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ABSTRACT

Antigen-binding fragments (Fab) and F(ab’), antibodies serve as alternative formats to full-length anti-
bodies in therapeutic and immune assays. They provide the advantage of small size, short serum half-life,
and lack of effector function. Several proteases associated with invasive diseases are known to cleave
antibodies in the hinge-region, and this results in anti-hinge antibodies (AHA) toward the neoepitopes.
The AHA can act as surrogate Fc and reintroduce the properties of the Fc that are otherwise lacking in
antibody fragments. While this response is desired during the natural process of fighting disease, it is
commonly unwanted for therapeutic antibody fragments. In our study, we identify a truncation in the
lower hinge region of the antibody that maintains efficient proteolytic cleavage by IdeS protease. The
resulting neoepitope at the F(ab’), C-terminus does not have detectable binding of pre-existing AHA,
providing a practical route to produce F(ab’), in vitro by proteolytic digestion when the binding of pre-
existing AHA is undesired. We extend our studies to the upper hinge region of the antibody and provide a
detailed analysis of the contribution of C-terminal residues of the upper hinge of human IgG1, 1gG2 and
IgG4 to pre-existing AHA reactivity in human serum. While no pre-existing antibodies are observed toward
the Fab of IgG2 and IgG4 isotype, a significant response is observed toward most residues of the upper
hinge of human IgG1. We identify a T,,sL variant and the natural C-terminal D55, as solutions with minimal
serum reactivity. Our work now enables the production of Fab and F(ab’), for therapeutic and diagnostic
immune assays that have minimal reactivity toward pre-existing AHA.
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Introduction

Antibodies are composed of two antigen-binding fragments
(Fab) that are connected by a flexible hinge-region to the Fc.
While the Fab mediates recognition and binding of the antigen,
the Fc mediates effector function by engagement with Fcy recep-
tors ' and confers long serum half-life by binding to the salvage
receptor, FcRn.” In particular, the long in vivo half-life of IgG
contributes to the success of antibodies as therapeutics because it
enables less frequent dosing compared to other biotherapeutics.
Consequently, the majority of approved therapeutic antibodies
are full-length IgGs. Unlike IgG, the serum half-life of an isolated
Fab is short,” which can be useful for some indications. Three
Fab products are approved by the US Food and Drug Adminis-
tration. One therapeutic Fab molecule directed against platelet
surface receptor GPIIb/IIla (abciximab, ReoPro®) is commer-
cially produced by proteolytic cleavage with papain,* which is
the original method of Fab production.” With advances in
molecular cloning, recombinant expression of antibody frag-
ments became a more attractive route to generate Fab molecules
as exemplified by 2 other approved Fab therapeutics, anti-vascu-
lar endothelial growth factor (VEGF) ranibizumab (Lucentis®) °
and anti-dabigatran idarucizumab (Praxbind®) 7 and the
approved pegylated Fab’, anti-tumor necrosis factor certolizu-
mab pegol (Cimzia®).® Fab molecules are advantageous when
transient systemic activity that doesn’t persist past dosing is
desired, lack of Fc-mediated effects is wanted, or when

administration and activity are localized to a peripheral compart-
ment such as the eye.

Generating Fab molecules by proteolytic digestion defines
the C-terminal sequence of the Fab heavy chain by the protease
cleavage site. In turn, a Fab molecule typically includes a part
of the upper hinge of the antibody. This upper hinge region of
the antibody serves as the linker between Fab and Fc region,
but has no structural or functional role in a Fab molecule. It
can be considered as an unstructured appendix (Fig. 1A) as it is
often not fully resolved in crystal structures of Fab molecules.
In contrast to the proteolytic digestion as a production route,
the recombinant expression of Fab molecules provides flexibil-
ity in defining the length of the included upper hinge region. In
this study, we leverage these engineering benefits and study the
binding of pre-existing anti-hinge antibodies (AHA) to residues
of the upper hinge.

The apparent high affinity of an antibody is often enabled by
bivalent target engagement, facilitating avidity. In contrast, the tar-
get engagement of a Fab is monovalent. This often leads to lower
target affinity compared to the full-length IgG. By joining two Fabs
to create a F(ab’),, avidity can be restored while preserving critical
properties of the Fab, such as short serum half-life. In addition, tar-
geting multiple disease mediators by bispecific antibodies has
become increasingly important for therapeutic antibody develop-
ment.” F(ab’), molecules can provide a natural scaffold to produce
small bispecific antibody fragments. In contrast to the production
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Figure 1. Pre-existing human antibodies to the Fab of human IgG1, IgG2 and IgG4. (A) X-ray crystal structure of the Fab region (PDB: THZH) including the upper hinge; light
chain (gray), heavy chain (blue), interchain disulfide (orange), and upper hinge (magenta). In the isolated Fab molecule the upper hinge is a protruding unstructured region
without structural and functional role. The residues of the upper hinge are displayed in magenta to indicate the T,,sL mutation (black) that is perturbing binding to pre-exist-
ing AHA. Numbering of residues is according to EU numbering nomenclature. (B) Pooled human serum was incubated with human IgG1 Fab with different upper hinge
lengths and ends. Binding pre-existing antibodies detected by anti-Fc ELISA. Truncating the Fab C-terminus to Dy, (D) and the C-terminal variant Tp,sL (DKTHL) greatly
reduced binding of pre-existing antibodies to almost background. Strong response is observed toward T3 as the C-terminal residue (DKT), coinciding with the cleavage site
of human neutrophil elastase. The mean value of the individual data points is represented by the horizontal line. (C) Three different Fabs were incubated with pooled human
serum and binding of pre-existing antibodies detected by ELISA. Significant signal is observed for different Fabs with DKTHT C-terminus. Reduced binding of pre-existing anti-
bodies to the D,;; and Ty,sL C-terminus is detected across different Fabs. Fab-1 includes the antibody variable domain used in (B) and all other AHA binding experiments
throughout this study. Fab-2 and Fab-3 are antibodies toward different antigens. (D) Pooled human serum was incubated with human IgG2 Fab and IgG4 Fabs with different
upper hinge lengths and binding antibodies detected by ELISA. No pre-existing antibodies can be detected to the upper hinge of human IgG2 and IgG4.

