mAbs

ISSN: 1942-0862 (Print) 1942-0870 (Online) Journal homepage: http://www.tandfonline.com/loi/kmab20

Taylor & Francis

Taylor & Francis Group

The effect of pH dependence of antibody-antigen
interactions on subcellular trafficking dynamics

Siva Charan Devanaboyina, Sandra M Lynch, Raimund J Ober, Sripad Ram,
Dongyoung Kim, Alberto Puig-Canto, Shannon Breen, Srinath Kasturirangan,
Susan Fowler, Li Peng, Haihong Zhong, Lutz Jermutus, Herren Wu, Carl
Webster, E Sally Ward & Changshou Gao

To cite this article: Siva Charan Devanaboyina, Sandra M Lynch, Raimund J Ober, Sripad Ram,
Dongyoung Kim, Alberto Puig-Canto, Shannon Breen, Srinath Kasturirangan, Susan Fowler, Li
Peng, Haihong Zhong, Lutz Jermutus, Herren Wu, Carl Webster, E Sally Ward & Changshou Gao
(2013) The effect of pH dependence of antibody-antigen interactions on subcellular trafficking
dynamics, mAbs, 5:6, 851-859, DOI: 10.4161/mabs.26389

To link to this article: https://doi.org/10.4161/mabs.26389

. o A,
a Copyrlght © 2013 Landes Bioscience h View Supp|ementary material =
@ Published online: 05 Sep 2013. Submit your article to this journal &'
il Article views: 2230 @ Citing articles: 17 View citing articles (&

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=kmab20


http://www.tandfonline.com/action/journalInformation?journalCode=kmab20
http://www.tandfonline.com/loi/kmab20
http://www.tandfonline.com/action/showCitFormats?doi=10.4161/mabs.26389
https://doi.org/10.4161/mabs.26389
http://www.tandfonline.com/doi/suppl/10.4161/mabs.26389
http://www.tandfonline.com/doi/suppl/10.4161/mabs.26389
http://www.tandfonline.com/action/authorSubmission?journalCode=kmab20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=kmab20&show=instructions
http://www.tandfonline.com/doi/citedby/10.4161/mabs.26389#tabModule
http://www.tandfonline.com/doi/citedby/10.4161/mabs.26389#tabModule

mAbs 5:6, 851-859; November/December 2013; © 2013 Landes Bioscience

REPORT
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A drawback of targeting soluble antigens such as cytokines or toxins with long-lived antibodies is that such antibodies
can prolong the half-life of the target antigen by a “buffering” effect. This has motivated the design of antibodies that
bind to target with higher affinity at near neutral pH relative to acidic endosomal pH (~pH 6.0). Such antibodies are
expected to release antigen within endosomes following uptake into cells, whereas antibody will be recycled and
exocytosed in FcRn-expressing cells. To understand how the pH dependence of antibody-antigen interactions affects
intracellular trafficking, we generated three antibodies that bind IL-6 with different pH dependencies in the range pH
6.0-7.4. The behavior of antigen in the presence of these antibodies has been characterized using a combination of fixed
and live cell fluorescence microscopy. As the affinity of the antibody:IL-6 interaction at pH 6.0 decreases, an increasing
amount of antigen dissociates from FcRn-bound antibody in early and late endosomes, and then enters lysosomes.
Segregation of antibody and FcRn from endosomes in tubulovesicular transport carriers (TCs) into the recycling pathway
can also be observed in live cells, and the extent of IL-6 association with TCs correlates with increasing affinity of the
antibody:IL-6 interaction at acidic pH. These analyses result in an understanding, in spatiotemporal terms, of the effect
of pH dependence of antibody-antigen interactions on subcellular trafficking and inform the design of antibodies with

optimized binding properties for antigen elimination.

Introduction

Developments in antibody engineering have led to a rapid
expansion in the use of antibodies in the clinic.! Antibodies with
high affinity and specificity for an almost unlimited number of
targets can be isolated using different display technologies.*
More recently, considerable effort has been directed toward
producing next generation antibodies that are improved over
their parent molecules in one or more respects. For example,
Fc engineering can be used to enhance ADCC>® or increase
in vivo persistence”™ by modifying binding to FcyRs or FcRn,
respectively. The next-generation antibody category can also be
extended to encompass the modification of V regions with the
goal of altering antigen interactions.'*!?

