° 2 4x10M+
= e 6 ol g §-8
Methylcellulose Methylcellulose Methylcellulose 2 O 2x104
Tetrazine Affibody Norbornene ® 20 1x101
g
S 0+ T T T T T T ] 0 T T
© o 1 2 3 4 5 6 7 S ©
Y \&
&
X
%
N
O
D E o
* MCXMC ¢ MCxMC-PEDF-Affibody 3.0x10"+
g - ke Hkk ek 2.5%x10 114 e
T 300 : 5
ﬁ 250_“"* ; : : L] ::\% 2_0x10'11—
Q ek
« 20017 £ 15x10M
8 g0 g
m 1504 £ 10x10
L S
8 50-{1 5.0%10°12 .
5 © —————— 0.0 = .
v 0 1 2 3 4 5 6 7
@ affibody @ norbornene Time (days) ‘KQOS\ 0_‘\_&0
~~ methylcellulose © methyltetrazine <§<'Y~ N
. . N
‘ target protein (IGF-1/PEDF) @ covalent linkage \\09
&

Figure 3. Affibody binding partners enable release of a single protein from hydrogels. A) 1% w/v MC hydrogels were synthesized from MC-norbornene,
MC-methyltetrazine, and either MC-IGF1-affibody or MC-PEDF-affibody using IEDDA click chemistry. 12.5 pmol of either IGF-1 or PEDF and 1250 pmol
(1.25 nmol) of either IGF-1 or PEDF affibodies were incorporated in each hydrogel. B) Release of IGF-1 over 7 days from MCxMC versus MCxMC-IGF1-
affibody (n =3, mean * standard deviation (sd) plotted, two-way analysis of variance (ANOVA), Bonferroni’s post-hoc test, ““p < 0.001). C) IGF-1 diffu-
sivity through the hydrogel, calculated using the short-time approximation for Fickian diffusion from a thin polymer slab from (B) (unpaired, two-tailed,
mean * sd plotted, Student’s t-test, “p < 0.01). D) Release of PEDF over 7 days from MCxMC versus MCxMC-PEDF-affibody (n = 3, mean + sd plotted,
two-way ANOVA, Bonferroni’s post-hoc test, “p < 0.05, “p < 0.01, ““p < 0.001). E) PEDF diffusivity through the hydrogel, calculated using the short-

time approximation for Fickian diffusion from a thin polymer slab from (D) (n =3, mean * sd plotted, unpaired, two-tailed, Student’s t-test, “p < 0.01).

functional groups, these hydrogels have shown tunable gelation
times and are minimally swelling and stable for at least 28
days in vitro.'"1**1 Conjugation of affibodies to each of MC
and HA resulted in 1.90 £ 0.41 nmol affibody mg™ MC and
3.6 + 1.8 nmol affibody mg™ HA.

We first investigated the release of each of IGF-1 and PEDF
from 1% w/v MCxMC hydrogels, using a 100-fold molar excess
of immobilized affibody to protein. Specifically, MCxMC hydro-
gels had 1250 pmol of affibody immobilized to control the
release of 12.5 pmol of each protein (96 ng IGF-1, 557 ng PEDF)
(Figure 3A). The release profile of IGF-1 from MCxMC hydro-
gels modified with IGFl-affibodies (MCxMC-IGFl-affibody)
was extended relative to unmodified MCxMC (Figure 3B). To
compare the release rates, we calculated the effective diffu-
sivity of the protein through the gel using a short-time approxi-
mation for unidirectional diffusion from a plane sheet. The
diffusivity of IGF-1 from MCxMC of 6.82 + 1.03 x 107! s7! was
significantly reduced in the presence of IGF-1 affibodies to
2,52 + 2.34 x 107" s (Figure 3C). Similarly, the release
profiles of PEDF from unmodified MCxMC were slowed from
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MCxMC-PEDF-affibody hydrogels (Figure 3D); and the dif-
fusivity of PEDF from MCxMC of 1.69 £ 0.56 x 107! m? s7!
was reduced to 2.55 £ 1.76 x 1072 m? s~! from MCxMC-PEDF-
affibody hydrogels (Figure 3E).

To demonstrate the versatility and ultimate utility of our
system, we next investigated the dual, simultaneous release of
IGF-1 and PEDF from HAxXHA hydrogels (Figure 4A). We con-
firmed that protein release from HAxHA hydrogels was only
affected by the corresponding affibody (Figure 4B-F). IGF-1
release from HAxHA-IGFl-affibody hydrogels was attenuated
with 100 times excess IGF-1 affibody binding partner, but not
from HAXHA-PEDF-affibody hydrogels with 100 times excess
of PEDF affibody binding partner. In fact, the release from
the latter was like IGF-1 released from HAxHA hydrogels
without binding partners (Figure S8, Supporting Informa-
tion). For dual protein delivery, we tuned protein release rates
by changing the amount of affibody in the hydrogel while
keeping the amount of each protein constant at 12.5 pmol, such
that five hydrogels were evaluated. Hydrogels with different
ratios of affibodies for IGF-1 and PEDF displayed significantly
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Figure 4. Affibody binding partners enable simultaneous, independent control over the release of multiple proteins from hydrogels. A) 0.75% w/v
HAxHA hydrogels were synthesized from HA-norbornene, HA-methylphenyltetrazine, HA-IGF-1-affibody, and HA-PEDF-affibody using IEDDA click
chemistry. 12.5 pmol of each protein was encapsulated in each hydrogel. Increasing or decreasing the respective binding partner changed the diffusivity
of the protein through the gel. B-F) IGF-1 and PEDF release was measured by ELISA over 7 days from HAxHA hydrogels containing the following:
B) 100 times excess IGF-1 affibody to IGF-1 (1.25 nmol), C) 75 times excess IGF-1 affibody to IGF-1 (0.94 nmol) and 25 times excess PEDF affibody to
PEDF (0.31 nmol), D) 50 times excess IGF-1 affibody to IGF-1 (0.63 nmol) and 50 times excess PEDF affibody to PEDF (0.63 nmol), E) 25 times excess
IGF-1 affibody to IGF-1 (0.31 nmol) and 75 times excess PEDF-affibody to PEDF (0.94 nmol), and F) 100 times excess PEDF-affibody to PEDF (1.25 nmol)
(n =3, mean + sd plotted, two-way ANOVA, Bonferroni’s post-hoc test, “p < 0.05, “p < 0.01, and ““p < 0.001). G) Diffusivity of IGF-1 decreases with
increased IGF-1 affibody in hydrogel. H) Diffusivity of PEDF decreases with increased PEDF affibody in hydrogel (n = 3, mean + sd plotted, one-way

ordinary ANOVA, Tukey’s post-hoc test, “p < 0.05, “*p < 0.01).

different release profiles, while hydrogels with equal amounts
of each binding partner displayed similar release profiles.
Increasing the amount of affibodies for either IGF-1 or PEDF
decreased the effective diffusivity of that protein from the
hydrogel (Figure 4G,H). PEDF release in the presence of the
100 times excess PEDF-affibody (44.2 £ 4.1%) was lower than
IGF-1 release in the presence of 100 times excess IGF-1-affibody
(572 £ 4.5%), which may be due to the larger size of PEDF and
higher binding affinity of PEDF to the PEDF binding affibody.
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An enzyme-linked immunosorbent assay (ELISA) for IGF-1 and
PEDF detected negligible amounts of protein recovered from
the mechanically disrupted gels after 7 days, preventing a mass
balance from being completed (Figure S7, Supporting Informa-
tion). This could be attributed to a combination of protein deg-
radation and adsorption to the polymer matrix in vitro.[1>454]
Importantly, we demonstrate that the extent of protein release
can be switched from high PEDF and low IGF-1 release
(Figure 4B) to the opposite of low PEDF and high IGF-1 release
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Figure5. Released IGF-1and PEDF are bioactive invitro, and IGF-1is bioactive in vivo. IGF-1or PEDF were incorporated into a 0.75% w/v HAXHA hydrogel
with 25x molar excess of their respective affibody binding partners, and released therefrom over 48 h. A) Western blot of total IGF1r and Akt and B) pAkt
and plGFir after treating A549 lung carcinoma cells with: 1) media only; 2) IGF-1 released from the hydrogel vehicle, 3) fresh IGF-1 positive control,
or 4) IGF-1 that was incubated at 37 °C for 48 h control. C,D) Quantification of phosphorylated IGF1r (C) and phosphorylated Akt (D) normalized to
the total protein loaded (n = 3, mean + sd plotted, one-way ANOVA, Tukey’s post-hoc test, “p < 0.05, “*p < 0.01). E) Binding response normalized to
loading density for PEDF, PEDF released from the hydrogel vehicle, or PEDF that was incubated at 37 °C for 48 h (n = 3-5, mean % sd plotted, one-way
ANOVA, Tukey’s post-hoc test, “p < 0.05). F) Schematic demonstrating intravitreal injection of the drug-loaded delivery vehicle into the vitreous body
of C57BL/6) mice. G) Western blot of wild type mouse retinal tissue for pIGF1r and total IGF1r 24 h after intravitreal injection of: 1) IGF-1 in saline;
2) hydrogel-(HAMC)-IGF1-affibody; or 3) IGF1 released from HAMC-IGF1-affibody. H) Quantification of IGF1r signaling. GAPDH was used as a loading

control for all targets. Phosphorylated IGF1r was normalized to the total amount of IGF1r detected for all treatment groups (n = 3, mean * sd plotted,

one-way ANOVA, Tukey’s post-hoc test, “p < 0.05, “p < 0.01, and “”p < 0.001).

(Figure 4F), simply by changing the binding partner immo-
bilized in the hydrogel and without making any additional
changes to the protein or hydrogel itself.

Since the bioactivity of biologics often diminishes when
incorporated into delivery vehicles,”] we investigated the
bioactivity of released IGF-1 and PEDF. For IGF-1 bioactivity,
we used HAXHA hydrogels modified with 25x molar excess of
the IGF-1-affibody binding partner to release 255 ng of IGF-1.
The IGF-1 receptor (IGFIr) is widely expressed on cancer
cells,*® and its phosphorylation is linked with the phospho-
rylation of protein kinase B (Akt),*! a downstream protein
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associated with cell growth and proliferation.’% We used A549
human lung adenocarcinoma cells to measure the bioactivity of
released IGF-1 relative to equal amounts of fresh IGF-1 versus
IGF-1 incubated at 37 °C IGF-1 for 48 h. Western blot analyses
of IGF1Ir and Akt total protein (Figure 5A) and phosphorylated
protein (Figure 5B) showed no significant differences between
treatment groups (Figure 5C,D), indicating that the released
IGF-11is bioactive.

For PEDF bioactivity, we used the same HAXxHA hydrogel
but modified with 25x molar excess of the PEDF-affibody
binding partner to release 1.25 pg of PEDF. Bioactive PEDF
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binds to collagen 1,252 and the collagen 1 binding motif of
PEDF has been implicated in its anti-angiogenic activity in
vivo.”3 To determine the bioactivity of released PEDF, we used
BLI to quantify the binding of PEDF to bovine collagen 1. PEDF
immobilized to Ni-NTA probes bound to collagen 1 in a dose-
dependent manner (Figure S9A, Supporting Information). To
ensure the validity of this test, we chemically denaturated PEDF
with 6 M guanidine, and observed significantly less denatured
PEDF bound to soluble collagen 1 (Figure S9B,C, Supporting
Information). To measure the bioactivity of released PEDF,
we compared PEDF released from the gel to fresh PEDF and
PEDF incubated at 37 °C for 48 h. All were immobilized and
incubated with 100 X 10~ m bovine collagen 1 for 10 min, and t
he response between groups was normalized to loading density.
The released PEDF was bioactive, with similar bioactivity to
both fresh PEDF and 48 h-incubated PEDF, with no significant
differences (Figure SE).

We investigated whether the presence of either IGF-1 or
PEDF impacted the activity of the other in vitro. The bioactivity
of IGF-1 was the same with or without the addition of PEDF.
Specifically, MCF-7 breast cancer cells proliferated to a similar
extent when cultured with either IGF-1 or IGF-1 and PEDF, but
neither with PEDF nor media alone (Figure S10, Supporting
Information). Similarly, the activity of PEDF was the same with
or without IGF-1. The binding activity of PEDF to collagen 1
was unaffected by the presence of IGF-1.

To gain further insight into the translational potential of this
innovative delivery system, we delivered IGF-1 in vivo from a
HA-methylcellulose-based hydrogel (HAMC). The MC polymer
chains of HAMC were modified with IGF-1-affibody using the
same [EDDA chemistry described for the MCxMC hydrogels.
Each of the following formulations was injected into the
vitreous of C57BL/6] mice (Figure 5F): 1 ug of IGF-1loaded into
the HAMC-IGF1-affibody vehicle, 1 ug of soluble IGF-1 alone
in saline, and HAMC-affibody vehicle alone. Mice were sacri-
ficed 24 h after injections, and the retinal tissue was extracted
for western blot analysis of phosphorylated IGF1r. Interestingly,
only the IGF-1 delivered from the HAMC-IGF1-affibody group
resulted in significant IGF1lr phosphorylation (Figure 5G),
which was confirmed by densitometry (Figure 5H). IGF-1
delivered from the HAMC-affibody had two times as much
phospho-IGF1r than IGF-1 delivered from saline. We hypoth-
esize that the HAMC-IGF-1-affibody had a stabilizing effect on
the delivered IGF-1, similar to how antibodies and antibody-like
proteins bind to functional epitopes on antigens and stabilize
their structures.P4>

3. Discussion

We demonstrate, for the first time, independent, simulta-
neous controlled release of multiple bioactive proteins from a
single biomaterial matrix using distinct affinity interactions,
thereby enabling tunable release rates. This system utilizes pro-
tein—protein interactions to modulate the release rates of two
therapeutically-relevant proteins, IGF-1 and PEDF. While it is
increasingly clear delivery of multiple therapeutic factors is
necessary to see the greatest therapeutic outcome,*® having
fine precision control over the delivery of those factors will

Adv. Mater. 2022, 34, 2202612

60

2202612

www.advmat.de

greatly enhance tissue repair speed and quality.l””) Many affinity-
controlled release systems have been created since the initial
development of heparin-based drug delivery systems, drasti-
cally expanding the types of proteins that could be delivered
from localized depots in the body. However, these systems have
been limited to controlling release of only one protein at a time.
Conversely, our approach using affibodies offers an elegant and
powerful tool to control the release of multiple biophysically
and structurally diverse proteins simultaneously.

