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ABSTRACT: Therapeutic antibodies have become one of the most widely used
classes of biotherapeutics due to their unique antigen specificity and their ability to
be engineered against diverse disease targets. There is significant interest in utilizing
truncated antibody fragments as therapeutics, as their small size affords favorable
properties such as increased tumor penetration as well as the ability to utilize lower-
cost prokaryotic production methods. Their small size and simple architecture,
however, also lead to rapid blood clearance, limiting the efficacy of these potentially
powerful therapeutics. A common approach to circumvent these limitations is to
enable engagement with the half-life extending neonatal Fc receptor (FcRn). This is
usually achieved via fusion with a large Fc domain, which negates the benefits of the
antibody fragment’s small size. In this work, we show that modifying antibody
fragments with short FcRn-binding peptide domains that mimic native IgG
engagement with FcRn enables binding and FcRn-mediated recycling and
transmembrane transcytosis in cell-based assays. Further, we show that rational, single amino acid mutations to the peptide
sequence have a significant impact on the receptor-mediated function and investigate the underlying structural basis for this effect
using computational modeling. Finally, we report the identification of a short peptide from human serum albumin that enables FcRn-
mediated function when grafted onto a single-chain variable fragment (scFv) scaffold, establishing an approach for the rational
selection of short-peptide domains from full-length proteins that could enable the transfer of non-native functions to small
recombinant proteins without significantly impacting their size or structure.

■ INTRODUCTION
Over the past several decades, antibody-based drugs have been
developed to treat a number of diverse diseases. With an ever-
expanding market and steady pace of product approvals,1 the
therapeutic and economic impact of this class of drugs
continues to grow as researchers further engineer these
complex biomolecules to improve performance and decrease
cost. Many of these efforts have advanced to clinical use,2−4

including the generation of antibody−drug conjugates to
enhance potency,5 the fusion of select antibody domains to
improve the pharmacokinetics of active biologicals,6 and the
development of engineered antibody fragments for imaging7

and therapy.8,9 Due to their size, small antibody fragments, in
particular, offer a number of advantages over larger, full-length
antibodies, including improved tissue penetration and more
efficient and cost-effective production in prokaryotic sys-
tems.10,11

Despite these advantages, the therapeutic development of
small antibody fragments remains particularly challenging
compared to that of full-length antibodies because, to reduce
size, most fragments lack an Fc (crystallizable fragment)
domain. In addition to mediating immune effector functions
such as recruiting humoral and cellular responses,12 the Fc
domain is also responsible for extending the serum half-life of
antibodies via engagement with the neonatal Fc receptor

(FcRn), promoting recycling rather than degradation of these
long-lived serum proteins (Figure 1A).13,14 FcRn also binds
albumin in a similar way (but at an orthogonal binding site)
(Figure 1B). When IgG or albumin is taken up by polarized
epithelial or endothelial cells, they are packaged into
endosomes, which acidify as they traffic through the cell.15

In this low-pH environment, histidines on albumin and the
IgG Fc domain are protonated and binding to FcRn and its
cognate light-chain β2 microglobulin (β2m) is enabled.16

Association of β2m with FcRn is required for binding with IgG
and albumin. These albumin− or IgG−FcRn−β2m complexes
are then trafficked away from the lysosomal fate and are either
recycled back to the membrane from which they entered or
transcytosed to the opposite membrane, where they are
released upon encountering the physiological pH of the
extracellular environment. Small antibody fragments lacking an
Fc domain are unable to engage FcRn and are thus rapidly

Received: October 31, 2021
Accepted: January 10, 2022

Articlespubs.acs.org/acschemicalbiology

© XXXX American Chemical Society
A

https://doi.org/10.1021/acschembio.1c00862
ACS Chem. Biol. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 I

L
L

IN
O

IS
 U

R
B

A
N

A
-C

H
A

M
PA

IG
N

 o
n 

Ja
nu

ar
y 

30
, 2

02
2 

at
 1

8:
54

:1
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vince+W.+Kelly"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shannon+J.+Sirk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acschembio.1c00862&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00862?ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00862?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00862?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00862?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00862?fig=abs1&ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acschembio.1c00862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acschemicalbiology?ref=pdf
https://pubs.acs.org/acschemicalbiology?ref=pdf


cleared from the circulation over several hours rather than
persisting for several weeks as with full-length antibodies or
native albumin.
In this work, we describe the development of antibody

fragments engineered to engage FcRn via small peptide
modifications that mimic the functionality of the FcRn-binding
domains of IgG or albumin without dramatically increasing the
size of the antibody fragment (Figure 1C). We show that short,
16 amino acid Fc- or albumin-mimetic peptides effectively
enable FcRn binding and FcRn-mediated recycling and
transport across polarized epithelial cell barriers when grafted
onto a single-chain variable fragment (scFv) specific for human
epidermal growth factor receptor 2 (HER2). HER2 is a highly
studied target for therapeutic antibodies, thus providing a
robust and well-characterized platform for the development of
our approach. Together, our results reveal that the engineering
and application of minimal peptides designed to mimic key
physiological interactions is a promising approach for the
functionalization of small antibody fragments, providing a
means to cost-effectively increase the therapeutic efficacy and
utility of this class of drug.