Antibodies can be used to target both membrane receptors
and soluble molecules such as inflammatory cytokines;'
however, a concern with the targeting of soluble molecules is
that the binding of antibody to antigen can prolong the in vivo
persistence of the antigen.’>"” This “antibody buffering” effect

is due to the recycling or transcytosis of the antibody-antigen
complexes by FcRn through the endosomal pathway in cells.’'%-
2 Consequently, there is interest in developing antibodies that
can both neutralize their soluble target in the extracellular
environment and release bound antigen into a degradative
pathway following uptake into cells.''%%

Interleukin-6 (IL-6) is a secreted 26-kDa pleiotropic, pro-
inflammatory cytokine produced by multiple cell types.?* IL-6
acts on different target cells by forming a tight complex (K
~1 nM) with either soluble or membrane-bound IL-6 receptor
(IL-6R). In addition to being involved in numerous autoimmune
and chronic inflammatory diseases, this cytokine is associated
with the development and progression of lymphoid malignancies
(e.g., multiple myeloma amd lymphoma) and prostate, ovarian,
and renal cell carcinomas. These disorders are frequently

6 23,24
>

accompanied by a dramatic elevation of IL- motivating the

development of effective therapeutic antibodies for the blockade
of IL-6 or IL-6R.% Although the delivery of anti-IL-6R antibodies
such as tocilizumab is a potential route for blocking the effect of
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Table 1. Equilibrium dissociation constants of the interactions between
IL-6 and anti-IL-6 antibodies or single chain Fv (scFv) at pH 6.0 and 7.4

Antibody or scFv Dissociation Constant
(K, nM)’
pH7.4 pH 6.0
scFv 0218 234 64.7
19G 0218 17.9 39.5
19G VH4 36.4 N.D?
1gG 0222 15.2 17.6

'K,s were determined with antibodies or scFv immobilized on sensor
chips and IL-6 as analyte. 2N.D: Not determined, since affinity of the
interaction is too low to estimate dissociation constant.

IL-6, the use of antibodies of this class has resulted in adverse
side effects.?® Thus, substantial efforts have been directed toward
developing therapeutic antibodies against IL-6.27%

Despite displaying clinical efficacy by reducing tumor size
and neutralizing acute phase responses, anti-IL-6 antibodies
can result in increased levels of IL-6 through antibody-mediated
extension of half-life.>*? In addition, antibody buffering
effects can promote the transport of IL-6 from local sites of
inflammation to the circulation and an autocrine-induced

1314163034 - Consequently, high molar

increase in IL-6 levels.
excesses of anti-IL-6 antibodies are necessary to achieve clinical
efficacy.®® An alternative approach is to use combinations of
antibodies to generate immune complexes with IL-6 that are
cleared rapidly, but this complicates both production and clinical
trial design. These disadvantages motivate the design of a novel
class of antibodies that bind to antigens such as cytokines in
the extracellular environment while releasing target into acidic
(-pH 6.0), endosomal compartments following entry into
cells."? The use of such antibodies is predicted to result in
the dissociation of antigen and delivery to lysosomes, whereas
antibody will be recycled by FcRn for re-use. Antibodies of this
class are expected to have superior properties in terms of antigen
neutralization and clearance relative to their counterparts that
bind in a pH-independent mode."'? To date, however, how the
pH dependence of an antibody-antigen interaction affects the
intracellular trafficking of antigen is unexplored, and the current
study seeks to address this need for data. An understanding of the
timing and extent of dissociation of antigen within cells, and how
this is affected by changes in pH dependence, would inform the
engineering of pH-dependent antibodies for improved efficacy.
Further, in vitro cell assays could provide a valuable and highly
sensitive system prior to pharmacokinetic analyses.

In the study presented here, phage display was combined
with histidine scanning to generate anti-IL-6 neutralizing
antibodies with a range of pH dependencies for binding to
11123536 The dynamics of the intracellular trafficking of
these antibodies and antigen (IL-6) were investigated using live

antigen.

cell imaging in FcRn-expressing cells. Our analyses show that
as the pH dependence for IL-6 binding increases, the recycling
of IL-6 mediated by antibodies is reduced concomitant with an
increase in dissociation in the compartments that recycle IgG,
namely endosomes and late endosomes. This in vitro system gives
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valuable insight into the behavior of pH-dependent antibodies
and their target antigens within cells, and provides a useful
model for predicting in vivo behavior.

