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In order to treat Toll like receptor 4 (TLR4)-mediated diseases, we generated a potent antagonistic antibody directed
against human TLR4, Hu 15C1. This antibody’s potency can be modulated by engaging not only TLR4 but also Fcg
receptors (FcgR), a mechanism that is driven by avidity and not cell signaling. Here, using various formats of the
antibody, we further dissect the relative contributions of the Fv and Fc portions of Hu 15C1, discovering that the
relationship to potency of the different antibody arms is not linear. First, as could be anticipated, we observed that
Hu 15C1 co-engages up to 3 receptors on the same plasma membrane, i.e., 2 TLR4 molecules (via its variable regions)
and either FcgRI or FcgRIIA (via the Fc). The Kd of these interactions are in the nM range (3 nM of the Fv for TLR4 and
47 nM of the Fc for FcgRI). However, unexpectedly, neutralization experiments revealed that, due to the low level of cell
surface TLR4 expression, the avidity afforded by engagement through 2 Fv arms was significantly limited. In contrast,
the antibody’s neutralization capacity increases by 3 logs when able to exploit Fc-FcgR interactions. Taken together,
these results demonstrate an unforeseen level of contribution by FcgRs to an antibody’s effectiveness when targeting a
cell surface protein of relatively low abundance. These findings highlight an exploitable mechanism by which FcgR-
bearing cells may be more powerfully targeted, envisioned to be broadly applicable to other reagents aimed at
neutralizing cell surface targets on cells co-expressing FcgRs.

Introduction

Toll-like receptor 4 (TLR4) is a cell surface protein that
homo-dimerizes upon ligand interaction,1,2 causing cells
involved in inflammation to release various cytokines and chemo-
kines such as tumor necrosis factor, interleukin (IL)-6 and
CCL5.3 TLR4 detects lipopolysaccharide (LPS) from Gram-neg-
ative bacteria, playing a fundamental role in pathogen recogni-
tion. However, TLR4 is also activated by a range of other
pathogen-derived molecules also called pathogen-associated

molecular patterns (PAMPs), as well as endogenously-sourced
damage-associated molecular pattern molecules (DAMPs), which
are proteins produced as a result of cell damage and inflamma-
tory processes.4 Uncontrolled activation of TLR4 induces a sys-
temic release of proinflammatory cytokines that, in an acute
setting, results in sepsis5,6 and more chronically appears to influ-
ence long-term diseases such as type 1 or 2 diabetes and rheuma-
toid arthritis.7,8 Thus, interfering with TLR4 activation
represents a plausible intervention for a plethora of diseases in
which PAMPs and DAMPs underlie disease pathogenesis.
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Monoclonal antibodies (mAbs) constitute a huge propor-
tion of medicines that effectively treat patients with inflam-
matory based diseases. When creating a therapeutic antibody
that inhibits TLR4 signaling, we identified an antibody that
exploits a novel FcgR-binding mechanism.9 The humanized
antibody, Hu 15C1, was engineered to engage both FcgRI
and FcgRII, but not FcgRIII.10 The FcgR engagement
affords increased inhibitory potency and a prolonged duration
of effect on inflammatory cells when blocking TLR4-medi-
ated cell activation. Simultaneous binding of Hu 15C1 to
TLR4 and FcgRs is dependent on receptor clustering within
lipid rafts, which FcgRI does constitutively and TLR4 and
FcgRII do in inflammatory conditions.10 The increased effi-
cacy of the antibody to inhibit TLR4 responses occurs inde-
pendently of FcgR intracellular signaling.10

To further understand the Fc-involved mechanism of action,
we investigated the relative contributions of both the Fv and Fc
regions toward the potency of Hu 15C1. Due to its structure, an
IgG can potentially bind 2 targets via its variable regions and one
FcgR through its Fc portion. To better understand how Hu
15C1 interacts with different receptors at the surface of cells, mul-
tiple antibody formats, including Fab, F(ab)’2, monovalent and
whole IgG, were generated. In addition, to further dissect the
mechanism of action of the mAb, the affinity of the variable
region for TLR4 and the affinity of its Fc portion for FcgRs were
modulated by affinity maturation and by the use of FcgR blocking
reagents. We demonstrate that Hu 15C1 simultaneously interacts
with both TLR4 and FcgR at the cell surface and that the avidity
mediated by this co-engagement dramatically increases the inhibi-
tory potency of this mAb. In addition, we show that an Fv affinity
increase for TLR4 can partially compensate this avidity effect
when FcgRI is not available. However, we also found that upon
FcgRI engagement, Hu 15C1 reaches a saturable level of blocking
potency that cannot be further improved by Fv affinity increase.

