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FcRn is a CD32a coreceptor that determines
susceptibility to IgG immune complex-driven

autoimmunity

Jonathan J. Hubbard“?*, Michal Pyzik™*@®, Timo Rath?, Lisa K. Kozicky'®, Kine M.K. Sand®>*> Amit K. Gandhi', Algirdas Grevys>**@®, Stian Foss**>,
Susan C. Menzies®, Jonathan N. Glickman’, Edda Fiebiger?®, Derry C. Roopenian®®, Inger Sandlie>*®, Jan Terje Andersen®*>, Laura M. Sly*®,

Kristi Baker™*, and Richard S. Blumberg®**®

IgG immune complexes (ICs) promote autoimmunity through binding fragment crystallizable (Fc) y-receptors (FcyRs). Of
these, the highly prevalent FcyRlla (CD32a) histidine (H)-131 variant (CD32a") is strongly linked to human autoimmune diseases
through unclear mechanisms. We show that, relative to the CD32a arginine (R)-131 (CD32aR) variant, CD32a" more avidly
bound human (h) IgG1 IC and formed a ternary complex with the neonatal Fc receptor (FcRn) under acidic conditions. In
primary human and mouse cells, both CD32a variants required FcRn to induce innate and adaptive immune responses to higGl
ICs, which were augmented in the setting of CD32a". Conversely, FcRn induced responses to IgG IC independently of classical
FcyR, but optimal responses required FcRn and FcyR. Finally, FcRn blockade decreased inflammation in a rheumatoid arthritis
model without reducing circulating autoantibody levels, providing support for FcRn’s direct role in IgG IC-associated
inflammation. Thus, CD32a and FcRn coregulate IgG IC-mediated immunity in a manner favoring the CD32a" variant,

providing a novel mechanism for its disease association.

Introduction

Immune responses to IgG immune complexes (ICs) result from
interactions between the fragment crystallizable (Fc) regions of
IgG antibodies and diverse classical and atypical y-receptors
(FcyRs) primarily on hematopoietic cells (Pincetic et al., 2014;
Bournazos et al., 2017). Many FcyRs are characterized by
nonsynonymous single-nucleotide polymorphisms (SNPs), some
of which affect the binding of FcyR variants to specific IgG
subclasses (Bruhns et al., 2009; Shashidharamurthy et al., 2009).
Of these, CD32a is particularly important, as it is widely ex-
pressed on hematopoietic cells and is characterized by the
highly prevalent R131H SNP (rs1801274; Bournazos et al., 2017
Lehrnbecher et al., 1999). The Hi31 (CD32a") is a high-affinity
variant that is associated with several human autoimmune dis-
eases, such as inflammatory bowel disease and rheumatoid arthritis

(Shashidharamurthy et al., 2009; Zhang et al., 2016; Li
et al., 2014), in contrast to its lower-affinity R131 counterpart
(CD32aR), which is linked to an increased risk of infectious
disease complications (Endeman et al., 2009; Bredius et al., 1994;
Li et al., 2014). Critically, the residue 131 affected by this CD32a
SNP is located on the CD32a-IgG Fc binding interface, where the
RI31H substitution alters CD32a binding to different isoforms of
human IgGs (hIgGs) and the ICs they form (Shashidharamurthy
et al., 2009; Bruhns et al., 2009). Specifically, one study found
an ~1.5- to 2-fold greater binding of ICs formed from hIgG1 and
hIgG3 to CD32a" relative to CD32aR (Shashidharamurthy et al.,
2009). In addition, CD32aR notably exhibits little binding to
hIgG2 ICs (Shashidharamurthy et al., 2009; Parren et al., 1992;
Salmon et al., 1992; Sanders et al., 1995). However, little is
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known about the functional consequences of these differences
in CD32a variant binding or the precise intracellular mecha-
nisms underlying their associations with increased risk of spe-
cific human diseases.

While CD32a variants disparately bind IgG ICs on the cell
surface and direct their internalization into acidic intracellular
compartments (Pincetic et al., 2014; Bournazos et al., 2017), their
function in acidic conditions has not been examined. This is
important, because the H131 residue (pKa ~6.0) of CD32a™ is
prone to protonation in the pH 4.5-6.5 range observed in IgG
IC-containing intracellular compartments (Baker et al., 2011;
Haynes et al., 2016). Furthermore, intracellular endosomal
compartments also contain FcRn, which binds monomeric
IgGs and IgG ICs under mildly acidic conditions (pH <6.5) and
at a site on IgG Fc that is distinct from FcyRs (Kim et al.,
1999; Martin et al., 2001; Wines et al., 2000). FcRn is a non-
polymorphic atypical FcyR that is expressed in parenchymal
and hematopoietic cells of mammals throughout life as a het-
erodimer of a MHC class I (MHCI)-related a-chain non-
covalently associated with B-2-microglobulin (Pyzik et al., 2019;
Simister and Mostov, 1989; Martin and Bjorkman, 1999). The pH-
dependent binding of FcRn to IgG Fc occurs through salt bridge
formation between several acidic residues of FcRn and critical
histidine (H) residues on IgG Fc (Kim et al., 1999; Martin et al.,
2001), whose pKa also renders them prone to protonation in the
pH range observed in endosomes (pH <6.5), but not at neutral pH
(Baker et al., 2011; Haynes et al., 2016). Functionally, FcRn is
primarily recognized as an IgG salvage receptor, protecting IgG
and IgG ICs from degradation and extending their circulating
half-lives via pH-dependent binding in acidic endosomes and
release under neutral pH cell surface conditions (Qiao et al.,
2008; Blumberg et al., 2019; Roopenian et al., 2003; Borvak
et al., 1998; Prabhat et al., 2007; Dickinson et al., 1999). More-
over, FcRn has also been shown to regulate a variety of functions
in hematopoietic cells previously considered to be primarily de-
termined by the classical FcyRs, such as phagocytosis (Vidarsson
et al,, 2006), innate cytokine production (Baker et al., 2013), antigen
presentation (Qiao et al., 2008), and cross-presentation (Baker
et al., 2011). However, the mechanisms whereby hematopoietic
cells integrate CD32a- and FcRn-mediated processes in responding
to IgG ICs is unclear. Because FcRn and CD32a both interact with
IgG ICs under acidic conditions and regulate a variety of cellular
responses to IgG ICs, we hypothesized that FcRn and CD32a
functions are intimately coordinated in a CD32a allele-specific
manner. We therefore investigated the mode of FcRn and CD32a
interactions and the role of FcRn in CD32a-mediated immune
processes. We assessed the effects of these interactions on innate
and adaptive immune responses to IgG ICs in vitro in murine and
human cells in the context of the CD32a variants and in vivo using
the IC-mediated K/BxN model of rheumatoid arthritis.

Results

We first assessed whether acidic conditions affected IgG IC
binding to CD32a variants using an ELISA. As the FcRn-bearing
compartments containing IgG ICs attain pH ~5.6 (Baker et al.,
2011), CD32aR and CD32a™ variants were exposed at pH 5.6 to
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increasing concentrations of model higGl ICs (Fig. 1 a), which
were prepared from 4-hydroxy-3-iodo-5-nitrophenylacetyl
(NIP)-conjugated OVA (OVANP) and a monoclonal anti-NIP
hIgGl antibody (hIgG1W¥T). Under these conditions, CD32a"
demonstrated significantly increased avidity for hIgGIWT IC
relative to CD32aR (Fig. 1 b).