Results

Isolation and characterization of anti-IL-6 antibodies with
different binding properties. The goal of this study was to
generate and characterize, at the level of intracellular trafficking,
anti-1L-6 neutralizing antibodies with different pH dependencies
for antigen binding. We therefore first used phage display to
isolate a panel of single-chain variable fragments (scFvs) specific
for IL-6. These scFvs were analyzed for binding to IL-6 at pH
6.0 and 7.4 using surface plasmon resonance. One scFv (0218)
had an approximately 3-fold lower affinity for binding to IL-6
at pH 6.0 relative to pH 7.4 (Table 1). To further increase the
pH dependence of 0218, the CDR3 residues of both VH and
VL domain genes were systematically replaced with histidines
and the resulting antibodies expressed as full-length, human
IgGl molecules (Fig. S1). One mutated antibody, VH4, that
had negligible binding to IL-6 at pH 6.0, and a slightly reduced
affinity (relative to 0218) at pH 7.4 was identified (Table 1; Fig.
§2). This mutant has an aspartic acid to histidine substitution at
the fourth residue of the heavy chain CDR3 (Fig. S3). Of a total
of 22 histidine mutants (Fig. S1), two heavy chain mutants (VH3
and VH6) and four light chain mutants (VL1, VL4, VL5, and
VL) retained binding to IL-6 at neutral pH but did not display
increased pH dependence in binding to IL-6. The remainder of
the heavy chain mutants and three light chain mutants (VL3,
VL7, and VL8) had substantially decreased binding affinities
for IL-6 at neutral pH and therefore were not analyzed further.
Although VHI14, VL2, and VL6 exhibited increased pH
dependence relative to their parent wild type antibody (0218),
their binding affinities for IL-6 at neutral pH were lower than
that of VH4. VH4 was therefore chosen for subsequent analyses.
In addition, 0222 is an IL-6 antibody with similar binding
properties for IL-6 at pH 7.4 relative to 0218, but the affinity
does not change in the pH range 6.0-7.4 (Fig. S2; Table 1). This
antibody was used for comparisons with 0218 and VH4. The
sequences of the VH and VL domain genes of the antibodies
(0218, 0222, and VH4) used in this study are presented in the
SI (Fig. S3). Further, these three antibodies partially neutralize
binding of IL-6 to the IL-6 receptor (data not shown).

Reduced binding affinity at acidic pH results in increased
dissociation from antibody in endosomal compartments. We
next assessed how the binding properties of the antibodies for
IL-6 affect the intracellular trafficking behavior of antigen in
cells that express the Fc receptor, FcRn. Human endothelial cells
(HMEC-1) were transiently co-transfected with FcRn-GFP and
B,-microglobulin.' Throughout these studies, a mutated form
of human FcRn with analogous binding properties to those
of mouse FcRn was used to allow us to correlate our imaging
data with studies in mice.”” Consistent with our earlier studies,
FcRn-GFP can be detected on the limiting membrane of early
and late endosomes in these cells.”® The relatively large size of
the endosomes (1-2 pwm in diameter) allows a distinction to be
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Figure 1. The pH dependence of antibody:IL-6 interactions affects the endosomal trafficking of IL-6 in FcRn-expressing HMEC-1 cells. (A-C) HMEC-1
cells were co-transfected with FCRn—GFP and 32 m or with (D), LAMP-1-GFP, FcRn-Stop and 32 m. Transfected cells were pulsed with an equimolar
ratio of IL-6 (labeled with Alexa-555) and Atto-647 labeled antibodies 0222 (A) and (D), VH4 (B), and 0218 (C) for 60 m, fixed and imaged. Images of
representative cells are shown with GFP, Atto-647 and Alexa-555 pseudo-colored in green, blue and red, respectively. In each of (A-D), the endosome
in the inset is cropped, expanded and presented as black and white images for the labeled proteins. In addition, the black and white images are shown
as an overlay with the proteins represented by their pseudo-colors. Background-subtracted fluorescence intensities along the dotted lines in the
overlays are shown in the fluorescence intensity plots. The scale bars for the complete cell images and the cropped endosomes represent 4 and

made between IgG and antigen that is colocalized with FcRn
on the limiting membrane of endosomes and antigen and/or
antibody that has dissociated from FcRn into the endosomal
vacuole. Further, FcRn and any bound cargo have been shown in
our earlier studies to recycle from both early (sorting) endosomes
and late endosomes. '3