Results

A hierarchical influence of Fc-FcgR interactions revealed
when blocking TLR4 signaling with an IgG antibody

Using Hu 15C1, experiments were designed to evaluate
whether a hierarchy of receptor interaction exists for delivering
potency when engaging the various receptor combinations, i.e.,
TLR4, FcgRI, FcgRIIA and FcgRIIB. For this, baseline values
of the TLR4 binding arms, with or without Fc interaction, were
established using full-length IgG or F(ab)’2 fragments of
Hu 15C1, respectively (Fig. 1A). THP1 human monocytic cells
were used to perform dose-response experiments, as they have a
response that is similar to what is observed in human whole
blood when Hu 15C1 blocks the LPS-induced activation of
TLR4.9 The results revealed a 3-log gain in potency of the full
IgG (IC50 D 0.01 nM) versus the F(ab)’2 fragment (IC50 D
6.5 nM). Furthermore, the inclusion of intravenous immunoglo-
bulins (IVIg), which preferentially blocks the FcgRI, in combina-
tion with a blocking anti-FcgRII antibody (IV.3 antibody)
shifted the inhibition profile (IC50 D 3 nM) to a level equivalent

to that of the F(ab)’2 fragments, confirming the role of these
receptors in the mechanism. Addressing hierarchy, when
Hu 15C1 was incubated with IV.3, i.e., blocking FcgRIIA and
FcgRIIB while allowing FcgRI co-engagement to occur, little
shift in potency (IC50 D 0.015 nM) was observed compared to
the whole mAb alone, revealing that FcgRI alone is sufficient to
promote the highest gain of potency. In contrast, when FcgRI
was blocked with IVIg, allowing co-engagement with FcgRIIA
or B, the shift was significant (IC50 D 0.25 nM). However,
despite decreased potency, the antibody is still better than the

Figure 1. Potency of Hu 15C1 at blocking TLR4 is influenced by Fc-FcgR
cis interaction (A) Dose response inhibition of LPS-induced TLR4 activa-
tion in THP1-Xblue cells. The potency of Hu 15C1 alone (black circles),
after adding IVIg (gray squares), after blocking FcgRII (black triangles),
after adding IVIg and blocking FcgRII (black crosses), after adding IVIg
and blocking FcgRIIB (black diamonds), were compared to the potency
of the F(ab)’2 Hu 15C1 (open circles). Results are expressed as mean §
SD of duplicates. An F test was used to compare the fitted curves of dif-
ferent groups. The p values are presented in the supplementary
Table S1. (B) The IC50 of F(ab)’2 Hu 15C1 (black bars) and Hu 15C1 (white
bars) at blocking LPS-induced TLR4 activation in U937 cells plated at
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F(ab)’2 fragment (IC50D 6.5 nM). This result indicated that the
FcgRII also plays a significant role, but only when FcgRI is not
available. This IC50 value was not influenced by the addition of
another reagent, 2B6, (IC50 D 0.25 nM) that specifically
blocked the interaction of FcgRIIB only, demonstrating that this
receptor does not play a role in this system. Taken together, these
results reveal that FcgRs have a hierarchy at potentiating the
inhibitory effects of Hu 15C1.

The co-engagement of Hu 15C1 with TLR4 and FcgRs
occurs on the same cell surface

To determine if Hu 15C1 co-engages TLR4 and FcgRs at the
surface of the same cell (i.e., a cis-interaction) or on 2 different
cells (i.e., a trans-interaction), the potency of Hu 15C1 vs. F(ab)’2
was assessed by monitoring the antibody inhibition of IL-6 secre-
tion induced by TLR4 activation, using differentiated U937 cells
seeded at different densities so that they either remain separate or
are in close contact (Figure 1B). In this assay, an adherent cell
line is required to control cell confluence to assess cis- or trans-
interaction. Therefore, we used the U937 cell line, a human
monocytic cell line which can be easily differentiated into adher-
ent macrophages. As observed with human THP1 monocytes
(Figure 1A), the activity of whole IgG at blocking LPS-induced
TLR4 activation of U937 cells is also dependent on Fc-FcgR
interaction as its potency was higher than that of the F(ab)’2 frag-
ments (Figure 1B). Despite different levels of IL-6 secretion
between the two experimental conditions, we determined that the
IC50 values were similar whether plated at high or low densities
for F(ab)’2 (5.5 nM and 7.5 nM, respectively) versus whole IgG
(0.003 nM and 0.003 nM, respectively).Therefore, the gain of
potency mediated by the Fc-FcgR interaction was independent of
the proximity of adjacent cells suggesting that the gain of potency

induced by Fc-FcR could happen in cis. Trans-interactions could
also occur when cells were seeded at the highest density; however,
they do not provide further gain of potency as compared to condi-
tions where only cis-interactions were measured (i.e. when cell
were seeded at low density). These results demonstrate that the
potency of Hu 15C1 can be increased by the co-engagement in
cis of TLR4 and FcgRI or FcgRIIA.