IgG contains two potential FcRn binding sites on each IgG at
critical amino acids (1253, H310, and H435; IHH) contained
within the CH2:CH3 domain interface of IgG Fc (Kim et al., 1999;
Martin et al., 2001). These FcRn binding sites on IgG Fc are
distinct from those associated with CD32a binding (Wines et al.,
2000). Superimposition of FcRn:hIgGl Fc and CD32a%hIgGl Fc
crystal structures further suggested that a single hIgGl Fc could
accommodate simultaneous CD32a and FcRn engagement
and formation of a ternary complex without steric clashing,
as the FcRn and FcyR binding sites were separated by
>39-53 A (Fig. 1 ¢; Oganesyan et al., 2014; Ramsland et al., 2011).
Alternatively, taking into consideration the tethering of the
receptors to the cell membrane, it is also conceivable that dis-
tinct IgG Fc contained within ICs could also serve as a platform
for ternary complex formation. We therefore next tested for
simultaneous IgG IC binding by the CD32a variants and FcRn
under acidic conditions by ELISA (Fig. 1 d). Consistent with
formation of a ternary complex, hFcRn bound to hIgGIWT ICs
captured by both CD32a variants, but in a manner that favored
the CD32a" variant (Fig. 1 e). This ternary complex formation
was abrogated if the applied ICs were composed of mutant
hlgGls that were specifically unable to bind FcRn (hIgG1™H) or
classical FcyRs (hIgGIN2°74), including the CD32a variants
(Table S1 and Fig. S1 a; Medesan et al., 1997; Kim et al., 1999; Tao
and Morrison, 1989). We next used a proximity ligation assay
(PLA) to investigate CD32a-IgG IC-FcRn ternary complex for-
mation in an intracellular environment. To do so, mouse RAW
264.7 macrophage cells expressing endogenous mouse FcRn
(mFcRn), which binds hlgG1 at acidic pH with comparable af-
finity to human FcRn (hFcRn; Neuber et al., 2014), were
transfected with either the CD32aR or CD32a" variant (Fig. S1, b
and c). PLA probes targeting CD32a and mFcRn yielded a flu-
orescence signal with both CD32a variants but only when both
hIgGl ICs and CD32a were present (Fig. 1 f and Fig. S1 d). We
next used coimmunoprecipitation to biochemically identify the
CD32a-IgG IC-FcRn ternary complex in the intracellular milieu.
For this, we used human embryonic kidney cells (HEK 293)
cells transfected with either CD32a variant and GFP-conjugated
hFcRn (HEK 293MFeRn-GFP) - which does not impact its hIgGl
binding or transcytosis functions, as a tractable tag for immu-
noprecipitation (Fig. Sl e; Christianson et al., 2012). Upon
treatment of these cells with hIgG1WT ICs, but not hIgG1™H ICs,
more CD32a™ relative to CD32a® was coimmunoprecipitated
with hFcRn (Fig. 1 g and Fig. S1f). Together, these data confirm
ternary complex formation both under acidic conditions and in
the intracellular environment when IgG IC can engage both
CD32a and FcRn.

We next sought to determine whether formation of the
CD32a-IgG IC-FcRn ternary complex was necessary for cellular
responses to hlgGl ICs. We first assessed innate immune re-
sponses in primary cells obtained from C57BL/6 mice transgenic
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Figure 1. CD32a" exhibits increased bridging with IgG IC and FcRn under acidic conditions. (a) Schematic representation of ELISA of higG1 ICs binding to
CD32a variants. Neutravidin-immobilized C-terminal biotinylated CD32aR or CD32a" variants were exposed to titrated concentrations of higGl ICs at pH 5.6.
higGIWT and all derived mutants were monoclonal mouse/human chimeric IgG1, composed of higG1 heavy chain associated with murine A light chain, both with
NIP specificity. Bound ICs were detected with anti-Fc HRP-conjugated F(ab’), fragments. (b) Log of higG1¥T IC concentration (1.67-214.3 nM) versus OD mean
values + SEM of triplicate technical replicates fitted with nonlinear regression curves are shown (solid line; R? = 0.99; ECso compared by extra sum-of-squares F
test; P < 0.0001), representative of three independent experiments. (c) FcRn-hlgG1 IC-CD32a ternary complex structural model based on the superposition of
the FcRn-higGl Fc (PDB 4NOU) and CD32aR-higG1 Fc (PDB 3RY6) crystal structures with root mean square deviation of 1.378 A. The binding sites on IgG Fc
(green) for FcRn (red) and CD32a (orange) are between ~39 and 53 A apart on the ipsilateral and contralateral Fc heavy chain, respectively. The higG1 Fc
residues critical for binding to FcRn (IHH; green spheres) and CD32a (N297; gray spheres) are indicated by black arrowheads. (d) Schematic representation of
ELISA setup used to detect higGl IC bridging between FcRn and CD32a. CD32aR or CD32a" variants were immobilized and incubated with higGIWT ICs as
described in panel a, followed by incubation with soluble hFcRn. hFcRn was detected with anti-hFcRn-ALP-conjugated nanobody. (e) Log of higGl IC con-
centration (1.67-214.3 nM) versus OD mean values + SEM of triplicate technical replicates fitted with nonlinear regression curves are shown (solid line; R? =
0.99; ECs, compared by extra sum-of-squares F test; P < 0.0001), representative of three independent experiments. (f) Confocal microscopic images of PLA
performed between CD32a and FcRn, using PLA probes targeting the cytoplasmic tails of CD32a and mFcRn, respectively, in CD32aR (R)-, CD32a™ (H)-, or
vector control (Vector) plasmid-transfected RAW 264.7 cells treated with fluorescent higG1WT ICs. Amplification of adequately proximate PLA probe oligo-
nucleotides that enabled hybridization of fluorescent complementary oligos were visualized at 63x magnification under glycerol immersion and are indicated
by white arrowheads. Representative images are shown of nuclei (blue), higG1 ICs (green), and PLA signals (red) and merged images (red and yellow). Scale
bars = 3 um. (g) Representative multiplex immunoblot showing coimmunoprecipitation of CD32aR or CD32a" variants (red) with hFcRn (green) after treatment
with hlgGIWT or higG1'"™ ICs. Data are representative of two (f and g) or three (b and e) independent experiments. H, CD32a"; MW, molecular weight; R,
CD32aR; Vector, control vector; IP, immunoprecipitation; WB, Western blot.

(Tg) for either the CD32aR or CD32a™ variant (hereafter “CD32a™¢”;
Fig. S2 a). To isolate any observed functional effects in these primary

in APCs is both FcRn and CD32a dependent, consistent with the
function of a CD32a-IgG IC-FcRn ternary complex.

cells to CD32a and FcRn, these CD32a™8 mice also lacked all classical
FcyRs but maintained mFcRn expression (Fegr2b~/~/Feerlg™/~/
Fegrt*/*; Table S2; Fig. S2, b and c). Therefore, we isolated
CD11c*MHCIT* dendritic cells (DCs) from spleens of CD32a%™8 or
CD32a" T8 mice and observed increased secretion of TNF-a, IL-12/
23p40, and IL-6 upon stimulation with higGIWT ICs relative to that
observed with hIgGI™H ICs and hIgGIN?*7A ICs, which are specifi-
cally disabled in FcRn or CD32a binding, respectively (Fig. 2, a-c;
Medesan et al., 1997; Tao and Morrison, 1989; Kim et al., 1999). These
data indicate that innate cytokine production in response to IgG ICs
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As FcRn and classical FcyR are required for efficient antigen
presentation and cross-presentation (Bonnerot et al., 1998; Qiao
et al., 2008; Regnault et al., 1999; Baker et al., 2011), we exam-
ined the role of the CD32a-IgG IC-FcRn tripartite complex in
these pathways. To do so, we used the antigen presentation
machinery of the RAW 264.7 cells (MHC haplotype H-29) de-
scribed above. CD32aR or CD32a!! variant- or control plasmid-
transfected RAW 264.7 cells were loaded with hIgGIWT ICs at
neutral pH and compared for their ability to stimulate co-
cultured CD4* T cells from DOIL10 mice Tg for a H2-A%-restricted,
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Figure 2. FcRn regulates CD32a-induced responses to IgG IC. (a-c) Absolute TNF-a (a), IL-12/23p40 (b), and IL-6 (c) production by primary splenic
CD11c*MHCII* DCs from CD32aR™8 (R) or CD32a"-"€ (H) mice after 24 h of exposure to antigen (OVAN®) alone (1 pg/ml) or 100 pg/ml anti-NIP higGIWT (WT),
higG1™H (IHH), or higG1N2%7A (N297A) in monomeric (mono) or OVANP-IC form. Black-filled circles, OVAN'®; white-filled circles, monomeric or higG1"T ICs; gray-
filled squares, monomeric or higG1'"" ICs; white-filled diamonds, monomeric or higG1N?*7A |Cs. (d and e) IL-2 production by MHClI-restricted, OVA-specific
CD4* T cells after 24 h of co-culture with CD32aR- or CD32a"- or vector control plasmid-transfected RAW 264.7 cells that were treated with higG1WT ICs
prepared with increasing concentrations of OVAN (d) or treated with higGl ICs composed of higG1WT, higG1'"™, or higGIN?7A mutants and 10 pg/ml OVANP
(e). (f) IL-2 production by OVA-specific CD8* OT-I T cells after 48 h of co-culture with CD32aR- or CD32a"- or vector control plasmid-transfected HEK 293H2-Kb
cells loaded with OVANP-containing higG1"™ ICs as in Fig. 1 d. (g) IFN-y production by CD8* OT-I T cells after 48 h of co-culture with primary CD11c*MHCII*
CD32aR"T¢ or CD32a"7¢ DCs loaded with higG1WT ICs, higG1'"MH ICs, or higG1N297A |Cs. (h and i) IFN-y production by CD8* OT-IT cells co-cultured for 48 h with
CD11c*MHCII* FeyRKO DCs loaded with higG1WT ICs or higG1'™H ICs at pH 7.4 or pH 5.6 (h) or pretreated with an isotype IgG2a control antibody or anti-m/hFcRn
mAb DVN24 for 30 min before treatment with OVAN"® only, or higG1WT, higG1'"H, or higGIMST/HN |Cs (white-filled triangles) at pH 7.4 (i). All data represent
arithmetic mean + SEM of duplicate or triplicate technical replicates from three independent experiments (a-c), or are representative of three independent
experiments (d-i), with triplicate technical replicates shown. All data were analyzed by two-way ANOVA followed by the two-stage linear step-up procedure of
Benjamin, Krieger, and Yekutieli with FDR controlled at <0.05. *, P < 0.05; **, P < 0.0L; ***, P < 0.001; ****, P < 0.0001.