of Fab, the recombinant expression of F(ab'), is not possible with-
out fusion to a non-native homo- or heterodimerization
domain.'®"" Hence, there are two main approaches to generate F
(ab’), molecules: 1) chemical conjugation and 2) proteolytic

digestion. For chemical conjugation, recombinantly generated Fab’
molecules are coupled by homo- or heterobifunctional cross-
linkers.>'*'>"> Analogous to the proteolytic digestion approach to
produce Fab molecules, a number of proteases are known to cleave
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the intact antibody in the lower hinge region to produce
F(ab’), molecules.'* Such proteolytic digestion results in
F(ab’), molecules where the 2 Fab molecules are connected by the
disulfide-bonds of the core-hinge. Pepsin is most widely used,'” but
a highly specific IgG-degrading enzyme of Streptococcus pyogenes,
IdeS, has been described more recently.'®'” The use of IdeS enables
generation of highly homogenous product by eliminating the C-
terminal heterogeneity observed from pepsin digest.”

Production of proteases against the antibody hinge region
has been implicated as a mechanism by which pathogens and
tumor cells attempt to evade the host immune response.'*
However, resulting C-terminal neoepitopes are eventually rec-
ognized by the immune system and AHA are generated. Such
autoantibodies to the upper-hinge region of the Fab and the
lower-hinge region of the F(ab’), have been previously demon-
strated.'®' The pre-existing AHA titers from healthy individu-
als vary from donor to donor *° and may represent past and
current exposure to the neoepitopes derived from infection and
inflammation. The AHA can act as surrogate Fc and restore
effector function of the otherwise proteolytically inactivated
antibody,”® but may introduce potential safety concerns to a
Fab or F(ab’), molecule for therapeutic use.

In this work, we provide a detailed characterization of the
specificity of pre-existing AHA toward the residues of the
upper hinge of the Fabs of human IgGl, IgG2 and IgG4 iso-
types. While we do not observe pre-existing antibodies to the
upper hinge of IgG2 and IgG4 Fab, we found that the T,,sL
variant and the C-terminal D,,; can be used to avoid reactivity
with pre-existing AHA for the IgG1 Fab. To avoid reactivity of
F(ab’), molecules with pre-existing AHA while maintaining
efficient proteolytic cleavage by IdeS for production, we engi-
neer the lower hinge of the IgG. With this engineering solution,
it is now possible to generate F(ab’), molecules that are devoid
of reactivity with pre-existing AHA in human serum and
potentially provide superior safety in a therapeutic setting by
minimizing immune responses following drug treatment.

Results
Fab C-terminus determines response to pre-existing AHA

Reactivity of autoantibodies in human serum toward the upper
hinge of Fab molecules was originally studied with a papain-
cleaved antibody, abciximab.* Papain cleavage leaves a C-termi-
nal Hy,, on the Fab. A more comprehensive study was later
carried out using biotinylated peptide analogs to dissect the
contribution of individual C-terminal residues of the upper
hinge.”” In this study, only minimal AHA reactivity toward the
upper hinge residues K,,, through H,,, was observed. No sig-
nal was observed toward peptides with T,,5 as the C-terminal
residue. The use of synthetic peptides may confound results
because the Fab-tail spanning the upper hinge residues D,,; to
Tops (Fig. 1A) is presented outside of the context of the intact
molecule. Thus, we decided to study the Fab-tail contribution
for binding to pre-existing AHA in the setting of an intact Fab.
The recombinant expression of Fab molecules in E. coli and
mammalian cells allows production of molecules with defined
C-terminal ends without the need of proteolytic cleavage. To
ensure the integrity of the C-terminus, correct mass of the

purified Fab was confirmed by intact mass-spectrometry (data
not shown). The Fab molecules were coated on microtiter
plates, and after incubation with pooled human donor serum,
binding of pre-existing AHA was quantified by anti-Fc detec-
tion. In agreement with the previous study,” T, at the C-ter-
minus (DKT) showed the highest reactivity of all upper hinge
variants toward pre-existing AHA (Fig. 1B). Significant differ-
ence to the previous studies is observed with T,ys at the
C-terminus (DKTHT). This variant did not bind AHA as pep-
tide; ** however, we observed substantial AHA reactivity when
tested as Fab. With D,,; at the C-terminus (D), binding of
AHA was reduced to almost background (Fig. 1B). Two other
Fab molecules also had substantial AHA signals with T,,s at
the C-terminus and much reduced AHA signals with D,,, at
the C-terminus (Fig. 1C). The lower AHA signals seen in Fab-1
compared to the other 2 Fab molecules were at least partially
due to a slightly lower coating efficiency (data not shown).
Thus, terminating the Fab at D,,, provides a solution to mini-
mize recognition by pre-existing AHA while maintaining a nat-
ural antibody sequence.