■ RESULTS AND DISCUSSION

Modification of Trastuzumab scFv with FcRn-Target-
ing Peptides. We selected trastuzumab17 to establish our
approach because it is exceptionally well characterized,
providing a robust standard for evaluating our antibody
fragments. We generated trastuzumab scFvs in the VL−VH

orientation with a standard (Gly4Ser)3 linker. Previous studies
using small peptides to enable the transepithelial transcytosis
of larger proteins identified a series of 16 amino acid peptides
that bind FcRn in a pH-dependent fashion.18,19 These peptides
have a mostly conserved consensus sequence, with two
important variations: (1) replacement of Val4 and Ala14
with cysteines adds a disulfide bond and promotes a cyclic
(Cyc) rather than linear (Lin) peptide conformation and (2)
replacement of Tyr12 in the parental peptide with a His
residue (Y12H) enhances pH-dependent binding to FcRn
(Figure 1D). We constructed HER2-targeting scFv variants
modified with each of these four peptide architectures (Cyc,
CycY12H, Lin, LinY12H) in each of three orientations: as C-
terminal extensions, as part of the linker connecting the VH and
VL domains, or as both (Figure 1E), resulting in a collection of
12 modified variants. We were only able to generate four
double-peptide variants (VL-Cyc-VH-Cyc, VL-Lin-VH-Cyc, VL-
CycY12H-VH-Lin, and VL-Lin-VH-CycY12H) due to chal-
lenges with gene amplification of constructs containing
duplicate copies of nearly identical peptides.
Building on the prior evidence that small peptide domains

mimicking IgG Fc can enable FcRn-mediated interaction with
fused proteins,19 we sought to expand this approach by
generating an alternative FcRn-binding peptide with orthog-
onal binding site specificity. Human serum albumin is known
to interact extensively with FcRn, which promotes extended
serum half-life,20 and recent evidence has revealed that
albumin is also robustly transported across polarized epithelia

Figure 1. Neonatal Fc receptor engagement and scFv−peptide construction. (A) Schematic representation of FcRn-mediated transport: (1)
proteins are taken up by pinocytosis at the apical or basolateral membrane and are packaged into endosomes; (2) endosomes acidify as they are
trafficked through the cell, and the decrease in pH permits the binding of IgG and albumin to FcRn in the endosomal membrane; (3) endosomes
are sorted toward or away from lysosomal fate; (4a) IgG and albumin bound to FcRn are either recycled to the membrane at which they were
internalized or transcytosed to the opposite membrane; upon endosomal fusion with the cell membrane and exposure to the extracellular
environment, increased pH causes protein release from FcRn; (4b) proteins not bound by FcRn are degraded in the lysosome. (B) Cartoon
representation (left) and crystal structures (right) of human serum albumin (red) and IgG Fc (medium gray) in complex with FcRn (white) and
β2m (dark gray). Black boxes denote binding interfaces. (C) Cartoon representation of the anticipated FcRn engagement. (D) Sequence alignment
of FcRn-binding peptides mimicking the IgG−FcRn interaction. Cyclic mutations are highlighted in red, and Y12H mutation is highlighted in
orange. (E) Schematic representation of all peptide-modified scFvs described in this study. VL, variable light domain; VH, variable heavy domain;
L, linker [also shown as unlabeled gray boxes flanking linker peptides]; Cyc, cyclic peptide; Lin, linear peptide; and Alb, albumin peptide.
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by FcRn.21 Further, albumin binds at a distinct site on FcRn
and does not compete with IgG for binding (Figure 1B). We
therefore selected albumin as a target protein for generating
novel FcRn-binding peptide fusions. We examined the human
albumin crystal structure (PDB 4N0U)22 and identified a 14-
amino acid stretch at the albumin−FcRn-binding interface

(Tyr497−His510) with several similarities to the previously
described FcRn-binding peptides, including a core hydro-
phobic residue (Phe509, 13, and 8 in albumin, albumin
peptide, and Fc-mimic peptide, respectively) and a histidine in
close proximity to acidic residues on FcRn. We grafted this
peptide (FcRnBP−Alb) into the linker of our trastuzumab-