Co-engagement of the Fc and 2 Fv arms of Hu 15C1 with 3
receptors at the cell surface provides maximal inhibitory capacity

To understand the relative contributions of the Fv and Fc
regions to the potency of Hu 15C1, we investigated how the anti-
body co-engages TLR4 and FcgR at the cell surface. For this pur-
pose, different mono- and multivalent antibody formats were
generated by engineering or enzymatic cleavage of the IgG. Co-
engagement capacity was tested using the following formats: full
length IgG (150 kDa), composed of 2 heavy chains (50 kDa) and
2 light chains (25 kDa), for evaluating the co-engagement of 2
TLR4 molecules and one FcgR; F(ab)’2 fragments (100 kDa),
consisting of 2 light chains (25 kDa) and 2 VH-CH1 regions
(25 kDa), for evaluating the co-engagement of 2 TLR4 molecules;
a monovalent format (100 kDa), composed of one light chain
(25 kDa), one heavy chain (50 kDa) and one half Fc region
(25 kDa), for evaluating the co-engagement of one TLR4 mole-
cule and one FcgR; Fab fragments (50 kDa), composed of one
light chain (25 kDa) and one VH-CH1 region (25 kDa), that
bind only one TLR4 molecule. The purity and chain composition
of each reagent was assessed using an Agilent 2100 bioanalyzer
(Fig. 2A). The capacity of the Fv in the 4 antibody formats to
bind TLR4 was shown to be similar (Fig. 2B) and their potency
at blocking TLR4 activation was then tested on THP1 cells both
in the presence or absence of IVIg (Fig. 3A and B).

Figure 2. Analyses of the various antibody formats (A) To assess the purity and confirm the size of each reagent, the various antibody formats were ana-
lyzed by Agilent 2100 bioanalyzer. Proteins were assessed under non-reduced (NR) and reduced conditions (R). 1, IgG; 2, heavy chain; 3, light chain; 4,
F(ab)’2; 5, VH-CH1-hinge; 6, monovalent antibody; 7, hinge-Fc; 8, Fab; 9, light chain and VH-CH1. (B) The binding of Hu 15C1 (black circles), monovalent
Hu 15C1 (gray triangles), F(ab)’2 Hu 15C1 (open circles) and Fab Hu 15C1 (open diamonds) to TLR4 was analyzed by competitive ELISA. To compare the
different antibody formats, the same number of binding site was used, i.e., the molar concentration of monovalent and Fab is twice the molar concentra-
tion of IgG and F(ab)’2. Results are normalized and expressed as mean § SD of duplicates. An F test was used to compare the fitted curves of different
groups. ns: not significant.
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Either with or without IVIg, the blocking activity of Hu 15C1
F(ab)’2 (Hu 15C1 F(ab)’2 IC50 D 5.2 and 7.5 nM, respectively)
was superior to that of Hu 15C1 Fab (Hu 15C1 Fab IC50 » 51
nM in both conditions). In addition, the monovalent Fv format
was less potent than the full-length IgG. These results suggest that
Hu 15C1 must co-engage 2 TLR4 molecules and one FcgR to
reach its maximal potency either in the presence or absence of
IVIg (Fig. 3A and B). Moreover, these data also indicate that the
blocking activities of Hu 15C1 Fab and F(ab)’2 are not influenced
by the binding of a mix of irrelevant human IgG (IVIg) to FcR.
The potency of the different formats correlate well with their
valency, i.e., the Fab has the lowest potency, the F(ab)’2 and
monovalent Fv formats have an intermediate potency and the full

length IgG is the most potent. Taken together, these results sug-
gest that the potency of the antagonistic activity of Hu 15C1
depends on the extent to which an antibody molecule interacts via
one, 2 or 3 of its arms and which receptor(s) at the cell surface,
the most potent being 2 TLR4 molecules via its variable regions
and one FcgR through its Fc region. In addition, as observed in
Fig. 1, the potencies of the full-length IgG and monovalent Fv
antibody formats bearing an Fc portion, are higher when they
bind to the higher affinity FcgRI (Fig. 3A and C) compared to
their potency when they engage the lower affinity FcgRIIA
(Fig. 3B and D). Finally, these findings also indicate that separate
engagement of TLR4 and FcgR on the cell surface (i.e., using Fab
or F(ab)’2 in combination with IVIg) do not provide any gain of

Figure 3. Hu 15C1 co-engages 3 receptors at the cell surface to provide maximal inhibition of TLR4 responses (A) Dose response inhibition of LPS-
induced TLR4 activation in THP1-Xblue cells by Hu 15C1 (black circles), monovalent Hu 15C1 (gray triangles), F(ab)’2 Hu 15C1 (open circles) and Fab
Hu 15C1 (open diamonds) when FcgRs are available or (B) after adding IVIg. Results are expressed as mean § SD of duplicates. An F test was used to
compare the fitted curves of different groups. The p values are presented in Tables S2 and S3, respectively. (C) and (D) Schematic representation of the
different antibody formats used in (A) and (B), respectively, and their relative capacity at binding TLR4 and FcgRs. The number indicated with each arrow
linking 2 antibody formats corresponds to the ratio of the IC50 of the first molecule divided by the IC50 of the second molecule.
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TLR4 blocking activity compared to when the Hu 15C1 monova-
lent or full-length IgG co-engages TLR4 and FcgR.