Transfected cells were pulsed at pH 7.4 with a pre-incubated
equimolar ratio (1:1) of IL-6 and anti-IL-6 antibodies at 37 °C
for one hour to allow uptake of antibody:IL-6 complexes. The
mutated FcRn used in the current studies has a low affinity for
human IgGl at neutral pH, which is also observed for human
IgGl-mouse FcRn interactions and could result in uptake of
antibody:IL-6 complexes by both fluid phase and receptor-
mediated pathways.?’ Pulsed cells were subsequently washed, fixed
and imaged. As expected, the three antibodies, 0218, VH4 and
0222 share the same human IgGl-derived Fc region and remain
associated with FcRn on the limiting membrane of endosomes in
the transfected cells (Fig. 1). Importantly, the behavior of IL-6
was markedly affected by the antigen binding properties of the
antibodies. For cells treated with 0222 in complex with IL-6,
the antigen remains extensively colocalized with antibody and
FcRn on the limiting membrane of the majority (93%, n = 384
endosomes from 100 cells) of endosomal compartments (Fig. 1A).

www.landesbioscience.com
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By contrast, incubation of cells with the highly pH-dependent
antibody, VH4, and IL-6 results in poor colocalization of
antibody and antigen in endosomes, with detectable levels of
IL-6 in the vacuole of 81% (n = 256 endosomes from 104 cells)
of endosomes (Fig. 1B). In the presence of 0218, which has an
approximately 2-fold lower affinity for IL-6 at pH 6.0 relative to
pH 7.4 (Table 1), IL-6 retains association with FcRn/0218 on
the limiting membrane of the majority of endosomes (75%, n =
320 endosomes from 97 cells) (Fig. 1C), demonstrating that the
endosomal colocalization of IL-6 with 0218 is not as extensive as
for 0222.

To exclude the possibility that the accumulation of IL-6 in
the vacuole of endosomes when pulsed in the presence of VH4 is
not due to fluid phase uptake of IL-6, we analyzed the behavior
of IL-6 in the presence of an antibody (VH9) that does not
bind detectably to IL-6 (Fig. S4). In HMEC-1 cells pulsed with
medium containing either IL-6 alone or IL-6 and VH9, FcRn*
endosomes have no detectable IL-6 on the limiting membrane
and very low levels of IL-6 in the endosomal vacuole relative to
cells treated with VH4:IL-6 complexes (Fig. S4). Thus, under
the conditions of these experiments, IL-6 accumulates at higher
levels in cells when in complex with antibody (at pH ~7.4) relative
to unbound IL-6.
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Figure 2. Endosomal sorting of IL-6 into recycling transport carriers (TCs) is affected by the pH dependence of antibody:IL-6 interactions in FcRn-
expressing HMEC-1 cells. HMEC-1 cells were co-transfected with FcRn—-GFP and 32 m. The transfected cells were pulsed with an equimolar ratio of 0222
(A), 0218 (B) or VH4 (C) (labeled with Atto-647) and IL-6 (labeled with Alexa-555) for 60 m, and then washed and imaged live at 37 °C. An image of a
representative cell with GFP, Atto-647 and Alexa-555 pseudo-colored in green, blue and red, respectively is shown for cells treated with antibody:IL-6
complexes. Individual movie frames (from Vid. 1-3) of sorting events involving the cropped endosomes (boxed regions) are presented. The individual
frames show the event of interest (marked by an arrow) at various time points, where the first time point of 0.0 s is arbitrarily set and corresponds to
the first frame of each corresponding supplementary movie. The endosomal sorting event is shown separately in grayscale for the proteins IL-6 (top
row), FcRn (middle row) and 0222, 0218 or VH4 (bottom row) and the region of interest is indicated by arrows at the same position in each frame. For
panel (C), yellow circles indicate the absence of detectable levels of IL-6 in the TC. The scale bars for the complete cell images and the cropped endo-

somes represent 4 and 1 wm, respectively.