We prioritized the isolation of low affinity (vs the typical high
affinity) binders to our target proteins for controlled release
through yeast display. While most directed evolution strategies
aim to increase binding affinity to a target protein, we aimed
to find low affinity binding partners but maintain a high level
of specificity. Our isolated affibodies controlled the release
of IGF-1 and PEDF from three different hydrogel matrices.
Diftusivity of both IGF-1 and PEDF was tunable with the inclu-
sion of different concentrations of each corresponding affibody
binding partner. Not only could this system prolong thera-
peutic concentrations of both proteins, it demonstrates the flex-
ibility of this system to be incorporated into other biomaterial
matrices for different applications. The major limitation with
this approach is that competing amines, such as in gelatin
or chitosan, could make modification of the matrix complex.
However, tetrazine-Nb crosslinking chemistry has been used
to form gelatin, alginate, and PEG-based hydrogels.’*%% Our
strategy is versatile and amenable to other water-based, click-
crosslinking strategies that avoid both cross-reactivity and
adverse outcomes in the local microenvironment.®%2 Impor-
tantly, delivered IGF-1 was bioactive in vivo and both released
IGF-1 and PEDF were independently controlled and bioactive
in vitro, suggesting that we will be able to similarly achieve
independent and controlled release of bioactive IGF-1 and
PEDF in vivo.

4. Conclusion

This new way of identifying highly specific, low affinity binding
partners opens the door to simultaneous delivery of numerous
therapeutic proteins. This versatile approach to engineering
protein—protein affinity interactions will pave the way for pre-
cise spatiotemporal control over the release of several proteins,
and ultimately be useful for enhanced tissue regeneration.

5. Experimental Section

Materials: All chemical reagents were used directly as provided by the
suppliers unless otherwise stated. pET28b+ vectors and gene inserts were
purchased from Genscript (Piscataway, NJ, USA). Nuvia IMAC columns,
Precision Plus Protein Dual Color Standard, and low-fluorescence
PVDF membranes were purchased from BioRad (Hercules, CA, USA).
The following reagents were purchased from Thermo Fisher Scientific
(Waltham, Massachusetts, USA): anti-foam 204, EZ-Link NHS Biotin,
Pierce Biotin Quantitation Kit, Pierce Streptavidin Magnetic Beads,
Dynabeads M-270 Carboxylic Acid magnetic beads, goat-anti-mouse
1gG Cross-Adsorbed Secondary Antibody Alexa Fluor 488, Streptavidin
Alexa Fluor 647 conjugate, Exonuclease |, FastAP, Axygen Maximum
Recovery microcentrifuge tubes, F12-K Nutrient Mixture cell culture
medium, 12% tris-glycine acrylamide gels, SuperBlock (PBS) blocking

© 2022 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

buffer, and Earle’s Balanced Salt Solution (EBSS). Mouse anti-c-myc
antibody was purchased from Biolegend (San Diego, CA, USA). Dialysis
tubing (2 kDa molecular-weight cut-off (MWCO), 12-14 kDa MWCO,
100 kDa MWCO) was purchased from Spectrum Labs (New Brunswick,
NJ, USA). The following reagents were purchased from The Bioshop
(Burlington, ON, Canada): yeast nitrogen base, galactose, isopropyl
[-p-l-thiogalactopyranoside, Tris HCIl, NaCl, tris(2-carboxyethyl)
phosphine hydrochloride salt, imidazole, Coomassie Brilliant Blue
G-250 dye, lysogeny broth (LB), and terrific broth (TB). Bacto Casamino
Acids, Technical were purchased from Becton, Dickinson, and Company
(Sparks, MD, USA). SHuffleT7 competent E. coli were purchased from
New England Biolabs (Ipswich, MA, USA). Easy Yeast Plasmid Isolation
Kit and CloneAmp HiFi PCR Premix kits were purchased from Takara Bio
USA (Mountainview, CA, USA). MC (300 kg mol™) was purchased from
Shin Etsu (Tokyo, Japan). Sodium hyaluronate (200 kDa) was purchased
from Lifecore Medical (Chaska, MN, USA). Pharmacological-grade high-
molecular-weight sodium hyaluronate (HMW HA) (1.2-1.9 MDa) was
purchased from NovaMatrix (Sandvika, Norway). The affibody library
transfected with the affibody variants were a gift from the Hackel Lab.
Bovine collagen 1 (Cat. No. 3442-050-01), IGF-1 (Cat. No. 291-G1), and
PEDF (Cat. No. 1177-SF) proteins and corresponding Human IGF-1/
IGF-1 Duoset ELISA and Human Serpin F1/PEDF DuoSet ELISA kits
were purchased from R&D Systems (Minneapolis, MN, USA). PEDF
(Cat. No. ab56289) was also purchased from Abcam (Cambridge, UK).
The following reagents were purchased from Click Chemistry Tools
(Scottsdale, AZ, USA): methyltetrazine-maleimide and methyltetrazine-
amine HCl salt. 5-Norbornene-2-methylamine (mixture of isomers)
and 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride
(DMTMM) was purchased from TCl America (Portland, OR, USA).
Ketamine (Ketalean, Cat. No. 8KET004D) was purchased from Bimeda
MTC Animal Health Inc. (Cambridge, ON, Canada). Medetomidine
(Cepetor, Cat. No. 23615060) and atipamezole (Revertor, Cat. No.
236 1504 0) were purchased from Modern Veterinary Therapeutics LLC
(Miami, FL, USA). Hypromellose (0.2% w/v) gel (Genteal Tears, Cat. No.
0078-0429-57) and tropicamide (1% w/v) solution (Mydiacyl, Cat. No.
0065-0355-03) was purchased from Alcon (Mississauga, ON, Canada).
Sterile NaCl (0.9% w/v) solution (Cat. No. JB1300) was purchased from
Baxter Corporation (Mississauga, ON, Canada). 96-well low binding
black plates were purchased from Greiner Bio-one (Kremsmiinster,
Austria). Octet Super Streptavidin (SSA) biosensors and Octet Ni-NTA
biosensors were purchased from Sartorius AG (Géttingen, Germany).
30-gauge sharp needles (Cat. No. 305136) were purchased from VWR
International LLC (Mississauga, ON, Canada). 32-gauge blunt needles
(Cat. 7762-05) were purchased from Hamilton Company (Montréal, QC,
Canada). RealTime Glo MT Viability assay was purchased from Promega
(Madison, WI, USA). All other solvents and reagents were purchased
from MilliporeSigma (St. Louis, MO, USA).

Yeast Surface Display Library Culture: Saccharomyces cerevisiae (EBY100
strain) containing the pCT surface display vector with the gene for the
affibody protein were stored at =80 °C in a solution of 15% v/v glycerol
in growth media at a density of 20 times the theoretical diversity of the
library (1.72 x 102 affibody variants). Yeast libraries were grown at 30 °C
to a saturation density of =108 cells mL™" in growth medium (57 x 107 m
sodium citrate dihydrate, 20 x 10 m citric acid, 111 x 107> m dextrose,
12 x 1073 M yeast nitrogen base, and 45 X 10 m Bacto Casamino
Acids). Expression of the affibody was under the control of an inducible
galactose promoter (Gall-10), and yeast were grown in galactose-
containing induction medium (38 x 107> M Na,HPO,-7H,0, 62 x 107 m
NaH,PO,-H,0, 10 x 107 m galactose, 5.5 dextrose, 12 x 10 ™ yeast
nitrogen base, and 45 x 1073 M casamino acids) at an initial cell density
of 107 cells mL™ for 16 h at 30 °C to induce affibody surface expression.

Biotinylation of Target Proteins: For MACS with streptavidin beads,
flow cytometry, and FACS, the lysines of target proteins (IGF-1, PEDF)
were modified with biotin using biotin NHS ester (EZ-Link NHS Biotin),
resulting in an average of 1 biotin per IGF-1 and 3 biotins per PEDF.
Modification of IGF-1 or PEDF was verified using the Pierce Biotin
Quantitation Kit, which detects the molar ratio of biotin to protein.
Biotinylation was further verified using mass spectrometry to detect
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the shift in protein molecular weight compared to unmodified protein
controls.

Streptavidin Magnetic Bead Preparation: To prepare the streptavidin-
conjugated magnetic beads for MACS, 60 pL of Pierce Streptavidin
Magnetic Beads were washed once with 1 mL of 0.1% v/v Tween 20 in
TBS and three times with 1 mL of PBSA (1% w/v bovine serum albumin
(BSA) in PBS). Beads were washed by hand-mixing, placing the tube
on a magnet (DynaMag-2, Thermo Fisher Scientific, Waltham, USA),
and carefully removing the supernatant. After washing, proteins were
immobilized to the surface of the beads. Beads were resuspended in
1 mL of PBSA, T mL of PBSA with 5 ug of the biotinylated off-target
protein, or 1 mL of PBSA with 5 g of the target biotinylated protein. The
beads were rotated at 4 °C for an hour before being washed with PBSA
and resuspended in 200 UL of PBSA for distribution among six 2 mL
tubes for cell sorting.

Carboxylic Acid Magnetic Bead Preparation: To prepare the carboxylic
acid-conjugated magnetic beads for MACS, 60 pL of Dynabeads
M-270 carboxylic acid were mixed with 600 pL of 0.01 m NaOH at room
temperature for 10 min. The beads were then washed three times by
placing the tube on the magnet, removing the supernatant, and adding
600 pL of distilled water. Beads were mixed with 600 uL of 50 mg mL™
of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) in distilled
water at room temperature for 30 min, washed with distilled water, and
resuspended in 600 L of 100 X 1073 m 2-ethanesulfonic acid. The beads
were divided into six 2 mL tubes for protein immobilization. 33 pmol of
BSA, off-target protein, or target protein were added to the beads and
rotated at room temperature for 30 min. The tubes were then placed on
the magnet, the supernatant was removed, and 500 uL of 0.05 m Tris at
pH 7.4 was added to each tube. The tubes were placed on the magnet
again, the supernatant was removed, and 500 uL of PBSA was added to
each tube.

Magnetic-Activated Cell Sorting of Yeast Surface Display Library: Four
rounds of MACS were performed, alternating between streptavidin-
conjugated beads and carboxylic acid-functionalized beads, as previously
described.l*l Before the first sort, the glycerol stock was thawed and
expanded in growth media. A volume of cells, corresponding to 20x the
initial diversity of the library, was transferred into induction media for
24 h, at an initial density of 107 cells mL™, shaking at 200 rpm in a 30 °C
incubator. After induction, the cells were counted again and 20 times the
theoretical library diversity was removed for sorting.

To select for yeast binding to the target protein of interest, two
negative sorts and one positive sort were conducted using either the
streptavidin- or carboxylic-acid-conjugated magnetic beads. The first
negative sort consisted of identifying affibody proteins that bound to
BSA. The second negative sort consisted of identifying affibody proteins
that bound to the off-target protein. For the first sort, the total volume of
cells was evenly distributed between the tubes with prepared magnetic
beads with immobilized BSA. The cells were rotated with the prepared
beads with immobilized BSA at 4 °C for at least 2 h, then placed on
the magnet, and the supernatant with unbound cells was collected. The
unbound cells were added to tubes containing magnetic beads with
immobilized off-target protein. The cells were rotated with the prepared
beads at 4 °C for at least 2 h, placed on the magnet, and the supernatant
with unbound cells was collected. For the positive sort with the target
protein, the unbound cells in the supernatant were incubated with the
magnetic beads at 4 °C for at least 2 h. The beads were placed on the
magnet and collected, and the supernatant with unbound cells was
discarded. The beads were washed with PBSA to remove any loosely
bound cells. The beads were resuspended in 20 mL of growth media
and grown in a shaking incubator at 200 rpm at 30 °C for 48 h or
until the cell density reached 108 cells mL™". The cells were diluted to
107 cells mL™" in induction media and induced to express affibodies
before proceeding with the next round of MACS.

Fluorescence-Activated Cell Sorting of Yeast Surface Display Library:
FACS was performed on MACS-sorted yeast to further discriminate yeast
displaying affibodies that bound to target proteins of interest. 20 x 10°
cells induced to express protein were pelleted by centrifugation at
3000 rpm for 3 min and washed 3 times in 1 mL of PBSA. Biotinylated
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target proteins were diluted to 20 X 107° m in PBSA. Cells were incubated
with the target protein and mouse anti-c-myc antibodies on a tube
rotator at 4 °C for 1 h. The cells were pelleted and washed with PBSA,
before being incubated with streptavidin conjugated with a 647 nm
excitable fluorophore and a goat-anti-mouse antibody conjugated with
a 488 nm fluorophore 4 °C for 15 min. The cells were then washed and
resuspended in 300 UL of PBSA, and sorted using a BD FACSAria IlI
machine (BD Biosciences, San Jose, CA, USA). Cells that were double
positive for bound target protein and displayed affibody were gated and
sorted, as previously described./*"!

Sequencing Genes Coding for Affibody Proteins: FACS-sorted yeast were
plated on YPD plates and grown for 48 h, and individual yeast colonies
were selected from the plate and grown for 48 h in growth medium to a
density of at least 107 cells mL™". The cells were pelleted, and 10 mg of
yeast were removed. pCT plasmids were extracted using the Easy Yeast
Plasmid Isolation Kit, and suspended in ultrapure distilled water. Due
to the poor efficiency of plasmid extraction from yeast, the gene coding
for the affibody was further amplified by PCR. Primers were synthesized
by ACGT Corp. (Toronto, ON, Canada), and amplified using CloneAmp
HiFi PCR Premix. PCR products were processed with a combination
of Exonuclease | and FastAP Thermosensitive Alkaline Phosphatase to
degrade excess primers and dephosphorylate DNA ends, respectively.
Sanger sequencing was performed on the PCR products by ACGT Corp.

Expression and Purification of Affibody Proteins: Genes for affibodies
that bound to IGF-1 or PEDF were inserted into a pET28b+ vector after
the isopropyl 5-D-1-thiogalactopyranoside (IPTG)-inducible T7 promoter.
The protein was expressed from N-terminus to C-terminus starting
with a strep (WSHPQFEK) tag, affibody protein, a hexahistidine (Hg),
and a cysteine (C). Vectors were transformed into SHuffle T7 competent
E. coli K12, and colonies were selected from kanamycin-containing
plates. Transformed E. coli were grown in 20 mL of LB with 100 ug mL™
of kanamycin for 16 h and used to inoculate large cultures of 1.8 L of TB
containing 100 pug mL™' kanamycin and 10 drops of anti-foam 204. TB
cultures were grown at 37 °C in a LEX-10 bioreactor (Epiphyte3, Toronto,
ON, Canada) with constant air sparging until ODgy = 0.8 was reached
(=4 h), upon which 0.5 x 107 m IPTG was added, and protein expression
was induced for 16 h at 22 °C. TB cultures were centrifuged for 15 min
at 6000 rpm and 4 °C using an Avanti JXN-26 centrifuge (Beckman
Coulter, Brea, CA, USA). The cell pellets were resuspended in 30 mL
of lysis buffer (50 x 103 m Tris pH 7.5, 500 x 107> m NaCl, 5 X 103 ™
imidazole, and 1 x 107 m tris(2-carboxyethyl)phosphine hydrochloride
salt) and lysed using a 500 W sonicator (QSonica, Newtown, CT, SA) at
40% amplitude for 5 min at 10 s intervals. The soluble fraction of the cell
lysate was collected, and nickel affinity chromatography was performed
using a fast protein liquid chromatography (FPLC) instrument (NGC
Quest 10 Chromatography System, BioRad Laboratories Inc., Hercules,
CA, USA). The supernatant was applied to a 5 mL column pre-packed
with Nuvia IMAC resin, which was pre-equilibrated with lysis buffer
containing 1 x 107 m tris(2-carboxyethyl)phosphine. The column was
washed with 7 CV (column volumes) of wash buffer (50 x 1073 m Tris
pH 7.5, 500 x 1073 m NaCl, 30 x 1073 m imidazole) with 1x 1073 m tris(2-
carboxyethyl)phosphine, then 7 CV of wash buffer without 1 x 1073 ™
tris (2-carboxyethyl)phosphine to remove the tris(2-carboxyethyl)
phosphine for downstream chemical modification of the cysteines. The
protein was eluted with 30 CV of elution buffer (50 x 107 m Tris pH
7.5, 500 x 107 m NaCl, 250 x 1073 m imidazole), and 1 mL fractions
corresponding to the 280 nm peak were collected and pooled.