Figure 2. Computational modeling of the modified scFv structure and FcRn binding. (A) Crystal structure of an unmodified trastuzumab scFv
(silver, PDB ID 6J71) overlayed with the modified trastuzumab scFvs. VL, cyan; VH, dark cyan; cyclic FcRnBP−Fc (linker, Y12H variant), gold;
linear FcRnBP−Fc (C-terminal), orange; and FcRnBP−Alb (linker), red. (B) Crystal structure of the native IgG Fc−FcRn-binding interface. (C)
Docking models of Cyc and Lin FcRnBP−Fc-modified scFvs with the FcRn/β2m complex. (D, E) Docking models of the FcRn/β2m complex with
scFvs modified with (D) CycY12H FcRnBP−Fc and (E) LinY12H FcRnBP−Fc. (F) Docking models of human albumin (top) and an scFv
modified with FcRnBP−Alb (bottom) with the FcRn/β2m complex. FcRn, white (key residues highlighted in blue); IgG, dark gray; Cyc FcRnBP−
Fc, gold; Lin FcRnBP−Fc, orange; and albumin and albumin peptide, red.
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derived scFv, flanked by single-repeat Gly4Ser spacers (Figure
1E).
Computational Modeling of scFv−Peptide Variant

Structure and Binding to FcRn. To explore the impact of
the peptide modifications on the structure of the scFvs, we
used the Robetta webserver to generate predicted three-
dimensional structures of scFv variants and then compared
them to the unmodified trastuzumab scFv (PDB 6J71).23 The
results reveal minimal differences between the unmodified and
modified structures, suggesting that the peptides do not impact
the folding or overall structure of the scFvs (Figure 2A). We
next used the model predictions with the lowest angstrom
error estimate to perform molecular docking simulations with
FcRn in its native heterodimeric conformation with β2m using
the HADDOCK2.2 webserver24 and compared the resulting
models to the native Fc−FcRn complex (Figure 2B). Docked
models revealed several key interactions between the canonical
FcRn−Fc interface and FcRnBP−Fc variants. Most notably,
histidine residues in both the intralinker (His121) and C-
terminal (His254) Cyc and Lin FcRnBP−Fc make close
contacts with FcRn residues Glu116 and Asp121, as well as
Asp130, which is also involved in the interaction with full-
length IgG25 (Figure 2B,C). Furthermore, in docked models of
variants with C-terminal or intralinker peptides containing
both the cyclizing cysteine mutations (peptide positions V4C/
A14C) and the acidifying Y12H mutation (His126 [linker] or
259 [C-term]), both of the peptide histidines (His121 and 126
[linker] or His254 and 259 [C-term]) form close contacts with
acidic FcRn residues, as expected (Figure 2D). Conversely,
models of linear FcRnBP−Fc reveal that the Y12H mutation
leads to a kinked peptide conformation, increasing the distance
between His121 or 254 and acidic FcRn residues Glu116,
Asp121, and Asp130 and decreasing the predicted binding
strength (Figure 2E). Docking simulations of FcRn with an
FcRnBP−Alb-modified scFv also revealed key similarities with

the native human albumin−FcRn interaction, including a close
contact between Asp231 on FcRn with His510 on albumin
that is mimicked by His126 on the FcRnBP−Alb-modified
scFv and a hydrophobic interaction between FcRn Trp53 and
Phe507 and 509 on albumin, which is mimicked by Phe118 on
the FcRnBP−Alb-modified scFv (Figure 2F).

Protein Expression, Purification, and Characteriza-
tion. We expressed all scFv variants into the periplasm of E.
coli to facilitate proper folding and formation of internal
disulfide bonds.26 Protein yields for unmodified scFv and all
FcRnBP-modified variants were ∼3 to 5 mg/L of E. coli
culture, suggesting that the peptide modifications do not
negatively impact scFv folding or stability. SDS-PAGE analysis
revealed expected shifts in molecular weight for all peptide-
modified variants compared to those of the unmodified scFv
(Figure 3A). We next assessed the ability of all scFv variants to
bind their target antigen, HER2, by ELISA using a truncated
HER2 extracellular domain27 expressed and purified from E.
coli (Figure 3B). We calculated estimated affinity constants for
each scFv variant by applying a saturation binding kinetics
model to the ELISA data (GraphPad Prism 9). The peptide
modifications did not impact target antigen binding in these
constructs, as estimated affinities of the variants were not
significantly different from either the unmodified scFv or full-
length control (Table 1).