As demonstrated by these experiments, the C-terminal Fab
residue has a profound effect on AHA binding. Next, we wanted
to determine if the binding by pre-existing antibodies could also
be obviated by a single amino acid change at the C-terminus and
provide an alternative route to the D,,; to minimize reactivity
toward AHA. We introduced a T,,sL change to place a non-
germline residue at the Fab C-terminus, and tested for binding of
AHA. The T,,sL variant was described earlier in an anti-VEGF
Fab (ranibizumab).® The variant perturbed binding of the pre-
existing AHA (Fig. 1B), further highlighting the importance of
the C-terminus for binding. To ensure that the reduced AHA
binding to T,,sL was not due to reduced coating efficiency, we
also used an antigen capture format to capture Fab molecules and
observed a similar fold of AHA signal reduction (data not shown).
In addition, the reduced AHA binding to T,,sL translated across
different Fab molecules (Fig. 1C), further demonstrating that this
is a broadly applicable tool.

We extended our studies to Fab molecules in IgG2 and IgG4
isotypes. While IgG1, IgG2 and IgG4 are commonly used for
therapeutic antibodies, the use of IgG2 and IgG4 Fabs has not
been leveraged for therapeutic development so far. Thus, we
tested IgG2 and IgG4 Fabs with the C-terminus K, and P55,
respectively (Fig. 1D). In contrast to IgG1 Fab, IgG2 and 1gG4
Fabs were not recognized by pre-existing AHA. While we can
exclude prevalent reactivity toward IgG2 and IgG4 isotypes,
reactivity present in a smaller specific subset of the general pop-
ulation is still possible since it has been previously demon-
strated that the prevalence of AHA can differ between healthy
donors and rheumatoid arthritis patients.”> The IgG2 does not
have any upper hinge to consider possible pre-existing AHA
binding to a different C-terminus, but the IgG4 upper hinge
was considered for the C-terminus effect seen with IgG1. The
length of the IgG4 isotype upper hinge is shorter compared to
IgG1; however, since the cysteine involved in the heavy-light
interchain disulfide is located in the center of the Cy1 primary
structure, we were able to include residues K,;5 and Y,;4 of the
Cyl domain in our truncation experiments. These truncated
IgG4 upper hinge Fabs displayed a signal similar to the intact
upper hinge (Fig 1B).
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Figure 2. 1gG1-2 chimera is inefficiently cleaved by IdeS. (A) Model of the F(ab’), region of antibody cAC10 modeled with MOE; light chain (gray), heavy chain (blue),
interchain disulfide (orange), and lower hinge (magenta). The P1 position of IdeS is G,36. Numbering of residues is according to EU numbering nomenclature. (B) Align-
ment of the lower hinge of IgG1 and the IgG1-2 chimera. Residues in cyan are IgG2 isotype residues introduced into the lower hinge of 1gG2. (C) Cleavage efficiency of
human IgG1 and IgG1-2 chimera. One mg/ml of IgG1 and IgG1-2 were incubated for 24 hours at 37°C with different IdeS amounts as indicated. Cleavage was analyzed
by capillary electrophoresis. While 1gG1 is efficiently cleaved into F(ab’), at an IdeS:lgG ratio of 1:500, IgG1-2 requires 50-fold higher IdeS concentrations for complete

cleavage.

All Fab molecules within the same isotype yielded similar
expression levels in E. coli and Chinese hamster ovary (CHO)
cells (data not shown), and no effect on thermal stability was
observed (data not shown). However, overall thermal stability
of IgG2 and IgG4 Fabs was decreased by about 6°C compared
to IgG1 isotype. In conclusion, multiple Fab formats with mini-
mal reactivity toward pre-existing AHA exist: IgG1-D,,;, IgG1-
T»sL, IgG2 and IgG4.

IgG1 with the lower hinge of IgG2 cannot be cleaved
efficiently

Pre-existing AHA toward the lower hinge region of F(ab’),
have been extensively described in the literature.'*** Analo-
gous to the AHA to the upper hinge of Fab molecules, these
AHA can act as surrogate Fc or introduce assay artifacts.
Thus, development of a F(ab’), format that impedes AHA
binding is desirable. While AHA in serum are found toward
F(ab’), of IgGl1 isotype, it has not been possible to establish

the existence of autoantibodies to the lower hinge of IgG2 iso-
type. Interestingly, the lack of such autoantibodies coincides
with the inability of physiologically relevant human proteases
to efficiently cleave IgG2 into a F(ab’),.”* Inefficient cleavage
of IgG2 has been observed using IdeS protease,” an IgG spe-
cific endoprotease from Streptococcus pyrogens that cleaves
after G,36(Fig. 2A)."” In addition to the cleavage site in the
antibody hinge region, it recognizes a second site in the Fc
that contributes to its high specificity toward IgG.'®'” The
inefficient cleavage of IgG2 antibodies could be caused by the
exosite outside of the cleavage site. Thus, we grafted the lower
hinge residues of IgG2 onto IgGl1 to create an IgG1-2 chimera
(Fig. 2B). We tested the cleavage efficiency at different IdeS:
IgG ratios (Fig. 2C). While IgGl wild-type is efficiently
cleaved into F(ab’), at an IdeS:IgG ratio of 1:500, at least 50-
fold higher protease concentration is necessary to achieve
similar cleavage of the I[gG1-2 chimera. We conclude that the
sequence differences in the lower hinge at least partially con-
tribute to the poor cleavage efficiency of IgG2 antibodies.
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Figure 3. Cleavage of human IgG1 with variants in the P1 and P2 positions of IdeS. (A) Capillary electrophoresis of antibodies with variants at the P1 and P2 position were
digested for 24 hours at 37°C with a 1:10 ratio of IdeS:IgG at Tmg/ml. The P1 and P2 residues are designated in 1-letter code. Leucine and glycine (L,35G36) are the natu-
ral amino acids at these positions. All antibody variants can be completely cleaved into F(ab’), fragments. (B) The cleavage efficiency of the variants is assessed by the
amount of F(ab’), produced at different IdeS:IgG ratios. While the variant VG is cleaved comparably to the wild-type sequence (LG), other variants require increased