Modification of Affibody with Methylietrazine or Biotin: Affibody
concentration was determined by 280 nm peak integration in
ChromLab software (BioRad, version 6.0) after purification using FPLC.
Methyltetrazine-maleimide or biotin-maleimide was dissolved into
the protein solution in 2x molar excess to the affibody. DMSO was
added to the solution at a final concentration of 10% v/v to improve
the solubility of the hydrophobic methyltetrazine-maleimide or biotin-
maleimide molecules. The solution was incubated at room temperature
on a tube rotator for 1 h. The protein solution was dialyzed (MWCO
2 kDa) overnight against PBS. Protein was filtered using a 0.2 um filter
to remove aggregates, and the final concentration was determined by
Pierce 660 nm Protein Assay Modified protein was stored at —80 °C.
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Biolayer Interferometry for Affibody Proteins: The on-rates (kon),
off-rates (kogr), and dissociation constants (Kp) of protein-affibody
interactions were obtained through BLI using an Octet QK system (Pall
Forté Bio, Fremont, CA, USA). 200 uL of samples or kinetics buffer
(PBS with 0.1% w/v BSA and 0.002% v/v Tween-20) were dispensed
into individual wells of a 96-well black plate. The operating temperature
was maintained at 25 °C. Affibody proteins were diluted to 200 x 1072 m
into kinetics buffer. IGF-1 affibody was immobilized on Ni-NTA sensor
tips. PEDF affibody was immobilized on Super Streptavidin sensor
tips, because PEDF had naturally occurring histidine residues which
contribute to significant non-specific binding. The target proteins were
diluted with the same buffer into a range of different concentrations
from 500 to 15.625 x 10~° m. The raw data were processed by subtraction
of values from reference wells which contained only kinetics buffer, and
then aligned with associations. The binding interaction constants were
obtained by fitting the processed data to a heterogeneous binding model
(binding of 2 ligands to 1 receptor) in the Octet analysis software.

Biolayer Interferometry for Collagen 1. The binding of PEDF and
bovine collagen 1 was obtained through BLI using an Octet QK system
(Pall Forté Bio). 200 pL of sample were dispensed into individual wells
of a 96-well low binding black plate. PEDF was diluted to 1 ug mL™
in PBS and bovine collagen 1 was serially diluted from 100 to 3.25 x
107° M in SuperBlock (PBS) blocking solution to minimize non-specific
binding with the Ni-NTA probes. PEDF was immobilized onto Ni-NTA
probes via a 6x histidine tag at its c-terminus. The experiment was first
conducted with the PEDF loaded probes, then performed immediately
again without PEDF. The operating temperature was maintained
at 25 °C. The raw data from each run (with or without PEDF) were
first processed by subtracting values from the reference wells, which
contained only SuperBlock blocking solution, to remove drift during
the data collection. The processed data from run where PEDF was
immobilized on the probe was then subtracted from the data where the
probes were bare, to account for any non-specific binding of collagen 1.
After subtraction, the binding data were flipped so all values reported
were positive for ease of interpretation and compatibility with the Octet
analysis software.

To measure diminished binding activity of PEDF after denaturation,
the same experiment was conducted but only for the highest
concentration of collagen 1 (100 x 10~° m). After loading the probe with
PEDF, the tips were incubated in 6 M guanidine hydrochloride for 30 s,
before incubating with the collagen 1 solutions.

Synthesis of Methylcellulose-Methyltetrazine and Methylcellulose-
Norbornene: MC-methyltetrazine and MC-Nb were synthesized as
previously described.*d Briefly, MC-carboxylate was dissolved in
2-ethanesulfonic acid (MES) buffer (pH 5.5) with stirring overnight at
4 °C until transparent. 0.125 g of 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methyl-morpholinium chloride were added to activate carboxylic groups,
followed by the addition of 0.125 g of methyltetrazine-amine (Click
Chemistry Tools, Scottsdale, AZ, USA) or 77 uL of Nb-methylamine (mix
of isomers, TCI Chemicals, Portland, OR, USA), which was allowed to
react for 3 days. The polymer solution was dialyzed (100 kDa MWCO) for
1 day in PBS and 2 days in deionized water, changing the dialysis buffer
3 times per day and stirring at 4 °C. The dialyzed polymer solution was
filter-sterilized, lyophilized, and stored at 4 °C.

The degree of substitution of MC-Nb was quantified using '"H NMR
(Agilent DD2-500 spectrometer). The lyophilized MC-Nb polymer was
dissolved in deuterium oxide with maleic acid (TraceCERT) as an internal
standard. To determine substitution of MC-Nb, the integral area of the
Nb protons (2H(CH=CH) at 6.03-6.27 ppm) were compared to the
protons of the maleic acid standard (2H, s, at 6.38 ppm). Substitution
was calculated using the following equation:

Nic X IIC X Mic X 1000 (1)

ANORB = IC
Pnorb X Inorb X MIC X Mnory

where A, is the amount of Nb groups per mass (mmol - g7); nic is
the number of protons of internal calibrant; I,c is the integral of the
internal calibrant resonance signal; mc is the mass of internal calibrant
in the sample; n,. is the number of protons that give rise to the Nb
resonance signal; [, is the integral of the Nb resonance signal;, Mc is
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the molar mass of the internal calibrant; m,, is the mass of MC-Nb in
the sample; and Pc is the purity of the internal calibrant.

The degree of substitution of MC-methyltetrazine was quantified
using a spectrophotometer (Infinite M200 Pro Microplate Reader, Tecan,
Minnedorf, Switzerland). The lyophilized MC-methyltetrazine was
dissolved in PBS at 5 mg mL~". Methyltetrazine-amine was dissolved
at 500 pg mL™ in 1 mL of PBS. The methyltetrazine-amine solution
was used to produce a seven-point standard curve using twofold
serial dilutions. Absorbance of the standard and polymer solutions
was recorded at 525 nm. A four-parameter logistic curve was fit to the
standard, and the substitution was determined through interpolation
based on the absorbance.

Synthesis of Hyaluronan-Norbornene and Hyaluronan-Methyltetrazine:
HA-tetrazine and HA-Nb were synthesized as previously described.!]
Briefly, HA (200 kDa) was dissolved in MES buffer (pH 5.5), stirring at
room temperature until transparent. 1.03 g of DMT-MM were added to
activate carboxylic acid groups and allowed to react for 30 min, stirring
at room temperature. 30 mg of methyltetrazine-amine or 229.3 uL of
Nb-methylamine was added to the activated HA solution and reacted
for 3 days or 15 h, respectively, stirring at room temperature. The
solutions were dialyzed (12-14 kDa MWCO) for 1 day in PBS and
2 day in deionized water, changing the dialysis buffer 3 times per day
and stirring at room temperature. The solution was filter-sterilized,
lyophilized, and stored at 4 °C. The degree of substitution was
determined by '"H NMR (Agilent DD2-500 spectrometer). The N-acetyl
group of the HA (2 ppm) was used as a reference to calculate the
substitution of Nb (2H(CH=CH) at 5.99-6.28 ppm) or methyltetrazine
(4H (phenyl) at 7.5-8.48 ppm).

Synthesis of Methylcellulose or Hyaluronan Modified with Affibody
Protein: To synthesize MC-Nb or HA-Nb modified with affibody, the
polymer was dissolved at 10 mg mL™" in PBS at 4 °C at a concentration
of 10 mg mL™ overnight on an orbital shaker. 5x molar excess of
affibody-Tz to MC-Nb polymer or 2x molar excess affibody-Tz to HA-Nb
polymer was added to the solution and allowed to react overnight,
rotating at 4 °C. The solution was dialyzed (MWCO 100 kDa) for 2 days
against PBS for 2 days followed by dialysis against 1 day in deionized
water for 1 day, changing the buffer 3 times per day. The polymer was
lyophilized and stored at 4 °C. To determine substitution of protein onto
the polymer, modified polymer was reconstituted at 10 mg mL™ in PBS
at 4 °C overnight, and protein modification was quantified using Pierce
660 nm Protein Assay.

Protein Release from Affibody-Modified Hydrogels: MCxMC-affibody
and HAxHA-affibody hydrogels were synthesized by the inverse
electron demand Diels—Alder click reaction between polymer-
methyltetrazine, polymer-Nb, and affibody-Nb functional groups. The
hydrogel components were incorporated together such that the ratio of
methyltetrazine to Nb functional groups was 1:1 in the MC hydrogels and
1:2 in the HA hydrogels. Hydrogels contained 1.25 nmol of recombinant
human IGF-1 or recombinant human PEDF with either 0, 25, 50, 75, or
100 times molar excess of affibody. All components were pipetted into
2 mL microcentrifuge tubes with the total volume equal to 100 uL and
mixed using a SpeedMixer (FlackTek Inc., Landrum, USA) at maximum
speed for 30 s, followed by centrifugation in a swinging bucket centrifuge
at 14 000 rpm to create a flat surface. The mixed polymer solution was
left on a shaking platform at 37 °C overnight to form a gel. The next day,
900 uL of PBS with 0.1% BSA w/v was added to the surface of the gels.
The supernatant carefully removed and replaced at 0, 2, and 6 h, and 1,
2, 4, and 7 days. IGF-1 or PEDF in the supernatant was quantified using
enzyme-linked immunosorbent assays.

Calculation of Diffusivity: To compare protein release rates from
the hydrogels and determine effective protein diffusivity, a short time
approximation for unidirectional diffusion from a plane sheet was used
(Equation (3)):

M, _ o 2

M= kt/ (2)
where M, is the mass of drug released at time t, M., is the mass of
drug released as time approaches infinity, and k is constant that is
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proportional to the apparent diffusivity of the protein within the gel.
The ratio of M, to M.was plotted against the square root of time,
and the slope of the linear region (k), indicative of Fickian diffusion,
was determined. Diffusivity was then determined using the following
equation:

k=4 X(R)”Z 3)

nl?

where D is the diffusivity and [ is the thickness of the gel.

Mass Spectrometry: Mass spectrometry was conducted at the
Advanced Instrumentation for Molecular Structure core facility at
the University of Toronto on purified and methyltetrazine modified
affibody proteins. Proteins were ionized using electrospray ionization
with positive polarity with the Agilent 6538 Q-TOF mass spectrometer
(Agilent Technologies, Santa Clara, CA, USA).

SDS-PAGE of Affibody Proteins: To investigate the molecular weight of
the purified proteins and purified proteins modified with methyltetrazine-
modified proteins, 20 pg of protein were added to Laemmli buffer.
Samples were boiled for 5 min. 10 uL of Precision Plus Protein Dual
Color Standards and boiled samples were added to separate wells in
a 12-well 10% w/v polyacrylamide gel. Gels were run under denaturing
conditions at 120 V for 1 h. Gels were stained using Brilliant Blue dye for
45 min, and destained in destain buffer (10% v/v acetic acid, 30% v/v
methanol, and 60% v/v deionized water) for 2 days before imaging.

Circular Dichroism: Far-UV CD was conducted using a JASCO J-810 CD
spectrophotometer (JASCO, Easton, MD, USA). Briefly, affibodies were
diluted into PBS at 0.2 mg mL™", and 200 uL of solution was pipetted
into a glass cuvette with a path length of 1 cm. Spectra from 200 to
260 nm were obtained at room temperature and plotted to verify the
presence of alpha-helical structure.

Bioactivity of IGF-1: To determine the bioactivity of released IGF-1
from the hydrogel vehicle, a release was performed as reported with
some modifications. 255 ng of IGF-1 were incorporated into HAXHA
(0.75% w/v) hydrogels with 25x molar excess of the corresponding
affibody binding partner. Released protein was quantified by ELISA. All
release samples were diluted to a concentration of 50 ng mL™ for in
vitro treatments.

A549 cells were seeded at 1 x 10° cells per well of a 6 well plate in
maintenance media (F-12 media supplemented with 10% FBS and 1%
penicillin-streptomycin) overnight. The media was replaced with serum
free media for 24 h before treatment with the released IGF-1 samples.
Release samples were diluted in media and treatment occurred for
20 min before lysis in ice-cold RIPA buffer. The lysates were sonicated at
30% amplitude for 10 s and centrifuged at 15 000 rcf for 20 min at 4 °C.
Protein concentration was quantified using BCA. Lysates were stored at
—80 °C for western blot analysis.

Bioactivity of IGF-1 in the Presence of PEDF: MCF-7 cells were seeded
at 3000 cells per well in a white-walled 96-well plate in maintenance
media (DMEM/F-12 with 20% v/v FBS, 1% v/v penicillin/streptomycin).
The cells were incubated at 37 °C for 2 h, allowing them to adhere to
the plate. The media was replaced with serum free media and incubated
for 24 h before treatment. Cell proliferation was monitored with Real-
Time Glo MT Viability Assay. The NanoLuc Enzyme and MT cell viability
substrates were diluted 1000-fold in serum free media, thoroughly
mixed by vortexing, and filtered through a 0.22 um syringe filter. The
RealTime-Glo media was supplemented with one of: no protein, IGF-1
(20 ng mL™ or 2.63 x 10~ m), PEDF (118 ng mL™" or 2.63 x 10 m),
or IGF-1 and PEDF (both at 2.63 x 107 m). The serum free media
was aspirated and replaced with RealTime-Glo supplemented media.
Cells were equilibrated with the media for 2 h and luminescence was
detected using a plate reader (Infinite M200 Pro Microplate Reader,
Tecan, Ménnedorf, Switzerland). Cell proliferation was normalized to the
reading after equilibration at 48 h.

Bioactivity of PEDF: To determine the bioactivity of released PEDF
from the hydrogel vehicle, a release was performed as reported with
some modifications. 1.52 ug of PEDF were incorporated into HAxHA
(0.75% w/v) hydrogels with 25x molar excess of the corresponding
affibody binding partner. Released protein was quantified by ELISA.
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Collagen 1 was diluted to 100 x 10° m in SuperBlock (PBS) blocking
buffer and dispensed into individual wells of a 96-well black plate. The
operating temperature was maintained at 25 °C. PEDF, released PEDF,
or PEDF incubated at 37 °C for 48 h were immobilized on Ni-NTA
sensor tips. The experiment was conducted a second time without PEDF
loaded onto the probes. The raw data from the first run were subtracted
from parallel reference probes which performed the same experiment
without PEDF loaded onto tips to remove any signal from non-specific
binding, and then aligned with associations. The maximum change in
the reflected wavelength was recorded and normalized to the amount of
PEDF loaded onto the probe initially. Changes in the binding activity, and
therefore bioactivity of the PEDF protein were compared.