Binding of scFv Variants to FcRn. To evaluate the FcRn-
binding properties of our modified scFvs, we constructed a
fusion of β2m to the extracellular domain of FcRn. The
FcRn−β2m complex binds albumin and IgG Fc in a pH-
dependent fashion, with micromolar binding affinity at pH < 6
and minimal binding at pH > 7.28 FcRnBP−Fc recapitulates
this pH-dependent interaction when fused to a fluorescent
reporter protein.19 To generate the FcRn−β2m complex, we
fused an E. coli codon-optimized human β2m gene to the
extracellular domain of human FcRn, connected by a flexible

Figure 3. Recombinant protein expression and characterization. (A) SDS-PAGE of unmodified and peptide-modified scFvs used in this study;
“scFv” indicates parental, unmodified trastuzumab scFv. (B) Schematic representation of the HER2 and FcRn−β2m fusion constructs used to
produce the purified recombinant receptor extracellular domains (ECDs) and SDS-PAGE of purified ECDs. (C) Representative ELISA data from 5
of the 12 peptide-modified scFvs used in this study showing FcRn binding at pH 6 and 7.4, with unmodified scFv and full-length IgG controls.
Assays were performed in triplicate. Error bars represent 1 standard deviation.

ACS Chemical Biology pubs.acs.org/acschemicalbiology Articles

https://doi.org/10.1021/acschembio.1c00862
ACS Chem. Biol. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acschembio.1c00862?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00862?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00862?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00862?fig=fig3&ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.1c00862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(Gly4Ser)3 linker and expressed and purified the protein from
E. coli (Figure 3B). We then evaluated scFv binding to
FcRn−β2m by ELISA at both pH values 6 and 7.4. ELISA
analysis of scFvs modified with cyclic FcRnBP−Fc, linear
FcRnBP−Fc, or FcRnBP−Alb behaved similarly to full-length
IgG or albumin (Figure 3C), with estimated KD values ranging
from 0.3 to 1.3 μM at pH 6 (Table 2). Binding affinity at pH

7.4 was too low to be detectable in this assay. The binding of
unmodified scFv to FcRn was also undetectable at either pH
tested, indicating that the interaction of our scFv variants with
FcRn is indeed mediated by their peptide modifications.
Neither the acidifying Y12H mutation nor the addition of a
second FcRn-binding peptide significantly impacted the
binding at pH 6. However, the incorporation of the Y12H
mutation did result in a decreased binding at neutral pH. This
finding is the expected outcome of replacing tyrosine, which
can readily form a hydrogen bond with FcRn, with a pH-

titratable histidine that only forms a salt bridge when
protonated at low pH (Figure 2D,E).

FcRnBP Modifications Enable FcRn-Mediated Recy-
cling in T84 Cells. Following cellular uptake, albumin and
IgG are protected from degradation via pH-dependent binding
to FcRn in acidified endosomes and are then trafficked and
released either at the surface where they entered (recycling) or
at the opposite membrane (transcytosis) (Figure 1A). The
recycling pathway is a key driver of the characteristically long
serum half-lives of IgG and albumin. Mimicking such
interactions should lead to the increased persistence of
FcRn-engaging biotherapeutics in the bloodstream via
interactions with FcRn-expressing vascular endothelial cells.29

Additionally, in pharmacodynamically challenging niches such
as the gut lumen, where intestinal epithelial cells express FcRn
but intravenously administered biotherapeutics do not
accumulate to high levels,30,31 FcRn engagement could support
the sustained bioavailability of these drugs following oral
dosing or direct gastrointestinal delivery.
To evaluate FcRn-mediated recycling of our scFv variants,

