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The in vivo biological activities of IgG antibodies result from their
bifunctional nature, in which antigen recognition by the Fab is
coupled to the effector and immunomodulatory diversity found in
the Fc domain. This diversity, resulting from both amino acid and
glycan heterogeneity, is translated into cellular responses through
Fcy receptors (FcyRs), a structurally and functionally diverse family
of cell surface receptors found throughout the immune system.
Although many of the overall features of this system are main-
tained throughout mammalian evolution, species diversity has pre-
cluded direct analysis of human antibodies in animal species, and,
thus, detailed investigations into the unique features of the human
IgG antibodies and their FcyRs have been limited. We now report
the development of a mouse model in which all murine FcyRs have
been deleted and human FcyRs, encoded as transgenes, have been
inserted into the mouse genome resulting in recapitulation of the
unique profile of human FcyR expression. These human FcyRs are
shown to function to mediate the immunomodulatory, inflamma-
tory, and cytotoxic activities of human IgG antibodies and Fc engi-
neered variants and provide a platform for the detailed mechanistic
analysis of therapeutic and pathogenic IgG antibodies.

he IgG Fc receptor (FcyR) system is composed of both acti-

vating and inhibitory receptors expressed on a diversity of im-
mune cells whose signals must be appropriately integrated to
regulate the outcome of inflammation and immunity and to main-
tain tolerance (1). Defects in the correct functioning of this complex
system can result in a variety of autoimmune and inflammatory
conditions, on the one hand, or defective host defense responses on
the other. Importantly, the biological activities of the various IgG Fc
subclasses are critically dependent on their relative affinities for
activating and inhibitory FcyRs (2). Thus, the in vivo activity of an
Ab in mediating antitumor responses or conventional neutraliza-
tion of a virus or toxin, for example, requires Ab engagement of
both the appropriate epitope and FcyR. For example, activating
FcyRs are vital during cancer immunotherapy using mAbs such as
anti-CD20 mAb, anti-Her2neu, and anti-EGFR (3-6). Fc inter-
actions with activating FcyRs are also critical for the neutralization
of bacterial toxins by mAb (7) and during Ab-mediated neutrali-
zation of viral pathogens (8-10). By contrast, inhibitory FcyR en-
gagement by passively-administered agonistic anti-CD40 mAb or
similar antibodies reactive with other members of the TNFR su-
perfamily are required for their ability to enhance cellular immune
responses by inducing adjuvant or apoptotic effects (11).

It has not been possible to accurately predict the consequences
of engaging activating or inhibitory human (hu)FcyRs by IgGs for
a particular biological response, either for its therapeutic or ad-
verse effects, using currently available in vitro or in vivo model
systems. Although murine and nonhuman primate models can be
informative, they do not mirror the structural diversity or unique
expression patterns observed for huFcyRs on human cells (12).
For example, humans express a single-chain activation receptor,
FcyRIIA, on dendritic cells (DCs), monocytes, and neutrophils, as
well as a glycosylphosphatidylinositol (GPI)-anchored FcyRIIIB
exclusively on neutrophils. Both of these receptors are lacking in
mice (1). Expression patterns of FcyRs also differ between mice
and humans; for example, monocyte-derived DCs from mice ex-
press FcyRI, FcyRIIB, FcyRIII, and FcyRIV, whereas human
monocyte-derived DCs express only FcyRIIA and FcyRIIB. It is
also apparent that the IgG subclasses and FcyRs has coevolved for
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a particular species, such that the absolute affinities of IgG sub-
classes for their cognate FcyRs cannot be extrapolated between
species, even for recently diverged human and primate species (1,
12). This situation is further complicated by the existence of poly-
morphisms in the human population for FcyRIIA and FcyRIITA
that result in different affinities for hulgGs (13-16), as well as
polymorphisms in FcyRIIB regulating its level of expression or
signaling (17). Attempts to model hulgG interactions with human
FcyR-expressing cells in vitro fail to mirror the diversity of cellular
populations that may be required for an in vivo response. There-
fore, new systems to study the in vivo function of the huFcyR system
and the biological effects of engaging the activating and inhibitory
huFcyRs by IgG are required. Furthermore, the increasing number
of Ab-based therapeutics being developed for the treatment of
neoplastic, infectious, and autoimmune diseases requires a system
in which evaluation of the consequences of huFcyR interactions be
addressed. We describe the generation and characterization of
an FcyR humanized mouse generated through the transgenic ex-
pression of the entire huFcyR family, under the control of their
human regulatory elements, on a genetic background lacking all
mouse FcyRs. These mice are viable, breed normally, demonstrate
normal lymphoid tissue development, and generate normal im-
mune responses. The FcyR humanized mice recapitulate huFcyR
expression patterns and expression levels and are functional in a
variety of hulgG-mediated models of inflammation, cytotoxicity,
and tumor clearance. HulgG1l mAbs engineered for selectively
enhanced Fc-huFcyR affinities demonstrate enhanced in vivo
responses in the FcyR humanized mouse. This mouse model, thus,
provides an in vivo system to address the functional contributions
of huFcyRs to Ab-mediated biological responses.