amounts of IdeS for complete digestion.

Thus, the IgG1-2 chimera is not a practical strategy to gener-
ate F(ab’), molecules that do not bind to pre-existing AHA.

Characterizing the P1 and P2 positions for efficient IdeS
cleavage

We demonstrated that binding of pre-existing AHA can be pre-
vented by a single C-terminal T,,sL. mutation with our Fab
experiments. A similar strategy was employed for the F(ab’),.
As a first step, we identified residues in the P1 and P2 site that
allow cleavage by IdeS protease. We generated a set of 76 Fab
variants that included L35, L35V, Lassl, or Lys;sM at the P2
position for IdeS combined with any amino acid except cysteine
in P1. The antibodies were purified and digested with IdeS at an
IdeS:IgG ratio of 1:10 to identify variants that can be cleaved by
IdeS (data not shown). Such high protease to antibody ratio
was chosen to assess proteolysis without taking cleavage effi-
ciency into account. Seven variants were identified to cleave by
IdeS (Fig. 3A). While the P2 position tolerated all 4 residues
tested, only 2 amino acids with very small side chains, the natu-
ral glycine and alanine, were accepted in the P1 position. We
took this subset and investigated the cleavage efficiency at 3 dif-
ferent IdeS:IgG ratios: 1:500, 1:200, and 1:100 (Fig. 3B). The
variant L35V in the P2 position demonstrated minimal change
in cleavage efficiency compared to the wild-type sequence. All
other variants were characterized by a dominant single cleavage
at only one side of the hinge, leaving the other side of the anti-
body intact. While L,35I and L,35sM variants with glycine in the
P1 position could be completely cleaved at IdeS:IgG ratio of
1:200, all P2 variants with alanine in P1 needed significantly
higher protease amounts. Based on our data, an efficient cleav-
age by IdeS requires glycine in the P1 position.

C-terminal F(ab'), variants do not prevent recognition by
pre-existing AHA

IdeS can confound results of our pre-existing AHA assay with a
false positive result (data not shown). This can be explained by
binding of serum antibodies by IdeS and their subsequent rec-
ognition by the anti-Fc detection antibody. Therefore, we
ensured that F(ab’), molecules used in the assay did not contain
IdeS from the preceding proteolysis reaction. The removal of
IdeS in the purified F(ab’), proteins was confirmed by SDS-
PAGE followed by Coomassie staining and anti-IdeS immuno-
blot (Fig. 4A).

The purified P1 and P2 F(ab’), variants were then tested for
their recognition by pre-existing AHA (Fig. 4B). While there
was reduced signal compared to the wild-type, none of the anti-
bodies with C-terminal modifications eliminated the reactivity
with pre-existing antibodies in serum. Changes to the P2 posi-
tion had only a modest effect. The G,36A change in the P1 posi-
tion reduced the signal to levels comparable to a Fab. Thus, it is
not possible to design a lower hinge with an amino acid variant
that retains cleavage by IdeS and concurrently eliminates the
pre-existing antibody response toward the F(ab’),.

Deletion in the lower hinge prevents recognition by pre-
existing AHA while retaining IdeS cleavage

We employed a subsequent strategy to remove the epitope of the
AHA by truncating the lower hinge instead. Leaving the P1 and P2
residues unchanged for their significance in cleavage efficiency, we
started with a single and double residue deletion of the P3, P4, and
P5 sites of IdeS to identify residues with a minimal effect in cleavage
efficiency. Significantly poor cleavage efficiency was observed with
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Figure 4. P1 and P2 variants do not remove recognition by pre-existing AHA. (A) IdeS is efficiently removed during purification and cannot be detected in the purified
F(ab’), variants by SDS-PAGE followed by Coomassie staining (upper panel) or immunoblot analysis with anti-ldeS antibodies (lower panel). (B) Pooled human serum was
incubated with human IgG1 Fab with T,,5 C-terminus and F(ab’), generated by IdeS cleavage of antibodies with variants in P1 and P2 positions. The pre-existing AHA
binding was detected by ELISA. The hinge variants reduce reactivity to levels comparable to Fab, but do not eliminate reactivity completely.

deletion of the P3 position (Fig. 5A), thus this position was not con-
sidered for further studies. Antibodies with deletion of P4, P5,and a
combination of both (AP45) were tested for binding to AHA
(Fig. 5B). For these variants, a lower signal was observed compared
to the wild-type hinge sequence. To further reduce the hinge recog-
nition by pre-existing AHA, we extended the deletion to include
the P6 and P7 residues. While the deletion of P4 through P7 sites
(AP4567) resulted in modestly reduced cleavage efficiency, the
deletion of P4 through P6 sites (AP456) had a cleavage efficiency
comparable to wild-type at IdeS:IgG ratio of 1:200 (Fig. 5C). Both F
(ab’), variants did not result in binding of pre-existing AHA
(Fig. 5D). To ensure high cleavage specificity of IdeS is maintained,
we analyzed the IdeS cleaved F(ab’), by ESI-TOF mass spectrome-
try. Only a single mass corresponding to the expected cleavage site
after G,36 '/ was observed for the F(ab'), from the wild-type as well
as the AP456 variant F(ab’), (Fig. 5E).