we adapted a previously described cell-based assay32 for use
with T84 human colorectal carcinoma cells, which endoge-
nously express FcRn. We incubated T84 monolayers with the
following five scFvs, each modified with a single peptide: VL-
Alb-VH, VL-Cyc-VH, VL-VH-Cyc, VL-Lin-VH, or VL-VH-Lin,
along with the unmodified scFv and full-length IgG controls.
We incubated all samples at pH 5.5 to promote FcRn-mediated
retention upon internalization and then washed away non-
internalized antibody and incubated overnight at pH 7.4 to
allow the internalized antibody (protected from endosomal
degradation via binding to FcRn) to be recycled and released
into the neutral-pH media, which is nonpermissive for FcRn
binding. All scFv variants tested, regardless of peptide position
(linker or C-terminal), were recycled at least 2-fold more
efficiently than unmodified scFv (Figure 4A), indicating that
the enhanced scFv recycling is mediated by the FcRn-binding
peptides. Next, to verify that the observed recycling was FcRn-
specific, we repeated the recycling assay in the presence of a
30-fold molar excess of competing human IgG or albumin.
Recycling of all four FcRnBP−Fc-modified scFvs tested was
reduced by 35−60% compared to that of control samples
without a competitor added (Figure 4B), supporting the
conclusion that recycling of these constructs is FcRn-
dependent. Interestingly, similar reductions were not observed
for FcRnBP−Alb-modified scFv or full-length IgG, which may
be due to differences in FcRn-binding stoichiometry. Because
full-length IgG can occupy two FcRn molecules while our
peptide-modified scFvs can only occupy one, each molar
equivalent of full-length IgG could displace two scFvs but only
one IgG, leading to more dramatic reductions in recycling for
scFvs compared to IgG. Similarly, both albumin and FcRnBP−
Alb-modified scFvs bind FcRn in a 1:1 stoichiometry. Thus, a
higher molar excess of competitors may be required to
significantly reduce recycling for IgG, albumin, or FcRnBP−
Alb−scFv. Competition with the orthogonal full-length protein
albumin or IgG did not significantly impact the recycling
activity of scFvs modified with FcRnBP−Fc (Figure S1) or
FcRnBP−Alb (Figure S2), respectively.
We next investigated the impact of the Y12H-acidifying

mutation on the FcRn-mediated recycling of scFvs modified
with C-terminal or intralinker FcRnBP−Fc. We observed the
significantly increased recycling of cyclic peptide-modified
Y12H scFvs at levels 2- to 7-fold higher than full-length IgG

Table 1. Estimated KD for the Binding of Modified scFvs to
HER2

IgG/scFv calculated KD (nM)a

trastuzumab IgG 1.4 ± 0.3
unmodified scFv 5.6 ± 2.8
VL-Cyc-VH 8.5 ± 10
VL-VH-Cyc 1.6 ± 0.8
VL-Lin-VH 6.1 ± 1.4
VL-VH-Lin 2.5 ± 1.9
VL-Cyc(Y12H)-VH 2.3 ± 1.5
VL-Lin(Y12H)-VH 2.4 ± 1.2
VL-VH-Lin(Y12H) 2.9 ± 1.3
VL-VH-Cyc(Y12H) 0.7 ± 0.3
VL-Cyc-VH-Cyc 2.7 ± 4
VL-Lin-VH-CycY12H 6.4 ± 1
VL-CycY12H-VH-Lin 9.3 ± 2
VL-Alb-VH 0.8 ± 0.2

aBinding affinities were calculated using the saturation binding kinetic
model in Graphpad Prism. ± denotes the standard error of triplicate
samples.

Table 2. Estimated KD for the Binding of Modified scFv to
FcRn at pH 6

IgG/scFv calculated KD (μM)a

trastuzumab IgG 0.9 ± 0.1
unmodified scFv ND
VL-Cyc-VH 0.2 ± 0.1
VL-VH-Cyc 0.3 ± 0.1
VL-Lin-VH 0.3 ± 0.1
VL-VH-Lin 0.3 ± 0.1
VL-Cyc(Y12H)-VH 1.2 ± 0.1
VL-VH-Cyc(Y12H) 0.3 ± 0.1
VL-Lin(Y12H)-VH 0.05 ± 0.04
VL-VH-Lin(Y12H) 0.1 ± 0.1
VL-Cyc-VH-Cyc 0.4 ± 0.1
VL-Lin-VH-CycY12H 0.4 ± 0.04
VL-CycY12H-VH-Lin 0.1 ± 0.03
VL-Alb-VH 0.3 ± 0.1
serum albumin 0.3 ± 0.03

aBinding affinities were calculated using the saturation binding kinetic
model in Graphpad Prism. ± denotes the standard error of triplicate
samples.
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(Figure 4C). The Y12H mutation did not, however,
significantly impact the recycling of linear FcRnBP−Fc variants
(Figure 4D), which is not surprising considering that
computational docking predicted that the distance between
peptide histidines and acidic FcRn residues would increase in
the Y12H linear FcRnBP−Fc (Figure 2D,E). Finally, we
investigated the impact on the recycling activity of
incorporating cyclic or linear FcRnBP−Fc peptides at both
the linker and C-terminal positions within the same construct
and observed moderate increases in activity compared to
unmodified scFv but only 60−70% that of the full-length IgG
control (Figure 4E).
Notably, structural and functional variations arising from

peptide position (C-terminal vs. intralinker), conformation
(cyclic vs. linear), or pH sensitivity (parental vs. Y12H mutant)
impact the FcRn-mediated activity of the fusion proteins but
not equally so. For example, peptide conformation or position
alone does not significantly impact recycling activity; whether
cyclic or linear, C-terminal or intralinker, all peptides lacking
the Y12H mutation failed to increase the recycling efficiency
more than ∼1- to 2-fold over unmodified scFvs. However, the
acidifying Y12H mutation significantly increased recycling
activity over unmodified scFvs by 7- and 4-fold when