Results

huFcyR Expression in FcyR Humanized Mice. FcyRo ™™ mice lacking
mouse FcyRIIB, FcyRIII, and FcyRIV were generated by condi-
tionally targeting the low and intermediate affinity mouse FcyRa
locus found on chromosome 1 (Fig. 14) using a sequential strategy
of integration of loxP sites into the mouse Fcgr3 and Fcgr2b genes
which flank this locus. Cre recombinase-mediated deletion in the
C57BL/6 ES cells harboring this dual loxP integration resulted in
an intragenic deletion of 95 kb with resulting inactivation of the
murine Fcgr2b, Fcgr3, and Fcgr4 genes. Flow cytometric analysis
confirmed that mouse FcyRIIB, FcyRIIL, and FcyRIV were un-
detectable on the surface of CD11b™ cells or B220* B cells in
FcRo”~ mice (Fig. 1B). To generate a strain lacking all mouse
FcyR a-chain genes, the FcRa™~ mice were crossed to a strain
deleted for the mouse high affinity FcyRI a-chain found on mouse
chromosome 4, and the resulting mice were bred to homozygosity
and named FcRa null mice. These FcRa null mice were than bred
to a series of human transgenic lines expressing either huFCGRIA
(18), huFCGR2AR™!' (19), huFCGR2B'? (generated for the
purposes of this current study; see materials and methods),
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huFCRG3A4""® (20), and huFCGR3B (20) a-chain genes under
the control of their endogenous human regulatory elements. The
huFcyRI and huFcyRIIIA a-chains pair with the mouse Fc y-chain,
which is intact in the FcRa null strain. Thus, FcRa null mice
that express human FcyRI, FcyRIIA, FcyRIIB, FcyRIIIA, and
FcyRIIIB have been designated as FcyR humanized mice. These
mice are fertile, develop normally, generate normal immune re-
sponses (see below) and do not appear to have any evidence of
spontaneous pathology under the specific pathogen-free con-
ditions maintained in the Rockefeller University animal facility.

To determine whether the cell type-specific expression pattern of
huFcyRs in FcyR humanized mice recapitulated FcyR expression
patterns normally found in humans, huFcyR expression was ex-
amined by immunofluorescence staining and flow cytometric
analysis of specific immune cell populations in the FcyR human-
ized mice. HuFcyRI was detected on monocytes and neutrophils in
the spleen, blood, and bone marrow of the FcyR humanized mice
(Fig. 1C and Fig. S1), recapitulating huFcyRI expression on human
blood monocytes and neutrophils. HuFcyRI was not detected
on NK cells or B cells in FcyR humanized mice, but was induced
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on monocytes and neutrophils by in vitro treatment with IFN-y
(Fig. S2), as occurs with human-derived cells (21). HuFcyRIIA was
expressed on neutrophils, monocytes, eosinophils, platelets, and
dendritic cells (DCs) in the spleen, blood, and bone marrow of
FcyR humanized mice (Fig. 1C and Figs. S1 and S3), consistent
with huFcyRIIA expression patterns in humans. No huFcyRIIA
expression was detected on NK cells or B cells in FcyR humanized
mice or human blood. HuFcyRIIB was detected on B cells in FcyR
humanized mice, as well as on eosinophils, monocytes, neutrophils,
and DCs. Importantly, bone marrow-derived DCs expressed only
huFcyRIIA and huFcyRIIB, as occurs in human monocyte-derived
DCs. HuFcyRIIIA was detected on monocytes and NK cells while
only neutrophils expressed huFcyRIIIB in humanized mice. No
huFcyRs were detected on T cells. Thus, cell type-specific huFcyR
expression patterns in FcyR humanized mice recapitulated expres-
sion patterns in humans. Table S1 summarizes the expression pat-
tern of FcyR genes on human immune cell populations compared
with the FcyR humanized mice. Although definitive quantitation of
the absolute levels of expression of the human FeyR proteins on the
immune cell populations in the FcyR humanized mice has not been
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performed, it appears to be qualitatively consistent with the levels
reported for these proteins in normal human donors.