OVA-specific T cell receptor (Qiao et al., 2008). Despite higher ex-
pression of CD32aR® (Fig. S1 b), the CD32a" variant induced signifi-
cantly more IL-2 production by CD4* T cells over a range of hIgG1WT
IC concentrations (Fig. 2 d), which was significantly decreased in the
context of hIgGI™H ICs or hIgGIN*%2 ICs (Fig, 2 e). We next examined
cross-presentation in cells endogenously expressing hFcRn
but lacking any classical FcyRs. For this, we turned to a pre-
viously described HEK 293T cell line stably expressing the
murine MHCI molecule H2-KP (HEK 293TH2-Kb; Faure et al.,
2009; Giodini et al., 2009), which we transfected with either
CD32a variant (Fig. S2, d-f). CD32a-expressing HEK 293TH2-Kb
cells treated with hIgG1WT ICs, but not hIgG1"™H ICs, stimulated
greater IL-2 (Fig. 2 f) or IFN-y (Fig. S2 g) production by primary
H2-KP-restricted, OVA-specific CD8* OT-I T cells compared
with CD32aR-expressing or vector-transfected HEK 293TH2Kb
cells (Hogquist et al.,, 1994; Faure et al., 2009). Similarly,
treatment of primary CD11c*MHCII* DCs from CD32a%T¢ and
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CD32a™T¢ mice (Fig. S2, a-c) with hIgGIWT ICs stimulated
IFN-y secretion by CD8* OT-I T cells, which was lost if the hIgG1
ICs were composed of hIgG1™H or hIgG1N2974 (Fig. 2 g). Thus,
antigen presentation and cross-presentation depend on both
CD32a and FcRn, with the CD32a" variant inducing greater FcRn-
dependent adaptive immune responses relative to the CD32aR
variant.

We next sought to more precisely delineate the role of FcRn
relative to FcyRs in eliciting these adaptive immune responses.
DCs and monocytes uniquely express high levels of FcRn on the
cell surface (Fig. S2 b; Blumberg et al., 2019; Zhu et al., 2001),
which allowed us to examine whether FcRn could mediate cross-
presentation independently of FcyR under conditions that en-
able cell surface FcRn-IgG interactions (e.g., acidic pH; Kim
et al., 1999; Medesan et al., 1997; Dickinson et al., 1999). To do
so, we incubated hIgG1WT ICs with DCs derived from C57BL/6
mice lacking all classical FcyRs but maintaining mFcRn expression
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(Fcgr2b=/~Fcerlg~/~Fcgrt*’*, hereafter "FcyRXC"; Table S2 and
Fig. S2, a-c). When FcyRXC DCs were loaded with higG1WT at
pH 5.6, but not at neutral pH or with hIgG1'™MH ICs, co-cultured
CD8* OT-I T cells were induced to secrete IFN-y (Fig. 2 h),
though at lower levels than when CD32a is present (Fig. 2 g).
Next, we performed cross-presentation experiments with
hIgGl ICs composed of the well-characterized hIgGIMST/HN
mutant that exhibits augmented FcRn binding at both neutral
(equilibrium dissociation constant [Kp] = 7.4 nM at pH 7.2)
and acidic (Kp = 1.2 nM at pH 6) pH relative to hIgG1WT and
therefore can bind FcRn on the cell surface (Table S1; Vaccaro
et al., 2005; Grevys et al.,, 2015). When FcyRX° DCs were
loaded with hIgGIMST/HN ICs at pH 7.4, we observed robust
IFNy production by co-cultured CD8* OT-I T cells (Fig. 2 i).
Pretreatment with a monoclonal mouse h/mFcRn-blocking
monoclonal antibody, DVN24 (Christianson et al., 2012), sig-
nificantly diminished cross-presentation of hIgGIMST/HN
IC-delivered antigen to CD8* OT-I T cells (Fig. 2 i). Thus, IgG
IC-driven innate and adaptive immune responses require FcRn
and can occur in the absence of classical FcyRs, but maximal
responses result when both FcRn and FcyRs are engaged.

Previous studies have evaluated IgG IC interactions with
CD32a variants (Shashidharamurthy et al.,, 2009; Zhu et al.,
2001), yet no studies have directly assayed the contribution of
FcRn to CD32a variant-associated immune responses in hu-
man cells. We therefore extended our investigations to leuko-
cytes from healthy human volunteers homozygous for CD32ak
(FCGR2AS/S) or CD32a" (FCGR2A/4), Whole-blood samples from
these donors were stimulated in vitro with hIgG1WT ICs, and the
production of proinflammatory cytokines (TNF-a, IL-12/23p40,
and IL-6) was assessed (Blumberg et al,, 2019). Innate cytokine
secretion from these cells incubated with soluble OVAN'P or
monomeric hlgG was negligible (data not shown). While TNF-q,
IL-12/23p40, and IL-6 levels trended higher in CD32a than
CD32aR cells upon treatment with hIgGI"T ICs (Fig. 3, a-c), both
the CD32a® and CD32a! cells exhibited significantly decreased
cytokine production in response to the hIgG1'™H ICs and hlg-
GIN297A 1Cs, indicative of FcRn and classical FcyR dependence,
respectively. Furthermore, we compared the differences in the
FcRn-dependent production of TNF-a, IL-12/23p40, and IL-6
(Fig. 3, d-f) upon treatment with these hIgGl mutants relative to
hIgGIWT ICs. Notably, we observed that the reduction of IL-6 as a
consequence of disabling hlgG1 interactions with FcRn (hIgG1'HH
ICs) or FeyR (hIgGIN?°7A ICs) was significantly more prominent
in cells from CD32a™ individuals in vitro, although absolute IL-6
production levels were not different between CD32a'- and
CD32aR-expressing cells (Fig. 3, c and f). A similar trend was
noted for IL-12/23p40 (Fig. 3, b and e). This suggests not only that
are human leukocyte innate immune responses to hIgGl ICs
dependent upon FcRn and classical FcyRs but also that in-
dividuals who are homozygous for CD32a™ may be more affected
by a loss of FcRn function compared with CD32aR-homozygous
individuals.

Given the heterogenous nature of FcRn- and FcyR-expressing
cells in the peripheral blood, we next focused our attention on
peripheral blood monocytes that express CD32a and FcRn and
secrete innate cytokines when stimulated by IgG ICs (Pincetic
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et al., 2014; Bournazos et al., 2017; Blumberg et al., 2019; Zhu
etal., 2001). We isolated CD14* monocytes (Fig. S3, a and b) from
the blood of the same cohort of healthy volunteers described
above and assessed their responses to hIgGl ICs. Strikingly,
CD14* monocytes from the CD32a! donors produced signifi-
cantly more TNF-a and 11-12/23p40 in response to hIgGIWT ICs
compared with CD14* monocytes from CD32aR donors (Fig. 3, g
and h). The IC-dependent IL-6 responses by CD14* monocytes
could not be assessed due to the high nonspecific responses
observed during treatment with soluble OVAN™ only (Fig. S3 c).
Furthermore, in response to the higGI™H and hIgGIN?%7A ICs,
monocytes displayed significant reductions in TNF-a and IL-12/
23p40 levels compared with the IgGIWT ICs irrespective of
CD32aR or CD32a¥ status (Fig. 3, g and h). Still, the reductions in
TNF-a and, to a lesser extent, IL-12/23p40 production from
hIgGI'™H and hIgGIN?°72 mutant ICs were most prominent in
cells from CD32a"-homozygous donors (Fig. 3, i and j). As ob-
served with whole-blood samples, these effects were observed in
the absence of overall differences in the responses of CD32aR and
CD32a" donors to hIgGIN?7A ICs (Fig. 3, g-j). Together, these
data confirm that the CD32a! variant induces augmented in-
flammatory innate immune responses to hlgGl ICs in human
leukocytes compared with the CD32a® variant. Further, these
results suggest that immune cells expressing CD32a" exhibit
greater dependence on FcRn interactions, relative to CD32aR-
expressing cells, which is consistent with increased formation of
a ternary complex by the CD32a* variant.