incorporated at either the intralinker or C-terminal position,
respectively, but only with cyclic peptides. In contrast, when
incorporated into linear peptides, the Y12H mutation
decreased recycling activity, independent of peptide position.
Similar results were observed for FcRn-mediated transcytosis
of peptide-modified scFvs, with the Y12H mutation leading to
a 4-fold increase in activity when added to the VL-Cyc-VH
variant and a 5-fold decrease when added to the VL-VH-Lin
variant.
Our in silico structure studies provide insight into the

differing effects of the acidifying mutation on the cyclic versus
linear FcRnBP−Fc. The histidine residues in question fall at
positions 7 and 12 of each peptide, which correspond to
positions 121 and 126 for scFvs modified with an intralinker
peptide and positions 254 and 259 for scFvs modified with a
C-terminal peptide. For both the intralinker and C-terminal
cyclic peptides, the histidine residue(s) of the Cyc (His7) and
CycY12H (His7/His12) mutants are predicted to be outward-
facing and readily available to interact with FcRn residues
Asp110 and Glu105 when protonated. It is thus likely that the
enhanced recycling and transcytosis activity observed with
CycY12H FcRnBP−Fc is due to the additional histidine
residue strengthening the interaction with FcRn at pH 6 and

Figure 4. FcRn-mediated recycling of peptide-modified scFvs. (A) Recycling in T84 cell-based assays relative to full-length IgG control. Stars
indicate significance over the unmodified scFv negative transport control. (B) Recycling in the presence or absence of 12 μM (30-fold excess) IgG
or human serum albumin. Data for scFvs modified with FcRnBP−Fc is presented as ng-recycled, relative to IgG control without the added
competitor. Data for scFv modified with FcRnBP−Alb is presented as ng-recycled relative to full-length albumin control without the added
competitor. (C−E) Recycling relative to the full-length IgG control of scFvs modified with (C) Cyc or CycY12H FcRnBP−Fc as an intralinker or
C-terminal extension, (D) Lin or LinY12H FcRnBP−Fc as an intralinker or C-terminal extension, or (E) two FcRnBP−Fc peptides. All
experiments were performed in triplicate. * 0.01 ≤ p ≤ 0.05; ** 0.001 ≤ p ≤ 0.01; *** 0.0001 ≤ p ≤ 0.001; and ****p < 0.0001 by two-sided
Student’s t test in GraphPad Prism 9.
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increasing scFv salvage within endocytic vesicles. The inverse is
true of the linear FcRnBP−Fc; energy-minimized crystal
structures and docking simulations predict an interaction
between FcRn Asp110 and His7 of the non-Y12H mutant,
whereas the introduction of Y12H leads to a kinked
conformation, resulting in both histidines being inaccessible
to FcRn (Figure 2B,C).
FcRnBP Modifications Enable FcRn-Mediated Trans-

cytosis in T84 Cells. In addition to FcRn-mediated recycling,
IgG and albumin internalized by polarized epithelial and
endothelial cells can undergo FcRn-mediated transcytosis,
whereby the FcRn-bound proteins are trafficked to the
opposite membrane (e.g., apical to basolateral), passing
through the cell to cross the otherwise impermeable cell
barrier (Figure 1A). Promoting FcRn-mediated transcytosis of
biotherapeutics could improve GI bioavailability of systemi-
cally administered drugs via blood-to-gut transport33 or could
enable orally delivered drugs to access the systemic circulation
and target non-GI conditions. We used an established cell-
based assay to quantify the FcRn-mediated transport of
peptide-modified scFvs across polarized T84 epithelial cells
grown as monolayers on specialized transcytosis inserts.34 IgG
or scFv variants were added to the apical chamber at pH 5.5,
and samples were collected from the basolateral chamber 2 h
later to quantify transport. For these experiments, we analyzed
FcRnBP−Alb as well as the three FcRnBP−Fc variants that
performed best in recycling assays, within each of the following
categories: single cyclic (VL-Cyc-VH), single linear (VL-VH-
Lin), and dual peptide (VL-Cyc-VH-Cyc). Of these, VL-Alb-VH
and VL-VH-Lin were transported at levels equal to full-length
IgG and 2- to 3-fold higher than unmodified scFv (Figure 5A).
Similarly, FcRnBP−Alb-modified scFvs were transported at
∼80% the level of full-length human serum albumin and 2
times that of the unmodified scFv control (Figure 5B).
Next, we evaluated the impact of the Y12H mutation on