Immune System in FcyR Humanized Mice Develops and Functions
Normally. To assess whether the FcyR humanized mice are ca-
pable of mounting immune responses to antigenic challenges that
are comparable to wild-type B6 mice, humoral immunity elicited
against model antigens was compared between wild-type C57BL/
6 and FcyR humanized mice. Immunization with the thymic-in-
dependent antigen trinitrophenyl (TNP)-LPS resulted in TNP-
specific IgM and IgG Ab responses that were similar between
wild-type and FcyR humanized mice at both 7 and 14 d after
immunization (Fig. 24). Similarly, Ab responses to the thymic-
dependent antigen 4-hydroxy-3-nitrophenyl (NP)-ovalbumin
(OVA) resulted in NP-specific IgM levels that were also similar
between wild-type and FcyR humanized mice at both days 7 and
14 after immunization (Fig. 2B). NP-specific IgG levels were
modestly decreased in FcyR humanized mice compared with
wild-type mice 21 d after immunization. However, recall re-
sponses 7 d after boosting were similar between both groups.
Thus, FcyR humanized mice generate normal Ab responses to
both thymic-dependent and thymic-independent antigens.
Whether lymphoid architecture was normal and huFcyR ex-
pression recapitulated human cell type-specific expression patterns
in FeyR humanized mice was assessed by immunohistochemistry
with fluorescence microscopy analysis. Normal spleen B-cell and T-
cell zones were visualized in both FcRa null and FcyR humanized
mice (Fig. 2C). As expected, huFcyRIIB expression colocalized
with B cells (Fig. 2C), whereas huFcyRIIA and huFcyRIIIA/B
were not detected on B cells or T cells (Fig. 2C). Further,
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huFcyRIIA, huFcyRIIB, and huFcyRIIIA/B were detected on
myeloid cells in the red pulp. Thus, the lymphoid architecture was
normal and huFcyR expression patterns recapitulated human ex-
pression patterns in FcyR humanized mice.

Activating FcyR-Mediated Cytotoxic Effector Functions Are Normal in
FcyR Humanized Mice. The ability of the humanized FcyR system to
mediate cellular cytotoxicity triggered by human IgG was assessed
in three in vivo systems: anti-CD40 mAb-mediated B-cell de-
pletion, anti-CD4 mAb-mediated T-cell depletion, and anti-
platelet mAb-mediated platelet depletion. Chimeric mAbs reactive
with CD40, CD4, or platelets with hulgG1 Fc’s in place of their
mouse Fc’s were generated and expressed. In addition to these
wild-type chimeric antibodies, mutant versions of these chimeric
mAbs with point mutations in the human IgG1 Fc were generated
that either selectively enhanced the affinity of the Fc for activating
FcyRIIAR'! activating FcyRIIIA™®, “or inhibitory FcyRIIB
(Table S2). These point mutations in the hulgG1 Fc did not affect
the affinity of mAbs for their respective antigens (Fig. S4).