The Role of TLR4 and FcgR Density
Interestingly, the Fv and Fc contribution to the antibody’s

potency could not be predicted by the affinity of their respective
interactions. As shown in Fig. 3C, we observed that when the Fc
region of monovalent or full length Hu 15C1 binds to FcgRI,
this interaction induces a gain in potency that is far superior
(more than 1000 fold-increase) than the gain of activity mediated
by co-engagement of 2 TLR4 molecules by 2 Fv arms (an
approximate 6 fold-increase). This observation was unexpected as
the affinity of the Fv for TLR4 and Fc for FcgRI are in the nano-
molar range (Kd: 3 nM and 47 nM, respectively). Similar results
were obtained following addition of IVIg after which the potency
of the antibody is mainly influenced by the low affinity Fc-
FcgRIIA interaction (Fig. 3D). Although the affinity of the vari-
able region to TLR4 is more than 100-fold higher than the affin-
ity of the Fc to FcgRIIA (Kd: 3 nM and 311 nM, respectively),
the gain in potency mediated by the Fc-FcgRIIA interaction is
similar to the gain of potency obtained by TLR4 co-engagement
by 2 Fv portions. These results demonstrate that the increase in
potency does not correlate with the affinities of the Fv and Fc for

TLR4 and FcgRs, respectively. This observation prompted us to
determine the number of TLR4 and FcgRs molecules on the cell
surface because this parameter could influence antibody potency.
The expression of TLR4 and FcgR at the surface of THP1 cells
was therefore monitored by flow cytometry. Using anti-FcgRI
and anti-FcgRII antibodies (10.1 and IV.3 respectively), FACS
profiles indicate that the expression of TLR4 is low compared to
FcgRI and FcgRII (Fig. 4A). We also controlled FcgRIIb expres-
sion (Fig. 4B) and did not detect any signal confirming that this
receptor is not expressed by monocytic cell lines as previously
described in the literature.11 We further quantified receptor den-
sity, using indirect immunofluorescence assay monitored by flow
cytometry, in THP1 cell line at early and late stage cell culture
passages (5 and 15 cell culture passages, respectively) to control
for receptor expression variations. We determined that approxi-
mately 1,000 TLR4, 5,000 FcgRI and 51,000 FcgRII molecules
are present on THP1 cells and that the relative expression of these
different receptors is stable during cell culture passages (Fig. 4C).
We also monitored receptor density on U937 cell line and deter-
mined similar ratio of TLR4/FcgRI and TLR4/FcgRII compared
to THP1 (Fig. S1). Therefore, these data indicated that FcR mol-
ecules are far more abundant than TLR4 molecules. These results
suggest that the potency of Hu 15C1 is not only dependent on

Figure 4. Levels of TLR4 and FcgRs expressed at the cell surface of THP1 cells (A) The expression levels of TLR4, FcgRI, and FcgRII at the surface of THP1-
Xblue cells as measured by flow cytometry; isotype control (grey); for TLR4, FcgRI and FcgRII; Hu 15C1, 10.1 and IV.3 antibodies were used, respectively
(black). (B) The expression level of FcgRIIb at the surface of THP1-Xblue cells as measured by flow cytometry; isotype control (grey); Hu 15C1 (black). (C)
Receptor number on THP1-Xblue cells as determined using calibration beads and flow cytometry. The receptors densities were measured in duplicate
with cells at passage 5 and 15. The variations between measurements are indicated by the error bars.
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the strength of the Fc-FcgR interaction but also on the number
of receptors that are simultaneously engaged.

Affinity Maturation of the Hu 15C1 Fv
In order to evaluate whether the influence of the Fc-FcgR inter-

action could be compensated by a stronger interaction of the anti-
body with TLR4, we generated variant of Hu 15C1 by affinity
maturation. The variable regions of Hu 15C1 were diversified and
variants with improved affinity were selected by phage display
against TLR4. This process led to the identification of the mAb
C2E3, which was first characterized in a competition enzyme-
linked immunosorbent assay (ELISA) against the parental anti-
body, Hu 15C1. This assay was used to confirm that C2E3 binds
to the same epitope on TLR4 as Hu 15C1 and to determine an
increase in binding affinity (Fig. 5A). C2E3 has a 39-fold increase
in TLR4 binding compared to Hu 15C1. The C2E3-TLR4 inter-
action was further characterized by surface plasmon resonance
(SPR) analysis (Fig. 5B and C; Table 1). The affinity of C2E3 for
human TLR4 was determined to be 80 pM (Kd D 0.082 §
0.003 nM), which is 37-fold higher than the affinity of Hu 15C1
(Kd D 3.03 § 0.07 nM), confirming the results obtained by com-
petition ELISA. This increase in affinity is mainly due to a decrease
in the Koff dissociation constant of C2E3 compared to Hu 15C1
(Table 1).