We further analyzed the intracellular site of IL-6 dissociation
from 0218 and 0222 by transfecting cells with LAMP-1 tagged
with GFP to distinguish late endosomes (intermediate levels of
LAMP-1-GFP) from early endosomes (LAMP-1-negative) and
lysosomes (higher levels of LAMP-1 relative to late endosomes).*°
Analyses of fixed cells demonstrated that IL-6 dissociates from
0222 or 0218 in a subset of late endosomes (~26% for 0222,
n = 31 endosomes from 24 cells; ~62% for 0218, n = 47
endosomes from 22 cells) (Fig. 1D; Fig. S5A). By contrast,
there is no detectable IL-6 dissociation from 0222 or 0218 in
LAMP-1-negative endosomes, i.c., early or sorting endosomes
(Fig. S5B).

IL-6 is inefficiently sorted into tubulovesicular recycling
compartments by the highly pH-dependent antibody, VH4.
In earlier studies, we used live cell imaging to demonstrate
that FcRn and human IgGl segregate from sorting/early and
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late endosomes in tubulovesicular transport carriers (TCs) that
subsequently exocytose at the plasma membrane.'®#4 A similar
approach was used here to directly assess the frequency with
which IL-6 leaves endosomes in TCs when cells are incubated
with antibody:IL-6 complexes comprising antibodies with
different pH dependencies.

Cells were pulsed with antigen-antibody complexes, washed
and imaged during the chase period at 37 °C. Consistent with
the fixed cell data, for 0222 and 0218, IL-6 is associated with
the antibodies on the limiting membrane of the early endosomes.
TCs that segregate from these endosomes contain FcRn, IgG
and IL-6. Figure 2A and B, and Videos 1 and 2 show typical
“leaving” events that were observed for these two antibodies.
In addition, IL-6 is present in the vacuole of a low percentage
(~5-10% for 0222 and ~20—30% for 0218) of endosomes, which,
based on our fixed cell data, are most likely late endosomes

Volume 5 Issue 6



(Fig. 1D). By marked contrast with the behavior of 0222 and
0218, VH4 and FcRn consistently leave endosomes in TCs
without detectable levels of IL-6 (Fig. 2C; Vid. 3). This is
congruent with our fixed cell data in which the majority of IL-6
remains in the vacuole of the endosomal compartments in the
presence of VH4 (Fig. 1B).

We also analyzed leaving events from endosomes in which
IL-6 was in the endosomal vacuole in the presence of 0222
(Fig. 1D). Based on the data shown in Figure 1D, these
compartments are late endosomes, and we have previously shown
that FcRn can segregate from endosomes into the recycling
pathway at the late endosomal stage.’® Despite the presence of
IL-6 in the vacuole of the (late) endosome, antibody and FcRn
can segregate in TCs in association with IL-6 (Fig. 3; Vid. 4),
indicating partial dissociation of IL-6 from 0222. For cells pulsed
with 0222:1L-6 complexes, a total of 25 events were observed
where IL-6 remains associated with antibody in FcRn* TCs that
leave endosomes. In addition, IL-6 dissociation from 0222 was
observed in four endosomes from which 0222* TCs segregated,
and, consistent with partial dissociation, IL-6 was associated
with 0222 and FcRn for three of these leaving events. For 0218,
a total of 15 events were detected where IL-6 remains associated
with 0218 and leaves endosomes in FcRn* TCs. Further, of six
segregating 0218* TCs from endosomes in which vacuolar IL-6
was observed, two TCs had detectable levels of 1L-6. For VH4,
20 events involving VH4* TCs leaving from endosomes were
analyzed, all of which had detectable levels of FcRn but no IL-6.

We also investigated the destination of IL-6 following
dissociation from VH4 within cells. FcRn-GFP transfected
HMEC-1 cells were prepulse-chased with fluorescently labeled
dextran to label lysosomes.** During the chase phase, cells were
pulsed with VH4:IL-6 complexes and chased for two hours.
Cells were then fixed and imaged. Under these conditions, IL-6
within cells is present in dextran-positive lysosomes (Fig. 4).

Effects of the antibodies on the behavior of IL-6 in mice.
The effects of the three antibodies (0218, 0222 and VH4) on
the pharmacokinetics of IL-6 were analyzed in female CD-1
mice. This analysis demonstrated that 0218 or 0222 significantly
increases the in vivo half-life of IL-6 (Fig. 5). By contrast with
the effects of 0218 and 0222, the half-lives of IL-6 alone and IL-6
in the presence of VH4 are not significantly different.

