Nieuwe antistoffen die mogelijk helpen bij ITP

Onderzoekers uit Utrecht hebben twee nieuwe antistoffen ontwikkeld: CO1 en C04.
Deze antistoffen zouden in de toekomst misschien kunnen helpen bij ziekten zoals
reumatoide artritis (RA) en immuun trombocytopenie (ITP).

Wat gaat er mis bij deze ziekten?

Bij auto-immuunziekten valt het afweersysteem per ongeluk het eigen lichaam aan.
Daardoor ontstaan er immuuncomplexen. Die kunnen bepaalde afweercellen “aanzetten” via
een receptor, genaamd FcyRI. Als deze receptor te sterk geactiveerd wordt, leidt dat tot
ontsteking en pijn (bij RA) of afbraak van bloedplaatjes (bij ITP).

Wat doen CO1 en C047?

De nieuwe antistoffen blokkeren de afweerreceptor FcyRI heel gericht, zodat schadelijke
immuuncomplexen minder schade veroorzaken.

Ze activeren het afweersysteem zelf niet, waardoor er geen extra ontsteking ontstaat. Ze
kunnen al vastzittende immuuncomplexen losmaken, waardoor ze minder schade kunnen
aanrichten.

Wat zagen onderzoekers?

Bij RA remden C01 en C04 de binding van schadelijke antistoffen aan afweercellen. Bij ITP
verminderden ze de hechting van met antistof beladen bloedplaatjes aan monocyten en
daardoor de afbraak van bloedplaatjes. In een ITP muismodel bleef een groter deel van de
bloedplaatjes behouden na behandeling.

Wat betekent dit voor patiénten?

De resultaten zijn veelbelovend, maar het onderzoek staat nog helemaal aan het begin. De
antistoffen zijn nog niet beschikbaar voor gebruik bij mensen.

Meer onderzoek is nodig om te weten of ze veilig en effectief zijn.

Onderstaand het artikel in Nature
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Overactivation of FcyRI by immune complexes (IC) is implicated in various
autoimmune disorders and neuropathies. Currently, no effective FcyRI-specific
blocking antibodies are available. Here we report preclinical data revealing two
anti-FcyRI antibodies, CO1 and C04, with high affinity, Fab-mediated binding
within the IgG binding site on extracellular domain 2 of FcyRI. Both CO1 and
CO04 block 90% of IgG and IC binding, and displace ~60% of pre-bound ICs
without activating FcyRI, thereby minimizing the risk of aggravating inflam-
mation. In the context of autoimmunity, CO1 and CO4 inhibit RA patient-
derived autoantibody-IC binding to monocytes, macrophages and activated
neutrophils, meanwhile they also inhibit the binding of opsonized platelets to
monocytes from patients with immune thrombocytopenia. In vivo, CO1 and
CO04 reduce IgG-dependent platelet depletion in humanized immunodeficient
FcRy” mice. Structural studies confirm that CO1 and C04 achieve their blocking
effects through Fab-mediated binding to FcyRI. Our data thus suggest that CO1
and C04 may offer therapeutic potential for autoimmune disorders.

The high-affinity Fc gamma receptor I (FcyRI) plays a crucial role in the  in its associated FcR gamma chain. This leads to subsequent effector
immune system. It is normally saturated with circulating IgG, which  functions, including phagocytosis, antibody-dependent cellular cyto-
acts like a threshold for receptor activation. Monomeric IgG can effi-  toxicity (ADCC), and release of pro-inflammatory cytokines'. While IC
ciently be displaced by multivalent IgG immune complexes (ICs), formation plays an essential role in capturing and neutralizing anti-
causing receptor clustering which initiates downstream receptor sig-  gens, excessive or prolonged accumulation can be detrimental as it can
naling via the immunoreceptor tyrosine-based activation motif ITAM) deposit in organs, causing chronic inflammation.
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Overactivation of FcyRI has been implicated in different auto-
immune diseases, including systemic lupus erythematosus (SLE),
immune thrombocytopenia (ITP), and rheumatoid arthritis (RA), which
are all characterized by autoantibodies able to form ICs with
autoantigens®™. In RA, autoantibodies against citrullinated proteins
(anti-citrullinated protein antibodies; ACPA) lead to joint inflammation
and joint damage’®. Changes in Fc-linked galactosylation and fucosy-
lation result in reduced affinity for FcyRIl (CD32) and FcyRlIIl (CD16),
but increases the availability to FcyRI and thereby its activation and
local inflammation®. Interestingly, RA-specific autoantibodies can also
bind to FcyRI on pre-osteoclasts, inducing differentiation towards
active mature osteoclasts, potentially leading to increased bone
resorption’. FcyRl is also expressed on neurons, including nociceptive
dorsal root ganglion (DRG) neurons, which are associated with pain
sensation®’. Activation of DRG neurons by RA-specific autoantibodies
may contribute to pain experienced by RA patients'’. Hence, FcyRI
activation could contribute to joint inflammation, bone resorption,
and pain in RA, making it a potential target for therapeutic
intervention.

Previous research has utilized monoclonal antibodies (mAbs),
such as clones 197, 10.1, m22, and H22, as blocking antibodies against
FcyRIF™7, However, these antibodies show limited blocking of
monomeric IgG and ICs, suggesting binding outside the ligand-binding
domain and blocking via their Fc tail'**. Recently, we aimed to over-
come these limitations and explore potential therapies by developing
chimeric Fc-silent antibodies that potently block the FcyRI ligand
binding site via Fab binding using a phage display library selection
approach”. This method allows for in vitro selection of mAbs through
genetic engineering of bacteriophages and multiple rounds of antigen-
guided selection and phage propagation. Only the variable region of
antibodies, represented as single-chain variable fragments (scFv) are
expressed on the phages, so all Fc tail-FcyRI interactions are cir-
cumvented during the selection process. Hence, it is possible to gen-
erate antibodies that bind within the ligand-binding domain of FcyRl,
also known as extracellular domain 2 (EC2). FcyRI consists of three
extracellular domains, a transmembrane part, and an intracellular tail
(FcyRI-CY). Extracellular domains one (ECI) and two (EC2) share
homology with those found in other Fcy receptors, while EC3, linking
EC2 to the transmembrane region, is unique for FcyRI. EC2 of FcyRI
contains a single amino acid deletion in the FG-loop, a region highly
conserved across species, contributing to its high affinity®.

Our current study focuses on the preclinical characterization of
this recent panel of FcyRI antibodies, assessing its affinity, binding, and
ligand blocking properties, as well as its therapeutic potential by using
patient-derived ICs. Crystallography data of CO1-FcyRI complex con-
firmed binding to EC2, revealing that CO1 shares 14 binding site resi-
dues with IgG, including Phel46, Hisl48, and Trp149. LigandTracer
analysis revealed that CO1 and CO4 have a higher affinity for FcyRI than
human IgGl. Both antibodies effectively block monomeric human IgG
and IC binding, including in ex vivo patient models of RA and ITP,
and consistently outperformed commercial mAb 10.1. Lastly, CO1 is
confirmed to impair IgG-dependent platelet depletion in an in vivo
model of ITP. Considering the potential therapeutic impact of blocking
FcyRI activation, our study provides valuable insights into the devel-
opment of FcyRI-specific antibodies as potential therapeutic
candidates.

Results

Commercial anti-FcyRI antibodies do not show specific blocking
of ligand binding

Commercially available anti-FcyRI antibodies, including clones 10.1
(mlgGl), 197 (mlgG2a), m22 (migGl), and H22 (humanized version of
m22, higGl), are commonly used for FcyRI blocking in in vitro blocking
studies. Clone 10.1 was generated upon immunization of mice using
human rheumatoid synovial fluid cells and fibronectin-purified

monocytes™. Both 197 and m22 were obtained via immunization with
IFN-y-treated monocytes?. M22 was humanized via complementarity-
determining region (CDR)-grafting onto human V region frameworks,
resulting in H22"2. However, their specific ability to block ligand bind-
ing has not been thoroughly examined. To address this, we utilized
FcyRI-transduced Ba/F3 and EL4 cells, which exhibited high levels of
FcyRI expression compared to the parental cells (Fig. 1a). These cell
lines demonstrated dose-dependent binding of higG, migG2c, and the
commercial anti-FcyRI antibodies (Fig. 1b).

Ligand blocking capacity was determined by incubating Ba/F3-
FcyRI and EL4-FcyRl cells with clones 10.1, 197, m22, and H22, followed
by fluorescently labeled monomeric hlgGl as ligand (Fig. 1c). Unla-
beled mlgG2c antibody was included as a positive control for higG
blocking, as it can bind FcyRI with high affinity. Clone 197 and mlgG2c
effectively blocked ligand binding to FcyRlI, particularly at higher
concentrations. In contrast, clones 10.1, m22, and H22 only exhibited
moderate blocking at higher concentrations.

Based on these results, clone 197 demonstrated the highest
blocking capacity. However, clone 197, an mlgG2a isotype with an Fc-
hFcyRI interaction comparable to migG2c, showed significantly
reduced binding to cells when tested as F(ab’)2 and Fab fragments
(Fig. 1b) and a substantial reduction in ligand blocking capacity (Fig. 1d,
p=0.0001). This suggests that the Fc part primarily contributes to the
antibody’s ligand-blocking ability. Clone 10.1 exhibited a similar trend,
with the full antibody preventing a modest 36-50% of ligand binding
and the F(ab’)2 fragment reducing this blocking capacity by half
(p=0.0001). These findings emphasize that FcyRI clones 10.1, 197,
m22, and H22 are ineffective in blocking the Fc-FcyRI interaction
through their Fab-mediated binding.

Characterization of CO1 and C04 reveal specific binding to EC2
of FcyRI and this does not lead to activation

Utilizing an antibody phage display library approach, we isolated seven
Vik (variable kappa light chain) and Vy sequence pairs'. For a sche-
matic summary of the phage display library approach, see Supple-
mentary Fig. 1. Phylogenetic analysis of the Vy; amino acid sequences
revealed two distinct, common ancestors, with the three commercial
antibodies (clones 10.1, 611 and H22) sharing a common ancestor,
while the new panel shares a different common ancestor (Fig. 2a). The
V. of 611 and 10.1 share a common ancestor, although both mutated
heavily (i.e. long brand length). There was a further separation for both
Vi and Vi observed between CO1 and CO4 versus the remaining clones
(i.e., CO3, C0O9, C10, C15, and C16). Notably, CO1 and CO4 share iden-
tical Vy sequences, as do CO3Vy, Cl0Vy, and Cl6Vy, but all Vik
sequences are unique.