We finally sought to determine whether FcRn can regulate
IgG IC-mediated inflammation in an FcyR-dependent disease
model. To do so, we examined the K/BxN serum transfer model
of rheumatoid arthritis (Matsumoto et al., 1999; Monach et al.,
2008). As the K/BxN model is primarily mediated by murine
IgG1 autoantibodies which avidly bind CD32a®, but not CD32a™
(Matsumoto et al., 1999; Monach et al., 2008; Mancardi et al.,
2011; Clark et al., 1991; Tate et al., 1992), we focused on the
CD32aR g mouse model (Table S2). We first verified that mIgGl
ICs can form a ternary complex with mFcRn and CD32aR at
acidic pH (Fig. S4, a and b). To investigate the importance of
FcRn in this ternary complex in vivo, we adoptively transferred
bone marrow from CD32a% '€ mice lacking other classical FcyRs
(Fig. S2, a-c) into irradiated WT C57BL/6 mice, followed by
K/BxN serum injection in the presence of isotype IgG2a control
treatment or FcRn blockade with the DVN24 antibody by the
schedule described in Fig. 4 a. As FcRn blockade has been
shown to decrease circulating IgG levels in mice and humans
(Blumberg et al., 2019), we designed an anti-FcRn DVN24 an-
tibody treatment regimen that did not affect circulating auto-
antibody levels (Fig. 4 b) in order to more precisely investigate
FcRn's role in regulating CD32a-mediated cellular immune re-
sponses to IgG ICs in vivo. Despite the lack of associated de-
creases in autoantibody levels, DVN24 antibody treatment
significantly decreased inflammatory disease burden as as-
sessed by clinical inflammatory scoring (Fig. 4, c and d), his-
topathologic arthritic inflammation (Fig. 4, e and f) and animal
mobility (Fig. 4 g). These data demonstrate that inflammation
derived from CD32aR-expressing bone marrow cells is depen-
dent upon FcRn.
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Figure 3. CD32a" expression confers higher FcRn-dependent innate immune responses to IgG1 IC in human leukocytes. (a-c) Absolute TNF-a (a),
IL-12/23p40 (b), and IL-6 (c) cytokine production by human whole blood collected from healthy volunteer human subjects, homozygous for FCGR2A%/® (CD32aR
=R; n =13) or FCGR2A** (CD32a" = H; n = 16), after 24 h of stimulation with higG1"T ICs, higG1'"" ICs, or higGIN2%7A |Cs, (d-f) Relative TNF-a (d), IL-12/23p40
(e), and IL-6 (f) cytokine production calculated as differences (A) between higG1WT IC- and either higG1"™H IC- or higGIN?°7A |C-treated whole blood, re-
spectively. (g and h) Absolute TNF-a (g) and IL-12/23p40 (h) production by CD14* monocytes isolated from whole blood from the same healthy human donors
and treated as in panels a-c. (i and j) Relative TNF-a (i) and 1L-12/23p40 (j) production differences (A) between higGIVT IC- and either higG1'™" IC- or
higGIN2°7A |C-treated CD14* monocytes, respectively, are shown for panels g and h. Individual points in panels a-j represent the mean of two technical
replicates of cellular responses to higGl IC stimulation for each individual donor on one occasion, and groups of values for each genotype and treatment
condition are presented as violin plots, with dashes indicating group arithmetic means. White filled circles, higGIVT ICs; gray filled squares, higG1'" ICs; white
filled diamonds, higGIN?%7A |Cs. Statistical analysis of absolute cytokine production (a-c, g, and h) in response to higG1"WT ICs between R and H was performed
by unpaired two-tailed Mann-Whitney test and by matched Friedman test for comparison of higGIWT ICs, higG1'"H ICs, and higGIN?%7A ICs within each
genotype. The relative (A) cytokine production for panels d—f and i were compared by two-way ANOVA of log,-transformed values. All multiple comparison
tests (a-i) underwent post-hoc analysis by the two-stage linear step-up procedure of Benjamin, Krieger, and Yekutieli with FDR controlled at <0.05. Change in
CD14* monocyte production of IL-12/23p40 (j) were non-Gaussian when transformed and therefore were compared by unpaired Mann-Whitney testing. *, P <

0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

Discussion
In summary, we show that CD32a and FcRn directly cooperate

through formation of a ternary complex on an IgG Fc scaffold
under acidic conditions, as occurs in intracellular organelles
(Baker et al., 2011). This ternary complex formation could impact
a wide range of FcyR-mediated processes, including IgG IC in-
duction of thrombosis, which has been previously recognized as
a FcyRIla-mediated process that is regulated by and dependent
upon FcRn (Cines et al., 2020). Furthermore, we demonstrate
that FcRn can independently execute adaptive cellular immune
responses to IgG ICs when FcRn can engage IgG on the cell
surface, but that the presence of an FcyR coreceptor for IgG ICs
significantly augments these responses. Our studies thus predict
that enhanced FcRn cooperation with classical FcyR will am-
plify their responses to IgG ICs. In line with this, passive immu-
nization in nonhuman primates using anti-HIV IgG antibodies
engineered to possess stronger FcRn binding demonstrated
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increased passive immune protection from HIV that depends
on CD8* T cells (Nishimura et al., 2017; Gaudinski et al., 2018).
Thus, while engineered IgG with enhanced FcRn binding ex-
hibit increased half-life, which probably improves their effec-
tiveness (Pyzik et al., 2019), these engineered IgG antibodies
will likely also induce greater FcRn-dependent cellular immune
responses than would be expected of otherwise identical IgG
antibodies with “normal” affinity for FcRn. Similarly, aug-
mentation of IgG IC interactions with FcRn enhances antitumor
CD8* T cell responses (Baker et al., 2013).

Our studies also highlight the importance of acidic environ-
ments in shaping FcRn- and classical FcyR-dependent immune
responses to IgG ICs. For FcyRs specifically, this is consistent
with a study which found that hIgGl IC binding to nongenotyped
human neutrophils increases as extracellular pH declines (Lépez
et al., 1999). Our data are also consistent with published crystal
structures of higGl Fc complexed with CD32a? and CD32aF,
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Figure 4. FcRn blockade can ameliorate IC-mediated arthritis without increasing IgG clearance. (a) Schematic representation of K/BxN model of
rheumatoid arthritis in CD32aR-T8 bone marrow chimeric mice. 6-wk-old male C57BL/6 mice were lethally irradiated and injected with sex-matched CD32aR e
bone marrow (BM) cells. 6 wk later, BM chimeric CD32aR""8 mice were treated with 0.2 mg isotype IgG2a antibody or DVN24 daily (n = 4/group) for 5 d and
administered K/BxN serum twice to induce arthritis. The mice were then monitored for 12 d and evaluated for disease progression and severity. (b) ELISA
measurements (mean + SEM of triplicate technical replicates) of total anti-GPI migG levels in serum for each mouse on days 6 and 11 following the initial K/BxN
serum transfer. (c-g) Cumulative arthritis inflammation scores (c), displayed as area under the inflammation-time curve (AUC; d; mean + SEM of individual
mouse AUC) and ankle joint histopathology (e; day 12 representative images; scale bars = 400 um), with blinded histopathologic scoring of inflammation (f;
mean + SEM of least three consecutive sections) for individual animals, and mobility measured on day 7 (g) as the number of cylinder side touches of individual
mice in 1 min. Individual data points represent individual animals. To minimize clutter, mean + SEM are shown in the inflammation score panel (c). Data shown
are representative of two independent experiments. Analysis was by unpaired t test (d, f, and g) or two-way ANOVA (b and c), with the two-stage linear step-up
procedure of Benjamin, Krieger, and Yekutieli with FDR <0.05, as appropriate. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

respectively, which show distinct homodimers under neutral
and acidic conditions that are predicted to affect both interac-
tions with IgG Fc and conceivably formation of a ternary com-
plex with FcRn (Ramsland et al., 2011), as illustrated here. Such
pH-dependent synergy between CD32a and FcRn may also
evolve from events at the cell surface, given our demonstration
that surface FcRn can mediate cross-presentation of hIgG1WT ICs
independent of classical FcyR when APCs encounter ICs under
acidic conditions. This suggests that engagement of FcRn on the
cell surface in a ternary complex with classical FcyRs could also
amplify cellular immune responses to IgG ICs. Therefore, both
intracellular and extracellular acidic environments, such as
found in endosomes (Baker et al., 2011) or disease-associated
tissue acidosis (e.g., neoplasia and inflammation; Riemann
et al., 2016; Lindner and Raghavan, 2009), respectively, may
affect FcRn-dependent immune responses that are regulated by
classical FcyRs.