Bioactivity of PEDF in the Presence of IGF-T. To assess binding
interactions between PEDF and collagen 1 in the presence of IGF-1,
collagen 1 and IGF-1 were diluted to 100 X 10~ m in SuperBlock (PBS)
blocking buffer and dispensed into individual wells of a 96-well black
plate. The operating temperature was maintained at 25 °C. PEDF was
immobilized on Ni-NTA sensor tips. Subsequently the PEDF loaded
probes were incubated with 100 x 107 m of bovine collagen 1 and IGF-1.
The experiment was conducted a second time without PEDF loaded
onto the probes. The raw data from the first run were subtracted from
parallel reference probes on which the same experiment was performed
without PEDF loaded onto tips to remove any signal from non-specific
binding, and then aligned with associations. The change in the reflected
wavelength at 100 s was recorded, enabling comparison between the
conditions.

Animals: All experiments were approved by the University Health
Network Research Ethics Board and adhered to the guidelines of the
Canadian Council on Animal Care. Animal husbandry was in accordance
with the Association for Research in Vision and Ophthalmology (ARVO)

Statement for the Use of Animals in Ophthalmic and Vision Research:
Animals were maintained under standard laboratory conditions and all
procedures were performed in conformity with the University Health
Network Animal Care Committee (protocol 3499.21). 27 C57BL/6 ) mice
(Charles River) of both sexes were used, all between 6 and 8 weeks old
at the time of treatment.

In Vivo Delivery Vehicle Preparation: Sterile-filtered HA (HMW 1.2-1.9
MDa) and MC or modified affibody-MC were dissolved in EBSS at 0.5%
w/v overnight at 4 °C. Gels were speed-mixed (DAC 150 FVZ, Siemens)
for 30 s and centrifuged at 15 000 rcf for 5 min at 4 °C to eliminate
bubbles. Prepared hydrogels were kept on ice prior to use. Animals
were given an intravitreal injection of either T pug of IGF-1 reconstituted
in EBSS, loaded onto the HAMC-affibody hydrogel, or injected with the
empty HAMC hydrogel vehicle alone.

Intravitreal Injections: Animals were anesthetized using a mixture of
ketamine (100 mg mL™", Ketalean) at 50 mg kg™' and medetomidine
(1 mg mL™, Cepetor) at 1 mg kg™ in sterile NaCl solution (0.9% w/v)
administered intraperitoneally. Pupils were dilated using 1% tropicamide
(Mydriacyl) drops, followed by application of a 0.2% hypromellose gel
(Genteal Tears) to maintain proper eye lubrication. For injections, the
left eye was gently prolapsed and then immobilized using a customized
latex dam to allow free blood circulation during the procedure. The
retina fundus was visualized under a dissection microscope. A scleral
incision was made in the dorso-temporal side, posterior to the
limbus using a 30-gauge sharp needle. Next, using a Remote Infuse/
Withdraw Pump 11 Elite Nanomite Programmable Syringe Pump
(70-4507, Harvard Apparatus, Saint Laurent, QC, Canada) connected to
a Compact Mouse and Rat Stereotaxic Instrument, Dual Manipulator
(75-1827, Harvard Apparatus, Saint Laurent, QC, Canada), a blunt
32-gauge needle was inserted tangentially into the vitreal space avoiding
the lens. The delivery rate of injection was 2 uL min~, and needle was
held in place post-injection for 30 additional seconds to minimize reflux.
After the injections, the anaesthesia was reversed using an intraperitoneal
injection of 1 mg kg™ atipamezole (5 mg mL™" Revertor). Animals were
placed on a heating pad and monitored until fully recovered.

Mice were euthanized 1 day after injection by carbon dioxide inhalation
and retinas were collected for protein extraction. Three retinas were
pooled per biological replicate and snap-frozen for western blot analysis.
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Immunoblotting: RIPA lysis buffer was supplemented with fresh
protease and phosphatase inhibitors prior to protein extraction.
Lysates were then sonicated (Ultrasonic Liquid Processor VCX 130,
Sonics and Materials Inc., Connecticut, USA) at 30% amplitude for
10 s. Samples were then centrifuged at 15 000g for 15 min at 4 °C. and
protein concentration was quantified using BCA. A mass of 30 pg of
protein from cell lysates or retinas were loaded onto a 12% tris-glycine
gel. Gel electrophoresis was performed at 100 V constant voltage for
1 h. Low-fluorescence PVDF membranes were pre-activated in methanol
and soaked in transfer buffer (48 x 103 m Tris, 39 x 107 m Glycine,
0.04% SDS, 20% methanol). Electrophoretic transfer was performed
using the Trans-Blot TURBO (Biorad) at 15 V constant voltage for
20 min. Transferred membranes were blocked in 5% w/v BSA (in TBS
for phosphorylated proteins, TBS with 0.1% Tween-20 for total protein
blotting) for 1 h at room temperature. Blots were incubated with primary
antibody diluted in blocking buffer overnight at 4 °C. After antibody
incubation, three consecutive washes were performed in 10 min in TBS
or TBST for phosphorylated blots and total protein blots, respectively.
The blots were incubated with secondary antibody for 1 h at room
temperature and washed before imaging on the Typhoon 9500 FLA
(GE Healthcare Life Sciences). Quantification was performed using Fiji,
where the band intensity of each target was normalized to GAPDH, and
then the intensity of the phosphorylated protein blot was normalized to
the total protein blot.

Statistical Analyses: All data are presented as mean * standard
deviation. Statistical analyses were performed using GraphPad Prism
version 8 (GraphPad Software, San Diego, CA, USA). Equal variances
across samples and normality of data were verified. Differences between
groups were assessed using one-way or two-way ANOVA, as appropriate,
followed by Bonferroni’s or Tukey’'s post-hoc test where appropriate.
p values are represented as “p < 0.05, “p < 0.01, and **p < 0.001.
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Abstract

The presence of an inactivating heat shock protein 110 (HSP110) mutation in colo-
rectal cancers has been correlated with an excellent prognosis and with the ability of
HSP110 to favor the formation of tolerogenic (M2-like) macrophages. These clinical
and experimental results suggest a potentially powerful new strategy against colorec-
tal cancer: the inhibition of HSP110. In this work, as an alternative to neutralizing
antibodies, Nanofitins (scaffold ~7 kDa proteins) targeting HSP110 were isolated
from the screening of a synthetic Nanofitin library, and their capacity to bind (immu-
noprecipitation, biolayer interferometry) and to inhibit HSP110 was analyzed in vitro
and in vivo. Three Nanofitins were found to inhibit HSP110 chaperone activity. Inter-
estingly, they share a high degree of homology in their variable domain and target
the peptide-binding domain of HSP110. In vitro, they inhibited the ability of HSP110
to favor M2-like macrophages. The Nanofitin with the highest affinity, A-C2, was
studied in the CT26 colorectal cancer mice model. Our PET/scan experiments dem-
onstrate that A-C2 may be localized within the tumor area, in accordance with the
reported HSP110 abundance in the tumor microenvironment. A-C2 treatment
reduced tumor growth and was associated with an increase in immune cells infiltrat-
ing the tumor and particularly cytotoxic macrophages. These results were confirmed
in a chicken chorioallantoic membrane tumor model. Finally, we showed the comple-
mentarity between A-C2 and an anti-PD-L1 strategy in the in vivo and in ovo tumor
models. Overall, Nanofitins appear to be promising new immunotherapeutic lead
compounds.

KEYWORDS
anticancer-targeted therapy, HSP110, Nanofitins, small peptide molecules

Abbreviations: BLI, biolayer interferometry; BSA, bovine serum albumin; CAM,

chorioallantoic membrane; FBS, fetal bovine serum; HSP, heat shock protein; ID, injected 1 |

INTRODUCTION

dose; iNF, irrelevant Nanofitin; NBD, nucleotide-binding domain; O/N, overnight; PBD,
peptide-binding domain; RT-qPCR, quantitative real-time PCR; WT, wild type.

Heat shock protein 110 (HSP110 also called HSPH1 or HSP105) is a
stress-inducible molecular chaperone with antiaggregation and
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antiapoptotic properties, at least in vitro.2? HSP110 has been shown
to be overexpressed in different cancers and particularly in colorectal
and gastric cancers where HSP110 expression has been correlated
with poor prognosis.>> In colorectal cancer, one multicenter study
including more than 3000 patients demonstrated that the presence of
a HSP110 inactivating mutation was associated with an excellent
response to chemotherapy.® Despite its clinical relevance, the role(s)
of HSP110 in cancer has been little studied compared to other HSPs.
We recently demonstrated that HSP110 favored colon cancer cell
proliferation through the activation of STAT3.” HSP110 has also been
involved in cancer cell proliferation by disrupting the beta-catenin
degradation mediated by its phosphorylation, thereby maintaining
Wnt pathway activity.®

The role of HSP110 is not limited to its intracellular functions.
Like many HSPs, HSP110 can be released into the extracellular
medium. Extracellular HSPs are believed to act as danger signals that
can affect immune response.”*® Most studies have associated extra-
cellular HSP levels (in blood or plasma) with poor prognosis. For
instance, HSP70, through the activation of myeloid-derived suppres-
sor cells, and HSP27, through its effect in differentiating tolerogenic
macrophages,*¥*2 have been shown to block the development of an
anticancer immune response. Concerning HSP110, it has been
shown to induce immunosuppression by inhibiting the activation of
dendritic cells through scavenger receptor binding.1® More recently,
in colorectal cancer patients, we showed that the correlation
between HSP110 and poor prognosis was associated with the ability
of the extracellular chaperone to favor the formation of protumor
M2-like macrophages in the tumor microenvironment.2* These
M2-like macrophages are known to suppress the immune response
by activating T-helper-2 cells and promoting tumor progression and
angiogenesis.t®

Over the last decade, HSP90 and HSP70 have gained increas-
ing interest as therapeutic targets in oncology.’®*® However,
despite the recently reported clinical studies demonstrating the rel-
evance of HSP110 in gastrointestinal cancers, notably in colorectal
cancer, no inhibitors of HSP110 are currently in preclinical or clini-
cal evaluation. Inhibitor compounds can be broadly divided into

two classes: (small) chemical 10,1920

molecules and biologics.
Because we are focused on the second class of compound, we
based our approach on the Nanofitin alternative binding scaffold
(Supplementary Figure 1). Nanofitins are single chain, small
(~7 kDa) and robust (high resistance to temperature and chemical
stress) protein binders that can be engineered to address a target
with high specificity and affinity.222* In this work, Nanofitins
targeting and inhibiting HSP110 were generated, yielding candi-
dates with subnanomolar affinity straight out of the panning cam-
paign. The Nanofitin with the highest affinity, dubbed A-C2,
provided inhibition of the HSP110 chaperone and its protumor
immune function in vitro and in vivo. We also showed the interest
of A-C2 in combination with PD-L1 checkpoint inhibitors, which
are a currently used targeted immunotherapy. Overall, these results
indicate that A-C2 Nanofitin might be a novel therapeutic lead
compound for cancer.

68

What's new?

Inactivating HSP110 mutations in colorectal cancers have
been correlated with excellent prognosis and revealed the
ability of HSP110 to favor the formation of tolerogenic mac-
rophages. As an alternative to neutralizing antibodies, here
the authors selected Nanofitins (scaffold ~7 kDa-proteins)
able to target HSP110 with subnanomolar affinity. The
highest-affinity Nanofitin, A-C2, was shown to accumulate
within the tumor and reduce tumor growth in vivo through a
mechanism involving macrophages. The results also demon-
strated A-C2 complementarity with PD-L1 checkpoint inhibi-
tors, an immunotherapeutic approach currently in use.
Altogether, this work shows the potential of Nanofitins as

therapeutic lead compounds.

2 | MATERIALS AND METHODS

2.1 | Cellcultures

SW480 (RRID: CVCL_0546), CT26 (RRID: CVCL_7254) and MDA-
MB-231 (RRID: CVCL_0062) cells (provided by ATCC) were cultivated
in RPMI or DMEM (for the last two), supplemented with 10% fetal
bovine serum (FBS, Dutscher). All human cell lines have been authen-
ticated using STR profiling within the last 3 years. All experiments
were performed with mycoplasma-free cells.

2.2 | Plasmid constructions for the expression of

HSP110

HSP110 and truncated HSP110 forms carrying either the nucleotide-
binding domain (NBD-HSP110, amino acids 1-384) or the peptide-
binding domain (PBD-HSP110, amino acids 385-858) C-terminus His-
Tag were generated by gene synthesis performed by Geneart
(Thermo Fisher) and cloned into a Pet21q, as previously described.?®

HSP110 was cloned using infusion into pCMV-HA.

2.3 | Cell transfection and immunoprecipitation

1.5 % 10° cells were seeded on 12-well plates, and HSP110-HA
and/or Nanofitins-Flag were transfected with X-tremeGENE HP DNA
Transfection Reagent (Roche) 48 hours before immunoprecipitation.
Conditioned media were prepared from 2.5 x 10° cells cultured in a
12-well plate for 72 hours in DMEM supplemented with 10% FBS.
The supernatant was then harvested and centrifuged at 450g for
5 minutes to remove residual cells, and then to 2000g for 20 minutes
to remove cell debris. Cells were lysed in lysis buffer (50 mM Tris
pH 7.4, 150 mM NaCl, 0.5% Triton X100, 2 mM EDTA) with
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cOmplete Protease Inhibitor Cocktail tablet (Roche) and phosphatase
inhibitors (Sigma) for 30 minutes. Then lysates were centrifuged
16 000g for 15 minutes. Protein concentration was measured with a
Lowry kit (Bio-Rad). 2 pg of Anti-Flag (F1804, Sigma) or Anti-GFP
antibodies (G8965-07, Euromedex USbio) were incubated with pro-
tein G Dynabeads (Invitrogen) 4 hours at 4°C under rotation. For
immunoprecipitation, 300 pg of all lysate or 1 pg of A-C2-GFP and
recombinant HSP110 wild-type (WT), HSP110 peptide-binding
domain (PBD) or HSP110 nucleotide-binding domain (NBD) proteins
were incubated overnight (O/N) at 4°C before being incubated
40 minutes with prepared beads. Complexes were washed three times
with lysis buffer and solubilized with 2x sample buffer (50 mM Tris
pH 6.8, 8% v/v glycerol, 1.6% w/v SDS, 0.8% v/v 2-mercaptoethanol,
bromophenol blue), heated to 95°C for 10 minutes and then

processed by western blotting.