We then tested whether the increase in affinity for TLR4
could compensate for the gain of potency mediated by the Fc-
FcgR interaction. For that purpose, we compared the activity of
Hu 15C1 and C2E3 at blocking the TLR4 activation of THP1
cells using 2 formats, full length IgG and F(ab)’2 fragments. The
activity and purity of the C2E3 F(ab)’2 fragment were assessed as
presented in Fig. 2 (data not shown). We first compared the
blocking activity of C2E3 F(ab)’2 and Hu 15C1 F(ab)’2
(Fig. 6A). The C2E3 F(ab)’2 (IC50 D 0.2 nM) has a 35-fold
increase in potency compared to the Hu 15C1 F(ab)’2 (IC50 D
7 nM), which correlates with the increase in affinity and further
validates the measurements obtained by competition ELISA and
SPR.

Next, the mAbs were tested in an IgG format on THP1 cells
where FcgRI was available (i.e., without IVIg). As expected, the
Fc-FcgRI interaction enhanced the potency of both C2E3 and
Hu 15C1 (Fig. 6A). However, despite C2E3 being approxi-
mately 40-fold better at binding TLR4, the blocking activity of
C2E3 and Hu 15C1 were equivalent when co-engagement of
FcgRI occurred (IC50 D 0.005 nM). These results suggest that
with co-engagement of FcgRI, anti-TLR4 antibodies reach a sat-
urable level of blocking activity and that a further increase in
TLR4 affinity beyond that of Hu 15C1 will not lead to a further
increase in potency.

These experiments were repeated with IVIg to saturate FcgRI
in order to eliminate the contribution of the Fc-FcgRI interaction
in the potency of the antibodies. As determined previously, the
blocking activity of C2E3 F(ab)’2 was found to be better than that
of Hu 15C1 F(ab)’2 (Fig. 6B). In addition, we determined that,
in the presence of IVIg, full-length C2E3 (IC50 D 0.03 nM)
remains better than Hu 15C1 at blocking TLR4 (Fig. 6B). In
contrast, we observed that the potency of full length Hu 15C1

(IC50 D 0.2 nM) is similar to C2E3 F(ab)’2 blocking activity
when Fc-FcgRIIA mainly influences antibody activity. Thus, the
gain of activity mediated by the Fc-FcgRIIA interaction can be
compensated by increasing the affinity of the antibody to TLR4.
Taken together, these results confirm that the co-engagement of
TLR4 and FcgRs creates an avidity effect that is dependent on the
nature of recruited FcgRs (i.e., FcgRI or FcgRIIA) and also con-
firm the hierarchy of FcgRs in the gain of potency.

Figure 5. Binding analysis of Hu 15C1 and C2E3 to TLR4 (A) The binding
of Hu 15C1 (circles) and C2E3 (triangles) to TLR4 was compared by com-
petitive ELISA. Results are normalized and expressed as mean § SD of
duplicates. An F test was used to compare the different groups. ***p <

0.001. SPR analysis of Hu 15C1 (B) and C2E3 (C) binding to TLR4. Sensor-
grams with affinity constants (KD Dmean§ SD) shown.
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Discussion

In this study, we demonstrate that
the co-engagement of a mAb through
the Fc arm and an Fv arm can afford a
dramatic increase in potency on
monocytic cell lines (i.e., 1,000 fold
increase in the case of Fc-FcgRI inter-
action). This gain of activity mediated
by the Fc portion is due, when avail-
able, to binding to the higher affinity
FcgRI. However, after saturation of
the high affinity receptor using IVIg,
we observed that the lower affinity Fc-
FcgRIIA interaction can also contrib-
ute to the potency of the antibody.
These results suggest that the potency
of Hu 15C1 depends on the affinity of the Fc-FcgR interac-
tion. Moreover, we demonstrated that in case the gain of activ-
ity is not mediated by Fc-FcgRI interaction, it can be
compensated by increasing the affinity of the Fv part of the
antibody to TLR4.

An important aspect of our study is that Hu 15C1 can co-
engage TLR4 and FcgR at the surface of the same cell using both
its Fv and Fc portions (illustrated in Figure 7). In addition, we
show that the potency of the anti-TLR4 mAb depends on the
extent to which this molecule interacts via 1, 2 or 3 of its arms to
increase the avidity of the interaction, which is a basic function
of antibody biology. However, a key finding of our study is that,
despite important differences in affinity constants between Fv-
TLR4, Fc-FcgRI and Fc-FcgRIIa interactions (Kd D 3 nM, 47
nM and 300 nM, respectively),10 the contribution of a second Fv
arm to the antibody potency was very limited in comparison to
the gain of antibody potency due to Fc-FcR co-engagement. Our
data suggest that the relatively low numbers of TLR4 molecules
expressed at the cell surface (approximately 1,000 molecules/cell)
limits the avidity effect mediated by the Fv arms and thus that
co-engagement of two TLR4 molecules by the same antibody is
probably a rare event. In the case of Hu 15C1 targeting TLR4,
the Fc-arm of the antibody can more frequently interact with the
more abundant FcgRI (5,000 molecules/cell) and FcgRII
(51,000 molecules/cell) available at the cell surface. Impor-
tantly, exploiting FcgRI binding delivers a saturable effect of
TLR4 inhibition for which increasing affinity of the Fv por-
tion to the target no longer provided improvement in block-
ing receptor signaling. This could be explained by the
affinity of the Fc portion for FcgRI and the molecular ratio
of FcgRI versus TLR4, meaning that the antibody could sat-
urate all available TLR4 proteins at the surface of the cell.
Nevertheless, due to its high affinity for human IgG1, IgG3
and IgG4, it is commonly assumed that FcgRI are occupied
in vivo, suggesting that the effect observed in this study may
be mainly driven by interaction with FcgRIIa under physio-
logical conditions.