Further, we have found that FcRn-dependent innate and
adaptive immune responses to IgG ICs are more actively pro-
moted in the setting of CD32a" relative to CD32aR. This occurred
through the increased propensity of CD32a" to associate with
hIgGl ICs and foster recruitment of FcRn to form a ternary
complex under acidic conditions. Thus, our data also highlight
the importance of allele-specific differences in CD32a’s handling
of higG1 ICs and its functional interactions with FcRn, thereby
delineating a potential mechanism underlying CD32a* con-
tributions to human autoimmune disease (Carcao et al., 2003;
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Zhang et al.,, 2016; Li et al., 2014; Lehrnbecher et al., 1999;
Dijstelbloem et al., 2000).

The functional demonstration of CD32a-hIgGl IC-FcRn ter-
nary complex formation may further implicate FcRn in classical
FcyR-mediated immune responses more broadly. As observed
with CD32a, FcRn may similarly cooperate with other classical
FcyRs such as the polymorphic CD16a and CD16b, which are
associated with human disease and expressed together with
FcRn in polymorphonuclear leukocytes (Pincetic et al., 2014; Wu
et al., 1997; Morgan et al., 2000; Lee et al., 2015; Li et al., 2014).
This suggests that the monomorphic FcRn acts as a pH-dependent
coreceptor of the highly polymorphic classical FcyR system and in
an allele-specific manner as shown here for CD32a. These studies
have implications for current clinical trials of anti-FcRn and anti-
CD32a therapies (Chen et al., 2019; Kiessling et al., 2017; Ulrichts
et al., 2018; Ling et al., 2019; Nixon et al., 2015; Blumberg et al.,
2019), as they suggest that the therapeutic efficacy of these agents
may derive in part from their effects on FcRn and classical FcyR
interactions associated with cellular immunity independent of
circulating IgG levels.

Materials and methods

Human ethics

All experiments involving human volunteers were performed
consistent with ethical guidelines and with the approval of the
Clinical Research Ethics Board at the University of British
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Columbia (H13-03524 and H14-00622). All volunteer subjects
provided written, informed consent for blood collection for DNA
isolation and genotyping, immune cell isolation, and functional
characterization, as described previously (Kozicky et al., 2018).

Animals and cell lines

Animal experiments were approved by the institutional care and
use committees of Harvard Medical School and Brigham
and Women'’s Hospital (Boston, MA). Mice (Table S2) were
housed in specific pathogen-free facilities. WT C57BL/6, C57BL/
6-Tg(TcraTcrb)1100Mjb/] (OT-I mice), and C.Cg-Tg(DOI11.10)
10Dlo/] mice were from The Jackson Laboratory. Fegrt~/-, Fegr2b=/-/
Fcerlg~/~ (FcyR¥©), and CD32aR™8 (FCGR2AR-T8/Fcgr2b~/-/Fcerlg™/~)
mice have been previously described (Roopenian et al., 2003;
McKenzie et al., 1999; Smith et al., 2012), and the latter two strains
were generously provided by Dr. Jeffery Ravetch (The Rockefeller
University, New York, NY), who also provided the CD32a" "8 mice,
the generation of which is described below.

HEK 293T cells stably expressing the mouse MHC I molecule
H2-KP (HEK 293TH2Xb) were kindly provided by Dr. Peter
Cresswell (Yale University, Hartford, CT; Giodini et al., 2009).
RAW 264.7 cell lines were from American Type Culture Collec-
tion (#TIB-71). The GM-CSF-secreting B16-F10 melanoma cell
line was previously described and was a kind gift from Dr. Glenn
Dranoff (Dana Farber Cancer Institute; currently at Novartis,
Boston, MA; Mach et al., 2000). Primary APCs and T cells were
grown in RPMI 1640 medium (Corning; #10-040) with 10% fetal
bovine serum (Life Technologies; #26400044), 1% sodium py-
ruvate (Lonza; #13-115E), 1% antibiotics (penicillin-streptomycin;
Thermo Fisher Scientific; #15070063), 1% nonessential amino
acids (Thermo Fisher Scientific; #11140076), and 8.6 uM pB-
mercaptoethanol (Sigma-Aldrich; #M6250; hereafter “cRPMI”)
at 37°C, 5% CO,. Human CDI14* monocytes were maintained in
RPMI with 10% fetal bovine serum. B16-F10, HEK 293GFP-hFcRn
and HEK 293TH2Kb and all derived cell lines were grown in
complete DMEM (Corning; #10-017) in an environment and
with additives as for cRPMI plus Hepes 1% (Corning; #25-060)
but without B-mercaptoethanol (hereafter “cDMEM”). Details of
cloning and associated primers, as well as methods of transfec-
tion and transduction of CD32a variants into these cell types, are
outlined below. All unique reagents and mouse strains generated
for or described in this article will be readily available upon
request, with applicable restrictions as outlined in associated
material transfer agreements.

Proteins and reagents

NIP hapten-conjugated OVA (OVAN®) was from Biosearch
Technologies (N-5041-10), with 11 NIP per OVA. The mAbs
DVN24 and ADM31 were produced as described previously
(Christianson et al., 2012). Isotype IgG2a control was from Bio-
XCell (clone c1.18.4, #BE0085). Staining for flow cytometry was
done using the following antibodies against mouse tissues: CD64
(clone x54-5/7.2; BioLegend; #139307), CD16 (clone 93; Bio-
Legend; #101302), CD16.2 (clone 9E9; BioLegend; #149517), and
2K? (clone AF6-88.5; BioLegend; #116511). Antibodies for stain-
ing hFcyR for flow cytometry were specific for CD64 (clone 10.1;
BioLegend; #305005), CD32a (clone FUN-2; BioLegend; #303208),
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CD16 (clone 3G8; BioLegend; #302010) and other cell markers,
including CD15 (clone SSEA-1; BioLegend; #301924), CDé6b (clone
G1OF5; BioLegend; #305112), and CD14 (clone MS5E2; BioLegend;
#301842). Staining for m/hFcRn or hFcRn was performed using
mAbs DVN24 or ADM3], respectively, conjugated to a fluorophore
by custom conjugation service (BioLegend). Flow cytometry iso-
type controls included mlgG2a,k (clone MOPC-173; BioLegend
#400240), mIgG2b,k (clone 27-35; BioLegend; #402204), mIgGl,k
(clone MOPC-21; BioLegend; #400150). All cell acquisition for
flow cytometry experiments were performed on MACSQuant
(Miltenyi Biotec) or CytoFLEX flow cytometers (Beckman Coulter)
and data were analyzed using FlowJo software (TreeStar), gating
on whole cells—single cells—live cells.

Generation of CD32a"T& mice

CD32a"T8 mice were generated by recombineering in EL350
cells (gift from Neal Copeland, National Cancer Institute, Fred-
erick, MD) as described previously (Lee et al., 2001; Kotzamanis
and Huxley, 2004). Homology arms were amplified by PCR,
(including 16 kb upstream of Exon 1 and 6 kb downstream of
Exon 7 of the FCGR2AH gene), subcloned into a pBeloBAC vector
(gift from Clare Huxley, Imperial College, London, UK; Kotzamanis
and Huxley, 2004) and electroporated into EL350 cells (CTD-
2514J12 positive; Invitrogen; #96012) capturing ~37 kb genomic
DNA containing the FCGR2A locus, as described previously (Lee
et al., 2001). The presence of rs1801274_His allele of FCGR2A was
confirmed by DNA sequencing. The resulting captured construct
was linearized using Notl restriction enzyme (New England Biol-
abs; #R0189S) and microinjected into the pronuclei of fertilized
oocytes from C57BL/6 mice. Tg FCGR2AH*/~ founders were mated
with C57BL/6 mice and maintained on this background. The
CD32a*T8 strain of mice expressing the FCGR2AY transgene as the
only FeyR was created by crossing FCGR2AHY mice with FeyRKO
mice, producing FCGR2AH/Fegr2b~/~/Fcerlg™/-, or CD32a" ™€ mice.