Proposed binding interaction between IL-6 and antibodies.
ELISA and BIAcore analyses indicate that the antibodies 0218/
VH4 and 0222 bind to the same or overlapping region of IL-6
(Fig. S6). Interaction models of IL-6 with the Fv fragments
of 0218 and VH4 were generated by homology modeling and
docking to provide a molecular explanation for the changes in
binding interactions between IL-6 and 0218 or VH4 at near
neutral and acidic pH. The model with the top-ranking score (Fig.
S7) suggests that helices A and D of IL-6 interact with CDRLI,
L2, H2, and H3 of the 0218 Fv. The replacement of the fourth
residue in the VH domain of CDR3 with histidine to generate
VH4 resulted in binding of an ordered water molecule that
hydrogen bonds with R40 or K171 of IL-6 at pH 7.4. Consistent
with the change in affinity of the VH4:IL-6 interaction as the pH
is lowered, the water-mediated hydrogen bonds are not affected

www.landesbioscience.com
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Figure 3. Partial dissociation of IL-6 in the presence of 0222 can occur
within endosomes in FcRn-expressing HMEC-1 cells. HMEC-1 cells

were co-transfected with FCRn—GFP and 32 m. Transfected cells were
pulsed with an equimolar ratio of 0222 (labeled with Atto-647) and IL-6
(labeled with Alexa-555) for 60 m. Cells were washed and imaged live at
37 °C. (A) An image of a representative cell is shown with GFP, Atto-647
and Alexa-555 pseudo-colored in green, blue and red, respectively. The
endosome in the inset is cropped, expanded and presented as black
and white images for all three proteins (IL-6, FcRn and 0222). In addition,
the black and white images are shown in an overlay with the proteins
represented by their pseudo-colors. Background-subtracted fluores-
cence intensities along the dotted line in the overlay are shown in the
fluorescence intensity plot, and the fluorescence intensity signals of
0222 and IL-6 are multiplied seven times to match the FcRn fluores-
cence intensity. The scale bar for the whole cell image represents 4 wm,
and the scale bar for the cropped endosome represents 0.5 wm. (B)
Individual movie frames (from Vid. 4) of a sorting event (marked by an
arrow) involving the endosome in the inset (A) are shown. The frames
capture the event at time points 0.0 s,0.4 s, 1.0 s, and 1.8 s, where the
first time point of 0.0 s is arbitrarily set and corresponds to the first
frame of Video 4. The sorting event is shown separately in grayscale for
the proteins IL-6 (top row), FcRn (middle row) and 0222 (bottom row),
and the region of interest is indicated by arrows at the same position in
each frame. Scale bar =1 pm.

by changing histidine to aspartic acid (residue in 0218) at pH 7.4,
but are abolished by histidine protonation at pH 6.0.

Discussion
The use of antibodies to target inflammatory cytokines for the
treatment of disease represents an attractive therapeutic strategy,'

but, in some cases, antibodies can prolong the persistence of the
targeted antigen through a buffering effect.’*' This has motivated
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Figure 4. IL-6 enters lysosomes following dissociation in endosomes.
HMEC-1 cells were co-transfected with FCRn—GFP and 32 m. Transfected
cells were pulsed with dextran (labeled with Atto-647) for 90 m and
chased for four hours. During the dextran chase period, the cells were
pulsed with an equimolar ratio of VH4 (unlabeled) and IL-6 (labeled
with Alexa-555) for 60 m and chased for two hours. The cells were then
fixed and imaged. An image of a representative cell is shown with GFP,
Atto-647 and Alexa-555 pseudo-colored in green, blue and red, respec-
tively. The lysosome in the inset is cropped, expanded and presented
as black and white images for IL-6, FcRn and dextran. In addition, the
black and white images are shown as an overlay with the proteins and
dextran represented by their pseudo-colors. Background-subtracted
fluorescence intensities along the dotted line in the overlay are shown
in the fluorescence intensity plot. The scale bars for the complete cell
images and the cropped endosomes represent 4 and 0.5 wm, respec-
tively.

the development of antibodies that bind to targets such as PCSK9
and (soluble) IL-6R in the extracellular environment and sub-
sequently release antigen following entry into acidic, endosomal
compartments in cells (ref. 11 and 12, and this study), therefore
reducing the dose of antibody necessary to reduce serum antigen
levels. Further, in the case of pH-dependent IL-6R-specific anti-
bodies, interaction of antibody with membrane-bound IL-6R at
near neutral pH followed by internalization and release in acidic
endosomes can contribute to antibody recycling and reuse."! Here,
we used fluorescence microscopy, combined with live cell imag-
ing, to analyze the spatiotemporal behavior of antibody-antigen
complexes with different binding properties in cells.

