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Therapeutic human IgG antibodies are routinely tested in mouse
models of oncologic, infectious, and autoimmune diseases. How-
ever, assessing the efficacy and safety of long-term administration
of these agents has been limited by endogenous anti-human IgG
immune responses that act to clear human IgG from serum and rel-
evant tissues, thereby reducing their efficacy and contributing to
immune complex-mediated pathologies, confounding evaluation
of potential toxicity. For this reason, human antibody treatment in
mice is generally limited in duration and dosing, thus failing to
recapitulate the potential clinical applications of these therapeu-
tics. Here, we report the development of a mouse model that is
tolerant of chronic human antibody administration. This model
combines both a human IgG1 heavy chain knock-in and a full reca-
pitulation of human Fc receptor (FcyR) expression, providing a
unique platform for in vivo testing of human monoclonal antibod-
ies with relevant receptors beyond the short term. Compared to
controls, hilgG1 knock-in mice mount minimal anti-human IgG
responses, allowing for the persistence of therapeutically active
circulating human IgG even in the late stages of treatment in
chronic models of immune thrombocytopenic purpura and meta-
static melanoma.
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n vivo assessment of the therapeutic and adverse effects of

human antibodies in mouse model systems has long been con-
founded by intolerance for these agents. Administration of human
immunoglobulins to mice inevitably results in mouse anti-human
IgG responses, likely due to foreign epitopes present in human
IgG proteins. Previous studies have shown that these responses
develop within days to weeks of IgG administration and serve to
enhance clearance of human IgG (1, 2), interfere with antigen
binding and effector function, and diminish therapeutic activity
(3), while also potentially contributing pathological sequalae of
immune complex deposition (4). For this reason, murine studies
of human antibody treatment in our laboratory and others have
been limited to the short term (approximately 2 wk) to ensure
that anti-human IgG responses are not confounding meaningful
results that may apply to patients (5-7).

Prior studies have only partially characterized this response
and have reported inconsistent results. For instance, some stud-
ies argue that the route of immunization (i.e., intravenous vs.
intraperitoneal vs. intradermal) may play a role in eliciting an
anti-human response (3), although the results are inconsistent.
It also has been suggested that IgG1 is the dominant mouse
subclass that responds to exogenous human IgG, although
there are substantial mouse IgG2b and IgG2c anti-IgG titers
that contribute as well (4). Further, one study indicated that, in
order for a mouse anti-human IgG response to develop, the
cognate antigen of the administered human antibody must be
present in the mouse model (1), implying that immune com-
plexes, not monomeric antibodies, initiate these responses.
Finally, the kinetics of this response are unclear; some studies
suggest it requires up to 9 wk for a significant anti-human
response to develop (8), while others count less than 1 wk (1).
Despite these characterizations, no study, to date, has provided
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a robust solution to this intolerance, which continues to limit
the extent of in-depth studies of antibody efficacy and safety.

In this study, we present a mouse model that is appropriate
for the study of long-term, repeated administration of human
antibodies. Tolerance to human IgG is conferred by germline
knock-in of the human IgG1 (hIgG1) heavy chain ({GHGI) in
place of mouse Ighg2c. In addition, this knock-in has been
combined with a previously described model of human FcyR
expression and function (9), so that the relevant effector func-
tions of these exogenous human antibodies can be investigated.
In the knock-in mouse, hlgG1 pairs appropriately with mouse
light chains, is expressed on the surface of B cells, and is elicited
by immunization to both thymic-dependent (T-dependent) and
thymic-independent (T-independent) antigens. Knock-in mice
are tolerant of repeated administration of human IgG through
multiple routes of immunization, and therefore allow for the
in vivo characterization of antibody-mediated responses in the
long term.

Results

Knock-In of higG1 into the Mouse Ig Heavy Chain Locus. The
hIgG1 was knocked in by precise replacement of the native
mouse Ighg2c coding sequence with human IGHGI via
CRISPR-Cas9 gene editing of C57BL/6J embryonic stem (ES)
cells (Fig. 1). In addition to this sequence, an FRT-loxP-
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Species differences in IgG Fc-Fcy receptor (FcyR) interactions
have made humanized mouse models an attractive strategy
to evaluate the efficacy and toxicity of human antibodies.
We previously published a humanized FcyR mouse model
that fully recapitulates the expression and function of these
receptors in vivo. However, the immunogenicity of exoge-
nous human IgG has made long-term assessment of anti-
body function challenging, since endogenous mouse anti-
human IgG responses limit the duration and success of these
studies. Here, we present a mouse strain that expresses
human 1gG1 and FcyRs, thereby conferring tolerance to
chronic administration of human IgG and enabling functional
assessment of antibodies. Because this strain is appropriate
for chronic disease models, we expect that researchers will
benefit from its use.
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Fig. 1. Generation and characterization of higG1 knock-in mouse. (A) Targeting the mouse 1gG2c heavy chain locus for replacement with a construct