All V k-Vy sequence pairs were inserted into Fc-silent human IgG1
backbones to eliminate Fc-FcyRlI interactions and nonspecific binding
to FcyRII/FcyRIll, while maintaining binding to the neonatal Fc recep-
tor for extended half-life. This silencing was done with the LALAPG
mutation (L234A, L235A, P329G)®. Purity was determined via sodium
dodecyl sulfate-polyacrylamide (SDS-PAGE) gel electrophoresis
(reducing condition, 4-20% gradient gel, Bio-Rad, 4561094) and
stained using InstantBlue Ultrafast Protein Stain (Sigma Aldrich,
ab119211, Supplementary Fig. 2a. For all subsequent experiments, Ba/
F3-FcyRI were used since the phages were bio-panned on this cell
line. Binding titrations on Ba/F3-FcyRl demonstrated that all seven
antibodies exhibited a sigmoidal dose-response curve, plateauing at
1 pg/ml (Fig. 2b). Subsequently, we investigated the binding properties
of the anti-FcyRI panel in the presence of higG. CO1 and C04 failed to
bind FcyRI following IVIg blockade (200 pg/ml), while the other five
clones and 10.1 retained full binding (Fig. 2c). Similar results were
observed using primary human PBMCs from healthy donors (Fig. 2d).
These results suggest that higG, CO1 and CO4 share a binding site
within EC2, while 10.1 and the other five clones bind outside of this
domain.
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Fig. 1| Commercial anti-FcyRI antibodies cannot specifically block ligand
binding. a Expression of FcyRI on different cell lines. Ba/F3-FcyRlI (solid line) or EL4-
FcyRI (dashed line) cells without antibody are depicted as the control. b Binding
titration of anti-FcyRI antibodies to Ba/F3-FcyRI (solid lines) and EL4-FcyRI (dashed
lines) cells. Mean fluorescence intensity (MFI) is depicted of at least N = 3. ¢ Block-
ing of ligand (hIgG1) on Ba/F3-FcyRI (solid lines) and EL4-FcyRI (dashed lines) cells

with different anti-FcyRI antibodies; 197 (circle, dark green), 10.1 (upside down
triangle, blue), m22 (triangle, green), H22 (hexagon, green), and mIgG2c (square,
yellow). Percentage (%) ligand blocking was calculated using the ligand only as a
control. d Bar graphs showing ligand blocking at 10 pg/ml of the indicated anti-
bodies. N=3, in duplo. Data are mean + SEM, Two-way ANOVA with Tukey’s post
hoc test. Source data are provided as a Source Data file.

To better elucidate the binding domains, cross-block experiments
were performed with the anti-FcyRI panel and clone 10.1, which binds
EC3*. Pre-incubation with CO1and CO4 enhanced 10.1 binding to 150%,
whereas C03, C09, C10, C15, and C16 reduced it to 1-5% (Supplemen-
tary Fig. 2b). Conversely, pre-binding of 10.1 only modestly reduced
CO01 and C04 binding to 80% and 87%, while the other five clones
showed 20-45% binding (Supplementary Fig. 2c). These findings sug-
gest that only C03, C09, C10, C15, and C16 compete with 10.1 for
binding to EC3 of FcyRI. To confirm EC2 as the binding domain of CO1
and C04, domain swap experiments were performed, replacing one
human FcyRI domain with murine FcyRI. As expected, higG1 only binds
weakly to murine EC2, but retained binding when EC1 or EC3 were
swapped (Fig. 2e). A similar trend could be seen for both CO1 and C04,
with minimal binding to mEC2.

To further investigate the interaction details, we determined the
crystal structure of the CO1 Fab fragment in complex with the ECI-3
segment of FcyRI. The crystal structure reveals that, as expected, CO1
interacts exclusively with the EC2 domain of FcyRI (Fig. 2f, Supple-
mentary Table 1). The total buried surface area of the complex is 1278
A2, in which the CO1 heavy chain contributes 462 A% the light chain 154
A? and FcyRI 662 A%, CDR1-3 of the heavy chain and CDR1 and CDR3 of
the light chain all contribute to direct interactions with FcyRI, with the
most prominent role for CDR3 of the heavy chain, which is centrally
located in the CO1-FcyRI complex interface. On the FcyRI side, 17
residues contribute to direct interactions with CO1 and are situated in
three EC2-loops: Asp129-Tyr138, Phel46-Trpl49, and Serl69-Thrl77
(Fig. 2g). Most prominently, Met171 is central to the CO1 epitope and
Lys173 and Argl75 also play important roles.

The CO1 epitope on FcyRI overlaps with the IgG Fc binding site
and suggests that CO1 would compete with Fc binding. Of the 17 resi-
dues in the CO1 epitope, 14 overlap with those involved in Fc binding
(Supplementary Fig. 3a, b). Superposition of the CO1-FcyRI structure
and Fc-FcyRI structure determined previously indicates that the Vy
and V, domains of CO1 sterically overlap with the two CH2 domains of
Fc when bound to FcyRl, rendering binding mutually exclusive (Sup-
plementary Fig. 3¢, d)*. Comparison of the structures of free- and Fc-
bound-FcyRI with that of the COl-FcyRI complex reveals small
structural rearrangements in the Fc binding region in FcyRl, likely
induced by CO1 (Supplementary Fig. 3e-g)****. In the CO1 bound form,
these rearrangements lead to partial collapse of the hydrophobic
pocket that is critical for Fc binding as it buries Fc residue Leu235%. The
collapse is mediated by the movement of FcyRI segments Metl71-
Tyr176 and Trpl127-Tyr133 towards each other in the CO1-bound form,
preventing the Fc hinge from accessing the hydrophobic pocket.
Taken together, the crystal structure of the COl-FcyRl complex
explains that CO1 inhibits Fc binding to FcyRI by overlapping binding
sites and steric hindrance. These results confirm that CO1 and C04 bind
to EC2, while the other clones compete with 10.1 for binding to EC3 of
FcyRI (Fig. 2h).

Since CO1 and C04 bind within the ligand-binding domain EC2, we
assessed their specificity for FcyRI, as EC2 is homologous to the EC2
domain found in FcyRIl and FcyRIIL. Neither antibody bound FcyRlIla/b
nor FcyRllla/b (Fig. 2i, j), confirming their specificity towards FcyRI.
Using LigandTracer the Ko, Kofr, and Kp for CO1, C04, 10.1 and higG1
were determined (Fig. 2k, |, Supplementary Fig. 4a, b, Supplementary
Table 2). CO1 had the highest effective binding affinity for FcyRI
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(Kp=1.21x10""M), followed by CO4 (Kp=5.43x10""M), higGl
(Kp=119%x10°M), and 10.1 (Kp=2.19 x10°M). This established the
FcyRI-ligand avidity hierarchy as CO1 > C04 > higG1 >10.1, making CO1
and CO04 significantly better binders than higG (p=0.0001 and
p=0.0008, respectively).

To confirm that CO1 and C0O4 do not induce FcyRI signaling, we
assessed activation via calcium flux and superoxide burst assays. Nei-
ther antibody triggered calcium mobilization (Supplementary Fig. 4c),

even when crosslinked with rabbit F(ab’)2 anti-human IgG, while H22
induced calcium release (Supplementary Fig 4d). lonomycin resulted
in maximal intracellular Ca* levels (Supplementary Fig. 4c, d). To
assess if C01/C04 binding also prevents activation of the receptor, we
co-incubated the cells with m22 and CO1 or C04. Both antibodies bind
simultaneously, since m22 binds outside of the ligand binding domain
(Supplementary Fig. 4e). Crosslinking m22 alone rapidly increased,
extracellular Ca* levels, lasting -4 min (Supplementary Fig. 4f).
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Fig. 2 | Characterizing the new anti-FcyRI panel with focus on C01 and C04.

a Mid-point rooted phylogenetic trees for V; and Vy chains of CO1 (orange), C04
(red) and C03/C09/C10/C15/C16 (light orange), compared to sequences of clones
10.1 (blue), 611 and H22. b Titration curves of FITC-labeled anti-FcyRI antibodies of
one representative experiment in duplo. ¢ Binding of labeled anti-FcyRI mAbs or
10.1 on Ba/F3-FcyRlI after pre-incubation with excess 1VIg. d Anti-FcyRI antibody
binding to PBMCs from healthy donors. higGl (purple) was added as a control.
Significance in ¢ and d based on one-way ANOVA with Tukey’s test, *** p < 0.0001
compared to C03, C09, C10, C15, C16, and 10.1, N =3, in duplicate. e Binding of CO1
(circle, orange), CO4 (square, red), and higGl (diamond, purple) to fully human
FcyRI and chimeric versions of FcyRI (i.e., mEC1 = only human EC1 swapped to
mouse EC1). f Structure of the CO1-FcyRI complex with domains and CO1 CDR
loops indicated. CO1 binds exclusively to the EC2 domain of FcyRI. FcyRl is colored
green, the CO1 light chain purple, and the heavy chain orange. g Transparent sur-
face of the CO1 epitope on FcyRI in dark green and all epitope residues in stick
representation and labeled. h Known binding regions of higG and 10.1 and pro-
posed binding regions of own clones. Created in BioRender. Holtrop, T. (2025)
https://BioRender.com/h1gtOff. i, j Bind titration of CO1 and CO4 on FcyRlla/b* and

FcyRlIlla/b* cells. Anti-CD16 (triangle, light green) and anti-CD32 (upside-down tri-
angle, blue) were taken along as a control. Data from one representative experi-
ment in duplicate is shown. k Association and dissociation of CO1, C04, and higG as
measured by LigandTracer. A minimum of 4 runs per antibody were done, quan-
tification of association and dissociation was done via TraceDrawer software (I).
Boxplot showing distribution of obtained Kp, values. Midline indicates median,
lower and upper margins of the boxes correspond with the 25 and 75" percentiles,
and whiskers range from minimum to maximum values. C01/C04 is N = 6 and higG1
is N=4. Significance determined with one-way ANOVA and Tukey’s test. m Area
under the curve (AUC) of calcium flux on Ba/F3-FcyRlI cells upon antibody binding
and crosslinking with secondary antibody. M22 and H22 were used as positive
controls. n Superoxide by IFN-y-stimulated neutrophils in relative light units (RLU).
Lines show the average of N=3 measurements in triplicate for m22 and H22, and
N=6 for mAb 197, CO1, C04, and 10.1. 0 AUC of superoxide, including baseline
release (PBS), is indicated by a dotted line. Ordinary one-way ANOVA, with Tukey
multiple comparison test. All line and bar data are presented as mean + SEM. Source
data are provided as a Source Data file.