The comparison between Fab and F(ab)’2 formats indicates
that Hu 15C1 is capable of co-engaging 2 TLR4 molecules at

the cell surface thus suggesting that 2 TLR4 molecules can be
brought into close structural proximity. Alternatively, pre-
formed TLR4 dimers may also exist at the cell surface in an
inactive conformation, such as described for other cell mem-
brane receptors including EPOR and GHR,12,13 which may
facilitate antibody co-engagement. In any case, as Hu 15C1 is
devoid of any agonistic activity, its Fv domains block TLR4
active dimer conformation necessary to induce receptor signal-
ing.2 Ongoing crystallographic studies of the complex of
Hu 15C1 with TLR4 will add additional insight into anti-
body-antigen interaction allowing a full understanding of the
inhibition of TLR4 by the Fv portion of Hu 15C1.

In contrast to several studies which report that IgG-FcR inter-
actions occurring between adjacent cells modulate the activity of

Figure 6. Fc-FcgR interaction creates an avidity effect (A) Dose response inhibition of LPS-induced
TLR4 activation in THP1-Xblue cells by Hu 15C1 (circles), C2E3 (diamonds), F(ab)’2 Hu 15C1 (open
circles) and F(ab)’2 C2E3 (open diamond) when all FcgR are available (B) or after adding IVIg. Results
are expressed as mean§ SD of duplicates. An F test was used to compare the fitted curves of different
groups. The p values are presented in Tables S4 and S5, respectively.

Figure 7. Model to illustrate the potential engagement scenario of
Hu 15C1 with TLR4 and FcgRs Schematic representation of TLR4 (open
circle) and FcgRs molecules (filled circle) in the membrane environment
(light gray). The interactions of Fv vs. Fc portions of Hu 15C1 with the
membrane proteins are shown. The presence of ligand induces aggrega-
tion of molecules into lipid rafts where the potency of Hu 15C1 depends
on the co-engagement of 3 receptors at the cell surface, 2 TLR4 and one
FcgR.10 The interaction of the Fc part of Hu 15C1 with the FcgR has a pre-
dominant role in the activity of the antibody by increasing the global
affinity of the antibody to TLR4.
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an antibody,14,15 we highlight an unsuspected role of FcgRs in
the increase of the potency of a mAb by enhancing antibody/tar-
get interaction on the same cell; however, it can be envisioned
that both cis- and trans-interactions could contribute to the
increase of the potency of Hu 15C1. Recently, the anti-CD115
antibody, H27K15, was described to have a similar dependence
on co-engagement of FcgRs.16 Thus, as our data demonstrate,
the relationship between Fv and Fc arms, antibody binding and
potency is not necessarily linear. We envision that this imbalance
will be exploitable for other cell surface targets for which FcgR
co-engagement is plausible.

Materials and Methods

Reagents
The Mu 15C1 mAb (mouse IgG1, k) has been described previ-

ously.9 The anti-human TLR4 mAb Hu 15C1 is a humanized 4-
28/A26 version of Mu 15C1 on a human IgG1, k backbone con-
taining the N325S and L328F mutations in the CH2 domain.
These mutations abolish binding of the Fc portion of the mAb to
both FcgRIII and C1q.10 Anti-human FcgRI 10.1 (mouse IgG1,
k) was from BioLegend; blocking anti-human FcgRII IV.3 (mouse
IgG2b, k) was from StemCell. Human IgG1, k, mouse IgG1, k
and mouse IgG2b, k isotype control were from Novimmune. The
C2E3 sequence was selected by phage display. Briefly, libraries were
generated introducing diversity into the complementary determin-
ing regions (CDR) of Hu 15C1 and selected against human TLR4
expressing cells. A panel of variants was selected and characterized.
The detailed methodology allowing their selection will be described
elsewhere. THP1-XBlueTM-MD2-CD14 cells were purchased
from Invivogen. The U937 and Chinese hamster ovary (CHO) cell
lines were obtained from the American Type Culture Collection.
IVIg, a pool of human intravenous IgGwhich can be used to prefer-
entially block human FcgRI, are fromCSL Behring (Privigen). LPS
from SalmonellaMinnesotaR595 (Re) was purchased from List Bio-
logical Laboratories, Inc.