FcyR humanized mice were treated either with wild-type
hulgGl1 anti-CD40 mAD, an anti-CD40 mAb mutant that engages
hFcyRIITAT® with 31-fold increased affinity (SDIE mutant)
(22), or an anti-CD40 mAb mutant that engages FcyRIIB with 30-
fold increased affinity (SE mutant) (Table S2). Five days after
respective mAb treatment, B220™ B cells were analyzed in the
peripheral blood of the FcyR humanized mice. B220* frequen-
cies were decreased by 55% in mice receiving wild-type hulgG1
mAb (Fig. 34), whereas FcyR humanized mice treated with an Ab
whose human Fc was engineered for enhanced huFcyRIIIA
binding were depleted by 86% (1.6-fold enhancement) in mice

35

T Cells (TCRB

Fig. 2. FcyR humanized mice generate normal immune
responses and develop normal lymphoid structures. (A and B)
Wild-type (WT), C57BL/6 (open circles), and FcyR humanized
mice (filled circles) were immunized i.p. with TNP-LPS (A) or
NP-OVA (B), followed by a boost with NP-OVA in PBS on day
28. Serum was harvested at the indicated time points and
analyzed for TNP- or NP-specific IgM and IgG levels by ELISA.
Horizontal bars indicate mean relative OD. (C) FcRa null (Up-
per) and FcyR humanized (Lower) mouse spleen sections were
examined by immunohistochemistry with fluorescence mi-
croscopy analysis for B220 (B cells), TCRp (T cells), huFcyRIIA,
huFcyRIIB, and huFcyRIIIA/B expression. Representative images
are shown.
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receiving the SDIE mutant mAb. In contrast, treatment of FcyR
humanized mice with an anti-CD40 Ab whose human Fc was
engineered to enhance binding to the inhibitory huFcyRIIB re-
ceptor and abolish binding to huFcyRIIIA (SE mutant) was in-
effective in peripheral B-cell depletion.

Similar studies were performed using anti-CD4 mAbs with wild-
type human IgG1 Fc or modified variants of human IgG1l and
in vivo T-cell depletion was assessed. FcyR humanized mice were
treated with anti-CD4 mAbs containing either a wild-type hulgG1,
a hulgG1 Fc mutant that does not engage FcyRs (N297A mutant),
a human Fc that engages hFcyRIIA®"! and hFcyRIIIA™®® with
25- and 29.5-fold increased affinities (GASDALIE mutant), or an
anti-CD4 mAb with a human Fc that engages huFcyRIIB with 166-
fold increased affinity (SELF mutant) (Table S2). Blood CD4* T-
cell frequencies were decreased by 22% in mice receiving wild-type
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in vivo models of mAb-mediated cytotoxicity. (A) B-cell depletion with CD40
mAb Fcvariants. FcyR humanized mice received CD40 mAb with the indicated
Fc. The frequency of blood B220*CD3™ B cells was analyzed before (day 0) and
5 d after mAb treatment by immunofluorescence staining with flow cyto-
metric analysis. Representative flow cytometric dot plots are shown. Values in
the graph represent means (+ SEM) frequencies of B cells in mice receiving the
indicated treatment at the indicated time point (n > 2 for all groups). Sig-
nificant differences between the indicated sample means are indicated: *P <
0.05; **P < 0.01. (B) T-cell depletion with CD4 mAb Fc variants. The indicated
mice received CD4 mAb with the indicated Fc. FcRa null mice received hulgG1
WT mAb. The frequency of blood CD4* T cells was analyzed before and 2 d
after mAb treatment by immunofluorescence staining with flow cytometric
analysis. Representative flow cytometric dot plots are shown. Values in the
graph represent the mean (+ SEM) percentage change in the frequency of
CD4* T cells relative to the prebleed at 0 h (n > 3 for all groups). (C) Platelet
depletion with 6A6 mAb Fc variants. The indicated mice received 6A6 mAb
with the indicated Fc. FcRa null mice received hulgG1 WT mAb. Platelet
numbers were analyzed at the indicated time points, and values represent
the mean (+ SEM) percentage change in platelet number relative to the
prebleed at 0 h (n > 3 for all groups). (B and C) Significant differences be-
tween means from the indicated sample and the N297A group are indicated:
**P < 0.01. Significant differences between sample means from the GASD/
ALIE group and the IgG1 WT group are indicated: *P < 0.05; #*P < 0.01.
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hulgG1 CD4 mAb 48 h after mAbD treatment (Fig. 3B). However,
CD4* T-cell frequencies were decreased by 66% (threefold en-
hancement) in mice receiving the GASDALIE mutant mADb,
whereas frequencies were not affected in mice receiving the
N297A or SELF mutant mAbs. CD4* T-cell frequencies were also
not affected in FcRa null mice receiving wild-type IgG1 CD4 mAb.