However, when CO1 or C0O4 was present, no calcium mobilization
occurred, suggesting that receptor activation was blocked (Supple-
mentary Fig. 4f). Quantification of multiple experiments based on area
under the curve (AUC) confirmed no significant activation of FcyRI
upon binding or crosslinking of CO1 or C0O4, while both inhibited m22-
induced activation (Fig. 2m).

Superoxide production, another marker of activation, was mea-
sured via a luminol chemiluminescence assay. Adding clone 197 or H22
to IFN-y-stimulated neutrophils led to a superoxide burst (Fig. 2n),
similar to Graziano et al. using U937 cells>. A modest burst with m22
was reported, while we only observed this in one donor. C01, C04, and
10.1 responses were comparable to PBS (Fig. 20), confirming no acti-
vation upon binding. Taken together, these data show that binding of
CO01 and C04 does not lead to FcyRI activation.

CO01 and C04 outperform 10.1 in blocking higG and IC binding
to FcyRI
The anti-FcyRI panel was tested in a ligand blocking assay using Ba/F3-
FcyRlI cells (Fig. 3a). Consistent with Fig. 1, 10.1 only induced a modest
40% inhibition of higG binding to FcyRI (Fig. 3b), similar to clones CO3,
C09, C10, C15, and C16. In contrast, CO1 and CO4 blocked IgG binding
by up to 94%. This inhibition is maintained when the antibody is con-
verted into F(ab’)2 fragments, suggesting true Fab-mediated blocking
rather than steric hinderance via the Fc tail (Supplementary Fig. 5a).

To assess IC blocking, human IgGl was crosslinked with anti-
human F(ab’)2 fragments (Fig. 3c). When FcyRI was bound with 10.1,
ICs could still bind up to 44.5% (Fig. 3d, e). Notably, CO1 reduced IC
binding to 3.3-16.5% (p<0.0001, Fig. 3d), while C04 reduced IC
binding to 9.6-31.5% (p<0.0001), depending on antibody and IC
concentrations. (Fig. 3e).

To visualize the blocking capacity, IgG-coated beads were used as
IC to measure rosette formation (Fig. 3f, g). A wide range of con-
centrations (1 to 100 pg/ml) was tested to define the dose-response
relationship. CO1 and C04 significantly outperformed 10.1, reducing
rosette formation with an average of 46% versus 61% with 10.1 (Fig. 3h).
A clear concentration-dependent effect was observed, with 50 pg/ml
of CO1 significantly blocking rosette formation more effectively than 5
and 25 pg/ml. Increasing the concentrations to 100 pg/ml did not
further reduce the number of rosettes, indicating saturation (Supple-
mentary Fig. 5b).

CO01 and C04 can displace bound hlgG and IC at 37 °C

In autoimmune diseases, ICs are already bound to FcyRI on immune
cells prior to the addition of blocking antibodies, thus requiring dis-
placement to exert their blocking effect. Hence, we assessed the effi-
cacy of our blocking antibodies to displace pre-bound higG and IC at

37 °C (Fig. 4a). After 4 h, both CO1 and C04 displaced up to 80% of higG
in the absence of excess higG (Supplementary Fig. 6a, b). With excess
higG, displacement reached ~-45% (Fig. 4b, bars with purple circle or
squares). Noteworthy, CO1 and C0O4 are only capable to regain their full
baseline binding capacity when there is an excess of higG present,
which already happens within 2 h (Fig. 4b, dark orange and red bars),
while only 83% of baseline binding is possible without an excess of
higG after 4 h (Supplementary Fig. 6b).

After 20 h, CO1 displaced 65% of hlgG and 59% of IC, while CO4
displaced 51% and 53%, respectively (Fig. 4c, d). Interestingly, co-
incubation with 10.1increased hlgG binding (103-119%) and only mildly
displaced IC (27%) without a clear dose-dependent effect. Increasing
the concentration of C04 led to significantly more higG displacement
(46% with 10 pg/ml to 58% with 100 pg/ml, p = 0.007) (Supplementary
Fig. 6¢). More importantly, IC displacement is greatly enhanced with
higher concentrations of COl1, C04, and even 10.1 (Supplemen-
tary Fig. 6d).

To assess displacement in a physiologically setting, primary
immune cells were cultured overnight in RPMI with 10% human serum,
confirming serum IgG binding to monocytes and IFN-y-stimulated
neutrophils (Fig. 4e, h). Direct staining for serum IgG was not possible
alongside CO1 and CO04, as the secondary anti-human IgG antibodies
will also bind CO1 or CO4. Instead, baseline binding was measured with
FITC-labeled CO1 or CO4 for 30 min on ice to minimize displacement.
Minimal monocytes binding was observed after 30 mins, but sig-
nificantly increased after 20 h incubation (Fig. 4f, g p = 0.035 and p =
0.015, respectively). The same trend was observed for neutrophils,
with significantly higher binding after 20 h (Fig. 4i, j, p < 0.0001). These
results indicate effective displacement in a physiological context.

Patient-derived polyclonal and recombinant monoclonal
autoantibody-IC binding to monocytes, macrophages and acti-
vated neutrophils can effectively be inhibited by the two novel
antibodies

Having demonstrated the blocking capabilities of CO1 and C04 in
model systems, including cell lines and healthy donor samples, we next
assessed their clinical relevance in in vitro rheumatoid arthritis (RA)
models using patient-derived materials. In RA, anti-citrullinated pro-
tein antibodies (ACPAs) form ICs that bind various immune cells,
contributing to disease progression. Monocytes and macrophages are
activated by ACPA-ICs through Fcy receptors, particularly FcyRI,
leading to TNF-a, IL-1, and IL-6 production, which drives
inflammation®®. Neutrophils, which normally express low levels of
FcyRI, upregulate FcyRI expression in RA synovial fluid due to high IFN-
y levels. This enables them to bind ACPA-ICs, triggering the release of
reactive oxygen species (ROS), neutrophil extracellular traps (NETSs),
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Fig. 3 | Clone CO1 and C04 can effectively block higG and IC binding.

a Schematic illustration of hlgG blocking assay. Pre-incubation with one of the
seven clones or 10.1, after which labeled higG was added. Created in BioRender.
Holtrop, T. (2025) https://BioRender.com/k9ruldn b Pre-incubation with CO1
(orange) and C04 (red) led to a heavily reduced higG binding, while the other five
clones (light orange) and 10.1 (blue) only sterically hinder higG binding. MeaN +
SEM of N=3 in duplo. ¢ Schematic overview of IC blocking assay. Created in
BioRender. Holtrop, T. (2025) https://BioRender.com/cak3cjm. d,e Significantly
reduced IC binding when pre-incubated with either CO1 or C04 at all concentra-
tions tested. Two-way ANOVA with Bonferroni post hoc test comparing against 10.1
(upside down triangle, blue). N=3, in duplo, mean + SEM f Illustration of rosette
assay. M450-epoxy dynabeads coupled with DNP-BSA were incubated with

Co1
(100 pg/ml)

L L L
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ANTI-DNP antibody to form large immune complexes. These beads were then
added to Ba/F3-FcyRl cells pre-incubated with different concentrations of anti-
FcyRl antibodies. Created in BioRender. Holtrop, T. (2025) https://BioRender.com/
10winli g Representative images of what is considered a rosette (<5 beads bound
to one cell) and differences between no antibody and 100 pg/ml CO1. Green dotted
box indicates cells considered a rosette, red dotted box indicates cells not con-
sidered a rosette. Ba/F3-CD64 cells are ~10 um in size and the beads 4.5 pm.

h Boxplot of obtained rosette percentages, midline indicates median, lower and
upper margins of the boxes correspond with the 25" and 75" percentiles and
whiskers ranging from minimum to maximum values. Two-way ANOVA with Bon-
ferroni post hoc test. N =2, triplicate measurements. Source data are provided as a
Source Data file.

and pro-inflammatory cytokines, thus exacerbating joint damage?”. To
evaluate the therapeutic potential of CO1 and CO4, we tested them in
an ex vivo model of patient-derived polyclonal (pACPA) and recom-
binant monoclonal ACPA-ICs (mACPA). We analyzed monocytes and
macrophages, key immune cells implicated in RA pathology, and also
included activated neutrophils, the most predominant immune cell in
the synovial fluid® 2,

Monocytes from healthy donors were gated on single cells
(£97%), live cells (+100%) and CD14+ cells (+10-15%) (Fig. 5a). CO1
and CO4 significantly reduced mACPA-IC binding to monocytes by
71.9% and 66.4% (p < 0.0001, Fig. 5b, c), with no further inhibition at
higher concentrations. Clone 10.1 also blocked binding (59.8% at 10 ug/
ml and 59% at 25 ug/ml, p < 0.0001), though CO1 was significantly more
effective at both 10 ug/ml (p =0.006) and 25 ug/ml (p = 0.0004), and
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C04 at 25ug/ml (p=0.008). With monocyte-derived macrophages,
CO01 and C04 strongly blocked mACPA-IC binding (62.5% and 57.3%,
p <0.0001, Fig. 5d-f) and this blockage increased to 69.2% and 67.4%,
at 25pg. In contrast, 10.1 was ineffective at blocking mACPA binding
(<3% block). Taken together, CO1 blocked 72% of mACPA-IC binding to
monocytes and 63% to macrophages, while C04 induced a slightly
lower block of 66% and 57%, respectively.

After overnight incubation of neutrophils with G-CSF and IFN-y to
mimic inflamed tissue conditions in RA patients, neutrophil samples
contained +90% live cells. CD15"€"-CD66b"e" cells were selected,
together with a 7-AAD staining, to exclude (pre-)apoptotic neutrophils
(Fig. 6a). Stimulation with IFN-y significantly increased FcyRI expres-
sion (p <0.0001) and, importantly, showed no changes in FcyRII and
FcyRIIl expression levels (Fig. 6b). The upregulation of FcyRI on
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Fig. 4| Both CO1 and CO4 can displace higG and IC in a dose-dependent manner.
a Schematic overview of displacement assay with an excess of higG. Same set-up is
used for IC, but then hIgG is crosslinked with an anti-human F(ab’)2 to make IC.