Generation of CD32a variant-expressing cell lines

Full-length FCGR2A¥ cDNA was purchased from Origene
(#SC112914). The CD32aR variant was generated via site-directed
mutagenesis using the QuickChange II site-directed mutagenesis
kit (Agilent Genomics; 200523) and the following overlapping
primer pairs: forward primer, 5'-ATCCCAGAAATTCTCCCGTTT
GGATCCCACCTTCT-3'; reverse primer, 5-AGAAGGTGGGAT
CCAAACGGGAGAATTTCTGGGAT-3'. The cDNAs encoding for
CD32ak and CD32a! were subcloned into a pcDNA3.1 vector and
sequences verified by DNA sequencing. HEK 293TH2-Kb and
RAW 264.7 cells were transfected with pcDNA3.1-CD32aR,
pcDNA3.1-CD32a or empty pcDNA3.1 vector using the Lip-
ofectamine 2000 reagent (Life Technologies) or by electro-
poration using the Amaxa Cell line nucleofector Kit V (Lonza;
#VACA-1003), respectively, and maintained under constant
selection with 0.2 mg/ml hygromycin B (Hygromycin B Gold;
Invivogen; #ant-hg-1). CD32aR- or CD32al-transfected HEK
293TH2-Kb and RAW 264.7 were processed by FACS (BD FAC-
SAria II SORP). Transient transfection with pcDNA3.1 vectors
was performed by separately mixing Opti-MEM (Thermo
Fisher Scientific; #31985070) with DNA (40 pg/ml) and poly-
ethylenimine (PEI; 65 pg/ml) MAX (Polysciences; #24765-1),
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adding DNA-Opti-MEM to the PEI-Opti-MEM for 30 min at
room temperature before incubation with cells, and addition of
growth medium, which was changed after 24 h and maintained
for 72 h before transfection analysis and experimentation.

Production of recombinant human and mouse FcRn, and
anti-NIP IgG mutants

His-tagged soluble mouse and human forms of FcRn proteins
were produced using an insect cell-based system, as described
previously (Firan et al.,, 2001; Popov et al., 1996), and site-
specifically biotinylated FcRn variants were purchased from
Immunitrack (#ITFO7 or ITF02). Anti-NIP IgG mutants, as
summarized in Table S1, were mouse/human chimeric mAbs
and detailed previously (Grevys et al., 2015). hIgG1WT and de-
rived mutants were produced by transient transfection of a
vector containing the heavy chain gene from hIgG1 cotransfected
with a vector encoding the mouse A light chain, both with
specificity for NIP, or from a stably transfected J558L cell line,
as previously described (Grevys et al., 2015; Qiao et al., 2008).
The IgG antibodies were purified either by affinity chroma-
tography with anti-mouse A L chain CaptureSelect resin
(Thermo Fisher Scientific; #194323005), anti-hIgG-CH1 Cap-
tureSelect column (Thermo Fisher Scientific; #494320001), or
a column coupled with NIP followed by size exclusion chro-
matography using Superdex 200 10/300 column (GE Health-
care; #17517501).

ELISA

ELISA was used to assess IgG IC binding to CD32a variants.
Site-specific biotinylated monomeric human CD32a® and
CD32a' (Sino Biological; #10374-H27H1-B-50 and 10374-
H27H-B-50) were captured overnight on neutravidin-coated
ELISA plates, blocked for 1 h at room temperature with 5%
skim milk in PBS, washed with a pH 5.6 buffer (164 mM
KH,PO,, 13 mM Na,HPO, 7H,OM NacCl, and 0.05% Tween
[PBS-T], pH 5.6), and assayed at pH 5.6. Serial dilutions of
ICs containing the anti-NIP IgGs (1.67-214.3 nM) in complex
with OVANP (Biosearch Technologies; #N-5041-100) at a
ratio of 2:1 were added to the wells, incubated for 1 h, and
washed at pH 5.6. The amount of IgG bound by CD32a var-
iants was measured at pH 5.6 using peroxidase-conjugated
goat anti-IgG Fc F(ab’), (Jackson ImmunoResearch; #109-
036-008) diluted 1:1,000.

To assess IgG IC bridging of CD32a and FcRn, CD32a! and
CD32aR were captured (4 pg/ml) on ELISA plates and incubated
with titrated amounts of IgG ICs (1.7-214 nM) as described
above. For hlgG ICs, biotinylated CD32a variants were captured
on neutravidin-coated ELISA plates as above. For mIgGl ICs,
unconjugated CD32a variants (Sino Biological; #10374-HO8H1-
100 and 10374-HO8H-100) were coated directly on ELISA plates
overnight. Plates were then washed and blocked as above. His-
tagged hFcRn or biotinylated mFcRn (10 pg/ml; Immunitrack;
#ITF07) was added and incubated for 1 h at pH 5.6 with 2 ug/ml
alkaline phosphatase (ALP)-conjugated anti-hFcRn nanobody
for higGl IC (Nb218-H4, which binds hFcRn at acidic pH and
does not interfere with IgG binding; Andersen et al., 2013) or
Streptavidin-HRP for mIgG1 ICs. After washing with PBS-T, pH
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5.6, bound receptor was detected by adding 100 ul p-nitrophenyl
phosphate (Thermo Fisher Scientific; #37620), or 3,3',5,5'-tet-
ramethylbenzidine substrate (Sera Care; #5120) for ALP and
HRP, respectively. Protein concentrations were measured using
a NanoDrop 2000c spectrophotometer (Thermo Fisher Scien-
tific). ELISA plates were analyzed using a VERSAmax microplate
reader (Molecular Devices).

Structural models

Superimposition of the hFcRn-hIgGl Fc crystal structure (PDB
accession number 4NOU; Oganesyan et al., 2014) and hIgGl Fe-
CD32aR complex (PDB accession number 3RY6; Ramsland et al.,
2011) with root mean square deviation of 1.378 A was performed
using PyMol (Delano Scientific), yielding an hFcRn-hIgGFc-
CD32aR ternary complex structural model.

IgG IC formation

For OVAN'? antigen presentation and cross-presentation studies,
innate immune stimulation, and ELISA experiments, anti-NIP
IgG ICs were pre-formed in buffer or serum-free RPMI (for
primary APCs) or DMEM (all others) at 37°C for 1 h, mixing
every 15 min, and using 100 pg/ml of recombinant anti-NIP
hIgGl mutants and 0.5-20 pg/ml OVANP, as specified.

PLA

RAW 264.7 cells were seeded onto sterile glass coverslips (12
mm, #1.0) coated with 0.1 mM poly-L-lysine, at 5 x 105 cells/
ml and incubated overnight at 37°C, 5% CO,. ICs were formed
in serum-free DMEM by complexing 0.1 mg/ml higGl (hIgGlk;
Sigma-Aldrich; #15154) with 0.05 mg/ml Dylight 594-conjugated
goat F(ab’), anti-human F(ab’), IgG (Jackson ImmunoResearch;
#109-516-006) for 60 min at 37°C. Cells were washed with
serum-free DMEM, treated with IC-containing DMEM for
15 min at 37°C and 5% CO,, and then washed with ice-cold PBS
and fixed with 3% paraformaldehyde. Permeabilization and
blocking was performed with PBS containing 0.1% saponin wt/
vol, 1% BSA, and 5% goat serum for 1 h at room temperature.
Primary antibody incubation occurred at 4°C overnight using
antibodies specific for the cytoplasmic tails of CD32a (5 pg/ml
mouse mAb clone 11B6; EMD Millipore; #mabf841) and rat/
mFcRn (8 pg/ml rabbit polyclonal antibody made in-house).
Goat anti-mouse and goat anti-rabbit secondary antibody PLA
probes conjugated to complementary oligonucleotides (Sigma-
Aldrich; #DU092011 and #DUQ92013, respectively) were
then applied. Ligation of PLA probes in adequate proximity
to form a closed, circular DNA template containing repeating
sequences was performed followed by DNA amplification.
After amplification, FarRed-labeled detection oligo probes
(Sigma-Aldrich; #DU092013) complementary to the repeated
sequences were applied per instructions supplied by the
manufacturer, except that the PLA probe incubation step was
shortened from 60 to 30 min. Coverslips were mounted in
antifade mounting medium containing DAPI (Invitrogen;
#P36935). Images were acquired at 63x magnification under
glycerin immersion using an inverted DMi6000 microscope
(Leica) equipped with a CSU-X1 Yokogawa spinning disk,
ZYLA SL150 sCMOS camera (Andor), with image analysis and
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overlay performed with Image] version 2.0.0-rc-68/1.52h,
with Fiji plugins (https://imagej.net/Fiji/Downloads).