To counteract the effects of antigen half-life extension through
antibody buffering, antibodies that bind to the inflammatory
cytokine IL-6 with different pH dependencies in the pH range
6.0—7.4 were generated.'>'? Using a combination of phage display
and protein engineering, three antibodies were isolated that show
either no change in binding in the range pH 6.0-7.4 (0222),
~2-fold decreased binding at pH 6.0 relative to pH 7.4 (0218)
and essentially negligible binding at pH 6.0 (VH4, derived from
0218). The strategy taken was to identify an antibody (0218) that
showed moderate (-2-fold) reduction in binding at pH 6.0 rela-
tive to pH 7.4 and systematically introduce histidines at each pos-
sible position of the heavy and light chain CDR3s. Using this
approach, an antibody (VH4) in which the fourth residue of heavy
chain CDR3 was substituted by histidine was isolated. VH4 has
a slight reduction in affinity at pH 7.4 with greatly reduced bind-
ing at pH 6.0. Although several other mutants generated by this
histidine scan showed increases in pH-dependent binding to IL-6,
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their affinities for antigen at near neutral pH were greatly reduced.
Nevertheless, in combination with analyses of others, this study
demonstrates that histidine scanning can frequently result in
“pH-dependent” antibodies that retain relatively high affinities at
near neutral pH.'"!?

We have previously shown that FcRn-GFP transfected endo-
thelial cells have a clear distribution of FcRn in early/sorting and
late endosomes of 1-2 pum in diameter." FcRn can segregate from
these compartments in tubulovesicular transport carriers (TCs)
and recycle to the cell surface, together with bound cargo.*' This
cellular system is therefore well-suited for the analysis of the intra-
cellular trafficking of antigens such as IL-6 in the presence of anti-
bodies that bind with different pH dependencies.

Treatment of FcRn-GFP transfected cells with antibody-
antigen complexes containing the three different antibodies
demonstrated a clear increase in antigen levels in the vacuole of
endosomes and late endosomes as the pH dependence for antigen
binding increased. Further, in the presence of VH4, IL-6 accumu-
lates in lysosomes. The segregation of FcRn-IgG complexes from
endosomes in recycling TCs in live cells was also investigated.
For the pH-independent antibody, 0222, IL-6 was almost invari-
ably associated with FcRn and IgG in TCs. By contrast, IL-6 was
never detected in VH4*/FcRn* TCs, whereas it was usually associ-
ated with 0218* FcRn* TCs. In some cases, partial dissociation in
endosomes for both 0222:1L-6 and 0218:IL-6 complexes occurs,
although this was more marked for the pH-dependent antibody
0218. Consequently, whether IL-6 is sorted into recycling TCs or
destined for lysosomal degradation is highly dependent on the pH
sensitivity of the antibody-antigen interaction.

The presence of IL-6 in the vacuole for a significant proportion
of endosomes following treatment of cells with 0218:IL-6, and to
a lesser extent 0222:1L-6, complexes prompted us to analyze the
nature of these endosomes further. Essentially all endosomes with
vacuolar IL-6 in the presence of 0218 or 0222 were late endo-
somes. We have shown previously that FcRn can dissociate from
both early and late endosomes in TCs.!®3® This has relevance to
the design of engineered antibodies because it extends the pH
range to which recycling antibodies are exposed following entry
into cells.

To correlate the subcellular imaging data with in vivo behavior,
the serum persistence of injected IL-6 in association with 0218,
0222 and VH4 was analyzed in mice. Consistent with the intra-
cellular trafficking behavior, the half-lives of IL-6 injected with
0218 or 0222 are longer than that of IL-6 complexed with VH4.
However, although subcellular trafficking analyses indicate that
IL-6 dissociates more frequently from 0218 than 0222 in early/
late endosomes, the half-lives of IL-6 in complex with 0218 or
0222 are not significantly different. This may relate to the sensi-
tivity of the in vivo assay, which is limited by the rapid clearance
of IL-6, and the relatively few data points that can be acquired
from studies of this nature in mice. Thus, we expect that our in
vitro imaging assay will provide a highly sensitive and quantitative
tool to analyze how pH dependence affects antigen behavior.