Created in BioRender. Holtrop, T. (2025) https://BioRender.com/fOduoyi b Binding
of CO1 (orange bars, circles), CO4 (red bars, circles) and 10.1 (blue bars, triangles)
over time (4 h) when higGl is already pre-bound and present in excess, and how

higGl changes overtime when CO1 (light orange bars, purple circles), C04 (light red
bars, purple squares) or 10.1 (light blue bars, purple triangles) are added. Data is

mean = SEM, percentages are calculated compared to a baseline control with only
the indicated antibody or higG. N =2, in duplo. Displacement of ¢ higG and d IC (%)
after 20 h in the presence of CO1 (orange bar, purple circle), CO4 (red bar, purple

square), or 10.1 (blue bar, purple triangle) at different concentrations. Percentage
(%) displacement was calculated using higG/IC only as a control. Mean + SEM, two-
way ANOVA, multiple comparisons within group, Tukey’s test. N=3, in duplo.
Baseline staining of serum IgGs (purple) to e monocytes and h neutrophils with an
anti-human IgG after 20 h. Samples were cultured overnight with 10% human serum
from the same donor. f, g Histograms and bar graph (mean + SEM) of CO1 (orange
triangle) and C04 (red upside down triangle) binding after only 30 min incubation
or after overnight incubation (20 h). i,j Similar set-up as in (e-g), but with neu-
trophils and overnight incubation with G-CSF. N=2, in duplo, mean + SEM. Histo-
grams show one representative experiment. One-way ANOVA with Tukey’s post hoc
test. Source data are provided as a Source Data file.

stimulated neutrophils resulted in significantly higher binding of both
mACPA-IC (p <0.0001) and pACPA-IC (p = 0.0002, Fig. 6c).

CO1 and CO4 both significantly reduced mACPA and pACPA
binding to stimulated neutrophils from healthy donors (p <0.0001,
Fig. 6d, e). Increasing the concentration of CO1 to 25 ug/ml significantly
enhanced blocking, causing mACPA-IC blocking to increase from
52.8% to 68.7% (p<0.0001) and pACPA-IC blocking from 58.1% to
70.2% (p=0.0004). CO4 also showed a concentration-dependent
effect, with mACPA-IC blocking increasing from 58.9% to 66.5%
(p=0.008) and pACPA-IC blocking from 61.3% to 69.3% (p = 0.033). No
significant differences were observed between CO1 and CO4 at similar
concentrations. Surprisingly, 10.1 only showed 2.5% block of mACPA-IC
binding (p=0.71) and no change in pACPA-IC binding compared to
ACPA-IC only (Fig. 6d, e).

CO01 and C04 show potent inhibition in an in vitro and in vivo
disease model for ITP
Building on our RA in vitro analysis and to further assess clinical rele-
vance, we next evaluated the blocking capabilities of CO1 and CO4 in
both a patient-derived in vitro model and a humanized in vivo model of
immune thrombocytopenia (ITP). Specifically, we evaluated their
ability to inhibit opsonized platelet binding to monocytes within
PBMCs isolated from ITP patients. Monocytes were identified within
the PBMC population using a fixable viability dye (eF780) followed by
CD45+ and CD14+ staining (Fig. 7a). Despite patient-to-patient varia-
tion, the results confirmed that both CO1 and C04 effectively inhibited
opsonized platelet binding to monocytes by approximately 53%
(p<0.0001) and ~41% (p = 0.015), respectively (Fig. 7b, c). The reduc-
tion with 10.1 did not significantly differ from baseline (p = 0.32).

These findings were validated in a fully human immune system
mouse model of autoantibody-driven ITP, where NSG-FcRy” mice were
xenografted with human hematopoietic stem cells (Supplementary
Fig. 7)%. Platelets were depleted using a 6A6-hlgGl antibody recog-
nizing platelet integrin antigens of mouse origin (Fig. 7d)*. Given COl's
clear superior affinity, blocking efficacy and structural characteriza-
tion, in vivo validation was focused on this antibody to minimize ani-
mal use. Following treatment, mice receiving COl1 retained up to 49,5%
of circulating platelets after 4 h, compared to only 29% in the PBS
control group (p =0.0012, Fig. 7e).

The significant reduction in monocyte-platelet interactions
in vitro and the effective reduction of platelet clearance in vivo, further
highlights the therapeutic potential of CO1 and C04.

Discussion

In this study, we characterized antibodies that specifically block FcyRlI,
as previously described anti-FcyRI antibodies could not effectively
inhibit FcyRI ligand binding via their Fab fragment. Recently, we
developed a novel panel of antibodies directed against FcyRI via an
antibody phage display library”. The initial characterization shows that
CO01 and C04 have similar binding properties as higG (i.e. binding to
EC2), making them strong potential candidate blocking antibodies.
The crystal structure of the CO1-FcyRI complex revealed that the CO1
epitope on FcyRI overlaps with the Fc binding site, and thus Fc binding

is prevented by COl through steric hindrance*?.. Functional char-
acterization shows displacement of pre-bound IgG/ICs to a sig-
nificantly larger extent than commercial antibody 10.1, also when using
autoantibodies derived from RA patients. Importantly, binding and
crosslinking of the antibodies does not activate the receptor. Ther-
apeutic antibodies that inadvertently activate FcyRI induce inflamma-
tory reactions, contributing to adverse effects and undermining their
potential clinical benefits®.

Specific blocking antibodies against other Fc receptors have
provided key insights into their immunological roles and therapeutic
potential. For instance, an anti-FcyRIl antibody (clone 2B6) served as
distinctive marker between inhibitory FcyRIIb and activating FcyRlla,
while an anti-FcyRllla blocking antibody (clone 3G8) was used to suc-
cessfully treat ITP*>*. Beyond blocking FcyRIl and FcyRlll, infusion of
high doses of pooled IgG preparations (IVIg) is also an established
treatment in many autoimmune disease, but their immunomodulatory
activity is dependent on FcyRII via recognition of highly sialylated
IgGs***. This leaves FcyRI available for IC binding and subsequent
activation. Several anti-FcyRI blocking antibodies, including clones
10.1, 197, m22, and H22, have been developed"". However, these
antibodies only exhibit minor down-modulating effects of FcyRI, as
most of the blocking is achieved through the Kurlander effect. This
involves Fab-mediated binding outside of the ligand binding domain
and blocking via its IgG-Fc fragment, thus forming a heterotrimeric
complex®. This effect holds therapeutic potential, as the ‘scorpion-
like’ arrangement triggers cell activation, partly reliant on recruiting
activating FcyRs”. Mechanistically, FcyRI associates with the FcR
gamma chain, which contains an ITAM crucial for signaling. Upon
receptor clustering and heterodimerization by a crosslinking antibody
or IC, ITAMs are phosphorylated by Src family kinases, recruiting Syk
and initiating downstream signaling®. Syk kinases also enhance FcyRI
interaction with BLTI, the leukotriene B4 receptor, forming a FcyRl/
BT1 complex that further boosts phagocytosis, bacterial killing and
LTB4 release®. However, such activation can lead to adverse side-
effects, as seen with H22 (MDX-33) in phase /11 trials*°. This highlights
the need for FcyRI-specific antibodies that can effectively block FcyRI
ligand binding without triggering activation. To the best of our
knowledge, this is the first study that shows two strong candidates, as
CO1 and CO04 bind within EC2, overlapping with 14 FcyRI residues
involved in IgG binding, and that do not activate the receptor.

The crystal structure of the CO1-FcyRI complex also revealed that
CO01 binding induces a conformational change of FcyRl, partially col-
lapsing FcyRI's unique hydrophobic pocket. This pocket is crucial for
high-affinity IgG-Fc binding, as the insertion of Leu235 from IgG-Fc
deep within the hydrophobic pocket accounts for 25% of the interac-
tion with Fc®*. The loss of these hydrophobic contacts disrupts the
structural complementarity required for high-affinity binding, pre-
venting multivalent ICs from bridging multiples FcyRI receptors and
forming high-avidity clusters needed for ITAM phosphorylation®,
Moreover, ITAM signaling depends on precise alignment of the
receptors extracellular, transmembrane and intracellular domains, as
close association of the FcR gamma chains is needed for proper
signaling*>**. Crystallographic analysis of three FcyRI-IgG complexed
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Fig. 5 | Blocking ACPA-IC binding to monocytes and macrophages with novel
antibodies. a Gating strategy for monocytes within PBMC fraction, with FSC, SSC,
eF780 as a fixable viability dye and CD14-PE to gate for monocytes. b Blocking of
mACPA-IC binding to monocytes with the individual compounds. Data from four
donors (indicated by square, triangle, circle, and upside-down triangle) at 10pg/ml
(closed symbols) or 25ug/ml (open symbols). mACPA-IC measured in quarto and

antibody samples in duplo. ¢ Bar graph showing the degree of mACPA-IC binding
inhibition to FcyRI on monocytes by CO1 (triangle orange), C04 (circle red), or 10.1
(square blue). mACPA-IC only (circle purple) set at 0%. N = 4, in duplo, mean + SEM,
one-way ANOVA with Tukey’s post hoc test. d Gating strategy for monocyte-
derived macrophages. e, f similar as b, ¢ but with macrophages, N=2 donors in
duplo, all depicted as mean + SEM. Source data are provided as a Source Data file.
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Fig. 6 | CO1 and C04 block binding of recombinant monoclonal ACPA-IC and
patient-derived polyclonal ACPA-IC to healthy neutrophils. a Gating strategy
for neutrophils. b Expression levels of FcyRI, FcyRIl, and FcyRIIl on unstimulated
and IFN-y-stimulated neutrophils from three healthy donors (purple circle, square
and triangle), in duplo. ¢ MFI of recombinant monoclonal ACPA-IC (mACPA-IC) and
patient-derived polyclonal ACPA-IC (pACPA-IC) binding on IFN-y-stimulated neu-
trophils compared to unstimulated. Data from three donors, unstimulated mea-
sured in duplo, stimulated in quatro.d MFI and blocking of mACPA-IC binding
upon pre-blocking of FcyRI with CO1 (triangle orange), CO4 (circle red), or 10.1