Cloning and expression of the anti-human FcgRIIB
antibody 2B6

2B6 is an anti-human FcgRIIB antibody competing for immu-
noglobulin binding to FcgRIIB, suggesting that it directly recog-
nizes the Fc-binding region of the receptor.22 2B6 variable heavy
chain (VH) and variable light chain (VL) nucleotide sequences
were synthesized by DNA2.0 (Menlo Park, CA, USA) according to
the sequences described in the patent entitled 00Humanized
FcgRIIB specific antibodies and methods of uses thereof00 (Interna-
tional Publication number WO 2008/105886 A2). 2B6 VH and

VL sequences were sub-cloned into vectors containing the human
IgG1 backbone, and human constant Igk for expression in mam-
malian cells. 2B6 was expressed in CHO cells and purified using
theMabSelect Sure resin (GEHealthcare).

Cloning, expression and modification of antibodies
The sequences coding the VH and VL of mAbs were cloned

into vectors containing the human IgG1 backbone, and human
constant Igk for expression in mammalian cells. To have the
same backbone as Hu 15C1, the mutations N325S and L328F
were introduced into the CH2 domain using the QuickChange
Lightning Site-Directed Mutagenesis Kit (Agilent Technologies).
Antibodies were expressed in CHO cells by co-transfecting vec-
tors coding the heavy chain (with the mutations N325S, L328F)
and the light chain, and purified using the MabSelect Sure resin
(GE Healthcare). The sequence coding the human IgG1 Fc
region described in the patent entitled Treatment method
(United States patent application US 2011/0262436 A1, SEQ
ID NO:13) was cloned into a vector for expression in mamma-
lian cells. A leader sequence of immunoglobulin has been intro-
duced in the N-terminal part of the hinge region. The mutations
N325S and L328F were introduced into the CH2 domain as
described above. In parallel, the mutation H435R was intro-
duced into the vector coding the heavy chain of the antibody
(cloning described above) to abrogate the binding to the protein
A (mutation described in the patent entitled: Readily isolated bis-
pecific antibodies with native immunoglobulin format, publica-
tion number EP2445936 A1). Monovalent antibodies were
expressed in CHO cells by co-transfection of vectors coding the
heavy chain (with the mutations N325S, L328F and H435R),
the light chain and the Fc region (with the mutations N325S and
L328F), and then purified through 2 affinity purification steps
(Figure S1). The MabSelect Sure resin (GE Healthcare) was used
for the first step and the IgG-CH1 resin (BAC B.V.) was used for
the second one. The sequence coding the VH and CH1 region
was cloned into a vector for expression in mammalian cells. Fabs
were expressed in CHO cells by co-transfecting the last vector
and the one coding for the light chain and purified using the
IgG-CH1 resin. F(ab)’2 were obtained cleaving mAb using the
FragITTM Microspin Kit (Genovis). The quality of the proteins
was evaluated using the Agilent protein 230 Kit, and then ana-
lyzed using the Agilent 2100 Bioanalyser.

THP1 Assay
THP1-XBlue cells were grown in RPMI 1640 (Sigma) with

10% heat-inactivated fetal bovine serum (FBS, Sigma), 200 mg/
ml ZeocinTM (Invitrogen) and 250 mg/ml of G418 (Life tech-
nologies). THP1-XBlue cells were plated in 96-well plate at

Table 1. Affinity of Hu 15C1 and C2E3 for TLR4

Antibody kon (10
5M¡1s¡1) § SD koff (10

¡4s¡1) §SD KD (10¡9M) § SD KD (fold gain)1 Relative affinity2

Hu 15C1 2.26 § 0.07 6.85 § 0.06 3.03 § 0.07 1 1
C2E3 4.76 § 0.06 0.39 § 0.01 0.082 § 0.003 37 39

1Affinity improvement are reported as fold gain over Hu 15C1.
2See Material and Methods.
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1.105 cells/well in 30 ml of medium. IVIg, the IV.3 antibody and
the 2B6 antibody were diluted in medium at a final concentra-
tion of 1 mg/ml, 10 mg/ml and 10 mg/ml, respectively, and
30 ml of the dilution were added to the cells for 30 min at 37�C.
Antibodies or antibody fragments were serial diluted in medium
and 30 ml were added to the cells for 30 min at 37�C. LPS was
diluted in medium to have a final concentration of 10 ng/ml,
and 30 ml/well were added for 24 h at 37�C. Supernatant were
collected and 20 ml were added to 180 ml of QUANTI-BlueTM

(Invivogen) and incubated for 3 h at 37�C. Finally the absor-
bance at 650 nm was measured using a spectrophotometer.