Anti-platelet mAbs chimerized using this same panel of Fc
mutants were also tested for their ability to deplete platelets in
FcyR humanized mice. Platelets were decreased by 63% in mice
receiving wild-type hulgG1l 6A6 mAb 4 h after mAb treatment
(Fig. 3C). Platelets were decreased by 92% (1.5-fold enhancement)
in mice receiving the GASDALIE mutant 6A6 mAb. However, in
contrast to what was observed for T-cell depletion with this mutant
Fc, platelet depletion was similar between mice receiving wild-type
hulgGl mAb and the SELF mutant. This difference between
T-cell depletion and platelet depletion is likely the result of the
expression of FcyRIIA on platelets in the FcyR humanized mice
and the ability of the SELF mutant to activate platelets through its
enhanced FcyRIIA binding Fc, thereby resulting in platelet con-
sumption. Platelet numbers were not affected in FcyR humanized
mice receiving the N297A mutant mAb or in FcRa null mice
receiving wild-type IgG1l 6A6 mAb. Collectively, these results
demonstrate that in vivo cellular cytotoxic functions are normal in
FcyR humanized mice. Furthermore, enhancing the affinity of the
Fc of a mAD for the activating FcyRs (FcyRIIA and FcyRIIIA)
enhanced cellular cytotoxicity, whereas augmenting Fc affinity for
inhibitory FcyRIIB led to impaired cytotoxic function.

FcyR-Mediated Antitumor Immunity Functions Normally in FcyR
Humanized Mice. To determine if mAb-mediated tumor clearance
through ADCC mediated by activating FcyRs functioned normally
in FcyR humanized mice, the B16 metastatic melanoma tumor
model was studied in these mice. Chimeric TA99 mAbs using the
same panel of hulgG1 Fc mutants used in the platelet and T-cell
depletion studies were also tested for their ability to modulate lung
metastasis in FcyR humanized mice. Lung metastasis foci were
decreased by 41% in mice treated with wild-type hulgG1 mAb, but
were decreased by 84% (2.1-fold enhanced clearance) in mice
treated with the GASDALIE mutant (Fig. 44). No tumor clearance
was noted in FcyR humanized mice receiving SELF or N297A
mutant mAbs, or in FcRa null mice receiving the wild-type hulgG1
mAb. Thus, in vivo mAb-mediated tumor clearance was intact in
FcyR humanized mice and functioned in an activating FcyR-de-
pendent manner. Furthermore, enhancing the interactions between
hulgG1 Fc and activating huFcyRs augmented tumor clearance.

Immune Complex-Mediated Anaphylaxis in FcyR Humanized Mice.
The administration of immune complexes in vivo induces sys-
temic anaphylaxis in an FcyR-dependent manner (23). Therefore,
to test whether treatment with human IgG immune complexes
induced anaphylaxis in the FcyR humanized model system, wild-
type C57BL/6, FcyR humanized, and FcRa null mice were
injected with heat-aggregated human IgG as a model immune
complex. Core body temperatures in FcyR-humanized mice de-
creased by 11% by 15 min after heat-aggregated IgG adminis-
tration but returned to near-normal levels after 60 min (Fig. 4B).
However, core body temperatures remained unchanged in FcRa
null mice and were only modestly decreased in wild-type B6 mice.
Thus, immune complex administration induces FcyR-dependent
systemic anaphylaxis in FcyR humanized mice.