The observed AHA binding signal of the AP456 variant
F(ab’), is comparable to the 2 Fab C-terminal variants, Fab
D,yiand Fab T,ysL (Fig. 6). The 5-fold higher AHA seen with
F(ab’), compared to the Fab T,,sL (Fig. 6) could be explained
by the potential bivalent binding of AHA to the F(ab’), and
raises an even greater significance to avoid pre-existing AHA
with F(ab’), molecules. To exclude the possibility that the
reduced AHA reactivity seen in F(ab’), AP456 and Fab T,,sL
was due to reduced coating efficiency, an antigen capture for-
mat was used to detect AHA. The OD readings (n = 4) were

2.2 £ 0.1, 0.34 £ 0.03, 1.3 = 0.1, 0.36 £ 0.02 and 0.32 &£ 0.01
on antigen-coated wells receiving F(ab’),, F(ab’), AP456, Fab,
Fab Ty,sL and buffer at 1:30 serum dilution, respectively. Thus,
the results confirmed that F(ab’), AP456 and Fab T,,s;L had
reduced AHA reactivity compared to the corresponding wild
type molecules. With the AP456 variant, we now provide a
solution to avoid pre-existing AHA response toward the lower
hinge of F(ab’), while maintaining the possibility to produce
the F(ab’), antibody fragment by the well-established route of
proteolytic digestion.

F(ab’), AP456 has greatly reduced AHA mediated FcyRllla
and C1q binding

It has been previously described that purified AHA antibodies
can act as surrogate Fc and restore antibody-dependent
cell-mediated cytotoxicity (ADCC) or complement-dependent
cytotoxicity (CDC) function that was lost by IdeS generated
F(ab'),.>>** To study if the reduced binding of AHA by our
engineered F(ab’), variants is further reflected by reduced
recruitment of Fcy receptors and Clq, we employed a bridging
experiment. IdeS generated F(ab’), was absorbed to the plate.
After incubation with human serum to pre-bind AHA, binding
of purified FcyRIIIa and C1q was analyzed.

As expected, we observed significant binding of FcyRIlla
and Clq for F(ab’), while little signal was detected for our
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to wild-type (WT). (B) Deletion of the P4 and P5 positions is not sufficient to avoid binding of pre-existing AHA. (C) IdeS cleavage of antibodies with deletions of the IdeS
P4 through P6 (AP456) and P4 through P7 (AP4567) sites. While cleavage efficiency of the AP4567 variant is slightly reduced compared to the wild-type lower hinge
sequence (WT), AP456 displays cleavage efficiency comparable to the wild-type at IdeS:IgG ratio of 1:200. (D) Pooled human serum was incubated with F(ab’), produced
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the AP456 hinge variant with high specificity. After digestion of wild-type (WT) and AP456 hinge IgG, reduced F(ab’), was analyzed by mass spectrometry. Only a single
heavy chain species corresponding to the expected molecular mass was observed.
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Figure 6. F(ab), has stronger AHA binding than IgG1 Fab T,s in the AHA ELISA.
Titration curves of F(ab’), and Fab variants in the AHA ELISA. F(ab’);has 5-fold
higher AHA reactivity than Fab T,,s. The dilutions corresponding to the OD (1.15)
at the middle of the F(ab’), titration curves were 70 and 14 for F(ab’), and Fab,
respectively. F(ab’),, F(ab’), AP456, Fab Ty,s, Fab T,,sL and Fab D,,; were coated
on the wells. Serial dilutions of pooled human serum were added to the wells and
control wells were uncoated. Similar results were obtained in 4 other experiments.
The data shown here and in Fig. 1B and Fig. 5D were collected from the same
experiment.

AP456 F(ab’), variant, indicating that our engineering signifi-
cantly reduced the risk of ADCC/CDC activation. The OD
readings (n = 3) were 0.45 % 0.05, 0.10 £ 0.02 and 0.09 +£ 0.02
for FcyRIIIa binding and 0.98 & 0.09, 0.158 % 0.004 and 0.107
£ 0.009 for Clq binding on F(ab’),, AP456 variant, and
uncoated wells at 1:10 diluted serum, respectively. Further
experiments are necessary to demonstrate ADCC/CDC func-
tion in cell-based assays or in vivo.

Discussion

Antibody fragments such as Fab and F(ab’), are attractive
therapeutic formats when a short systemic half-life and an
effector-silent molecule are concurrently desired. These frag-
ments are also natural products of proteases associated with
invasive diseases such as tumor cells and bacteria and are
generated in an effort to evade immune surveillance. As a
consequence, the C-terminal neoepitopes of Fab and F(ab’),
are recognized by the immune system and result in AHA
that can provide surrogate Fc.