FcRn-mediated transcytosis of VL-VH-Lin and VL-Cyc-VH
(Figure 5C). As in the recycling assays, the Y12H mutation
enhanced the activity of VL-Cyc-VH, resulting in a nearly 4-fold
increase in transport with the mutation versus without, and a
20% increase in transport over VL-VH-Lin, the best-performing

non-Y12H variant (Figure 5A). In contrast, transcytosis
decreased by >5-fold for VL-VH-Lin upon the addition of the
Y12H mutation. As with the recycling assays, the computa-
tional docking simulations provide insight into these results.
Specifically, CycY12H FcRnBP−Fc likely swaps a hydrogen-
bonding tyrosine with a pH-titratable histidine, gaining a pH-
dependent salt bridge with FcRn and thus enhanced binding at
low pH and decreased binding at neutral pH compared to the
non-Y12H variant. Meanwhile, the conformational changes
predicted for linear Y12H mutant peptides described in the
computational docking studies above likely result in decreased
FcRn binding and, subsequently, decreased FcRn-mediated
transcytosis activity.

■ CONCLUSIONS
In this study, we demonstrate that modifying scFvs with small
peptide domains mimicking the interaction of IgG or albumin
with FcRn enables FcRn engagement and FcRn-mediated
recycling and transepithelial transcytosis. Given that IgG Fc
and human albumin bind nonoverlapping sites on FcRn, these
two classes of peptides could be employed synergistically for
multiplexed binding to and increased avidity for FcRn. To the
best of our knowledge, this is the first example of modifying
antibody fragments with minimal peptide domains to engage
FcRn.
Interactions with FcRn help native IgG13,35 and albumin20

persist in the circulation. Half-life extension is of particular
importance for small antibody fragments, which generally
undergo rapid renal excretion, in spite of other advantages
including enhanced tissue penetration and superior access to
sterically constrained antigens.36 While a thorough in vivo
study is required, the cell-based FcRn-mediated transport
assays described in this study have previously served as
accurate indicators of the in vivo performance of antibody
fragments.37 Thus, the observed in vitro effects of FcRn-
engaging peptides on scFvs may help fully realize the
therapeutic potential of antibody fragments. Furthermore, the
successful identification and implementation of the albumin-
binding domain graft suggests that the structure-guided
rational design of small functional peptides for other

Figure 5. FcRn-mediated transcytosis of peptide-modified scFvs. (A) Transmembrane transcytosis of scFvs modified with FcRnBP−Fc or
FcRnBP−Alb, relative to full-length IgG control. Stars indicate significance over the unmodified scFv negative transport control. (B) Transcytosis
of scFv modified with FcRnBP−Alb, relative to full-length human serum albumin. Stars indicate significance over the unmodified scFv negative
transport control. (C) Transcytosis of scFvs modified with Y12H mutant or nonmutant FcRnBP−Fc, relative to full-length IgG control. All
experiments were performed in triplicate. * 0.01 ≤ p ≤ 0.05; ** 0.001 ≤ p ≤ 0.01; *** 0.0001 ≤ p ≤ 0.001; and **** p < 0.0001 by two-sided
Student’s t test in GraphPad Prism 9.
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protein−protein interactions is readily achievable for incorpo-
ration into this platform. While our studies focus on the anti-
HER2 scFv, the modularity of the antibody structure should
facilitate the portability of peptides between therapeutic
scaffolds, and future expansion of the approach could
dramatically enhance the therapeutic impact of other small
protein therapeutics such as interleukins or enzymes.
Previous work has shown that FcRn engagement enhances

gut bioavailability and residence time of IV-dosed antibody
fragments via FcRn-mediated blood-to-gut transport.38 Thus,
the modification of antibody fragments with the FcRn-
engaging peptides described here could dramatically enhance
the impact of these therapeutics against GI targets such as
inflammatory bowel disease or recalcitrant Clostridioides difficile
infection. Further, FcRn engagement has been shown to enable
gut-to-blood transport39 and could facilitate alternative routes
of scFv administration including oral dosing, vectored
immunoprophylaxis,40 or in situ production by engineered
commensal microbes, which have demonstrated promise as
delivery vehicles for a host of small protein therapeutics.41

These delivery methods are attractive alternatives to standard
IV or intramuscular administration, which are costly and can
lead to serious side effects including infusion site reactions.42,43

Such advances could also reduce cost and increase access to
life-saving antibody-based therapies.44