(square blue) at 10 (closed symbols) and/or 25 pg/ml (open symbols). Data from
three donors, ACPA-IC measured in quatro and antibody samples in duplo. e MFI
and blocking of pACPA-IC binding after pre-blocked with C01, C04, or 10.1. Data
from three donors, ACPA-IC measured in quatro and antibody samples in duplo.
Data presented as mean + SEM, two-way ANOVA without post hoc test was used for
b-e line graphs, and one-way ANOVA with Tukey’s test for d, e bar graphs. The
significance line only indicates significance between 2 concentrations of the same
antibody; the capped line indicates significance between mACPA-IC or pACPA-IC
and all underlying bars. Source data are provided as a Source Data file.

structures and one unbound FcyRI structure consistently reveals a
characteristic “sea-horse” shape, with a relatively rigid ECI-EC2 inter-
domain angle of approximately 35°%*%'*, In contrast, the EC2-EC3
angle displays notable flexibility, varying up to 19° between FcyRI-IgG
complex and unbound form®. These structural observations suggest
that the position of EC3 influences overall receptor conformation and
stability”*>*!, It is also proposed that it might prevent dissociation
between IgG-FcyRl, thereby stabilizing and strengthening the complex
interaction*. Interestingly, in our study, we see a 19% increase in IgG
binding when 10.1 is prebound, which would suggest that 10.1 induces
a conformational shift that either enhances the accessibility of the IgG
binding site (i.e., better extension into the extracellular space) or helps
stabilize the hlgG binding interaction. Likewise, our data shows that
pre-incubation with C01/C04 enhances 10.1 binding by 50% (Supple-
mentary Fig. 2b) while reducing m22 binding by 30% (Supplementary
Fig. 4e), suggesting that binding to EC2 can also induce a conforma-
tional change that alters FcyRI alignment. This altered alignment likely

prevents effective clustering, explaining why CO1 and CO4 do not
activate the receptor and even block activation induced by cross-
linking antibodies such as m22.

To assess the therapeutic potential of CO1 and C04, it is important
to determine if they can effectively displace and block IC binding. Our
findings demonstrate that both higG and IC displacement is achievable
at physiological conditions on Ba/F3-FcyRI cells, neutrophils, and
monocytes (Fig. 4). The displacement effect is both time- and con-
centration-dependent, with an equilibrium reached at approximately
60% displacement. LigandTracer experiments revealed that CO1 and
C04 exhibited higher effective binding affinity towards FcyRIl com-
pared to hlgG. While the Ky, for higGl is higher than values reported in
literature (Kp of 10® - 10° M*), it is important to note that these
affinities were determined using Biacore systems (i.e., bound static
receptors) rather than live cells. In the future, enhancing the affinity of
CO1 and CO04 through affinity maturation could be beneficial in
achieving the desired affinity level for therapeutic purposes, as affinity-
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Fig. 7 | Inhibition of opsonized platelet binding to ITP patient-derived mono-
cytes using CO1, CO4 and 10.1. a Gating strategy for monocytes within the ITP
patient-derived PBMC population. b Blocking of opsonized platelet binding to
monocytes using antibodies CO1 (orange), CO4 (red), and 10.1 (blue). Opsonized
platelets were formed by using healthy donor platelets and an anti-GPlIbllla-APC
antibody. Data are derived from N =35 patients (each depicted by an individual
symbol). Data depicted as mean + SEM c Bar graph displaying the degree of
opsonized platelet binding to monocytes and the significant inhibition observed
with CO1 (orange triangle) and CO4 (red circle) compared to the control with no
blocking (purple circle) or 10.1 (blue square). Two significant outliers were iden-
tified with Grubbs’ test (x = 0.05) and these were excluded from the analysis in c.

Bars and lines indicate mean + SEM, N =5 patients. Statistical analysis was per-
formed using one-way ANOVA with Tukey’s post hoc test. ITP = immune throm-
bocytopenia. d Schematic representation of ITP in vivo experiment, where 6A6-
higG1 was used to deplete platelets over 4 h. Created in BioRender. Holtrop, T.
(2025) https://BioRender.com/4mg76z2 e Residual platelet count in humanized
NSG-FcRy - /- mice 4 h after injection of 100 pg of the chimeric anti-platelet anti-
body 6A6-hlgGl. Prior to ITP induction mice were pretreated with PBS (gray circles)
or 100 pg CO1 (orange triangles). N =4 for control mice and N=5 for CO1 mice;
statistical analysis was performed using an unpaired t-test. Source data are pro-
vided as a Source Data file.

matured antibodies may lead to greater displacement, resulting in
improved binding efficacy and stronger blocking*®.

The validation of CO1 and CO04 using patient-derived PBMCs
further underscores their potential as therapeutic agents, particularly
for ITP. Despite some variability in the data, both CO01 and
CO04 significantly inhibited opsonized platelet binding to monocytes,
achieving reductions of approximately 50% and 59%, respectively. In
human immune system mice, roughly 50% residual platelet depletion
was observed, confirming the blocking capacity of CO1 in vivo in an
IgG-driven model of autoimmunity. Of note, the question remains if
ITP is fully FcyR dependent in this model, as using blocking antibodies
against all three receptors does not lead to a complete block”. Hence
more research is needed into the individual contributions of FcyRI,
FcyRIl and FcyRIIl in ITP pathogenesis. Nevertheless, reduction of
platelet depletion by a FcyRI-blocking antibody supports the con-
tribution of mononuclear phagocytic cells in ITP pathogenesis as
previously observed in mice***°. All in all, these results are promising,
especially considering the history of prior therapeutic antibodies, such
as H22, which showed initial success ITP patients but was discontinued
due to adverse side effects*’. Unlike H22, CO1 and C04 do not activate
the receptor, reducing the risk of unintended immune activation and
suggesting a safer clinical profile.

RA-specific autoantibodies known as ACPA contribute to the
development of the disease’, and their presence strongly correlates
with disease progression and severity®>. ACPA-IC binding to myeloid
cells, including monocytes and macrophages, can be inhibited up to
70% by both CO1 and CO4. Myeloid cells are key players in RA

pathogenesis, resulting in the release of pro-inflammatory cytokines,
antigen presentation and matrix degradation®. There are several RA
therapies available, including TNF, IL-6 or JAK inhibitors, that suppress
inflammation by targeting cytokine signaling pathways crucially
involved in synovial inflammation as observed in patients with RA.
However, monocytes and macrophages are not the only immune cells
present in the RA compartment. Our data show that IFN-y-stimulated
neutrophils express de novo FcyRI, playing a major role in ACPA-IC
binding. This interaction is particularly relevant in synovial inflamma-
tion, as RA patient-derived neutrophils show high levels of FcyRI*.
Given the abundance of neutrophils in the synovial fluid and the pre-
sence of IFN-y in this compartment, FcyRI-mediated neutrophil activa-
tion likely plays a significant role in RA pathogenesis. This interaction
has been previously studied with 10.1, resulting in a slight reduction of
29% in ACPA-IC binding *. However, in our study, we did not observe
any reduction with 10.1, which may be due to our use of a more clinically
relevant concentration of 25 pg/ml, whereas the previous study used
80 pg/ml.

ICs have also been implicated in inducing neuropathy in RA,
leading to joint pain without apparent inflammation®*. This pain can
persist even with controlled inflammation through medication®. FcyRI
is expressed in nociceptive DRG neurons of rats and mice, and IC
activation increases intracellular calcium mobilization, resulting in
heightened neuron excitability®**”. Previous experiments using
10.1 showed reduced pain-related behavior in RA mouse and rat
models®’, suggesting that CO1 and C04 could be even more effective in
blocking IC binding and thus alleviating pain. Inhibiting FcyRI could be
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a promising treatment for RA patients, especially for those experien-
cing ongoing pain despite anti-inflammatory therapy. This approach
may also extend to other chronic pain disorders, such as neuropathic
pain linked to somatosensory system disorders or lesions™,

Beyond the potential for IgGl-mediated diseases, our findings also
open a promising avenue for therapeutic inventions in autoimmune
diseases mediated by IgG4 autoantibodies. IgG4 is the least abundant
subclass of IgG, and it can undergo Fab-arm exchange with other IgG4
antibodies, resulting in monovalent binding to its target®. IgG4-
mediated autoimmunity is a distinct niche among antibody-driven dis-
orders, as it does not activate Fc receptors but instead exerts its
pathogenic effects through Fab-mediated blocking of essential protein-
protein interactions® . Though typically anti-inflammatory, it can drive
pathology when produced in response to chronic antigen exposure
during inflammation, such as citrullinated protein in RA®**, Unlike IgG1
autoantibodies, which originate from long-lived plasma cells, IgG4
autoantibodies tend to arise from short-lived plasma cells generated
continuously from memory B cells®>%*, Once antigenic load is reduced
through effective inflammatory treatment, IgG4 ACPA levels drop
whereas IgGl levels remain relatively stable®. This ongoing production
reflects persistent antigenic stimulation, and current broad-spectrum
immunosuppressive treatments (e.g., corticosteroids, rituximab) often
fail to achieve lasting remission®’. Blocking FcyRI with C01/CO4 may
offer a dual therapeutic benefit: by reducing FcyRI-mediated inflam-
matory signaling and lowering antigenic load, it could reduce the gen-
eration of pathogenic IgG4 autoantibodies. Importantly, IgG4 also plays
a regulatory role in normal immunity, particularly in modulating IgE
responses. Thus, targeted strategies like CO1 and CO4 might be able to
disrupt the pathological cycle of chronic stimulation and autoantibody
production without completely depleting beneficial IgG4 functions.

In conclusion, this study is the first to describe and characterize
two novel anti-FcyRI antibodies that bind within the ligand-binding
domain and can block FcyRI ligand binding via their Fab. Besides being
able to provide new insights in fundamental research, these antibodies
also have the potential to be used as therapeutic antibodies in auto-
immune and infectious diseases.