FcyRIIB-Dependent Vaccination Functions Normally in FcyR Humanized
Mice. Agonistic CD40 mAD cotreatment in mice immunized with
a chimeric DEC205 Ab fused to OVA (DEC-OVA) generates an
OVA-specific CD8" T-cell immune response that is dependent
on interactions between the CD40 mAb Fc and the inhibitory
FcyRIIB (11). To confirm that requirement for huFcyRIIB in
enhancing CD40-mediated immune activation, FcyR humanized
mice were immunized with DEC-OVA and cotreated with CD40
mAD containing either a wild-type hulgGl Fc or a mutated
hulgG1 Fc that abolishes FcyR binding (N297A mutant) or
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Fig. 4. Tumor clearance, immune complex-mediated anaphylaxis, and
FcyRIIB-mediated enhancement of immunization by CD40 mAb is effective in
FcyR humanized mice. (A) B16 melanoma model. FcyR humanized mice or
FcRo ™~ mice were injected i.v. with B16-F10 cells and received TA99 mAb with
the indicated Fc (n > 4 for all groups) on days 0, 2, 4, 7, 9, and 11. FcRa null
mice received hulgG1 WT mAb. On day 13, lungs were harvested and me-
tastasis foci were counted. Pictures show representative lungs from mice re-
ceiving the indicated treatment. Values in the graph represent the mean (+
SEM) number of lung metastasis foci from mice receiving the indicated
treatment. Significant differences between sample means and the N297A
group, or between the indicated groups are shown: *P < 0.05; **P < 0.01. (B)
Immune complex-mediated anaphylaxis model. Wild-type (WT) C57BL/6, FcRa
null, and FcyR humanized mice (n = 3 for each group) were injected i.v. with
heat-aggregated human IVIG. Values represent the mean (+ SEM) mouse core
body temperature measured at the indicated time points. Significant differ-
ences between sample means from the indicated time point and time 0 are
shown: *P < 0.05; **P < 0.01. (C) Inhibitory FcyR-mediated enhancement of
immunization by CD40 mAb. FcyR humanized mice (n = 3 per group) were
treated with DEC-OVA and CD40 mAbs with the indicated Fcs. The frequen-
cies of OVA-specific CD8* T cells [identified by SIINFEKL H-2° tetramer (Tet-
OVA) staining; Left] and the ratios of CD8* T cells to CD4* T cells (Right) were
analyzed in the peripheral blood 7 d later. Each point represents data from an
individual mouse, with bars showing mean values. Significant differences
between the indicated sample means are shown: ***P < 0.001.

enhances FcyRIIB binding (SE mutant). After 7 d, blood OVA-
specific T-cell frequencies were increased 4.6-fold in mice re-
ceiving SE mutant CD40 mAb compared with wild-type hulgG1
mAb (Fig. 4C). The CD8*:CD4" T-cell ratio was increased 1.8-
fold in SE mutant CD40 mAb-treated mice, compared with mice
receiving wild-type hulgGl CD40 mAb. Thus, enhancement of
CD8" T-cell immune responses through the engagement of
FcyRIIB by CD40 mAbD was intact in FcyR humanized mice.

Discussion

The emergence of Fc receptors as a central determinant in the
in vivo function of IgG antibodies for activities as diverse as cyto-
toxicity, neutralization, immunomodulation, and anti-inflammatory
responses has highlighted the need for model systems in which to
investigate these diverse functions. In vitro assays have proven to be
of limited value in defining the specific receptors and cell types that
may be critical for a particular biological function mediated by an
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IgG AD. The species divergence of the receptors and their complex,
cell type-specific regulation has also compromised the predictive
value of nonhuman primate species in determining either the po-
tential toxicities or therapeutic activities of IgG antibodies destined
for human use. Thus, antibodies deemed safe based on nonhuman
primate species evaluation have shown dramatic toxicity in humans,
contributed in part by differences in FcyR affinities and distribution
between the species (24). Similarly, the therapeutic activity of hu-
man IgG antibodies assessed in vitro or in nonhuman primates fails
to accurately predict in vivo behavior.