24 | Western blotting

Cultured cells were lysed in RIPA buffer supplemented with cOmplete
Protease Inhibitors (Roche), 10 mM sodium fluoride, 1% v/v PMSF and
Phosphatase Inhibitor Cocktail 2 (Sigma-Aldrich). Protein concentrations
of cellular extracts were assessed using DC protein assay (Bio-Rad).
SDS-PAGE was carried out and separated proteins were transferred to
a polyvinylidene difluoride (PVDF) membrane. Membranes were blocked
1 hour with Tris-buffered saline (TBS)-Tween 0.1% (TBST), 3% w/v
bovine serum albumin (BSA; Sigma-Aldrich), incubated with primary
antibodies in TBST 3% BSA, O/N at 4°C. Primary antibodies used are
Anti-HSP110 (1:1000, EPR4576 or EPR4577, Abcam), HSP70 (1:1000,
ADI-SPA-810, Enzolife sciences), 14-3-3 (1:1000, sc732, Santa Cruz),
B-actin-peroxidase (1:30'000, A3854, Sigma-Aldrich), GFP-labeled A-C2
(1 pg/mL), GFP (1:1000, #2956, Cell Signaling) and DDDDK tag/FLAG
(1:5000, ab1162, Abcam). Membranes were incubated with HRP-
conjugated secondary antibodies (1:10000, Jackson ImmunoResearch
Laboratories) or with Clean-Blot Detection Reagent (HRP) (1:400,
Thermo Scientific) (for immunoprecipitation analysis) when necessary
and then revealed with ECL (Bio-Rad).

2.5 | Heatshock

For assessment of HSP induction by heat, monolayers of cells were
exposed to 42°C- or 45°C-prewarmed cell culture media and incubated
in circulating water bath (controlled so as to produce a temperature of
42°C or 45°C) for 1 hour or 15 minutes, respectively, followed by
4-hour recovery in an incubator at 37°C with fresh 37°C-prewarmed
cell culture medium. Control cells remained cultured at 37°C.

2.6 | Macrophage differentiation

Monocytes from human peripheral blood were obtained from healthy

donors with informed consent and purified using Ficoll and Percoll

gradient. Monocytes (100 000/well) were incubated in a 6-well plate
with macrophage colony-stimulating factor (M-CSF, 100 ng/mL,
130-096-492, Miltenyi Biotec) for 5 days, and then cells were polar-
ized into M2 macrophages by incubation with interleukin-4 (IL-4,
20 ng/mL, 130-093-922, Miltenyi Biotec) for 48 hours. After morpho-
logical differentiation in M2, macrophages were incubated for
48 hours with 500 puL of SW480 colorectal cancer cell' supernatant
diluted twice with OptiMEM to a final volume of 1 mL.

27 | Flow cytometry analysis

Macrophages were harvested, washed once in phosphate-buffered
saline (PBS) and incubated for 20 minutes at 4°C with fluorescein-5-iso-
thiocyanate (FITC) and V500-conjugated antibodies directed against
CD206 (550889, BD Biosciences) and HLA-DR (561226, BD Biosci-
ences), respectively. Cells were then washed twice in PBS and analyzed
using a Canto flow cytometer (Becton Dickinson, Franklin Lakes, NJ).

2.8 | Immunofluorescence

Cells were seeded on a 12-well plate with coverslip for 48 hours.
Then, cells were incubated 10 minutes in 4% paraformaldehyde,
washed in TBS and incubated 10 minutes in 100% methanol at
—20°C. After a wash in TBST, coverslips were saturated 30 minutes in
3% BSA-TBST and incubated O/N with 10 pg/mL GFP-labeled A-C2
or the control Nanofitin B-D1 and recombinant anti-Hsp105/HSP110
[EPR4576] (ab109624, Abcam) primary antibody at a dilution of 1:250
in 3% BSA-TBST at 4°C and then rinsed with PBS twice. Primary anti-
body was detected using Alexa Fluor 568-coupled secondary anti-
bodies (1:500, Invitrogen), 30 minutes at room temperature (RT).
Then, slides were mounted using DAPI-containing Prolong Gold anti-
fade reagent (Life Technologies). Cells were observed using an Axio
Imager 2 (Carl Zeiss Microscopy GmbH, Jena, Germany) equipped
with an Apotome 2 module (Carl Zeiss GmbH). Images were acquired
with an AxioCam MRm monochrome CCD camera (Carl Zeiss) and

processed for colocalization studies (Fiji, NIH software).

2.9 | Quantitative real-time PCR

After mRNA isolation from macrophages with the TRIzol Reagent
(Invitrogen), M-MLV reverse transcriptase (Promega) was used to syn-
thesize cDNA according to the manufacturers' recommendations. The
following primers were then used for quantitative PCR (gPCR): 1L12
(forward: CATGGGCCTTCATGCTATTT; reverse: TGATGTACTTGC
AGCCTTGC), IL10 (forward: TGGTGAAACCCCGTCTCTAC; reverse:
CTGGAGTACAGGGGCATGAT) and actin (forward: GTTGTCGAC
GACGAGCG; reverse GCACAGAGCCTCGCCTT). Samples were run in
triplicate using the SYBR Green real-time PCR master mix (Life Tech-
nologies, Saint Aubin, France) and the ABI ViiA 7 real-time PCR sys-
tem (Applied Biosystems, Foster City, CA). Thermal cycling for all gPC
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R consisted in 95°C for 5 minutes followed by 40 cycles of
30 seconds at 95°C and 1 minute at 60°C. Data were normalized to

human Actin using the 2722t method.

2.10 | ELISA screening of the Nanofitins

Streptavidin (SA) (100 pL, 66 nM; Sigma-Aldrich) in TBS (Tris 20 mM,
NaCl 150 mM pH 7.4) was immobilized in Maxisorp plate wells (Nunc)
by O/N incubation at 4°C. Each of the following steps was run at
room temperature, with shaking at 600 rpm for incubation steps. The
wells were washed three times with 300 pL of TBS, then blocked with
300 pL of 0.5% BSA in TBS for 1 hour. The plate was flicked over and
biotinylated HSP110 (100 uL, 40 nM) in TBS with 0.5% BSA being
allowed to bind for 1 hour. Prior to each of the following incubation
steps, the wells were washed three times with 300 pL of TBST.
Nanofitins (1 uM, 100 pL, diluted in TBST) were applied to wells with
and without immobilized antigen for 1 hour. Revelation was then car-
ried out by the addition of 100 pL of RGS-His antibody HRP conju-
gate (Qiagen) diluted 1:4000 in TBST for 1 hour, followed by the
addition of 100 pL of o-phenylenediamine dihydrochloride substrate
(Sigma-Aldrich) solution at 1 mg/mL in revelation buffer (0.05 M citric
acid, 0.05% hydrogen peroxide). Absorbance at 450 nm was measured
using a Varioskan ELISA plate reader (Thermo Scientific).

211 | HSP110 antiaggregation activity

A concentration of 0.15 pM of Luciferase (Sigma-Aldrich) was incubated
in the presence or not of 1.5 M HSP110 and/or inhibitors at 42°C during
30 minutes in 25 mM Hepes, pH 7.6, 5 mM MgCl,, 2 mM dithiothreitol
and 2 mM ATP buffer. Then, denaturated luciferase was incubated with
60% reticulocyte lysate (Promega) at 30°C for 2 hours. Before activity
measurement, luciferase was diluted 5-fold in 25 mM Hepes pH 7.6. Sam-
ples were loaded in half-area 96-well plates (PerkinElmer) and lumines-
cence was measured after auto-injection of luciferase assay solution

(Promega) with EnVision Multilabel Reader (PerkinElmer).

2.12 | Biolayer interferometry

Protein-protein interactions were determined by biolayer interferom-
etry (BLI) on an Octet Red instrument (Pall, Fortébio, Menlo Park,
CA).2628 Recombinant proteins (Nanofitins or HSP110) were labeled
with NHS-PEG4-Biotin with a 1:3 ratio and then free biotin was
removed using a desalting column (Thermo Scientific). Proteins were
loaded on SA biosensor in PBS buffer and were incubated with vari-
ous concentrations of analytes in running buffer (50 mM Tris, 0.01%
BSA, 0.002% Tween 20) during 180 and 600 seconds for association
and dissociation, respectively. Affinities were determined as described
in previous studies. Experimental curves were background-corrected,
smoothed with the Savitzky-Golay algorithm and fit using the
OctetRED instrument software (ForteBio Data Analysis version 7.1.).
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2.13 | Tumor growth analysis in mouse model

Tumors were induced subcutaneously by injecting 5 x 10° CT26 cells
in 100 pL of serum-free RPMI 1640 into the right flank of female
BALB/c mice (Charles River, France). Mice were treated every 2 days
(i.p.) with A-C2, H4, B-D1 (20 mg/kg), PBS (vehicle) or with
InVivoMAb anti-mouse PD-L1 (B7-H1) (10 mg/kg, clone 10F.9G2,
BioXCell, BEO101), either alone or in combination. Every 2 days,
tumor volumes were measured. The ethics committee for animal wel-
fare of the University of Burgundy and the French Ministry of Higher
Education, Research and Innovation approved all animal experiments
performed for the purposes of this publication (under reference
APAFIS#25224). Mice were treated according to the guidelines of this

French ministry.

2.14 | Immunohistochemistry of intestine

Small intestines were collected, stripped of soft tissue, fixed in 10%
buffered formalin for 24 hours, processed and embedded in paraffin.
Four-pm-thick sections were cut from paraffin-embedded samples
and were incubated with the anticleaved Caspase-3 primary antibody
at 4°C O/N. Primary antibodies were detected using secondary anti-
bodies and DAB (1:500, Invitrogen), 30 minutes at RT and tissue was
stained using hematoxylin and eosin. Then, slides were mounted using
mounting media (Life Technologies). Sections were observed using an
Axio Imager 2 (Carl Zeiss Microscopy GmbH, Jena, Germany), and
small intestine slice images were acquired with an AxioCam MRm

monochrome CCD camera (Carl Zeiss).

2.15 | Peripheral blood analysis

After intracardiac peripheral blood sampling, hematopoietic cells were
counted using a hemocytometer (SCIL Vet ABC+, Oostelbeers, the
Netherlands).

216 | Invivo tumor targeting of HSP110 with
%8Ga radiolabeled Nanofitin

Female BALB/c mice-bearing CT26 tumors (300 mm?®) in the right
shoulder were anesthetized through isoflurane inhalation for intrave-
nous injection (tail vein) of 5 MBq of “®Ga-Nanofitin or ®Ga-EDTA
right before imaging. Mice were then maintained under anesthesia
and placed on the imaging heated bed inside BioPET-CT (BioScan). A
tumor-centered CT scan was then obtained (150 pA, 45 kV, 240 pro-
jections, 8 shots/projection). Mice underwent 60-minute PET imaging
of the same region (tumor-centered, right after CT scan acquisition).
At the end of imaging, the mice were intraperitoneally injected with
an overdose of pentobarbital for euthanasia and the organs were
harvested for gamma counting (PerkinElmer, France). PET reconstruc-

tions were performed for the complete 60-minute scan. A region of
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interest within the tumor was manually determined, and the percent-
age of injected dose per gram of tissue (%ID/g) of the tumor was mea-
sured. All experiments were approved by the ethics committee of the

“Centre George Francois Leclerc” (Dijon, France).

217 | Immunohistochemistry of tumor infiltration

Immunofluorescence was performed on paraffin-fixed 5 pm section.
Samples were incubated with the primary antibody at 4°C
O/N. Specific markers of subtype macrophage and T-lymphocyte
were used: M1-like, i-NOS (nitric oxide synthase 2, 1:200, ab178945,
Abcam); M2-like, anti-CD206 (1:200, ab64693, Abcam), CD4 (1:500,
ab183685, Abcam) and CD8 (1:500, ab217344, Abcam). Primary anti-
bodies were detected using Alexa Fluor 488 or Alexa Fluor
568-coupled secondary antibodies (1:500, Invitrogen), 30 min at
RT. Then, slides were mounted using DAPI-containing Prolong Gold
antifade reagent (Life Technologies). Sections were observed using an
Axio Imager 2 (Carl Zeiss Microscopy GmbH, Jena, Germany). Tumor
slice images were acquired with an AxioCam MRm monochrome CCD

camera (Carl Zeiss).

218 | Tumor growth analysis in chicken
chorioallantoic membrane model

The tumor growth assay (Inovotion, Grenoble, France) was
developed in chorioallantoic membrane (CAM) of embryonated
chicken eggs (White Leghorn) from MDA-MB-231 cells. At Day 9 of
development (E9), an inoculum of 100 uL of graft medium,
corresponding to 50 pL DMEM (Thermo Fisher, France), 50 pL Mat-
rigel (Corning, France), containing 1 x 10° cells was added on the
CAM. Grafted eggs were treated with five injections (at E10, E12,
E14, E15 and E17) of A-C2, (20 mg/kg), anti-PD-L1 Nanofitin (B11;
20 mg/kg), bispecific Nanofitin (A-C2-B11; 20 mg/kg), Keytruda
(pembrolizumab, anti-PD-1 antibody, 2 mg/kg, Merck) or PBS (vehi-
cle). At Day 9 post-engraftment (E18 of development), tumors were
collected, fixed (PFA 4%), cleaned of normal CAM tissue and then
weighed.

2.19 | Statistical analyses
Data are expressed as means + SD or SEM, or presented as medians,
first and third quartiles, and whiskers. The differences between exper-
imental groups were assessed with two-tailed unpaired Student's t-
tests (t-test). A one-way analysis of variance (ANOVA) has been used
to correct for multiple testing. Statistics was performed using Prism
6 software (GraphPad). A P value of <.05 was considered statistically
significant, and significance is indicated in the figures with the follow-
ing symbols: *P < .05; **P < .01; ***P < .001; ****P < .0001.

Additional methods can be found in the online Supplementary
Materials and Methods.

3 | RESULTS

3.1 | Screening of Nanofitins targeting HSP110
Full-length, well-folded and highly pure (>95%) HSP110 was used as
bait for the generation of anti-HSP110 Nanofitins. Purity and second-
ary structure were confirmed respectively by SDS-PAGE analysis and
circular dichroism (Supplementary Figure 2A,B). The screening of the
Nanofitin libraries was performed by ribosome display?® over four
rounds. Two Nanofitin libraries were screened independently (selec-
tion arms A and B, Supplementary Figure 3A). Positive hits targeting
HSP110 were identified by ELISA using crude lysis supernatants from
microcultures. At that stage, Nanofitins were expressed as a fusion
with an N-terminal HIS-tag and a C-terminal GFP tag, the GFP serving
as a reporter to (a) select clones in the correct open reading frame and
(b) quantify the concentration of the Nanofitins in the lysis superna-
tant (details of the constructions used in our study are given in
Supplementary Information). Ninety-five clones per selection arm
were tested for HSP110 binding, resulting in a total 81 of positive hits
showing an ELISA response on HSP110-coated wells at least
twice that of the background signal in the absence of target (Supple-
mentary Figure 3A). Sequence analysis made it possible to group the
Nanofitins into four distinct families named A, B, C and D, and repre-
sented at 81, 15, 2 and 2% respectively (Supplementary Figure 3B).
Among these groups, 20 different Nanofitin-binding site compositions
could be identified. These 20 Nanofitin candidates were compared for
their binding level in ELISA at a fixed concentration (1 uM, Figure 1A)
as well as for their ability to inhibit HSP110 chaperone activity using a
luciferase assay (Figure 1B). Although binding to HSP110 was con-
firmed in ELISA for all the Nanofitins at 1 uM, only three of them (A-
C2, A-F12 and A-H3) significantly inhibited HSP110 chaperone activ-
ity when set at an equimolar concentration with HSP110. Based on
this result, these three Nanofitins were characterized further with
respect to their inhibition potential in a dose-dependent experiment
ranging from one third (0.5 pM) to five (7.5 uM) molar equivalents of
HSP110. B-D1 Nanofitin was also included in the experiment to serve
as a non-inhibiting control. In agreement with our previous observa-
tion, Nanofitins A-C2, A-F12 and A-H3 inhibited HSP110 chaperone
function in a dose-dependent manner, whereas B-D1 did not provide
any inhibition even at the highest dose investigated (Figure 1C). BLI
experiments were used to evaluate the Nanofitin-binding kinetics to
HSP110, which revealed an affinity for A-C2, A-F12, A-H3 and B-D1
of 0.77, 1.45, 9.3 and 1400 nM, respectively (Figure 1D,E). The very
low affinity of B-D1 might explain its noninhibition profile.