Methods

Cell lines, cell culture and antibodies

Ba/F3 (obtained from DSMZ, ACC 300, RRID: CVCL_0161), EL4 (ATCC,
TIB-39, RRID: CVCL_0255), SK-BR-3 (ATCC, HTB-30, RRID: CVCL_0033),
l1al.6 (ATCC, TIB-308, RRID: CVCL 0J27) cells were cultured in RPMI
1640 medium (RPMI 1640 Glutamax; Thermo Fisher, 61870036) sup-
plemented with 10% fetal calf serum (FCS, Bodinco), 100U/ml peni-
cillin/streptomycin (Pen/Strep, Thermo Fisher, 15140122), and 0.2 ng/
mL murine IL-3 (Immunotools, 12340035) for Ba/F3 cells. All cell
lines were authenticated by the suppliers and used at low passage
numbers after immediate freezing upon receipt. Additionally, they
were routinely screened for mycoplasma using Myco alert Myco-
plasma detection kit (Lonza, LT0O7-318). The retroviral vector pMX
human FcyRI was generated by cloning the full-length human FCGRIA
cDNA into the pMX vector backbone using standard molecular biology
techniques. High-titer retrovirus was produced in packaging cells and
used to transduce target cells, followed by selection and confirmation
of FcyRlI surface expression by flow cytometry®. All cells were trans-
duced using amphotropic viral particles made in HEK293T cells. Pur-
omycin selection (5pg/ml, Merck, P8833) produced stable Ba/F3-
FcyRI, Ba/F3-FcyRllla, Ba/F3-FcyRlllb, EL4-FcyRI and SKBR3-FcyRI cell
populations. No extra selection was needed to produce stable Ilal.6-
FcyRlla and 1lal.6-FcyRlIb. All information on antibodies used in this
study are provided in Supplementary Table 3.

Production of chimeric FcyRI-specific antibodies
Seven anti-FcyRI antibodies have been generated in-house”. In short,
C57BL/6 mice were immunized intravenously by cellular immunization

with FcyRI expressing cells within our UMAB facility and boosted 4
times. Blood was collected and serum antibody titers for FcyRI were
analyzed. The spleens were harvested 4 days after the last boost, snap-
frozen and stored at —80 °C. A murine scFv antibody library was gen-
erated from total RNA of the spleen isolated from the mouse with
highest serum antibody titer. Phage display was performed by two
panning steps using Ba/F3-FcyRlI cells. After the final panning, binding of
individual phage antibodies to FcyRI was tested by whole cell ELISA
using Ba/F3 and Ba/F3-FcyRI cells. The screening process was monitored
by next generation sequencing (NGS) and enriched scFv clones were
selected and converted into Fc-silent human IgGl (LALAPG mutation;
L234A, L235A, P329G?), via overlap extension-PCR (OE-PCR). Here, pri-
mers (Integrated DNA technologies, Supplementary Table 4) were
diluted to 10 puM in sterile H20. V, and V4, and OE-PCR reactions were
performed in 50 pl volumes, containing 10 uM forward and 10 pM
reverse primer, 5 ng of template DNA, 10 mM dNTPS (Qiagen), 1 unit of
Phusion DNA polymerase (Boike), 5X phusion HF or GC buffer (Boike).
Initial denaturation was conducted at 98 °C for 30 seconds, followed by
27 cycles of 98°C at 10s, 55-62°C at 20s, 72°C at 15s and a final
extension of 72 °C at 10 min. When required, gel purification was con-
ducted using the nucleospin Gel and PCR clean-up kit (Macherey-nagel).
For OE-PCR Reaction 1 (V, and Vy), pcDNA3.4 expression vector (RRID:
Addgene_221396) was used as DNA template. For OE-PCR Reaction 2
either V, or Vy of interest in the Pakl00 vector was used as DNA tem-
plate. For OE-PCR Reaction 3 the corresponding product from OE-PCR
reaction 1 and 2 was used as DNA template. The resulting sequences
were ultimately transfected into ExpiCHO-S cells (ThermoFisher,
A29127). Antibodies were purified using a HiTrap rProtein A FF column
(GE Healthcare, 10146224) attached to the AKTA Start (GE Healthcare)
fast protein liquid chromatography system according to the manu-
facturer’s protocol. The protein sequences of the antibodies are inclu-
ded in a related patent application (P37203NL0O).

Phylogenetic tree reconstruction

Phylogenetic reconstructions of the amino acid sequences of the
variable heavy and light chains were made using the function “com-
pute” of ETE3 3.1.2 as implemented on the GenomeNet®®. Alignment
was performed with Clustal Omega (v1.2.4) with the default options®’.
A maximum-likelihood tree was inferred using PhyML (v20160115).
Branch supports are the Chi*-based parametric values by the approx-
imate likelihood ratio test®®. The obtained newick files were then
uploaded in the Interactive Tree Of Life (iTOL) (v6) annotation soft-
ware to generate midpoint rooted phylogenetic trees®.

Chimeric domain swap receptors
All human FcyRI: mouse FcyRI domain swap chimeric receptors were
constructed in the pMX_puro vector. Receptor sequences were
obtained from UniProt; human FcyRI (L03418) and murine FcyRI
(M31314). For the domain swap chimeric receptors, extracellular
domains (EC) 1, 2, or 3 were replaced by the murine equivalent. For
mECDI1-hEC2-hEC3, 91.3% of hEC1 was replaced by mECDI. For hECI-
mEC2-hEC3, the whole hEC2 was replaced, including the overlap with
hECI. For hECI-hEC2-mEC3, hEC3 could easily be replaced by mECD3.
The obtained plasmids were retrovirally transduced in
HEK293T cells, the virus supernatant was harvested and added to EL4
cells. Selection was performed after 7-14 days with puromycin. To evalu-
ate binding, 1 x 10° transduced cells were added per well, after which the
antibodies were added (e.g., COI-LALAPG, CO4-LALAPG, 10.1 (mIgG1), M22
(mlgGl), and higGl). After 1h incubation at 4°C, a labeled secondary
staining antibody (anti-mouse IgG or anti-human IgG) was added. Binding
was evaluated via flow cytometry and analyzed with BD FACSDiva (v9.0).

Flow cytometry assays
For all Fluorescence-Activated Cell Sorting (FACS) assays, 1 x 10° cells/
well were added to a 96-well plate. All incubation steps were

Nature Communications | (2025)16:10068

12



Article

https://doi.org/10.1038/s41467-025-65133-z

performed for 1 h at 4 °C, unless stated otherwise. In each experiment,
10 pg/ml (labeled) antibody was used, unless stated otherwise. After
each incubation step, cells were washed with 100 uL FACS buffer
(PBS + 0.5 % bovine serum albumin (BSA, Sigma, 10735094001) + 0.1%
sodium azide (Immunosource, 40-2010-01)) and spun down at 1500
RPM for 5 min, unless stated otherwise. After final staining, cells were
washed once with PBS, fixed with 1% paraformaldehyde (PFA) for
15 min at 4 °C and resuspended in FACS buffer. All measurements were
performed in duplo or triplo using a FACSCanto Il (BD Sciences) and
accompanying software (FACS DIVA, v8) and Flowjo (v10.10). An
exemplary gating strategy is provided in Supplementary Fig. 2a.

Commercial antibodies ligand binding and blocking assay
Ba/F3-FcyRI and EL4-FcyRl cells were incubated with the indicated anti-
FcyRI antibodies for 1 hour. After washing, mouse or human IgG bound
to the cells was detected by using APC-labeled anti-mouse IgG or
AF647-labeled anti-human IgG for 1hour. To measure the ligand
blocking capacity, 5 pg/ml higG1-AF647 was added for 1 h after the first
incubation step. Ligand blocking (%) was calculated by using the for-
mula: Ligand blocking (%) = 100 - ((MFI sample / MFI ligand only) x 100).
For 197 and 10.1, F(ab’), fragments were generated to test Fab-
mediated interactions. Immobilized Ficin was used to prepare the
F(ab’), fragments using Pierce Mouse IgGl Fab and F(ab”), Preparation
Kit (Thermo Scientific, 44980). For both antibodies, 1 mg was digested
with 4 mM cysteine for 28 h at 37 °C, following manufacturer’s proto-
col. Purity was confirmed via SDS-PAGE gel electrophoresis (reducing
condition, 4-20% gradient gel, Bio-Rad, 4561094) and stained using
InstantBlue Ultrafast Protein Stain (Sigma Aldrich, ab119211).

Antibody binding assay

For antibody binding assays, 1 x 10° Ba/F3-FcyRI or EL4-FcyRl cells per
well were added to a 96-well plate and pre-labeled commercial anti-
FcyRI antibodies or FITC-labeled antibodies were added. For the
titration experiments, cells were incubated with the different anti-
bodies at the indicated concentrations for the specified time. For the
specificity assay, llal.6, llal.6-CD32a, llal.6-CD32b, Ba/F3, Ba/F3-CD16a
and Ba/F3-CD16b were incubated with a titration range of CO1-FITC,
CO4-FITC, anti-CD16-PE (clone 3G8; BD Pharmingen) and anti-CD32-
FITC (clone FL18.26; BD Pharmingen). For antibody binding in pre-
sence of plasma IgGs, human peripheral blood mononuclear cells
(PBMCs) were isolated from donor blood (in-house donor facility,
University Medical Center Utrecht) and Ba/F3-FcyRI cells were first
incubated with 20 ul of 200 pg/ml intravenous immunoglobulins (IVIg)
(Nanogam, Sanquin, RVG31627), and then with FITC-labeled anti-FcyRI
antibodies. For cross-block assays, Ba/F3-FcyRI cells were pre-
incubated with either unlabeled 10.1 or anti-FcyRI clones. Next, FITC-
labeled anti-FcyRI clones or 10.1 was added to measure residual
binding.

Expression and purification of CO1 Fab and rhFcyRI

Codon optimized CO1 heavy and light chain V gene sequences ordered
from TWIST Bioscience were designed with either only the constant
heavy 1 (CH1) or constant light (CL) domains but including the ultimate
cysteine residues implicated in Fab conjugation. Constructs ligated
into the pcDNA3.4 expression vector (RRID: Addgene_221396) were
transfected into the ExpiCHO expression system (Thermo Fisher,
A29133). Culture supernatants were harvested 10 days post-
transfection and purified subsequently on a Kappa Select column,
equilibrated in PBS and using 0.1M glycine pH 2.5 as eluent, and a
Superdex75 16/600 column in 10 mM HEPES-buffer pH 7.5 with
150 mM NaCl. Recombinant production of FcyRI ectodomains in
ExpiCHO entailed the previously published construct including
19 stabilizing mutations and fusion to a C-terminal Hise-tag*®. Protein
purification comprised of an IMAC affinity step on a 1 mL HisTrap HP
column equilibrated in 25 mM HEPES-buffer pH 7.5 with 0.5M NaCl

and using wash and elution buffers containing 50 and 100 mM Imi-
dazole pH 7.5, respectively, followed by a cation exchange step with a
1mL ResourceS column in 25mM MES-buffer and elution using a
0.1-1M NaCl gradient®. As a final step prior to crystallization, the CO1
Fab fragment and rhFcyRI were mixed in a 1:1 ratio to a final con-
centration of 3 mg/mL and purified on a Superdex200 Increase 10/300
column equilibrated in 10 mM HEPES-buffer pH 7.5 with 150 mM Na(l,
to separate the complex from the individual components. All columns
used in this protocol were obtained from Cytiva LifeSciences.