Coimmunoprecipitation

As FeyRs, including CD32a, and FcRn inherently contain binding
sites for hIgGl Fc and bind avidly to IgG from multiple species,
we sought a system that would enable selective, Fc-free immu-
noprecipitation of the ternary complex. We therefore turned
to previously published HEK 293hFeRn-GFP cells expressing
full-length hFcRn with N-terminal GFP tag (Christianson et al.,
2012), which could be immunoprecipitated using magnetic beads
coated with anti-GFP high-affinity nanobodies, which lack a Fc
region (Rothbauer et al, 2008) and therefore avoid CD32a
binding to the immunoprecipitating agent per se. Accordingly,
HEK 293hfeRn-GFP cells were transiently transfected using PEI-
MAX transfection reagent and pcDNA3.1 vectors expressing
either CD32aR of CD32a¥ (Genscript; #OHu27189D; CD32aR-
containing vector was custom prepared by GenScript, introducing
a A500G base substitution using OHu27189D as template). 3 d
after transfection, CD32a transfection was assessed by flow cy-
tometry and cells were treated for 15 min with hIgGWT or higGHH
ICs formed as described above for PLA but using an unconjugated
anti-hIgG-Fc F(ab’), (Jackson ImmunoResearch; #109-006-006)
and anti-NIP hIgGIWT or higGI™H previously conjugated to a
disulfide-containing, UV-activated, 13.5-A, N-hydroxysuccinimide
diazirine cross-linker (Thermo Fisher Scientific; #26169) per
the manufacturer’s instructions. After IgG IC treatment, cells
were washed with ice-cold PBS, exposed to direct UV light
(380 nm) on ice for 30 min, and then lysed with ice-cold pH
8.0 CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonate hydrate) lysis buffer containing 0.5% (wt/vol) CHAPS,
5% (vol/vol) glycerol, 150 mM NaCl, 2 mM CaCl,, 25 mM Tris-
HC], pH 8.0, and HALT Protease and Phosphatase Inhibitor
(Thermo Fisher Scientific; #78442). Insoluble material was
removed by centrifugation, protein content was quantified by
bicinchoninic acid assay (Thermo Fisher Scientific; kit #23227),
and immunoprecipitation of hFcRn®*? from lysate containing
0.5 mg protein was performed using GFP-Trap Magnetic Ag-
arose (ChromoTek; #grma-20) or empty control agarose (data
not shown; ChromoTek; #bmab-20) per the manufacturer’s
protocol, washing with pH 7.4 wash buffer (0.01 M Tris-HCl,
0.15 M NaCl, and 0.5 mM EDTA). Anti-GFP magnetic agarose-
bound proteins were eluted with Laemmli buffer containing
B-mercaptoethanol at 95°C for 10 min. The eluate was resolved
on 4-20% Tris-Glycine SDS-PAGE gel (Thermo Fisher Scien-
tific; #XP04205B0OX), followed by wet transfer to a nitrocel-
lulose membrane. After membrane blocking with Odyssey
Blocking Buffer (TBS; LI-COR; #927-50100) for 1 h at room
temperature, immunoblotting was performed for hFcRn (Sigma-
Aldrich; #HPAO12122) and CD32a (clone 11B6) at 1:4,000 and
1:1,000 dilutions, respectively, in Odyssey Blocking Buffer 0.1%
Tween 20 overnight at 4°C. Multiplex detection of hFcRn and
CD32a was by a IRDye 800CW- or IRDye 680RD-conjugated
antibodies (LI-COR; #926-32213 and #926-68072, respectively).
Near-infrared-based imaging and densitometry quantification
was performed using a LI-COR Odyssey Fc Imaging System
running Image Studio version 5.6 (LI-COR).

Hubbard et al.

FcRn regulates CD32a allele-specific functions

Innate and adaptive APC stimulation with IgG ICs

APCs (RAW 264.7 cells, HEK 293TH2-Xb cells, or primary DCs; 5 x
10* cells/well) stably expressing CD32aR, CD32a¥, or pcDNA3.1
control vector were incubated in 96-well plates in serum-free
RMPI containing IgG ICs prepared as above at indicated con-
centrations for 3 h at 37°C. After washing, cells were co-cultured
with 10° OVA-restricted T cells in cRPMI per well using CD8*
T cells for cross-presentation and CD4* T cells for presentation
experiments. Specifically, CD8* OT-I T cells from mice Tg for a
T cell receptor recognizing OVAysy 564 peptide in the context of
MHCI H-2P (expressed by CD11c*MHCII* DCs and HEK 293TH2-Kb)
or CD4* T from DOI11.10 mice Tg for a T cell receptor recog-
nizing OVAs;3_330 peptide in the context of the MHCII H-24
(expressed by RAW 264.7) were purified from spleens and
peripheral LNs by magnetically activated cell sorting using
CD8a* T cell Isolation kit (Miltenyi Biotec; #130-104-075)
or CD4* T cell Isolation kit (Miltenyi Biotec; #130-104-454),
respectively. The cells were co-cultured with IC-stimulated
APCs in cRPMI and supernatant collected at 24 or 48 h. The
levels of IL-2 and/or IFN-y in the co-culture supernatant were
quantified by ELISA according to the manufacturer’s in-
structions (BD Biosciences; #555148 or 555138, respectively).
For primary cell studies, CD11c*MHCII* DCs were purified rom
spleen by magnetically activated cell sorting in two steps, first
using negative selection (CD19 MicroBeads; Miltenyi; #130-052-
201) followed by positive selection (CD1lc MicroBeads UltraPure;
Miltenyi; #130-108-338), from CD32a""T¢, CD32aR T8, or FcyRKO
mice that had been inoculated subcutaneously with 5 x 106 GM-
CSF-secreting B16-F10 melanoma cells 2 wk before spleen har-
vest, as described previously (Baker et al., 2013; Mach et al.,
2000). For FcRn inhibition experiments, DCs were pretreated
for 30 min with the indicated concentrations of the isotype IgG2a
control or DVN24 before IC exposure.

For innate immune response assessment, murine splenic
CD11c*MHCII* DCs plated at 5 x 10* cells per well in 96-well
plates were treated (or untreated) for 24 h with 100 pg/ml
anti-NIP hIgGl mutants in monomeric or IC form with or
without OVAN (1 pg/ml), formed as above. Mouse TNF-a, IL-
12/23p40, and IL-6 levels in clarified supernatant were quanti-
fied by ELISA kits according to the manufacturer’s instructions
(BD Biosciences; #555165, 558534, or 555240, respectively).

For studies of primary human APC, DNA was isolated from
blood collected from volunteer human blood donors and geno-
typed for FCGR2A SNP rs1801274 by a Tagman assay (Thermo
Fisher Scientific; #C_9077561_20) according to the manu-
facturer’s instructions as described (Kozicky et al., 2018). Blood
for functional studies was collected in heparinized vials and
either plated immediately or separated by density gradient using
Mono-Poly medium (MP Biomedicals; #1698049). CD14* cells
were isolated from the upper Mono-Poly fraction by magnetic
separation using EasySep Human CD14 Positive Selection Kit II
(StemCell; #17858), according to the manufacturer’s instructions.
Both whole-blood and CD14* monocytes were stimulated as de-
scribed above for murine cells (Blumberg et al., 2019), and TNF-a,
IL-12/23p40, and IL-6 were quantified in clarified supernatant
using ELISA kits according to the manufacturer’s instructions (BD
Biosciences; #555171, 555212, or 555220, respectively).
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K/BxN rheumatoid arthritis model

Rheumatoid arthritis was induced and assessed as described
previously (Monach et al., 2008) in bone marrow chimeric mice
prepared by adoptive transfer of bone marrow from sex-
matched CD32a® T8 donor mice to irradiated WT C57BL/6 re-
cipient mice. mAb isotype IgG2a control or DVN24 (0.2 mg in 0.2
ml) was administered i.p. daily beginning on day -1 through day
5 from K/BxN sera injection (Fig. 4 a). Of note, the DVN24 dose
employed in these experiments reflects its ~17-fold lower af-
finity for mFcRn versus hFcRn (Sand et al., 2014). Therefore,
these experiments required a proportionately higher DVN24
dose relative to that expected to be efficacious in the setting of
hFcRn. After 1 wk (day 7), mobility was assessed by the cylinder
test or the number side touches per mouse per minute in a 1-liter
glass beaker (Brooks and Dunnett, 2009). Histopathological
scoring of rear ankle joint inflammation and bone erosion on day
12 was by a blinded pathologist (J.N. Glickman) as described
previously (Pettit et al.,, 2001). Escherichia coli expressing re-
combinant glucose-6-phosphate isomerase (GPI) were kindly
provided by Dr. Christopher Benoist (Harvard Medical School,
Boston, MA), and GPI production, purification, and quantifica-
tion of circulating anti-GPI IgG by ELISA was performed as
previously described (Monach et al., 2008).