Since A-C2 was the Nanofitin with the highest affinity constant,
it was selected for further experiments. Using HSP110 deletion
mutants (Supplementary Figure 4A), we were able to show that A-C2
binds most probably the C-terminus domain of HSP110, which
includes the peptide-binding domain (Supplementary Figure 4B).
Kinetic measurement of the association of A-C2 with the HSP110 C-
terminal domain demonstrated affinity constants similar to what was
obtained when wild-type HSP110 was used (Supplementary
Figure 4C,D).

n
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Nanofitin screen based on their association with HSP110 and its inhibition. A, After a selection by ribosome display, the level of

GFP-tagged Nanofitins was screened by ELISA in HSP110-coated (+HSP110) or uncoated (—HSP110) wells. After the addition of RGS His
antibody HRP conjugate and o-phenylenediamine dihydrochloride substrate, the optical density (OD450) was measured at 450 nm

(B) antiaggregation HSP110 activity measurement in the presence of G
temperature-denatured luciferase as substrate. A-C2, A-H3 and A-F12

FP-tagged Nanofitins by in vitro chaperone refolding assays using
inhibit HSP110 chaperone activity. Percentage of HSP110 refolding

activity normalized to luciferase-positive signal in the absence of Nanofitin. Data are expressed by mean + SEM (one-way ANOVA;
***Pp < .001). C, HSP110 antiaggregating activity was measured in the presence of increasing concentrations of three anti-HSP110 GFP-tagged

Nanofitins (A-C2, A-F12, A-H3) or a Nanofitin control (B-D1). A-C2, A-

F12 and A-H3 associate and inhibit HSP110 in a dose-dependent

manner. D, Sensorgrams showing dose-dependent association of GFP-tagged A-C2, A-F12 and A-H3 with GFP-tagged HSP110 immobilized in a
streptavidin biosensor in comparison with B-D1 (negative control), determined by biolayer interferometry (BLI, Octet), and enabling the measure
of (E) the HSP110 interaction affinity constants (equilibrium dissociation constant, Kp; association reaction, K,,; dissociation reaction, K¢) of the

mentioned Nanofitins

3.2 | A-C2 Nanofitin as a HSP110 detection tool:
binding to endogenous HSP110

To study the specificity of A-C2 in a cellular context, we used human
colon cancer SW480 (Figure 2A) and murine colon cancer CT26 (Supple-
mentary Figure 5) cells, before and after a heat shock, to increase the
expression of HSPs and notably HSP110 and HSP70 (the most stress-
inducible HSP). We then used the Nanofitin (GFP-tagged) as a primary
revelation tool in a western blotting experiment to see which HSP could
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be detected. We found that only HSP110 (both the alpha and beta
isoforms) was revealed by A-C2 but not any other protein including
HSP70 (an HSP110-related chaperone), even though it was overexpressed
after the heat shock (Figure 2A). To confirm the interaction between the
Nanofitin and HSP110 within the cells, we performed immunoprecipita-
tion experiments in cells transfected with a pCMV vector coding for either
flag tagged A-C2 or a flag-tagged irrelevant Nanofitin, dubbed iNF, used
as a negative control. As shown in Figure 2B, the two Nanofitins were

expressed intracellularly and could be immunoprecipitated using the anti-
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FIGURE 2

Specificity of the A-C2 Nanofitin for endogenous HSP110 in cancer cells. A, After a 42°C (1 h) or 45°C (15 minutes) heat shock,

SW480 cells were lysed and analyzed by western blotting using the indicated GFP-tagged Nanofitins as antibodies. Nanofitins were revealed with
anti-GFP antibody. HSP70 and 14-3-3 were used as controls for the efficiency of the heat shock and as a loading control, respectively. B, SW480 cells
were transfected with a Flag-tagged A-C2 or Flag-tagged H4 (iNF, used as a negative control). Nanofitins were immunoprecipitated using Flag
antibody, and HSP110 and HSP70 were revealed by immunoblotting. C, Immunofluorescence was performed to monitor colocalization of the
Nanofitin A-C2 (in green) with endogenous HSP110 (in red). GFP-tagged H4 (iNF) was used as a negative control. White scale bars represent 30 pm.
Statistics of the colocalization (Fiji, NIH Software) on SW480 cells (n > 30 cells) is shown on the right panel. Data are presented as median (central
line), first and third quartiles (bottom and top of boxes, respectively), and whiskers (extreme values) (two-tailed unpaired Student's t-test; ***, P < .001)

flag tag antibody. HSP110 was co-immunoprecipitated with A-C2 but
HSP70 was not (Figure 2B), demonstrating the ability of the Nanofitin to
be expressed functionally and to engage its target within the cell. Further
immunofluorescence experiments suggest GFP-tagged A-C2 and HSP110

colocalization within the cells (Figure 2C).
3.3 | A-C2is able to inhibit the effect of HSP110
on tolerogenic macrophages

We and others have shown that secreted HSP110 is abundant in the

tumor microenvironment and that it is involved in macrophage

polarization toward a tolerogenic (M2-like) phenotype.** We tested
the impact of A-C2 on this protumoral effect of HSP110. As already
reported, the presence of HSP110 favors primary human monocyte
polarization toward an M2-like phenotype, which is demonstrated
by an increase in CD206 expression, while the expression of the M1
marker HLA-DR decreases (Figure 3A,B). The ability of HSP110 to
increase CD206 and to decrease HLA-DR was inhibited in a dose-
dependent manner by A-C2. In agreement with these results, and
dose-dependent manner, A-C2 inhibited an
HSP110-mediated increase in M2-like cytokines such as IL-10 and
an HSP110-mediated decrease in M1-like cytokines such as IL-12
(Figure 3C,D).

also in a
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3.4 | A-C2localizes in the tumor area after
intravenous injection

To investigate the potential of A-C2 as a novel immunomodulatory
modality for the treatment colorectal cancers, we first performed bio-
distribution experiments to determine A-C2 localization within the
tumor area after systemic administration. BALB/c mice were subcuta-
neously injected with the colorectal cancer cell line CT26. When the
tumor reached 300 mmS, ®8Ga-labeled A-C2 was injected intrave-
nously and PET/CT scans were performed. At 1 hour postinjection,
we observed an accumulation of ®®Ga-labeled A-C2 compared to
unconjugated °®Ga-EDTA at the tumor site but not in blood, brain,
spleen, lungs, kidneys, bladder or liver (Figure 4A-E; 3 animals/group;
n = 2). These results are consistent with the abundance of HSP110 in

the tumor microenvironment.*
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3.5 | A-C2reduces tumor growth in mice, which is
associated with an intratumor infiltration of cytotoxic
macrophages

The effect of intraperitoneally (i.p.) administered Nanofitin on tumor
growth was evaluated in the CT26 colorectal cancer BALB/c mouse
model. Tumor growth experiments were performed with A-C2 in
three control groups: a non-HSP110 inhibiting Nanofitin (B-D1), an
irrelevant Nanofitin (iNF) and the vehicle alone (Vehicle). In all cases,
the samples were injected in mice bearing a 50 mm® tumor (n = 9 per
group). In the light of our biodistribution experiments (Figure 4) and
the rapid clearance of Nanofitins already described in previous in vivo
PET studies,?>?° the Nanofitins were administered every 2 days
(20 mg/kg, i.p.) until the end of the experiments. For ethical reasons,

this procedure was determined by the size of the tumors in the
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FIGURE 3 A-C2reduces M2-like markers while increasing M-1 markers on macrophage treated with HSP110. A,B, Purified primary human
macrophages were incubated with or without HSP110 in the presence or absence of A-C2. IL-4 was used as a control and inductor of
macrophage polarization into an activated M2-like profile. The expression of the CD206 M2-like marker (A) and the HLA-DR M1-like marker

(B) were determined by flow cytometry. C, Downregulation of the immunosuppressive cytokine IL-10 (left panel) and upregulation of the
proinflammatory IL-12 (right panel) by A-C2 was determined by quantitative real-time PCR. Results are expressed as percentage of (A) CD206 cell
expression normalized to 100% for control IL4-treated cells, (B) HLA-DR cell expression normalized to 100% for control untreated cells, or (C,D)
as relative indicated mRNA expression normalized to 1 (arbitrary unit (A.U.) for control untreated cells. Data are shown as means + SEM (two-
tailed unpaired Student's t-test; ns, nonsignificant [P > .05]; *P < .05, **P < .01, ***P < .001 and ****P < .0001)
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FIGURE 4
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In vivo tumor targeting of HSP110 with “®Ga radiolabeled Nanofitin. A, Representative coronal and transversal PET/CT images of

CT26 tumor-bearing mice, 1 hour after being injected intravenously with 5 MBq of 8Ga-Nanofitin (left panel) or ®Ga-EDTA (control, right panel).
3 mice/group, n = 2. The tumor is highlighted by a white dotted circle. B, Global biodistribution in the main clearance organs (bladder, liver and
kidneys) of ®8Ga-Nanofitin and ®®Ga-EDTA. Radioactivity was measured using a gamma counter after imaging. Results are expressed as
percentage of injected dose per gram of tissue (%ID/g). C, Global biodistribution in blood, spleen, lungs, brain and tumors of “®Ga-Nanofitin and
%8Ga-EDTA. Radioactivity was measured using a gamma counter after imaging. Results are expressed in %ID/g. D, Tumor/blood ratio measured
by gamma counting of ®®Ga-Nanofitin and ¢Ga-EDTA in CT26 tumors from mice injected intravenously with 5 MBq radiolabeled compounds.
Results are expressed in %ID/g. E, Tumor uptake measured on PET/CT imaging of *®Ga-Nanofitin and ®®Ga-EDTA in CT26 tumor-bearing mice
injected with the radiolabeled compounds. Results are expressed in %ID/g. One out of two independent biodistribution experiments is shown.
Data are shown as means + SEM (Mann-Whitney t-test; ns, nonsignificant [P > .05]; *P < .05 and **P < .01)

control groups. As shown in Figure 5, A-C2 was able to significantly
reduce tumor growth as demonstrated measuring the tumors' size
(Figure 5A) and weight (Figure 5B), while the control Nanofitins had
no such effect. The decrease in tumor growth was associated with an
increase in immune cells infiltrating the tumor and particularly cyto-
toxic macrophages (Figure 5C,D). Immunofluorescence analysis
showed that only in the A-C2-treated tumors we observed an
increase in the M1-like macrophage marker iNOS and a decrease in
the M2-like macrophage marker CD206 (Figure 5C), suggesting a
switch in tumor-infiltrating macrophages.

There was no apparent toxicity associated with the Nanofitins
during the in vivo experiments. Treatment with both control
Nanofitins and A-C2 did not modify the size of the spleen
6A) and did not

(as shown by the near absence of cleaved [active] caspase

(Supplementary  Figure induce apoptosis
3 staining) in the epithelial cells from the intestinal crypts (Supple-

mentary Figure 6B), which are known to be very sensitive to

toxic insults. Similarly, no differences were found among the
treated and control animal groups in the blood cell counts (Sup-

plementary Figure 7).

3.6 | Combinational immunotherapeutic effects of
A-C2 and an anti-PD-L1 therapy in vivo

In the light of the observed effect of A-C2, we decided to study a
therapy scheme involving an immune checkpoint inhibitor targeting
PD-L1. This scheme was based on either a combination therapy with
the coadministration of A-C2 and an anti-PD-L1 antibody or a
bispecific format involving a heterodimeric construction with A-C2
being fused to an anti-PD-L1 Nanofitin (B11). For the first approach,
we used the previously described CT26 colorectal cancer BALB/c
mouse model. As shown in Figure 6AB, we observed an additive

effect when combining both therapeutic modalities (anti-HSP110
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A-C2 and anti-PD-L1) in CT26-tumor-bearing mice. For the second
approach, we involved a well-established chicken CAM model®® with
an engrafted MDA-MB-231 human tumor cell line. As a control, we
used the

(pembrolizumab), at its maximum tolerated dose for this assay

therapeutically  relevant  benchmark  Keytruda

(2 mg/kg). All the constructions were found to be effective at
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FIGURE 5 A-C2reduces
tumor growth and induces an
increase in cytotoxic macrophages
infiltrating the tumor. A, BALB/C
mice bearing a 50 mm?® CT26
colorectal tumor were treated
every 2 days (20 mg kg™t in i.p.)
with Nanofitins A-C2 (-m— ), H4
(iNF —@—), B-D1 ( ) or vehicle
alone (PBS -+ ). n = 9 mice/
group; Data are shown as means
+ SEM (two-way analysis of
variance; ****P < .0001). B, Tumor
weight was measured at the end
of the experiment shown in (A).

n = 9 mice/group; Data are
expressed as means with SEM
(two-tailed unpaired Student's t-
test; ***P < .001). C, A-C2
antitumor effect was associated
with a significant increase in well-
known M1-like antitumor
macrophages (iNOS—red) and a
decrease in M2-like macrophages
(CD206—red), as determined by
immunohistochemistry. D, This
infiltration was also correlated
with a significant increase in
CD4" and CD8" T cells within the
tumors. C,D, Representative
images (left panels) of tumor
sections labeled with indicated
antibody (red) and DAPI (blue).
White scale bars represent 50 pm.
Quantifications (right panels)
were performed measuring the
fluorescence intensity in four
different randomly chosen areas.
Results are expressed as relative
indicated specific macrophage or
lymphocyte infiltration normalized
to 1 (arbitrary unit (A.U.)) in tumor
collected from vehicle treated,
tumor-bearing mice. Data are
shown as means = SEM (Mann-
Whitney t-test; **P < .01 and
***p < .0001)

providing tumor regression, with statistical relevance observed for the
Keytruda (2 mg/kg, P <.05), A-C2 (20 mg/kg, P <.01) alone and
bispecific A-C2-B11 (20 mg/kg, P < .05) (Figure 6C).