In this study, we dissected the reactivity of pre-existing AHA
toward the individual C-terminal residues spanning the upper
hinge region of human IgG1, IgG2 and IgG4 isotypes. While it has
been previously reported that pre-existing AHA toward neoepi-
topes in the lower hinge of IdeS-cleaved human IgG2 antibodies do
not exist in serum of healthy human donors,” reactivity toward
the upper hinge of human isotypes was incompletely investigated
so far. In our study, we could not detect pre-existing AHA in serum
of healthy human donors toward the upper hinge of IgG2 and IgG4
isotypes. This may suggest that these isotypes are not the target of
proteases of invasive diseases and may be explained by the effector-
attenuated nature of these isotypes and the fact that removing the
Fc region of these isotypes does not provide an advantage for
tumors and bacteria. In contrast, IgG1 isotype seems to be the
prime target for these proteases. Indeed, several proteases have
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been described to cleave in the upper hinge of human IgG1, includ-
ing plasmin, human neutrophil elastase and LysC. Our study shows
that pre-existing AHA exist toward all known cleavage sites of the
upper hinge of human IgGl. The absence of AHA toward D,;,
may be a reflection of the inability of human proteases to cleave
after this residue or the inability to raise antibodies toward this neo-
epitope. The highest reactivity was observed toward the C-terminal
T,2; Fab. Intriguingly, this C-terminus coincides with the cleavage
point of human neutrophil elastase, a protease that is secreted by
neutrophils and macrophages during inflammation to destroy bac-
teria and host tissue.”®

Pre-existing AHA can rapidly recruit effector-function to
a molecule that is designed to be effector-less. Using a Fab
of IgG2 or IgG4 isotype can provide one strategy to supply
a molecule without pre-existing antibody response. Alterna-
tively, introducing a non-germline residue at the heavy
chain C-terminus, such as the T,,sL variant or truncating
the upper hinge to D,,, is a strategy for the IgGl isotype.
While the T,,sL mutation eliminates the response toward
pre-existing AHA, it implies that it can potentially elicit an
immune response as well. This is further supported by a
recent study with a domain antibody targeting tumor necro-
sis factor receptor 1.>” The addition of a C-terminal alanine
was sufficient to reduce binding of pre-existing human anti-
Vg antibodies during screening in vitro; however, one sub-
ject was found to develop high levels of antibodies specific
toward the modified C-terminus in a Phase 1 clinical trial.
In addition, potential exopeptidase activity on a longer tail
can eventually result in additional neoepitopes that can be
recognized by other pre-existing AHA. Removing the
unstructured upper hinge altogether as with the Fab-D,;
further minimizes the risk of such secondary responses.

Our findings can also have implications on the design of
studies in cynomolgus monkeys. While the lower hinge region
is highly conserved between cynomolgus and human IgG, con-
siderable differences exist in the upper hinge region ** that will
prevent cross-species reactivity. This may have an effect on tox-
icological studies in cynomolgus monkeys as liabilities from
pre-existing AHA toward a human Fab cannot be addressed by
these studies.

Beyond the therapeutic use, the Fab-D,,; can also be consid-
ered for the recombinant expression of Fab for crystallographic
studies since the unstructured nature of the upper hinge is
commonly unresolved in crystal structures. Our experiments
demonstrate that equal stability and expression can be achieved
with a Fab-D,;, construct. Eliminating unstructured areas may
further improve crystallization outcomes.

Currently, the most efficient route to generate F
(ab’), molecules is by proteolytic digest and proteases with high-
specificity such as IdeS are preferred. As discussed earlier, pre-
existing AHA also exist toward the lower hinge of F
(ab’), molecules. The AHA titer toward IdeS-cleaved antibody is
higher compared to a Fab. This may be due to the bivalent nature
of the F(ab’), that provides an avidity-based binding component
in the assay or a natural higher abundance of F(al/'), that leads to
increased titers. We employed several strategies to remove the
AHA reactivity while maintaining cleavage efficiency by IdeS.

Since the C-terminal residue has an important role in epi-
tope recognition,* we first carried out a strategy to change the
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C-terminal residue of the F(ab’), to remove binding activity of
AHA. However, this was not possible due to the strict require-
ment of glycine in the Pl-position for efficient cleavage by
IdeS. Our selected set of mutations in the P2-site had only
modest effect on AHA binding, further confirming the impor-
tance of the C-terminal residue for reactivity with AHA. The
coinciding differences in AHA binding with the IdeS cleavage
efficiency of the P1 and P2 variants perhaps explain the reason
why the IgG2 isotype with valine at the P2 position and alanine
at the P1 position is less susceptible to AHA response. The
requirement for glycine in position P1 for efficient cleavage is
accompanied by the high conservation of this residue within
different isotypes and across species.

By deleting 3 residues in the lower hinge (AP456), we are
able to maintain the cleavage efficiency of IdeS while removing
pre-existing AHA recognition. It demonstrates that positions
upstream of the P3 site have minor relevance for efficient cleav-
age. In addition to removing the reactivity toward pre-existing
AHA, we speculate that truncating the lower hinge may
dampen an immune response toward this epitope. Based on
structural studies, an AHA binds the lower hinge in an
extended conformation and the 5 C-terminal residues interact
with the antibody complementarity-determining regions.”” By
removing 3 residues from the lower hinge, only 4 residues
remain after IdeS cleavage. This short sequence may not be suf-
ficient for a robust immune response and reduce the likelihood
of developing de novo antibodies toward the engineered hinge.