Our studies also have relevance to the presentation of antigen
by MHC class II molecules when immunogenic molecules such
as toxins are being targeted for antibody-mediated neutralization
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or clearance. Antigen loading onto MHC class II molecules can
occur in both endosomal recycling compartments and late endo-
somes and/or lysosomes, and the site of antigen loading can affect
the conformer of peptide-MHC class II complex that is displayed
at the cell surface.*** In addition, antibody binding to antigen
has been shown in other studies to “protect” epitopes from pre-
sentation by MHC class II proteins.®®*' Antibodies that bind
with pH independence are therefore expected to have two effects
on MHC class II-mediated presentation: first, they will recycle
antigen away from degradative compartments through FcRn-
mediated bridging.** Second, they may protect specific epitopes
from proteolytic processing and presentation.”® By contrast, pH-
dependent antibodies with low affinity at pH ~6.0 will result in
antigen dissociation in early endosomes followed by antigen entry
into late endosomes and/or lysosomes and are not expected to
show any protective effects. Consequently, these differences are
expected to result in variations in the epitopes that are presented,
at both the level of the peptide sequence and the conformer of
peptide-MHC complex that is formed.” Although here we only
consider the targeting of single epitope antigens with monoclonal
antibodies, polyclonal mixes of antibodies that form multimeric
immune complexes are expected to deliver antigens to late endo-
somes and/or lysosomes in antigen presenting cells independently
of their pH dependence for antigen binding.***°

In summary, subcellular trafficking analyses of antigen in the
presence of antibodies with a range of pH dependencies can be used
to inform the dynamic behavior of targeted antigen within cells.
Decreased binding of antibody to antigen at acidic, endosomal
pH results in reduced recycling of antibody/antigen complexes in
tubulovesicular TCs and increased lysosomal trafficking of anti-
gen for degradation, thus decreasing the serum level of targeted
antigen. Further, the combination of highly pH-dependent binders
with halflife extension platforms or antigen-sweeping approaches

could lead to further improvements in therapeutic efficacy.®*"°

Materials and Methods

Selection and production of anti-IL-6 antibodies and binding
analyses. Detailed methods for the isolation of anti-IL-6 scFvs,
their reformatting as complete IgG1 molecules, histidine scan-
ning and binding analyses using surface plasmon resonance (SPR)
are provided in the Supplemental Materials and Methods.

Cells, plasmids and transfections. HMEC-1 cells were
co-transfected with expression plasmids encoding a mutated
variant of FcRn with C-terminally linked GFP and human
2-microglobulin (82 m) using previously described methods.'®
The mutated variant of human FcRn (Leul37Glu combined with
replacement of residues 79-89 of human FcRn with the corre-
sponding sequence of mouse FcRn¥) used for all the imaging
experiments has similar binding properties to those of mouse
FcRn.

Microscopy image acquisition and analysis. Sample prepara-
tion of transfected HMEC-1 cells for fixed and live cell micros-
copy was performed as described previously.'*3*>” Details of the
microscopy configurations, data acquisition and processing are
provided in the Supplemental Materials and Methods.
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Figure 5. Serum persistence in mice of IL-6 injected in complex with
anti-IL-6 antibodies. Female CD-1 mice were injected with human IL-6
pre-incubated with 0222, 0218, or VH4, and uncomplexed human IL-6.
Concentrations of human IL-6 in serum samples taken at the indicated
time points were determined by ELISA, and mean values for each
mouse group are presented. Error bars indicate standard errors. The
symbols * and # indicate statistically significant differences between
IL-6 levels injected in uncomplexed form compared with IL-6 injected in
complex with 0222 and 0218, respectively. Differences between IL-6 and
IL-6 pre-incubated with VH4 were not significant at 30, 60, and 120 min.

Pharmacokinetic analyses. Pharmacokinetic analyses were
performed using 6-8 week old female CD-1 mice obtained from
Harlan Laboratories using methods described in the Supplemental
Materials and Methods.

Molecular modeling and docking. The homology model
structure of the Fv fragment of the 0218 was built using Discovery
Studio 3.1 suite (DS 3.1) (Accelrys). ZDOCK in DS 3.1 was
used to dock IL-6 onto the refined model of the 0218 Fv. Details
of modeling and docking are described in the Supplemental
Materials and Methods.
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