Statistical analysis

Prism for Mac OS X version 8.2.1 (GraphPad Software) was used
for statistical analysis. Analysis of ELISA binding curves was by
nonlinear regression using variable slope (agonist) versus re-
sponse equation for least squares fitting, with ECso confidence
intervals calculated using the likelihood ratio asymmetric
method, goodness of fit assessed by R?, and extra sum-of-squares
F test to detect differences between the ECg, values associated
with the resulting best-fit curves. Nonnormal data were pro-
cessed by log, transformation and resulting data evaluated for a
normal distribution by inspection of homoscedasticity and QQ
plots. Comparisons of two unpaired groups was made by a two-
tailed Student’s t test for normal data or Mann-Whitney test for
nonnormal data. For three or more groups with two parameters,
two-way ANOVA was used as appropriate for data with a normal
distribution, or a matched Friedman test was employed for
nonnormally distributed data. Analysis of responses to multiple
stimuli of a single cell type or of cells from a single donor were
analyzed using paired tests. Post-hoc analysis to correct for
multiple comparisons and detect differences between groups
was by the two-stage linear step-up procedure of Benjamin,
Krieger, and Yekutieli with a false discovery rate (FDR) < 0.05. A
two-sided probability (P) of a error < 0.05 defined significance.

Online supplemental material

Fig. S1 (related to Fig. 1) shows control ELISA and PLA experi-
ments, as well as flow cytometry assessments of transfection
efficiency. Fig. S2 (related to Fig. 2) shows FcRn and CD32a
transgene expression measured by flow cytometry and cellular
activation data supportive of data in Fig. 2. Fig. S3 (related to
Fig. 3) shows flow cytometric assessments of primary human
cell preparation purity. Fig. S4 (related to Fig. 4) shows ELISA of
ternary complex formation with CD32a, mFcRn, and mlIgGl.
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Table S1 shows mutations defining anti-NIP hIgGl mutants, with
a summary of qualitative, relative pH-dependent binding strengths
to FcRn and low-affinity FcyRs. Table S2 shows a summary of Tg
mouse strains utilized in these studies.
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Figure S1. Ternary complex (FcRn-hlgGl IC-CD32a) formation requires higG1WT ICs. (a) Log of higG1'MH or higG1N297A |C concentration (1.67-214.3 nM)
versus OD values, with nonlinear regression curves (solid line; R? = 0.99). This ELISA was performed in triplicate, concomitantly with and using a setup identical
to the experiment reported in Fig. 1, d and e, except for the use of higG1'"" and higG1IN?°7A mutant ICs, which display specifically abrogated binding to FcRn or
classical FcyR (CD32a in this instance), respectively. (b and c) FcRn (b) or CD32a (c) expression by RAW 264.7 cells stably transfected with CD32aR (R)-, CD32a"
(H)-, or vector control (Vector) plasmids. To detect CD32a, FUN-2 clone was used. To detect mFcRn, mAb DVN24 was employed. Bar graphs display average
mean fluorescence intensity (MFI) + SEM of four technical replicates. Data are shown without (left) and with (right) normalization to isotype 1gG2a control
antibody staining. (d) Confocal microscopic merged images of PLA control experiments in CD32a variant- or control vector-transfected RAW 264.7 cells as in
Fig. 1 f, but without higGl IC treatment. Representative images are shown of nuclei (blue). Note the absence of red PLA signals in the absence of IgG ICs, in
contrast to Fig. 1f. Scale bars = 3 um. (e) CD32a expression on transfected HEK 2936FP-"FeRn cells, Bar graphs display average MFI + SEM of three technical
replicates. (f) Cumulative CD32a/FcRn densitometry ratio of multiplex immunoblot shown in Fig. 1 g. Bar graphs show mean of two independent experiments;
no statistical comparison was performed. Data are representative of two (d-f), or three (a-c) independent experiments. H, CD32a"; R = CD32aR; Vector, control
vector. Statistical comparisons were performed via unpaired t test for two comparisons () or two-way ANOVA for three or more comparisons (a-c) followed
by the two-stage linear step-up procedure of Benjamin, Krieger, and Yekutieli with FDR <0.05 (a-c). **, P < 0.0L ****, P < 0.0001.
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Figure S2. Increased CD32a"-associated presentation and cross-presentation is codependent on FcRn and CD32a. (a-c) CD32a (a), mFcRn (b), and
classical FeyR (c) surface expression by primary splenic CD11c*MCHII* DCs from CD32aR"8 (R; red), CD32a"""8 (H; gray), FcyR~/~ (black), and mFcRn~/~ (white)
mice (n = 3). Bar graphs representing the average MF| + SEM, and representative histograms (right for a and b) are shown. The Fcgrt™'~ mice (n = 3) served as
negative and positive controls for mFcRn and classical FcyR staining, respectively. (d-f) H2-KP (d), hFcRn (e), and CD32a (f) surface expression on CD32aR- or
CD32a"- or vector control plasmid-transfected HEK 293TH2® cells. For panels d-f, bar graphs display average MFI + SEM in triplicate. (g) IFN-y production by
CD8* OT-I T cells after 48 h of co-culture with HEK 293TH2-b cells expressing CD32aR or CD32a" and loaded with higGIWT ICs or higG1'™ ICs. Data are
representative of two or three (a-g) independent experiments with individual points representing triplicate technical replicates. H, CD32a"; R, CD32aR; Vector,
control vector. All data were analyzed by two-way ANOVA followed by the two-stage linear step-up procedure of Benjamin, Krieger, and Yekutieli with FDR
controlled at <0.05. *, P < 0.05; ***, P < 0.001; **** P < 0.0001.
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Figure S3. Assessment of CD14* monocyte phenotype and responses to OVAN'P, (a) Frequency of live CD15*CD66b* (granulocytes) and CD15-CD66b~
(nongranulocytes) from healthy human volunteers homozygous for CD32aR or CD32a", separated from heparinized whole blood by Mono-Poly density
gradient, and enriched for CD14* cells by immunomagnetic cell separation. (b) Frequency of live CD14 cells (monocytes) within the CD15-CD66b" cell fraction.
(c) Absolute IL-6 cytokine production by human CD14* monocytes untreated or upon stimulation with OVAN® alone, monomeric higGl controls, or OVAN'P-
containing hlgGIWT ICs, higG1'HH ICs, or higGIN?7A |Cs. Individual points represent the mean of two technical replicates of cellular responses to higGl IC
stimulation for each individual donor on one occasion, and groups of values for each genotype and treatment condition are presented as violin plots, with
dashes indicating group arithmetic means of individual mean values. All IL-6 levels resulting from treatment with OVAN® and IgG ICs were significantly different
at P < 0.0001, from all monomeric 1gG control conditions (higG1™T, higG1'"H, or higGIN*7A alone); significance (*) symbols indicating this were omitted to
minimize clutter. All data (a-c) were analyzed by two-way ANOVA of log.-transformed mean values of duplicate technical replicates, followed by the two-stage
linear step-up procedure of Benjamin, Krieger, and Yekutieli with FDR controlled at <0.05. ****, P < 0.0001.
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Figure S4. CD32a® forms ternary complexes with mFcRn and migGl IC. (a) Schematic representation of bridging ELISA with mlgGl ICs, mFcRn, and
CD32aR. His-tagged CD32aR was directly immobilized to the ELISA plate followed by titration of migGl IC concentrations at pH 5.6, the binding of which was
detected by addition of biotinylated mFcRn prebound to streptavidin-HRP. (b) Log of migGl IC concentrations (1.67-214.3 nM) versus OD (mean + SEM of
triplicate technical replicates), with nonlinear regression fit shown (solid line) with R2 = 0.99. Data are representative of three independent experiments.

Tables S1and S2 are provided online as separate Word documents. Table S1 shows mutations defining anti-NIP higGl mutants, with
a summary of qualitative, relative pH-dependent binding strengths to FcRn and low-affinity FcyRs. Table S2 shows a summary of Tg
mouse strains utilized in these studies.
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