Pre-existing autoantibodies have also been demonstrated to
decrease effector-function * in vitro and can also confound
immunogenicity assays during drug development. While the
majority of anti-therapeutic antibodies toward a humanized
antibody are targeting the idiotype, rheumatoid factor, a low-
affinity antibody toward the Fc region has been described as
well. One way to eliminate artifacts by rheumatoid factor in the
immunogenicity assay is to use an antibody fragment devoid of
the Fc region. However, it is important to use fragments that
are not recognized by other pre-existing antibodies. With our
study, we now provide multiple Fab formats and a F(ab’), for-
mat that can fulfill these criteria.

In summary, by choosing the right antibody fragment, it is
possible to evade recognition by pre-existing AHA. For Fab
molecules, several options exist: 1) use of an IgG2 or IgG4 iso-
type, 2) mutation of the C-terminal residue (T,,sL), or 3) ter-
mination of the Fab with residue D,,;. Options are more
limited for F(ab’), molecules due to the need for proteolytic
digestion; however, we were able to identify a deletion in the
lower hinge of IgG1 that maintains high cleavage efficiency and
specificity, but removes reactivity with pre-existing AHA. We
believe that using these formats in the future will enable further
minimization of safety concerns with antibody fragments in a
therapeutic setting and remove interference in assay deve-
lopment.

Materials and methods
Plasmid construction and antibody expression

Antibodies were cloned by standard molecular biology techni-
ques into E. coli expression vectors '®?' or mammalian

expression vectors > as previously described. E. coli expression
was carried out as described in Simmons et al.’' IgG and Fab
were expressed in 30 mL transient transfection cultures of
CHO ** or HEK293T ** cells as previously described.

Cloning, expression, and purification of IdeS

IdeS was expressed as N-terminal glutathione S-transferase
(GST) fusion protein. The mature sequence of IdeS from
Streptococcus pyogenes MGAS1882 (Uniprot ID H8HDRO)
was codon optimized for E. coli expression, synthesized by
GeneArt™, and cloned by standard molecular biology tech-
niques into an E. coli expression vector.”' IdeS was expressed
using conditions described in Simmons et al.’! and purified
using a glutathione sepharose column. Eluate fractions in
50 mM Tris-HC, pH 8.0, 20 mM glutathione from glutathi-
one sepharose column were concentrated and loaded onto a
S200 column and eluted with 200 mM K,HPO,, pH 6.2,
250 mM KCL

Antibody and Fab purification

After expression, the cells were pelleted by gravity. The
supernatants were transferred to a 50 ml Falcon tube
(Corning, Corning, NY, USA). Four hundred ul of 50%
MabSelect Sure protein affinity slurry or Gamma Bind Plus
slurry (GE Healthcare, Pittsburgh, PA, USA) was added to
the supernatants for IgG and Fab purification, respectively.
The mixture was incubated overnight at room temperature
on an Innova 2000 platform shaker (New Brunswick Scien-
tific, Enfield, CT, USA). Supernatants were removed and
the resin transferred to a 96-well 2 ml filter plate with a
25 pum size membrane (Thompson Instrument, Oceanside,
CA, USA). The resin was washed 3 times with 1 ml of 1x
phosphate-buffered saline (PBS) pH 7.4 by centrifugation at
1,120 x g for 5 minutes using a Sorvall HT6 Centrifuge
(Thermo Scientific, Waltham, MA, USA). For Fab purifica-
tion, the resin was further washed with 0.2x PBS pH 5.0
before elution. The IgG was eluted using 50 mM phospho-
ric acid pH 2.9 and the eluate neutralized with 20x PBS pH
11.0 by centrifugation at 1,000 x g for 5 minutes. The Fabs
were eluted using 10 mM sodium citrate pH 2.9 and neu-
tralized with 0.3 M Tris pH 9.0. The eluted IgG and Fab
was filtered through 0.2 um 96-well filter plate (Orochem,
Naperville, IL, USA) by centrifugation at 1,000 x g for 5
minutes using an Sorvall HT6 Centrifuge (Thermo Scien-
tific, Waltham, MA, USA).

IdeS digestion of IgG hinge variants

IgG at 1 mg/ml was incubated with stated IdeS:IgG ratio (w/w)
at 37°C for 24 hours. For scaled-up digestion to generate highly
pure F(ab’), material for AHA assays, up to 1:10 IdeS:IgG ratio
was used to drive complete digestion.

F(ab'), purification after IgG cleavage by IdeS

The IdeS cleaved sample was diluted with 25 mM sodium ace-
tate, pH 4.4 (Buffer A) and loaded onto a 1 mL SP Sepharose



High Performance strong cation exchange column (GE Health-
care, Pittsburgh, PA, USA) at 150 cm/hr (0.7 cm diameter,
10 cm bed height) equilibrated in Buffer A. The column was
washed to baseline with Buffer A and F(ab’), eluted with a lin-
ear salt gradient from 0 to 0.5 M NaCl over 30 column volumes.
The eluate was neutralized by addition of 3 M Tris pH 9.0 to
adjust the pH to 7.0 and filtered through 0.22 um Steriflip
(EMD Millipore, Billerica, MA, USA). The SP eluted F(ab’),
was further purified on a MonoS 5/50 GL strong cation
exchange column (GE Healthcare, Pittsburgh, PA, USA) after
diluting with Buffer A to lower the conductivity <5 mS/cm.
The column was washed to baseline (<0 .05mAU) with Buffer
A and the F(ab’), eluted using a salt gradient from 0 to 0.6 M
NaCl over 40 column volumes. The eluted F(ab’), solution was
neutralized with 3 M Tris pH 9.0 to adjust the pH to 7.0 and
filtered through 0.22 um steriflip (EMD Millipore, Billerica,
MA, USA).