bearing the higG1 heavy chain and FRT-loxP-Neomycin cassette. Red triangles represent FRT sites, and the yellow triangle represents a loxP site. (B) Repre-
sentative (n = 5 each strain) genotyping PCR of higG1/higG1, higG1/+, and ** mice. (C) Serum IgG titers in **, higG1/+, and higG1/higG1 mice on human
FcyR background measured by ELISA. Anti-lambda and anti-kappa light chain antibodies were used for capture, and HRP-conjugated isotype-specific anti-
bodies were used for detection. Data are displayed as mean + SEM (n = 3). (D) Representative (n = 3) flow cytometry analysis of IgG surface expression

on splenic B220+ cells.

neomycin cassette was appended to the 3’ end of the targeting
cassette to select properly edited ES cells, as well as 5’ and 3
homology arms flanking the insert to assist with homology-
directed repair (HDR) (Fig. 14). This strategy preserved
upstream and downstream switch and regulatory regions, with
the intent that hIgG1l would mimic the expression profile of
mouse [gG2c¢, and that other mouse subclasses were undis-
turbed. Mouse IgG2c was specifically targeted since it most
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closely approximates the FcyR-binding profile of hIgG1. Mice
positive for the knock-in allele were screened using a common
forward primer and reverse primers specific for either mIgG2c
or hIgG1 (Fig. 1B). Serum analysis of heterozygotes (hIgG1/+)
and homozygotes (hIgG1l/hIgGl) demonstrates pairing of
hIgG1 heavy chain with mouse kappa and lambda light chains
and successful replacement of the mIgG2c heavy chain (Fig.
1C). As expected, the knock-in has normal endogenous mouse
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IgG levels as compared to C57BL6/J mice. Flow cytometry
analysis of B-lineage cells in the spleen shows the knock-in pre-
serves normal B cell development (SI Appendix, Fig. S2).
Indeed, analysis of B220™ splenic B cells from knock-in mice
shows robust surface expression of hIgG1, indicating pairing of
membrane-bound hlgG1 with B cell receptor (BCR) compo-
nents is intact (Fig. 1D). These mice develop normally, are fer-
tile, and have no evidence of spontaneous pathology under the
specific pathogen-free conditions maintained in the Rockefeller
University animal facility.

hlgG1 Knock-In Mice Mount Normal Humoral Responses. To deter-
mine whether knock-in mice mount hIgG1 responses to specific
immunization, wild-type or heterozygote knock-in mice were
immunized with the model haptenated antigen, 4-hydroxy-3-
nitrophenylacetyl (NP). T-independent responses were mea-
sured by a single immunization with NP-Ficoll adjuvanted with
Complete Freund’s Adjuvant. After 2 wk, anti-NP hlgG1 titers
were detected, and persisted until the end of the study at
4 wk (Fig. 24). Similarly, T-dependent immunization with
NP-ovalbumin in a prime-boost dosing schedule 2 wk apart
induced a strong NP-specific hIgG1 response in the knock-in
mice (Fig. 2B). The subclass composition of endogenous mouse
IgG responses to NP were consistent with previous reports of
T-independent and T-dependent immunization (SI Appendix,
Figs. S3 and S4) (10, 11). These studies confirm that hIgG1 can
participate in processes of affinity maturation and class switch
recombination in response to immunization.

hlgG1 Knock-In Tolerizes Mice to Chronic Human Antibody Adminis-
tration. Previous studies have demonstrated that repeated dosing
of human antibodies induces a strong mouse anti-human
response which leads to rapid clearance of human IgG and loss
of activity (1, 3, 4, 8). We hypothesized that native expression of
hIgG1 would endow knock-in mice with tolerance to exogenous
hIgG1. To investigate the issue of antibody clearance, wild-type
C57BL6/J or hIgGl knock-in mice were dosed weekly with