Crystallization and structure determination of the Fab CO1-
rhFcyRI complex

Crystallization trials were set up in sitting drops vapor diffusion
screens by mixing 100 nl 10 mg/mL Fab CO1-rhFcyRI complex in 10 mM
HEPES-buffer pH 7.5 with 150 mM NaCl and 100 nl of reservoir solution,
at 293 K. Fab CO1-rhFcyRI crystals were grown during 2 months using
the Morpheus Crystallization screen, in a condition containing the
MOPS/HEPES buffer system, pH 7.5, alcohol mixture (0.12M end
conc.), and the PEG20k-PEG MME 550 precipitant mixture (30 % end
concentration)’®. X-Ray diffraction data to 3.2A resolution of two
separate crystals grown in the same drop were collected at the Dia-
mond Light Source at beamline 124, processed individually with the
xia2 multiplex protocol, and subsequently merged and scaled with
Aimless’”2, The structure solution by molecular replacement in Phaser
using models of hFcyRI (PDB-ID: 4W40) and mFab Vy, V|, Cy & C,
domains (PDB: 1i8m) as search templates revealed the presence of two
Fab CO1-fhFcyRI complexes in the asymmetric unit. The model was
further improved by manual modeling in Coot®”*>7, During the
refinement in Refmac5, external restraints were used, that were gen-
erated by Lowrestr against experimentally determined structures of
FcyRI homologs and Fab fragments, and alphafold 2 models®7%,
Quality of the geometry was analyzed using MolProbity’”®, showing
94.08% favored and 5.27% allowed backbone geometries according to
Ramachandran’s statistics, as well as 81.7% favored and 10.42% allowed
rotamer conformations. Final Ryon/Reree Statistics are 0.261 / 0.301.
Data collection and refinement statistics are listed in Supplementary
Table 1. All programs were used as implemented in CCP4%,

Ligand tracer assay

The binding kinetics of higG, 10.1, CO1 and CO4 to FcyRI were exam-
ined by using LigandTracer Green Technology (Ridgeview Instruments
AB). SKBR3 and SKBR3-FcyRI were plated out on opposite sides of a
culture dish in an elliptical shape, at a concentration of 8 x 10* cells/ml
and incubated overnight at 37 °C to attach to the plate. Next, the plate
was washed with culture medium and transferred to the LigandTracer
apparatus. First, a baseline measurement of 15 min was performed.
Subsequently, association was measured at 10 nM FITC-labeled anti-
body for 1h and subsequently at 30 nM for 1 h. Then, dissociation was
measured for 2 h by replacing the culture medium containing 30 nM
antibody for antibody-free medium. The effective affinity of the anti-
bodies was calculated by using a OneToOneBI fitting model in Trace-
Drawer (v1.9.2) software (Ridgeview Instruments AB).

Calcium release assay

For the calcium release assays, 5 x 10° Ba/F3-FcyRI cells per well were
incubated with 8 uM Fluo-4 AM (Invitrogen, F14201) and 10 puM Fura-
Red (Invitrogen, F3021) at 37 °C for 20 min. Cells were removed from
the incubator, anti-FcyRI antibodies m22 (own production), H22 (MDX-
33, Antibody System), CO1 and/or CO4 were added (10 pg/ml) and the
cells were incubated at 37°C for an additional 10 min. Cells were
washed once with RPMI without phenol red + 1% P/S +10% FCS and
once with Hank’s Balanced salt solution (HBSS, Gibco, 15266355)
containing magnesium, calcium and no phenol red, supplemented
with 10% FCS. Cells were resuspended in HBSS+10% FCS and
transferred to a FACS tube in a final volume of 500 pL. The cells
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were left undisturbed in the dark at RT for at least 60 min. Cytosolic
calcium levels were measured on FACSCanto Il (BD Biosciences)
as ratio of Fluo-4/Fura Red. After 30 seconds of baseline measurement,
a cross-linking antibody (goat anti-mouse IgG; Jackson, 115-007-003,
or rabbit anti-human IgG; Jackson, 309-006-008) was added and
calcium release was measured for 4.5 min. Lastly, 2 pg/mL ionomycin
(Sigma, 10634) was added as a loading control and measured for
45 seconds.

Superoxide induction

IFN-y stimulated neutrophils were used for measuring superoxide
burst by anti-FcyRI antibodies. Neutrophils from 3 healthy donors were
cultured overnight with 100 U/mL IFN-y (Immunotools, 11343534) and
100 U/ml G-CSF (Immunotools, 11343133) in RPMI with 10% FCS and 1%
P/S. All next steps were performed on ice to limit superoxide burst. 197,
m22, H22, 10.1, CO1 and C04 were added at 10 pg/ml in 50 ul, after
which 4 x 10° cells in 100 pl per well were added. Lastly 150 uM luminol
(Sigma) in 50 ul was added and placed a luminometer (SpectraMax M3,
Molecular Devices) set at 37 °C. Measurements of spontaneous pro-
duction of superoxide were made every 40 to 60 seconds, starting
immediately following luminol addition. The production of superoxide
was measured in relative light units (RLU) for 20 min.

Soluble IC binding and blocking assay

Soluble IC was formed by incubating 10 pg/ml higGl1 (Palivizumab;
Synagis, 66658-230-01) with 5ug/ml AF647-Goat F(ab’), anti-human
IgG F(ab’), (Jackson, 109-605-006) for 30 min at 37 °C, followed by
10 min incubation on ice. 1 x 10° Ba/F3-FcyRlI cells were added per well.
Anti-FcyRI was added (25 ul per well at 5, 10 or 25 ug/ml) followed by
45 min incubation on ice. Next, higG1-AF647 or soluble IC was added
(25ul per well) (no washing step in between), followed by 45min
incubation on ice. Percentage binding was calculated using the fol-
lowing formula: Binding (%) = (sample — negative control)/(baseline -
negative control)*100%. Negative control is the unstained condition.
Baseline is the condition where only higG-AF647 or soluble IC was
added and no blocking antibody.

higG and soluble IC displacement assay

Soluble IC were generated by incubating 10 pg/ml higG1 (Palivizumab;
Synagis, 66658-230-01) with 5ug/ml AF647-Goat F(ab’), anti-human
IgG F(ab’), (Jackson, 109-605-006) for 30 min at 37 °C, followed by
10 min incubation on ice. Antibodies and IC were dissolved in HEPES-
buffered saline + 1 mM MgCl, +1,25 mM CaCl, + 0,2 ng/ml murine IL-3
or (for overnight incubation) RPMI 1640 without phenol red (Gibco,
11835030) +10% FCS + 0,2 ng/ml murine IL-3. 1 x 10° cells (Ba/F3 or Ba/
F3-FcyRI cells) were added per well. Palivizumab-AF647 (in-house
labeled), or soluble IC was added (25 ul per well) followed by 45 min
incubation on ice. Next, anti-FcyRI antibody was added (25 pl per well)
(no washing step in between) followed by 45 min or overnight incu-
bation at 37 °C. Subsequent preparation for measurement, analysis,
and calculations were done similarly as for blocking experiments, with
the exception that the negative control used in the calculation is the
condition where only the AF647-Goat F(ab’), anti-human IgG F(ab’),
was added. For the displacement assays, polymorphonuclear leuko-
cytes (PMNs) or PBMCs from 3 healthy donors were isolated by dilut-
ing whole blood 1:1 with PBS and layering this mixture on Ficoll Paque
Plus (GE Healthcare, 17-1440-03). After careful centrifuging, PBMCs
were collected and monocytes were isolated via CD14 + MACS Cell
Separation (Miltenyi Biotec, 130-050-201). The remaining serum and
Ficoll layer were removed to have the PMN layer left. The cells were
cultured overnight in either RPMI with human serum or FCS in a 6-wells
plate at a density of 2 million/ml. Additionally, neutrophils were sti-
mulated with 100U/ml IFN-y (Immunotools, 11343534) and G-CSF
(Immunotools, 11343133) and the monocytes with 100U/ml GM-CSF
(Immunotools, 11343125).

Rosette (IgG-coated beads) assay

Dinitrophenol (DNP)-BSA (Thermo Fisher, A-8020) was coupled to
Dynabeads M-450 Epoxy (4,5 um) (Thermo Fisher, 14012D) according
to manufacturer’s instructions. DNP-BSA Dynabeads were opsonized
with rabbit IgG anti-DNP (Vector Laboratories, SP-0603-1). Different
coating antibody concentrations were evaluated to maximize bead-to-
cell binding and the best binding was obtained at 1pug/ml, and this
concentration was deemed sufficient for subsequent blocking tests (1 x
10® beads per ml antibody solution). Per well, 1 x 10° Ba/F3-CD64 cells
were incubated with 50 ul of 1-100 pg/ml blocking antibody for 45 min
at 4 °C. After washing, 3.5 x 10° beads were added and incubated for 1 h
at 4 °C while shaking. Next, cells were fixated with 3% PFA (Klinipath)
and spun down at 1500 RPM for 2 min, no brake. Rosette formation
was evaluated using a bright-field microscope (EVOS, Thermo Fisher)
at 20x magpnification. Cells with five or more beads bound to them
were defined as rosettes. Counting was performed using ImageJ v2.11
(Fiji) software. For each condition, triplicates were measured. To be
able to compare different experiments, the percentage of rosettes in
each condition was calculated to the baseline percentage without
blocking antibody.

Patients and healthy donors

A peripheral blood sample was obtained from an ACPA-positive RA
patient visiting the outpatient clinical of the department of Rheuma-
tology at Leiden University Medical Center (LUMC, Leiden, The Neth-
erlands). Informed consent was obtained for this individual and all
protocols were approved by the ethical committee of the LUMC, the
Netherlands. Samples from patients with ITP were derived from the
PICI study (trial number NL66313.041.18), a cross-sectional observa-
tional study amongst patients with chronic ITP approved by the Ned-
MEC medical ethics committee. All patients gave written informed
consent. Healthy volunteers were recruited amongst hospital staff and
students. Ethical permission was obtained (protocol number 18-774)
and all donors provided written informed consent.