We have addressed this issue by developing an in vivo model
that represents a closer approximation of human FcyR structural
and functional diversity by establishing a stable and reproducible
humanized mouse model for assessing human IgG Ab interactions
with human FcyRs in the context of an intact immune system. The
use of human transgenes, rather than replacement of mouse
genes, has ensured that the human pattern of expression and cell
type specificity is recapitulated in this humanized mouse model.
The human receptors retain their signaling capacity by integrating
into mouse intracellular signaling systems, coupling the specificity
of human IgG antibodies binding to human FcyR with mouse
activating or inhibitory signaling pathways. This was accomplished
by retaining the immunoreceptor tyrosine-based activation motif
(ITAM)-containing mouse common y-chain of the FcyR family
and allowing it to assemble with the human FcyR a-chains. For
receptors that do not use this chain, such as human FcyRIIA or
FcyRIIB, the human ITAM or immunoreceptor tyrosine-based
inhibitory motif (ITIM) found in the cytoplasmic domains of
their a-chains, respectively, appear to couple to mouse kinases
and phosphatases, respectively, to mediate appropriate signaling
functions. In addition, the FcRa null mouse developed for this
study will serve as an important tool for understanding the roles of
and requirements for FcyRs in vivo because it offers advantages
over the use of Fc y-chain™~ mice; FcRa null mice lack both ac-
tivating and inhibitory FcyRs on a pure C57BL/6 genetic back-
ground but retain a functional Fc y-chain, which pairs with and is
required for the function of other immune system components.

Although many of these huFcyR transgenes have been expressed
as single or even multiple genes in mouse backgrounds lacking some
or all of the endogenous mouse FcyRs genes, the current model
reproduces the full array of human FcyRs in an immunologically
intact mouse background lacking confounding mouse FcyRs. It thus
permits the evaluation of normal as well as modified human IgG Fc
domains and their impact on an in vivo response. Unique aspects of
the human FcyR system, such as the expression of an activating
FcyR on platelets, are retained in these mice and function to activate
those cells upon engagement by an appropriately engineered human
Fc. Similarly, expression of the GPI-anchored decoy receptor,
FeyRIIIB, is found exclusively on neutrophils and thereby permits
detailed exploration of its in vivo function. The FcyR humanized
system will allow the contributions of activating FcyR expression
(huFcyRIITIA) on NK cells during Ab-mediated cellular cytotoxicity
to be assessed in vivo, because murine NK cells only express the
mouse FcyRIII activating receptor and lack the FcyRIV activating
receptor, which is the mouse ortholog of huFcyRIIIA. How DC
activation and function are regulated by the activating and inhibitory
huFcyRIIA and huFcyRIIB can also now be assessed in vivo. In-
hibitory FcyR functions normally in FeyR humanized mice because
AD responses to model antigens, which are regulated by the in-
hibitory FcyRIIB, are normal and CD40 mAb-mediated enhance-
ment of cellular immune responses are intact. Thus, the FcyR
humanized mouse will serve as a platform to not only to measure
activating FcyR-mediated immunity and therapeutics, but also novel
therapeutics aimed at inhibiting immunity through targeting
huFcyRIIB, such as mAb-mediated coengagement of FcyRIIB and
B-cell surface antigens to suppress humoral immunity (25).

Although the current model is a significant improvement over
previous attempts, the presence of mouse IgG may offer some un-
necessary complication in the evaluation of a human IgG response.
Future iterations of this model could incorporate human IgG Fc in
place of the murine locus to allow for evaluation of an exogenous
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human IgG Ab in the context of human serum IgG antibodies to both
mimic the clinical environment more closely and tolerize the animal
to the introduction of human IgG to facilitate the analysis of chronic
Ab administration. The incorporation of additional huFc binding
molecules, like huFcRn and DC-SIGN (Dendritic Cell-Specific In-
tercellular adhesion molecule-3-Grabbing Non-integrin), will extend
this system further as a surrogate for the in vivo evaluation of human
IgG antibodies for therapeutic and pathological activities.

Materials and Methods

Generation of FcRa™'~, FcRa Null, and FcyR Humanized Mice. The FcRa™'~ mouse
was designed to contain a 95-kb deletion spanning the Fcgr2b, Fcgr3, and Fcgré
loci on chromosome 1 (Figs. S5 and S6). This mouse was crossed with chr1"‘
mice, and the resulting FcRa” FcyRI™”~ progeny were termed FcRa null mice.
Transgenic mice expressing huFcyRI, huFcyRIIAR3, huFcyRIIB'22, huFcyRIIATT®E,
and huFcyRIIIB were individually mated together to create a mouse containing
the full repertoire of human FcyRs. This mouse was then mated with the FcRa
null mouse to establish the FcyR humanized mouse. C57BL/6 mice were pur-
chased from Jackson Labs. All mice were maintained in a specific pathogen-free
facility at the Rockefeller University, and all studies were approved by the
Rockefeller University Institutional Animal Care and Use Committee. Detailed
methods for FcRa™~, FcRa null, and FcyR humanized mouse generation are in-
cluded in S/ Materials and Methods.