Overall, these results demonstrate the potential therapeutic inter-
est of A-C2 in cancer through an effect involving macrophages,

suggesting its complementarity with anti-PD-L1.
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FIGURE 6 Complementary effect of A-C2 and an anti-PD-L1 therapy

on tumor growth in vivo. A, BALB/C mice bearing a 50 mm? CT26

colorectal tumor were treated every 2 days (20 mg kg™ in i.p.) with Nanofitin A-C2 (- ) or with InVivoMAb anti-mouse PD-L1 (aPD-L1,
10 mg/kg, {1 ) or with A-C2 combined with aPD-L1 (—@— ). As a control, we used the same doses of Nanofitin B-D1 (-O— ) alone or combined

with aPD-L1 ( ), as well as vehicle alone (PBS

). 6 mice/group; Data are shown as means + SEM (two-way analysis of variance; *P < .05

and ***P < .001). B, Tumor weight was measured at the end of the experiment. Data are shown as means + SEM (two-tailed unpaired Student's t-
test; ns, nonsignificant [P > .05]; * P < .05 and *** P < .001). C, CAM model of tumor cell engraftment was obtained by injecting MDA-MB-231

cells (1 x 10%). From Day 1 to Day 9 after graft (E10-E17 of development)

, chicken eggs were treated (at E10, E12, E14, E15 and E17) with A-C2

(20 mg/kg) alone or together with the anti-PD-L1 Nanofitin (B11, 20 mg/kg). As a control, eggs were also treated with Keytruda (pembrolizumab,
anti-PD-1 antibody, 2 mg/kg). Tumor weight was measured at the end of the experiment (Day 9). n = 15-23 eggs/group; data are shown as

means + SEM (Student's t-test; *P < .05, **P < .01 and ***P < .001)

4 | DISCUSSION

HSP-targeting drugs have emerged as potential anticancer agents,
driven by the hypothesis that HSPs have oncogene-like functions and
may mediate a nononcogene addition of “stressed” tumor cells that

must adapt to a hostile microenvironment.*’

With the exception of
one inhibitor of HSP27,%! only inhibitors of the abundantly expressed
constitutive chaperone HSP90 are currently in clinical trials.3? The
reason is that HSP90 is a relatively easily druggable protein with a
particular ATP pocket where many of its specific inhibitors bind, for
instance geldanamycin-derived inhibitors.

We recently demonstrated that HSP110 might be a more relevant
target in cancer therapy, particularly in colorectal cancer. It is the only
HSP for which a mutation has been described and associated with
cancer. We demonstrated that microsatellite instability-high colorectal
cancers bear a mutation in the HSP110 gene. As a result, a truncated
inactive HSP110 mutant formed to the detriment of the wild-type
HSP110. Patients bearing an HSP110 inactivation (around 10% of

colorectal cancers) had good prognosis (excellent response to Folfox
chemotherapy).®

The implication of this chaperone in different cellular functions
may explain its tumorigenic effect. First, HSP110 is a powerful chap-
erone with antiaggregation properties that is involved in double-stand
break DNA repair.3® Second, HSP110 has been shown to inhibit apo-
ptosis, although how it happens at a molecular level remains elusive.
However, in contrast to other HSPs, apoptosis inhibition does not
seem to be its key role.* Third, HSP110 has been shown to participate
in STAT3 phosphorylation and in beta-catenin pathways, thereby
favoring cancer cell proliferation.” Last but not least, secreted
HSP110 can promote an anti-inflammatory protumor environment by
skewing macrophages into the M2-like phenotype.'* This protumor
anti-inflammatory function has also been described for other extracel-
lular HSPs such as HSP70 or HSP27, which, like HSP110, are abun-
dant in cancer microenvironment. This extracellular function
contributes to the overall mechanism of defense against immune

clearance.
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To further demonstrate the relevance of HSP110 as a target for
cancer therapy, we addressed its druggability through the custom
generation of specific anti-HSP110 Nanofitins. Nanofitins are alterna-
tive scaffold proteins that can be engineered for specific and affine
molecular recognition.zi'24 Originally, Nanofitins derived from the
hyper-thermostable protein Sac7d isolated from the archeabacteria
Sulfolobus acidocaldarius. They display drug-like attributes such as
high stability to temperature and chemical stress, high manufacturing
yield, and high specificity and affinity for their target. In our study, dif-
ferent anti-HSP110 Nanofitins were selected for their ability to bind
and block HSP110 chaperone activity in vitro. HSP110 is generally
described as similar to HSP70 with the duplication of a sequence con-
tained in the substrate-binding domain.®* We demonstrate that the
Nanofitins used for our study were selective for HSP110 since no
interaction was detected with HSP70.

Our screening read-out was their ability to block the effect of
HSP110 on primary human macrophage polarization. The A-C2
Nanofitin was particularly effective. Interestingly, our biodistribution
experiments demonstrate that ®®Ga-labeled A-C2, when compared to
unconjugated ®®Ga-EDTA, accumulated within the tumor area.
Although further experiments are needed, these results suggest that
the Nanofitin might be used both as a probe for tumor detection
purposes and as a therapeutic molecule.

It is worth noting that we used Nanofitins with a low entotoxin
content in order to avoid unspecific macrophage recognition and acti-
vation. Although how the Nanofitin inhibits the effect of HSP110 on
macrophage polarization remains to be studied in depth, our results
suggest that it may involve HSP110 interaction with TLR4 on the dif-
ferentiating macrophages.'* Nevertheless, Nanofitins might also
affect other HSP110 functions such as the ability to carry oncogenic
antigens with an effect on macrophage polarization. Indeed, HSP110
is one of the chaperones most used in vaccine preparations because it
can chaperone multiple peptide antigens.3” This last hypothesis could
be explained by the ability of A-C2 to bind with high affinity to the
HSP110 lid which can disable the chaperone ability and induce the
release of the antigenic substrates.

In conclusion, Nanofitins, which were initially developed as anti-
body alternatives, might be of use in cancer therapy. More specifically,
A-C2, which targets HSP110, can modulate the tumor microenviron-
ment and foster an anticancer immune response involving macro-
phages, leading to a decrease in tumor growth. In the present study,
the decrease in tumor growth was demonstrated in an in vivo cancer
mouse model but also in a well-established CAM model. This anti-
tumor effect seems to have an additive effect with anti-PD-L1
approach. Even though the antitumor immune responses induced by
this combinatory therapy needs to be explored, the fact that A-C2
increases the effect of this checkpoint inhibitor suggests that the anti-
HSP110 Nanofitin modality might be used in combination with cur-
rently tested immunotherapeutics. This is of particular significance
because resistance to checkpoint inhibitors has been described to
involve macrophages.® Targeting both macrophages and T cells might
be a way to overcome this resistance and provide an efficient

immunotherapy.
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Overall, this Nanofitin designed to target HSP110 appears to be a

promising immunotheranostic lead compound.
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Introduction

Therapeutic antibodies are developed to treat various diseases, including cancers, immunological disorders, and infectious
diseases. The safety and efficacy of these therapeutic molecules may be influenced by the way they interact with the body.
Therefore, it is vital to understand how a body reacts to a biopharmaceutical after administration. Pharmacokinetic studies
(PK) measure the variations of drug levels in the body as a function of time and are an essential part of the drug development
process. Properly designed PK studies facilitate the determination of the proper dosage, distribution, safety, and efficacy
throughout the duration of drug treatment.

Reliable and sensitive bioanalytical methods are required to quantitate drug molecules in samples collected from PKstudies.
ELISA or otherimmunoassay formats are the commonly utilized methods to analyze samples from these studies. However,
developing a conventional plate-based immunoassay requires a reasonable investment of time, and additionally these assays
are not high throughput for analyzing clinical samples unless the process is automated. In this application note, we evaluated
the feasibility of utilizing the Bio-Layer Interferometry (BLI) platform to rapidly design, establish, and qualify a method with
which to quantitate therapeutic canine antibodies from rat PK study samples to support an urgent project request.

& Find out more: www.sartorius.com/octet
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Table 1

Materials and Reagents Utilized for the Development of the PK Method

Material/Reagent Vendor Cat. No.
Octet® High Precision Streptavidin (SAX) Biosensor Sartorius 18-5118
Rabbit Anti-Canine IgG Fc Fragment Secondary Antibody Novus Biologicals NBP1-73513
[Biotin] (polyclonal antibody)

Rabbit Anti-Canine IgG F(ab)2 Secondary Antibody Novus Biologicals NBP1-73923
(polyclonal antibody)

Normal Rat Serum (NRS) abcam ab7488
Black 96-well plates Greiner Bio-one 655209
Octet® R8 Sartorius

Octet®-AS Offline Biosensor Immobilization Station Sartorius

20x HBS-EP Buffer Teknova H8022
Diluent (Ix HBS-EP, 0.1% BSA) N/A N/A
Glycine (10 mM) pH 1.5 GE Healthcare BR-1003-54

Method and Assay Optimization

Biosensor and Assay Format Selection

Afit-for-purpose assay design concept was used to
determine the assay format and biosensor selection for a
non-GLP study, which does not require a fully validated
assay. Generally, IgG can be quantitated using protein A
and G biosensors. However, our therapeutic antibody of
interest is in a rat serum matrix consisting off-target rat IgG
and other serum components that also bind to these
sensors. Therefore, to minimize off-target binding, a High
Precision Streptavidin SAX biosensor-based capture assay
format was selected. The basic assay format is shown in
Figure 1. To summarize, the biotinylated capture antibody
was immobilized onto the SAX biosensors. The therapeutic
antibody (drug) molecule in the serum sample was then
captured. To increase the assay specificity and sensitivity,
capture of the drug was confirmed by use of a detection
antibody specific to the target drug molecule.

Compared to the selection of commercially available anti-
human antibodies, availability of anti-species specific
(canine) antibodies are limited, and most of these
antibodies are not well characterized. Based on previous
experience and institutional knowledge, there is a possibility
of cross reactivity of the detection antibody with the
capture antibody which can be minimized by selecting an
antibody pair generated from the same animal species.
After an initial characterization of a selection of antibodies
from several vendors, a biotinylated rabbit anti-canine Fc
specific antibody (polyclonal) and a rabbit anti-canine
F(ab)2 specific antibody (polyclonal) were selected as the
antibody pair for developing an orientation-directed
binding assay. Even though biotinylated target protein

could have been used to capture the target protein specific
canine antibodies in rat serum samples, we decided to use
the aforementioned antibody capture assay format to
establish a universal assay platform with which to analyze
any canine antibodies in rat sera to support any future pre-
clinical PK studies conducted in rats.

High-precision Streptavidin (SAX) Biosensor

Capture Ab immobilization
Biotinylated rabbit anti-canine Fc specific antibody
(directional capture)

Capturing therapeutic mAb from Rat
sera
Caninized mAb in rat serum

Detecting captured therapeutic mAb
Rabbit anti-canine F(ab)2 specific antibody

Figure 1

Assay Format

Biotinylated rabbit anti-canine Fc specific antibody was immobilized onto
high precision streptavidin (SAX) biosensors. Utilizing an Fc-specific
antibody allows directional capture of the Fc portion of therapeutic
caninized mAb in the rat serum matrix. For additional specificity/
sensitivity, the Fab portion of the therapeutic mAb was detected using a
Rabbit anti-canine F(ab)2 specific antibody.
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Assay Optimization

Assay optimization experiments were carried out using a
standard curve spanning the expected range of the drug
molecule in the serum. The standard curve was prepared by
serially diluting the drug molecule in 1:10 diluted normal rat
serum (matrix). All initial assay optimizations were
performed in kinetic mode at a temperature of 30° C.
Concentrations of spiked samples were calculated by fitting
to a standard curve generated by plotting signal response
(Req) levels for each standard concentration.

A. Buffer Optimization

The intended purpose of the assay is to quantitate the
therapeutic antibody in a complex matrix such as serum or
plasma. These complex matrices tend to produce higher
background signals in an assay. So, optimization of buffer
and blocking reagents are crucial steps in the assay
development workflow.

Initial experiments were conducted in HBS-EP assay buffer
containing 0.1% BSA. However, when testing standards
diluted in rat serum, the assay produced an elevated amount
of non-specific binding to the sensors. To minimize non-
specific binding from rat serum samples, an additional
blocking step consisting of normal rat serum diluted 1:10 in
the HBS-EP assay bufferwas introduced after the capture
antibody immobilization step. To further aid in reducing the
non-specific/off target binding, the amount of NaCl and
Tween-20 was varied from 150 mM-500 mM and 0.05% or
0.09%, respectively to determine the best combination of
NaCland Tween 20 in the assay buffer.
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Figure 2
Octet Standard Curve

mADb standards were diluted 3-fold ranging from 10 ug/mL to 0.013 pg/
mL in assay buffer. Known concentrations of mAb (4,1, 0.5 and 0.125
ug/mL) were spiked into 1:10 diluted rat serum. Assay was performed as
a kinetic assay and the data was analyzed using the quantitation
module of the Octet data analysis software. Spiked samples are shown
inred in the graph.
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Increasing the concentrations of NaCl and Tween 20
decreased the background signal, however, the specific
signal was also reduced (data not shown). Therefore, HBS-EP
buffer containing NaCl (150 mM), Tween-20 (0.05%), 0.1%
BSAwas selected as the optimal assay buffer composition for
future assays. After a few scouting experiments, 25 ug/mL
and 5 pg/mL were selected as capture and detection
antibody concentrations, respectively.

B. Shaking Speed Optimization

Since sensitivity is a critical parameter of a PK assay,
different shaking speeds were tested to improve the assay
sensitivity. The experiment was conducted in the assay buffer
selected from the previous set of experiments (HBS-EP
buffer containing 150 mM NaCl, 0.05% Tween-20, 0.1%
BSA). SAX sensors were immobilized with 25 ug/mL of
biotinylated rabbit anti-canine Fc specific antibody in the
assay buffer. Rabbit anti-canine F(ab)2 specific antibody was
diluted at 5 ug/mL in assay buffer and used as the final
detection reagent. Octet® signals for the wells containing
anti-canine F(ab)2 specific antibody were used for
interpolation of the antibody concentrations. Shaking speeds
of 800 and 1000 rpm were tested for the serum blocking,
drug molecule capture in matrix, baseline, and detection
antibody steps. Standards were diluted 3-fold ranging from
10 pg/mL to 0.013 ug/mL, and simulated spiked samples at
varied concentrations were also included to calculate
percent recovery at both speeds (Figure 2, standards in blue,
spiked samples in red). Drug molecule at O ug/mL was used
as a reference control. A shaking speed of 800 rpm provided
the better recovery, with all samples within +20% bias, and
was selected as an assay parameter (Table 2A and 2B).