■ METHODS
Plasmid Construction. All recombinant proteins were expressed

using standard methods (see SI). Primers used to construct
expression plasmids are listed in Table S1. The gene encoding the
extracellular domain (ECD) of HER2 was reverse-transcribed from
HEK293T total RNA. The extracellular domain of human FcRn was
amplified from a total RNA pool of T84 cells (ATCC CCL-248). All
trastuzumab scFv variants, as well as an FcRn−β2m fusion protein,
were fused to the signal peptide of E. coli outer membrane protein A
(OmpA) to promote export to the periplasmic space to facilitate
proper disulfide formation.26

In Silico Structure Prediction. To generate computational
models of scFv antibodies modified with Fc- or albumin-mimetic
peptides, the amino acid sequence of each variant was input into the
Robetta structure prediction webserver.45,46 In the case of variants
modified with cyclic Fc-mimetic peptides, PDB 3M1747 was provided
as part of the template library for comparative modeling of the peptide
domain. Similarly, PDB 1AO648 was provided as a potential template
for scFvs modified with the albumin-mimetic peptide domain. The
models with the lowest estimated angstrom error were selected for
further investigation. The Haddock2.2 webserver24 was then used to
simulate the interaction between the FcRn−β2m complex (PDB
4N0U)22 and the modeled scFv structures. Interacting residues were
restricted to the Fc- or albumin-mimetic peptides on the scFvs and
the canonical FcRn−IgG and FcRn−albumin-binding interfaces
identified in previous crystallography studies.25 Docking models
were selected based on the Haddock best practice guide published at
https://www.bonvinlab.org/software/bpg/.
Cellular Recycling and Transcytosis Assays. All cell-based

experiments used T84 human colon carcinoma cells (ATCC CCL-
248). T84 cultures were maintained in 1:1 DMEM/F12 (Corning)
supplemented with 10% (v/v) fetal bovine serum (Thermo Fisher)
and 1% (v/v) antibiotic−antimycotic (Gibco) at 37 °C, 5% CO2.
Recycling and transcytosis assays were performed as previously
described (Grevys, Foss). Briefly, for recycling experiments, cells were
seeded at 2 × 105 cells/well in 48-well cell culture plates (VWR).
Once cells reached confluency (∼3 days), growth media was
aspirated, and cells were starved for 1 h in HBSS at pH 6.0
(Gibco). Antibodies and antibody fragments were diluted to 400 nM
in HBSS (pH 6.0) and were incubated with T84 monolayers for 4 h at
37 °C. Antibody solutions were aspirated, and monolayers were

washed with cold HBSS at pH 7.4. Cells were then incubated
overnight at 37 °C in DMEM/F12 without FBS to facilitate the
release of internalized antibodies. Antibody release was detected by
ELISA and quantified by comparison to a standard curve of the
corresponding purified antibody. For competitive recycling assays,
experimental antibodies and antibody fragments were biotinylated
with NHS-biotin (ApexBio) according to the manufacturer’s
instructions and then diluted to 400 nM in HBSS (pH 6.0)
containing 12 μM unlabeled human IgG or albumin. Release of
biotinylated antibody or antibody fragment was detected by ELISA
with streptavidin−HRP (see SI).

For transcytosis assays, cells were seeded at 1.5 × 105 cells/well on
0.4 μm PET transwell inserts (Sterlitech) in 24-well tissue culture
plates. Culture media was changed every ∼2 days. Transepithelial
electrical resistance (TEER) was monitored using a Millicell ERS-2
voltohmmeter (Millipore Sigma). Assays were performed on
monolayers exhibiting TEER values of 1000−1500 Ω·cm2. Once
the monolayers polarized, growth media was aspirated and replaced
with HBSS at pH 6 (apical chamber) or pH 7.4 (basolateral chamber)
for 1 h to starve cells. Full-length antibodies or antibody fragments
were labeled with AFDye 488 NHS Ester (Click Chemistry Tools) at
10-fold molar excess as per the manufacturer’s instructions. The
unreacted dye was removed by desalting on a PD-10 column, and the
resulting labeled antibodies were filtered through 0.2 μm PES filters
(VWR) before being diluted to 4 μM in HBSS (pH 6) and added to
the apical chamber. DMEM/F12 without FBS was added to the
basolateral chamber. Fifty microliter samples were collected from the
basolateral chamber after 2 h of incubation and loaded into a black
384-well plate (4titude). Transcytosed antibodies or antibody
fragments were detected by fluorescence measurement (Ex/Em:
485/528) on a BioTek Synergy HT multimode microplate reader.
Sample concentration was estimated using a standard curve of the
purified, fluorescently tagged antibody. Wells that had an obvious leak
in the monolayer (informed by the abnormally high fluorescence
signal in end point assay and subsequent verification via visual
inspection of monolayer under 20× magnification) were excluded
from analysis.
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