Patient-derived ACPA-IC assay

ACPAs were isolated from RA patient (see patient section) plasma by
affinity chromatography using the AKTA Pure equipped with a self-
packed HiTrap streptavidin HP 1 mL column (Cytiva, 17-5112-01) with
biotinylated CCP4 peptides or biotinylated CArgP4 peptides®’. The
peptides were kindly provided by Dr. J. W. Drijfhout (Dept. of IHB,
LUMC). Additionally, we used a recombinant non-glycosylated (NG)
monoclonal ACPA-IgGl, 7E4, which were produced based on the BCR
sequences from ACPA + RA patients®. In this case the sequence of 7E4
was provided by Dr Rispens, Sanquin, The Netherlands. Since ACPA
express variable domain glycans, the glycan sites were mutated out by
back-mutating the N-linked glycosylation sites into the germline
sequence (based on IMGT). Codon optimized ACPA heavy chain and
light chain V gene sequences were designed and ordered from GeneArt
(Life Technologies) and ligated into a pcDNA3.1 (+) expression vector
(Invitrogen, V79020). The heavy and light chain vectors were trans-
fected into Freestyle 293-F cells (Gibco, R79007). After 5-6 days the
supernatant was harvested and purified for ACPA IgG with a 1ml
HiTrap Protein G HP affinity column (GE Healthcare, 29-0485-81)
according to the manufacturer’s instructions.

PMNs or PBMCs from 3 healthy donors were isolated by diluting
whole blood 1:1 with PBS and layering this mixture on Ficoll Paque Plus
(GE Healthcare, 17-1440-03). After careful centrifuging, PBMCs were
collected, after which the remaining serum and Ficoll layer were
removed to have the PMN layer left. For the monocytes, the whole
PBMC population was used. For the macrophage stimulation, the
PBMCs were plated in a NUNC Upcell 6-well plate (Thermo Fisher,
174901) at a density of 5 million cells/mL in 3 mL. The monocytes were
left to attach to the plate for 3 h, after which the wells were washed 2
times to remove any unbound non-monocytic cell. RPMI medium with
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10% FCS and 1% P/S was added, together with 50 ng/ml GM-CSF
(Immunotools, 11343125) to induce differentiation of the monocytes
into M1 macrophages. Every 3 days medium was replaced and fresh
cytokines added. On day 7 100 U/ml IFN-y (Immunotools, 11343534)
was added to induce polarization and left on the cells for 24 h, after
which the cells were ready for FACS. To lyse the erythrocytes within the
PMN fraction, 1x RBC lysis buffer (Biolegend, 420302) was added
twice, after which the PMNs were washed with PBS. PMNs were sti-
mulated overnight with 100 U/ml IFN-y (Immunotools, 11343534) and
G-CSF (Immunotools, 11343133) to induce FcyRI expression. The PMNs
consist mainly of neutrophils and are therefore referred to neutrophils
in the main text.

Neutrophils, PBMCs or macrophages were seeded at a density of
1x10° cells/well, after which the blocking antibodies (CO1, C04 or
10.1 F(ab’),) or PBS (25 ul/well) were added and incubated for 30 min at
37°C. ICs were formed using 2.5 pg/ml fluorescently labeled goat-
derived polyclonal F(ab’),-anti-higG-F(ab’), (Jackson, 109-606-006)
with either 5pg/ml recombinant monoclonal ACPA antibodies
(mACPA) or with patient-derived polyclonal ACPA (pACPA) for 30 min
at 37°C and then 10 min on ice. Cells were washed with FACS buffer
and 10 ug/ml mACPA-IC or pACPA-IC (10 pg/ml, 25 ul/well) was added
and incubated for 1 h at 37 °C. All subsequent steps were performed on
ice. For both monocytes and macrophages, cells were stained with live/
dead marker eF780 (Fisher Scientific, 13539140), after which CD14-PE
(BD) for 30 min at 4 °C, afterwards cells were washed and fixated in 1%
PFA. For neutrophils, cells were washed with cold FACS buffer and cold
staining mix was added and incubated for 30 min at 4 °C. The staining
mix included CDI5 (eBioscience), CD16 (FcyRlIll, BD), CD32 (FcyRlI,
Miltenyi), and CD66b (BD) in FACS buffer. Cells were washed once
more with cold FACS buffer and resuspended in cold FACS buffer and
kept on ice. 15 min before measuring the sample, 7-AAD was added as a
live/dead marker. Cells were first gated on live cells and then neu-
trophils were gated as CD15+ and CD66b +. Percentage blocking per
donor is calculated using the following formula: Blocking (%) =100 -
((sample - negative control) / (ACPA-IC only — negative control)) x 100%).
Several controls were taken along to assess changes in FcyRI (clone
CO01), FcyRII (clone 1V.3) and FcyRIII (clone 3G8) on unstimulated and
IFN-y stimulated neutrophils.

Blocking assay opsonized platelets and ITP patient-

derived PBMCs

Platelet-rich plasma (PRP) was prepared from whole blood of a healthy
donor and adjusted to 200.000 platelets/uL. PRP was diluted 1:1 with
PBS and incubated for 30 min at 4°C with 10 ug of GPIIbllla-APC
(AssayLite, 11587-05061) antibody to opsonize the platelets. Mean-
while, PBMCs from six ITP patients (see patients section) were carefully
thawed and plated at 2 x 10° cells per well. CO1, CO4 or 10.1 were added
and incubated for 30 min at 37 °C to block FcyRI. After washing the
PBMCs, the opsonized platelets were added at a physiological ratio of
1:250 PBMC/platelet and incubated for 1h at 37°C. The wells were
carefully washed once with PBS, and a staining mix of anti-CD45-Pe-
Cy7 (BD, 560915), anti-CD14-eF450 (eBioscience, 48-0149-42) and the
live/dead marker eF780 (Fisher Scientific, 13539140) were added for
20 min at 4 °C. Cells were carefully washed once more, after which the
cells were fixated in 1% PFA for 15 min and measured on a BDCanto IL

Generation of human immune system mice

NOD- (001976), SCID- (001303), and yc-deficient (005557) mice were
originally obtained from The Jackson Laboratory. Mice lacking the
fcerl gene (FcRy - /-) were provided by Jeffrey Ravetch (Rockefeller
University)®’. The NOD-SCID/yc-FcRy — /- (NSG-FcRy - /-) mice were
generated by crossing SCID, yc-deficient, and FcRy — /- mice onto a
NOD background for a minimum of six generations, followed by
intercrossing to generate NSG-FcRy - /- animals®. In line with their
immunodeficient status, the NSG-FcRy — /- mice received acidified

drinking water (pH 3.0) to reduce the risk of bacterial infection.
Human immune system (humanized) NSG-FcRy”~ mice were gener-
ated by transplanting human hematopoietic stemc cells (HSCs)
into irradiated newborn mice”. Specifically, newborn NSG-FcRy”
mice were irradiated at the dose of 1.4 Gy and injected intravenously
with 30,000-50,000 human HSCs 4-6 h after irradiation®***, purified
from umbilical cord blood with the written consent of patients
and according to the clinical guidelines of the Friedrich-Alexander-
University Erlangen-Niirnberg and the Klinikum Fiirth (license num-
ber: 22-272B). The reconstitution efficiency and leukocyte composi-
tion were determined by flow cytometric identification of human
cell subsets in whole-blood samples using a Cytek Northern Lights
flow cytometer. Within alive (ZombieNIR-, Biolegend, 423105), single
cells, the following populations were identified: murine leukocytes
(mouse CD45", clone A20, Biolegend) human leukocytes (human
CD45%, clone HI30, Cytek), human B cells (CD19, clone HIB19, Cytek),
T cells (CD3", clone SK7, Cytek), NK cells (CD56", clone 5.1H11, Cytek),
neutrophils (CD66b*, clone GIOF5, Biolegend) and monocytes
(CD33" clone P67.6, Cytek) further divided into classical (CD14",
clone M5E2, Cytek) and non-classical monocytes (CD16°, clone 3G8,
Cytek). Mice with >5% human CD45+ cells were considered to be
successfully humanized and used in ITP experiments.

Both male and female mice (age 12-20 weeks) were used, with
groups matched for sex, age, and body weight. No sex-based analysis
was performed, as the study employed a short, 4 h ITP model, where
sex-specific differences are not expected and have not been reported
in prior studies. All experiments were performed with male and
female humanized mice at the age of 12 to 20 weeks. Mice were kept
in the animal facilities of Friedrich-Alexander-University Erlangen-
Niirnberg under specific-pathogen-free conditions in isolated venti-
lated cages. The housing environment was maintained at 20-24°C
with 45-65% humidity and a 12-hour light/dark cycle. Mice were
euthanized in CO,. All animal experiments were performed in
accordance with the legal requirements of Germany, and were
approved by the local experimental animal welfare body, Regierung
von Unterfranken (54-2532.1-8/13).

In vivo ITP Induction

ITP was induced by intraperitoneal injection of 100 pg 6A6-higGl
antibodies (GenScript) (N =5). To block human FcyRI, 100 pg of CO1
antibody was injected intravenously 2 h prior to 6A6-hlgGl application.
PBS-treated mice (N=4) were used as control. Platelet counts were
determined before and 4 h after antibody injection, at a 1:10 dilution in
PBS with an Advia 120 hematology system (Siemens). Platelet counts
before antibody injection were set to 100%.

Statistical analysis

Statistical analysis was performed using GraphPad Prism v10.4.0.
An unpaired Student’s t-test was used to compare the mean
values between the two groups. Statistical analysis for multiple com-
parison was performed using one- or two-way ANOVA, with Bonferroni
correction hoc test or Tukey’s test as indicated in the respective figure
legend. Graphs represent mean +- SEM, unless indicated otherwise.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Raw numerical data for charts and graphs are provided in the Source
Data file whenever possible. The sequences, PDB files, and materials for
antibodies CO1 and C04 are currently not publicly available due to
their inclusion in a related patent application (P37203NLOO, submitted
March 2025), which is expected to become public in September 2026.
Nevertheless, the CO1 and CO4 antibodies, their sequences, and/or the
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PDB file will be made available for non-commercial research purposes
upon request, subject to a Material Transfer Agreement (MTA) to
protect intellectual property rights. Access to these materials can be
requested by contacting Jeanette H.W. Leusen. Requests will be
reviewed promptly, with an expected response timeframe of 2-4
weeks. Materials will be made available for a period of at least two years
following approval. These access restrictions are necessary due to
ongoing intellectual property protections but do not preclude aca-
demic research use. No ethical or consent restrictions limit data
sharing. Source data are provided with this paper.
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