A. Shaking Speed—1000 RPM

Spiked mAb:  Spiked Conc. (pg/mL) Calc Conc. (ug/mL) % Bias
4 573 43.25
1 0.9944 -0.56
0.5 0.5816 16.32
0125 01333 6.64
B. Shaking Speed—800 RPM
Spiked mAb: Spiked Conc. (ug/mL) Calc Conc. (ug/mL) % Bias
4 4.5 12.50
1 1.02 2.00
0.5 0.5472 Q.44
0125 01425 14.00
Table 2
Shaking Speed Optimization and Percent Recoveries of
Spiked mAb in Serum

Known concentrations of mAb at 4, 1, 0.5, and 0.125 pg/mL were spiked
into 1:10 diluted normal rat serum. Shaking speeds of 1000 rpm (A) and
800 rpm (B) were tested. Spiked sample concentrations were
interpolated, and percent bias was calculated for each shaking speed.
With a shaking speed of 800 rpm, all samples were within £20% bias.
800 rpm was selected as the optimal shaking speed parameter.



C. Assay Linearity

Using an experimental setup similar to the previous
experiment, assay linearity was tested with simulated
spiked drug molecule at 4, 1,0.5, 0125, and 0.0313 ug/mL
against a standard concentration range from 10 pg/mL to
0.013 ug/mL by carrying out 3-fold dilutions. All dilutions
were done using 1:10 diluted normal rat sera. Data was
collected for 300 or 400 seconds for the final detection
antibody binding step. Shaking speed was set at 800 rpm
for serum block, drug capture, baseline, and final detection
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antibody steps. Shaking speed for all other steps was set at
1000 rpm. As shown below (Figure 3 and Table 3Aand 3B,
the quantitation assay had a very strong assay linearity (R2 >
0.99) in the range tested indicating that the Octet® based
quantitation assay is suitable to test the PK study samples.
Readings collected from 3 separate runs at 300 and 400
seconds both provided similar assay linearity. For both runs,
recovery of all spiked samples was within £20% bias.

A.300 Second Detection

Spiked mAb: Spiked Conc. (ug/mL)  Calc Conc. (ug/mL) % Bias
4 3.83 -4.25
1 0.9505 -4.95
0.5 0.479 -4.20
0.125 0.1273 1.84
0.03125 0.0362 15.65

B.400 Second Detection

Spiked mAb: Spiked Conc. (ug/mL) Calc Conc. (ug/mL) % Bias
4 3.67 -8.25
1 0.9494 -5.06
0.5 0.4793 -4.14
0.125 0.1268 1.44
0.03125 0.0358 14.37

0 1 2 3 4 5
Nominal Concentration (ug/mL)
Figure 3
Assay Linearity

To test the linearity of the assay, standard mAb was spiked into 1:10
diluted serum matrix starting at 4,1, 0.5, 0.125 and 0.03125 ug/mL.
Calculated numbers were graphed against the nominal concentration
of spiked amount of standard mAb to show the assay linearity.

Sensor Regeneration and Initial Cycles of Regeneration
Are Needed Before Analysis

Sensor regeneration is required to repeatedly use the
sensors for replicate measurement of the samples. This
will reduce the total assay time when testing the study
materials along with decreasing the cost of consumables.
Regeneration conditions at acidic pH were tested using
the maximum standard concentration of 10 pg/mlwith
glycine-HCl solutions at pHs 1.5, 2.0, 2.5 and 3 to select
the reagent that fully dissociates the analyte-ligand bind-
ing without drastically affecting the binding activity of the
ligand. Sensors were neutralized in the assay buffer after
the glycine-HClI regeneration step.

Table 3
Spike Recovery of mAb at 300 and 400 Second
Detection Times

After each detection step in the assay, sensors underwent
3 cycles of regeneration, each consisting of a dip into the
glycine solution for 5 seconds, then a dip into assay buffer
fora 5 second neutralization. Signals from the rabbit anti-
canine F(ab)2 specific detection step were used to
calculate the binding response. The entire assay was run for
6 cycles with b regeneration steps total. The first run was
performed with a fresh set of sensors without prior
regeneration.
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A. Binding Response Changes vs. Regeneration Cycle

0.30 1 °

0.25 |

5 seconds regeneration

5 seconds neutralization

0.20 1

Delta Binding Response (nm)

015 1
0.10 1
0.05 T
1 2 3 4 5
Frequency of Regeneration
Figure 4A

Binding Response Changes

Over Multiple Regeneration Cycles

Biosensors were regenerated a total of 5 times, and the change in
binding response between cycles was calculated. Response decreased
the greatest from regeneration 1to 2, and response stabilized between
cycles 3and 5.

B. Glycine Biosensor Regeneration
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Figure 4B

Testing Biosensor Regeneration Buffers

Biosensors were regenerated for a total of 5 cycles in glycine-HClI buffer
atpH 15,2, 2.5, and 3, and binding response was monitored. Glycine buf-
fer at pH 3 had the greatest binding change after regeneration, and Gly-
cine buffer at pH 1.5 impacted binding the least.
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Glycine Regeneration Buffer (pH) 1.5 2 25 3

Regeneration Cycle O Response (hm) 2.5 245 258 262

Regeneration Cycle 1Response (hm) 2.2 205 21 1.81

Regeneration Cycle 2 Response (hm) 2.08 1.88 1.76 1.24
Regeneration Cycle 3 Response (hm)  1.98 1.75 1.52 0.9125
Regeneration Cycle 4 Response (hnm)  1.89 1.64 1.32 0.6206
Regeneration Cycle 5 Response (nm)  1.82 1.54 113 0.331
Total Signal Loss from Regeneration  0.68  0.91 1.45 2.29

Table 4
Effects of Glycine Regeneration Buffer pH on mAb
Binding Response (nm) Between Regeneration Cycles

Irrespective of the pH of the regeneration buffer, after
each regeneration step binding rates decreased. The
decrease was the most clear/ drastic between the first and
second run where the first assay was run without prior
sensor regeneration. This decrease was reduced between
regeneration cycles 3 and 5 suggesting prior regeneration
of sensors is a prerequisite before the actual sample
analysis. (Table 4 and Figure 4)

As indicated by Table 4 and Figure 4A, the lowest binding
response decrease (A binding response) after
regeneration steps was observed with Glycine at pH 1.5, so
this condition was selected for sensor regeneration. Data
was also collected to determine the impact of acid
regeneration steps on the assay dilution linearity. As
depicted in Figure 5 dilution linearity was not affected
even after multiple cycles of sensor regeneration. The
graph below shows the assay linearity after three individual
runs with regeneration steps.

Calculated Concentration (ug/mL)

o 1 2 3 4
Concentration (ug/mL)
Figure 5
Assay Linearity After Three Individual Runs with
Sensor Regenerations at pH 1.5: R?= 0.99



Introducing Octet® AS Offline Biosensor Immobilization
Station to Improve Throughput

The final step of the assay was to introduce the Octet® AS
offline biosensor immobilization station, which is capable
of simultaneous and uniform reagent loading onto all

96 biosensors in a biosensor tray to increase the through-
put and precision of the PK assay while also decreasing
total assay handling time. Thus, the Octet® AS was used to
simultaneously handle 96 biosensors to perform all offline
assay steps that do not require online signal monitoring,
such as initial biotinylated capture antibody loading, base-
line, serum blocking, capture of the drug molecule from
PKstudy samples, and sensor regeneration steps. Only the
final detection step was monitored in real-time using the
Octet® instrument.

SAXsensors were loaded with 25 ug/mL of biotinylated
rabbit anti-canine Fc specific antibody in assay buffer.
Drug molecule was diluted 3-fold ranging from 10 pug/mL
to 0.013 ug/mL in 110 normal rat serum (NRS) in assay
buffer to generate a standard curve. Simulated spiked
samples were prepared by adding the drug molecule at 4,
2,1,0.5,0125,0.0625, 0.031, and 0.0156, ug/mL in normal
rat serum diluted 1:10 in assay buffer.

The rabbit anti-canine F(ab)2 specific antibody detection
reagent concentration was increased from 5 pg/mL to
50 ug/mL to generate an equivalent signal with a
decreased 60 second reaction time compared to the
previous reaction time of 300 seconds. This allowed for

the detection step to be completed faster for the entire
plate reducing the chances for any low level capture drug
dissociation from the biosensor while the detection steps
are carried out one column at a time. On the other hand a
Octet® RH96 system will be able to read the entire 96-well
plate in a single read step.

Before the first quantitation run, biotinylated canine anti-Fc
specific antibody was loaded onto the sensors and the
sensors were serum blocked. After these two initial steps,
sensors were regenerated with Glycine at pH 1.5. The serum
blocking and regeneration steps were repeated once, fora
total of 2 regeneration cycles, before the sensors were used
in the quantitation assay.

Final Assay Format and Plate Map Showing

Placement of Standards, Study Samples, and Quality
Control Samples

Final assay setup, parameters and the plate layout is
shown in Figure 6 and Tables bA and 5B. Due to sample
arrangement logistics, only four QC controls were setup at
4,1,05and 0.125 pg/mL for samples analysis. Standard
curve duplicates were setup at the beginning and the end
of the plate to ensure that the sample loaded sensors
remaining in the assay buffer does not impact the final
quantitation due to possible reagent dissociation. All the
samples collected from each animal were run using a
single assay plate to maintain consistency of the data
throughout the sample collection regimen. Each sample
set underwent a duplicate run after sensor regeneration.

10 ROOO1TO ROOO1T2 ROOO1T4 ROOO1T6 ROOO1T8 ROOO1ITIO ROOO1TI2

E 3.33333 ROO02TO RO0O02T2 RO002T4 RO002T6 RO002T8 RO002TIO RO0O02T12  3.33333
11111 ROOO3TO ROOO3T2 ROOO3T4 ROOO3T6 ROOO3T8 ROOO3TIO ROOO3TI2  111M
ﬂ 0.37037 ROO04TO ROO04T2 RO004T4 RO004T6 RO0O04T8 RO0O04TIO RO0O04Ti2  0.37037
H 012346 ROOO1TT  ROOO1T3 ROOO1T5 ROOO1T7 ROOO1T? ROOOITIN  4ug/mL 0.12346
0.04115 ROO002T1 RO002T3 RO002T5 RO002T7 RO002T9 ROO02TI1 1ug/mL 0.04115
0.01372 ROOO3T1 ROOO3T3 ROO03T5 ROOO3T7 ROO03T9 ROOO3T11 0O.5ug/mL  0.01372
o ROO04T1 ROO04T3 ROO04T5 RO0O04T7 RO004T? RO0O04THI1 0125ug/mL O

Figure 6

Final Assay Plate Map for Standards, QC Samples, and Clinical Rat Serum Study Samples
Standard curve duplicates were placed in the Ist and last columns of the plate. All timepoints collected from a single animal were analyzed on the
same plate. Samples were analyzed in a duplicate run after biosensor regeneration.



A. Initial Biosensor Regeneration

Step Step Type Time Shaking
(sec) Speed (RPM)
1 Equilibration 90 1000
2 Loading Biotin Ab 60 1000
3 Baseline 60 1000
Octet® AS
4 Serum Blocking 120 800  Station
(110 NRS)
5 Regeneration (3x) 5 400
6 Neutralization (3x) 5 400
B. Sample Analysis and Quantitation
Step Step Type Time Shaking speed
(sec) (RPM)
1 Baseline 60 1000
2 Serum Blocking 120 800
(110 NRS) Octet® AS
3 mAb Drugin 150 800 Station
Matrix Capture
4 Baseline 60 800
5 Baseline 30 800
6 Detection Ab 60 goo Octet®R8
Association
7 Regeneration (3x) 5 400
Octet®AS
8 Neutralization (3x) 5 400 Station
Table 5

Finalized Assay Parameters for Analyzing Canine
Antibodies From Rat PK Study Samples

Table 5A: Initial Biosensor Regeneration. Biotinylated antibody loading,
baseline, 1:10 diluted normal rat serum (NRS) blocking, and initial
biosensor regeneration steps were performed on the AS offline biosensor
immobilization station.

Table 5B: Sample Analysis and Quantitation. The AS offline biosensor
immobilization station was utilized for the baseline, 1:10 NRS blocking,
and mAb drug in matrix capture steps. The remainder of the assay,
baseline and detection antibody association steps were performed on
the Octet R8 utilizing the quantitation assay method format. The assay
plate was returned to the immobilization station to regenerate the
biosensors offline for the duplicate assay run.

Spiked at (ug/mL) Calc Conc. (ug/mL) % Bias Standard Deviation
4 4.493 12.33 0.393
1 0.959 -4 0.023
0.5 0.554 1070 0.012
0.125 0.121 -2.81 0.008
Table 6

QC Sample Percent Bias Data From 8 Individual Assay
Runs
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Results and Summary of Sample Analysis

Samples collected at 13 different time intervals from four
groups of animals were tested. As indicated in Table 6 and
Figure 7, QC samples tested showed the expected recovery
(within 20%) and assay linearity indicating the samples runs
were successful. The quantity of the drug molecule in all the
samples, with the exception of samples collected at time O,
were within the assay linearity (between 4 ug/mL-0.0313
pg/mL) range (Figure 7) indicating accurate quantitation of
drug molecule in these samples.

The data generated from this study (Figure 8A and 8B) were
used for PK profile analysis of the biotherapeutic molecules.
A clear immunogenic response was observed with mAbs A
and B by 120 hr after administration, an expected result of
administering caninized mAbs to rats. Therefore, the first 5
days of exposure were used to characterize the four mAbs
of interest. The highest C_,, and greatest exposure, based
on AUC over the first 120 hr, was achieved by mAb D. The
other three mAbs were comparable based on C,,,and AUC
(Table 7). While rodent PK data cannot be directly
correlated to canine PK this data suggests mAb D may
have the potential for greater absorption and overall
exposure in dog compared with the other mAbs. This mAb
also happened to have the greatest in vitro potency. The
potency and rodent PKwere combined to drive the
decision to further characterize mAb D in dogs.

R?=0.9986

4

-8-Spiked QC samples

Actual Concentration (ug/mL)
w

0 1 2 3 4 5
Theoretical Concentration (ug/mL)

Figure7

Assay Linearity for QC Samples From 8 Individual

Assay Runs



A. Analysis of Rat Sera
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Figure 8A
Graph shows the standard curve and concentration of serum sample
analyzed.
PK Parameter mAb A mAb B mAb C mAb D
Crnax pg/mL 13.4 (5) 14.9 (20) 121(5) 19.0 (9)
T nax hr 18 (0) 18 (0) 62 (45) 25 (23)
AUCpp9  Hg*hr/mL 1120 (12) 1190 (9) 1250 (1) 1740 (7)

Data presented as Mean (%CV)

Table 7
Mean Rat Serum PK Parameters Following Subcutaneous
Administration of 5 mg mAb/kg Body Weight

Conclusions

We established an immune capture assay using the Octet®
R8 platform to quantitate therapeutic molecules in serum
samples collected from a pre-clinical PK study. With the
combination of the off-line Octet® AS instrument, an
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Figure 8B

Mean (¥SD) serum concentration vs time profiles for mAb A (green), B
(purple), C (gray), and D (black). Samples were serially collected from 4
subjects per dose group over 336 hr following subcutaneous administration
of 5 mg mAb/kg body weight.

Octet®-based PK assay was converted to a semi-automated
high throughput assay. Compared to a conventional plate-
based immunoassay, the assay was established in a very
short time window to support an urgent PK assay need.
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