Antibodies and Reagents. Descriptions of all Abs and other reagents used in
this study are included in the Supplementary Methods.

Immunofluorescence Staining, Bone Marrow DC Cultures, Flow Cytometry, and
Histology. Single-cell suspensions of cells were stained on ice using pre-
determined optimal concentrations of each primary and secondary Ab, and
analyzed on FACSCalibur or LSR-II flow cytometers (BD Biosciences). DCs were
cultured from mouse tibia and femur bone marrow cells as described (26).
Briefly, 1 x 10° cells/mL were plated in 24-well plates with DMEM supple-
mented with 10% (vol/vol) FBS and 10 ng/mL mouse granulocyte macrophage
colony stimulating factor (GM-CSF; Peprotech). On day 6, loosely adherent
cellswere collected by gentle pipetting, and were subjected to flow cytometric
analysis. Frozen tissue sections (8 pm) were fixed in ice-cold acetone for 3 min,
rehydrated with PBS for 10 min, and stained with predetermined optimal
concentrations of each Ab for 60 min in PBS-Tween containing 5% goat serum.
Tissue staining was visualized using a fluorescence microscope.

Immunizations and ELISA. Mice were immunized i.p. with TNP-LPS (50 ug; Bio-
search Technologies) in 200 pL of PBS or NP-OVA (50 pg; Biosearch Technologies)
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in 200 pL of Alum (Thermo Scientific). Some mice were boosted i.p. with 50 pg of
NP-OVA in 200 puL of PBS 28 d after primary immunization. TNP- and NP-specific
Ab levels in individual serum samples were determined in duplicate using Ab
isotype-specific ELISA. Sera were diluted for analysis using ELISA plates coated
with TNP-BSA or NP-BSA (Biosearch Technologies), and plates were developed
with AP-conjugated goat anti-mouse IgM or IgG Abs.

In Vivo Model Systems. For the B-cell and CD4* T-cell depletion models, mice
were injected i.v. with 100 pg of recombinant IC10 hulgG1 mAb variants or i.p.
with 50 pg of recombinant GK1.5 hulgG1 mAb variants diluted in 200 pL of PBS.
The mice were bled at various time points to analyze B220*CD3"~ B-cell or
CD4*CD8" T-cell frequencies, respectively, by immunofluorescence staining
with flow cytometric analysis. Platelet depletion model: Mice were injected i.v.
with 10 pg of recombinant 6A6 hulgG1 mAb variants diluted in 200 L PBS. Mice
were bled at the indicated time points before and after mAb injection, and
platelet counts were measured using an Advia 120 hematology system (Bayer
Healthcare). For the B16-F10 lung metastasis model, mice were injected i.v. with
1 % 10° B16-F10 tumor cells and received 100 pg of recombinant TA99 hulgG1
mAbvariantsi.p.ondays0, 2,4,7,9,and 11. Onday 13 after tumor cell injection,
mice were killed and lungs were analyzed for the presence of surface metastasis
foci by using a dissecting microscope. For the immune complex-mediated ana-
phylaxis model, mice were injected i.v. with 250 pg of human IVIG that was
previously heat-aggregated at 63 °C for 60 min. Mouse core body temperature
was measured using a rectal thermoprobe. DEC-OVA immunizations: DEC-OVA
was generated as described (11). Mice were treated with 5 ug of DEC-OVA and
30 pg of recombinant CD40 mAb 7 d before blood T-cell analysis.

Statistics. All data are shown as means + SEM. Significant differences in the
CD40 mAb-mediated B-cell depletion and DEC-OVA CD8* T-cell expansion
experiments were determined by using a one-way ANOVA with Tukey post
hoc. The significance of differences between all other sample means was
determined using a two-tailed Student t test.
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