U937 assay
U937 cells were grown in RPMI 1640 (Sigma) with 10%

heat-inactivated FBS and 2 mM glutamine (Sigma). U937 cells
were differentiated into macrophages with 25 nM of phorbol
myristate acetate (Sigma) during 72 h in order to increase their
responsiveness to LPS and establish adherent cell conditions. To
determine cell density influence on antibody potency, differenti-
ated cell were plated in a flat bottom 96-well plate at 1.105 cells/
well or 2.104 cells/well in 30 ml of medium. Hu 15C1 and
Hu 15C1 F(ab)’2 were serial diluted in medium and 30 ml were
added to the cells for 30 min at 37�C. Human IgG1 isotype con-
trol was used at 100 nM final. Then, LPS was diluted in medium
to a final concentration of 1 ng/ml, and 30 ml/well were added
for 24 h at 37�C. IL-6 secretion in the culture supernatant was
monitored by ELISA (Human IL-6 ELISA, BD biosciences).
The percentage (%) of inhibition of IL-6 was calculated using
the following formula: % IL-6 inhibition D 100-(IL-6 of
sample£100/IL-6 of isotype control).

Competitive enzyme-linked immunosorbent assay
F96 Maxisorp plates (Nunc) were coated with 8 mg/ml of

Hu 15C1 and incubated at 4�C overnight. Plates were washed
with phosphate-buffered saline (PBS)-Tween 0.05% and blocked
with PBS-bovine serum albumin (BSA) 3% 1 h at 37�C. Sam-
ples were serial diluted in PBS-BSA 1%, and soluble His-tagged
human TLR4 (R&D Systems) was diluted at 0.025 mg/ml.
Hu 15C1 was used as the reference sample. Blocked plates were
washed, 50 ml of diluted sample and 50 ml of TLR4 were succes-
sively added to the plates for 1.5 h at 37�C. After washing, plates
were incubated with 100 ml of Penta-His HRP conjugate
(1:2000, Qiagen) for 1 h at 37�C. Plates were washed and incu-
bated with 50 ml of TMB (Sigma) for 30 min at room tempera-
ture. Immediately after stopping the reaction by the addition of
50 ml of H2SO4 (1 M), the absorbance at 450 nm was measured
using a precision microplate reader (Molecular Devices). The rel-
ative binding affinity of the antibodies to TLR4 was calculated
applying the following formula: Relative binding affinity D IC50

reference/IC50 sample.

Receptor quantification
The 15C1, 10.1 and IV.3 antibodies were used for the label-

ing of TLR4, FcgRI and FcgRII, respectively. Briefly, THP1-
XBlue cells were incubated in 1X BD CellFIXTM (BD bioscien-
ces) for 15 min at 4�C. For this assay, antibodies were

deglycosylated using the deGlycITTM Microspin columns (Geno-
vis) to avoid unwanted binding to FcgRs through their Fc
region.18 Antibodies were diluted in PBS-BSA 2% at 100 mg/
ml. Cells were washed with PBS-BSA 2%, and incubated with
the diluted antibody for 15 min at 4�C. After washing, cells,
setup and calibration beads (QIFIKITTM, Dako) were incubated
with 10 mg/ml of Biotin-SP-AffiniPure F(ab’)2 Fragment Goat
Anti-Mouse IgG (Jackson ImmunoResearch) for 15 min at 4�C.
Then, cells and beads were washed and stained with Streptavi-
din-FITC (1:100 dilution, PharMingen) for 15 min at 4�C.
After washing, cells and beads were analyzed using a FACSCali-
bur flow cytometer (BD biosciences) in the FL-1 channel. The
bead fluorescence intensity was then used as a calibration curve
to determine the number of receptors on the cells.

Surface plasmon resonance
SPR experiments were carried out at 25�C using a BIAcore

2000 (GE Healthcare). A CM5 chip was coated with a Penta-His
antibody (Qiagen). The CM5 surface was activated for 7 min at
10 mL/min with a 1:1 mix containing EDC and NHS solutions.
The Penta-His antibody was diluted at 1 mg/mL in 10 mM ace-
tate pH 4.5 buffer (GE Healthcare) and the immobilization step
was performed at the same flow rate for 7 min. Unused activated
chip surface was blocked injecting 1 M ethanolamine for 7 min.
This process resulted in the immobilization of 1700 RU of
Penta-His antibody. A reference surface was activated and
blocked without antibody coating for further referencing. The
BIAcore was primed with HBS-EP running buffer (GE Health-
care). Kinetics were performed at a flow rate of 20 mL/min.
Human TLR4-MD2 (R&D Systems) was captured for 3 min at
5 mg/mL. After a 5 min stabilization time, Fabs were injected for
3 min at concentrations ranging from 100 nM to 6.25 nM. The
highest concentration was injected twice and the dissociation
phase was monitored for 15 min. A solution of 10 mM glycine
pH 2.0 was injected for 1 min for regeneration of the Penta-His
surface. To avoid nonspecific binding artifacts and running
buffer effects, data were processed by subtracting signals obtained
from the control surface and from a blank injection using the
BIAevaluation v.4.1 software. Kinetic constants were determined
according to the Langmuir 1:1 binding model.
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