Mass spectrometry of Fab and F(ab’),

Mass spectrometric data was acquired using an Agilent 6224
TOF LC-MS system (Agilent Technology, Santa Clara, CA,
USA). F(ab’), was reduced with 100 mM dithiothreitol at 37°C
for 20 minutes. The polypeptide chains were separated with a
PLRP-S reversed phase column (Agilent Technology, Santa
Clara, CA, USA). Intact masses of the reduced light and heavy
chains were obtained by Maximum Entropy Deconvolution
using MassHunter software (Qualitative Analysis B.03.01).

Analysis of protein by capillary electrophoresis

All samples were prepared by mixing 5 ul of sample volume
with 7 ul of HT Protein Express Sample buffer and incubated
for 5 minutes at 70°C. 32 ul of water was added to the samples
and centrifuged at 1,000 x g for 5 minutes. The chip was pre-
pared according to manufacturer’s instructions provided in the
LabChip GXII User Guide and samples were analyzed on a Cal-
iper GX II microfluidic system (PerkinElmer Biotechnology,
Waltham, MA, USA). Samples were analyzed on a Caliper GX
IT microfluidic system (PerkinElmer Biotechnology, Waltham,
MA, USA). All reagents were obtained from PerkinElmer
Biotechnology.

Pre-existing AHA enzyme-linked immunosorbent assay
(ELISA)

MaxiSorp plates (384-well, Nunc, Thermo Fisher Scientific,
Rochester, NY, USA) were coated with 1 pug/ml F(ab’),or
Fab in 50 mM carbonate, pH 9.6 at 4°C overnight. Plates
were washed with 0.05% polysorbate 20 in PBS, pH 7.4 and
then blocked with 0.5% BSA, 15 ppm proclin in PBS, pH
7.4. Pooled human serum from 25 female and 25 male indi-
viduals (Bioreclamation, Westbury, NY, USA; catalog #
HMSRM, lot # BRH806182) were serially diluted in assay
buffer (0.5% BSA, 0.05% polysorbate 20, 15 ppm proclin, in
PBS, pH 7.4) and added to the plates. After a 2 hour incu-
bation, bound pre-existing AHA was detected using horse-
radish peroxidase (HRP) conjugated goat anti-F(ab’), anti-
human IgG Fc (Jackson ImmunoResearch, West Grove, PA)
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in assay buffer, followed by 3,3',5,5'-tetramethyl benzidine
(TMB, Moss Inc., Pasadena, MD, USA) as the substrate.
The reaction was stopped with 1 M phosphoric acid and
absorbance was read at 450 nm. The absorbance readings at
1:30 dilution were used for the figures to allow presentation
of all samples. Comparable results were observed at a 1:10
serum dilution. To calculate the relative AHA response, the
titration curve of F(ab’), was fitted with a 4 parameter
curve fitting program (KaleidaGraph, Synerg Software,
Reading, PA). MidOD (the average OD of the top and bot-
tom OD readings) of the F(ab’), titration curve was deter-
mined. The dilutions of Fab DKTHT and F(ab'),
corresponding to this midOD were calculated and used to
calculate the relative AHA reactivity.

To assess binding of AHA to FcyRIIla, human serum
was added to F(ab’),-coated wells and incubated for 2 hours
as described above. After the plates were washed, soluble
FcyRIIIa(V158)-His-GST (consisting of the extracellular
domain fused with Gly-His6-glutathione-S-transferase at the
carboxy-terminus) was added at 0.5 pg/ml. Bound FcyRIlIla
(V158)-His-GST was detected using HRP-conjugated mouse
anti-His antibody (Penta-His, Qiagen, Germantown, MD)
followed by TMB as the substrate. To assess binding of
AHA to human Clq, human serum was added to F(ab’),-
coated wells and incubated for 2 hours as described above.
After the plates were washed, purified human Clq (Quidel,
San Diego, CA) was added. Bound Clq was detected with
goat anti-Clq antibody (Nordic Immunological Laborato-
ries, Tilburg, The Netherlands) followed by rabbit anti-goat
IgG-HRP (Jackson ImmunoResearch, West Grove, PA) and
TMB as the substrate.

SDS-PAGE and immunoblots

For SDS-PAGE, 5 uug of purified F(ab’), variants and GST-IdeS
were mixed with SDS-sample buffer, heated for 5 minutes at
95°C and spun for 1 minute at 16,000 relative centrifugal force.
The samples were loaded onto a NuPAGE 4 -12% BisTris/MES
gels (Invitrogen). For immunoblotting, 5 ng of protein samples
were used for SDS-PAGE. Gels were transferred by iBlot (Invi-
trogen) onto nitrocellulose membranes, immunoblotted with
anti-IdeS (Genovis, USA; catalog #A3-AF1-010, lot # A3AF1-
7C17H) as primary antibody and IRDye800CW conjugated
donkey anti-goat antibody (Li-COR, USA; catalog # 926-32214,
lot # B80821-03) as the secondary antibody, and imaged with a
LI-COR Odyssey Imager (Li-COR, USA). Odyssey Two-color
protein molecular weight marker (LI-COR, USA) was used for
immunoblots and pre-stained SeeBluePlus2 (Invitrogen, USA)
was used for Coomassie stained gels.
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