100 pg of the fully human HIV anti-gp120 monoclonal,
3BNC117-hIgG1 (Fig. 34) (12). After five cycles of treatment
(day 35), knock-in mice were able to maintain high serum levels
of 3BNC117, while controls rapidly cleared the antibody to levels
at or below the limit of detection of the assay (Fig. 3B). We pre-
sumed the rapid clearance was due to a strong mouse anti-
human IgG1 response that was absent in the knock-in mice,
since clearance accelerated considerably after 2 wk to 3 wk of
administration. To test this hypothesis, we immunized knock-in
and control mice weekly with 2B8-hIgG1, an anti-CD20 clone
with human framework regions, but mouse complementarity-
determining regions (Fig. 3C). Weekly intravenous administration
of 2B8-hIgGl1 resulted in mouse anti-human IgG1 titers detect-
able in control mice by week 3. By week 5, high titers were evi-
dent in control mice, while knock-ins had significantly lower levels
of mouse anti-hIgG1 antibodies (Fig. 3D). Unexpectedly, similar
experiments with other human subclasses of IgG routinely used in
clinical studies (IgG2 and IgG4) demonstrated that the knock-in
mouse is tolerant of 2B8-hIgG4 compared to controls, while
2B8-IgG2 was not strongly immunogenic in either mouse (S
Appendix, Fig. S5). Tolerance to IgG4 may be due to its ~90%
sequence identity with hIgG1, versus ~62% with mouse IgGl
heavy chain. Notably, none of the mice immunized with hIgG1
antibodies mounted a significant response to the constant region
of the human kappa light chain, as shown by sandwich enzyme-
linked immunosorbent assay (ELISA) using an irrelevant mouse
IgG1-human kappa chimeric antibody as capture (Fig. 3E).

hlgG1 Knock-In Mice in a Chronic Model of Inmune Thrombocyto-
penia Purpura. Exogenous human antibodies are often used to
induce pathology in mouse models of autoimmune diseases,
but their efficacy over time is limited by mouse anti-human
responses to those antibodies (4). One common model to
induce immune thrombocytopenic purpura (ITP) in mice uses
the antiplatelet IIb glycoprotein antibody, 6A6, which, when
administered intravenously (i.v.), targets platelets for clearance
by macrophages (13, 14). Because the mechanism of platelet
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Fig. 2. The hlgG1 knock-in mouse has normal B-lineage development and shows robust antigen-specific higG1 response to immunization. (A)
T-independent intraperitoneal immunization of mice with the indicated genotypes with 50 ug of NP54-Ficoll in alum. Serum was harvested at the indi-
cated time points and analyzed for NP-specific IgG by ELISA. (B) T-dependent intraperitoneal immunization of mice with the indicated genotypes with 50
ug of NP17-OVA in alum. Mice were subsequently boosted with 50 pg of NP17-OVA on day 21. Serum was harvested at the indicated time points and ana-
lyzed for NP-specific IgG by ELISA. Data are displayed as individual biological replicates with a line representing the mean (n = 4 each strain).
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Fig. 3. The higG1 knock-in tolerizes mice to chronic human antibody administration. (A and B) Mice of the indicated genotypes were repeatedly admin-

istered 100 pg of 3BNC117-hlgG1 i.p. on the days indicated. Serum levels of

3BNC117-hlgG1 were measured by ELISA using recombinant gp120 for cap-

ture and using anti-hlgG-HRP for detection. Data are shown as individual biological replicates, with a horizontal line representing the mean (n = 8 each

strain). (C and D) Mice of the indicated genotypes were administered 100 pg

of 2B8-hlgG1 i.p. each week for 6 wk. Mouse anti-hlgG1 Fc titers were mea-

sured by ELISA using hlgG1 Fc for capture and using anti-mouse IgG-HRP for detection. Data are shown as individual biological replicates, with a horizon-

tal line representing the mean (n = 6 each strain). (E) Mouse anti-human kap

pa constant region titers were measured by ELISA using an irrelevant mouse

IgG1-human kappa chimeric antibody as capture and using anti-human Fc-HRP for detection. Data are shown as individual biological replicates with a

horizontal line representing the mean (n = 8 to 10 each strain).

clearance in this model relies on Fc-FcyR interactions, it was
necessary to cross the hIgG1 knock-in mice with a mouse strain
that is fully humanized for FcyRs. To approximate a chronic
version of this ITP model (15), mice bearing the knock-in allele
and human FcyRs were administered 6A6-hIgG1 for three con-
secutive days and then allowed to recover for 4 d, over which
time their platelets recovered to normal levels (Fig. 44). Plate-
let counts were measured on each day. This treatment schedule
was repeated twice, for a total of three cycles. In the first two
cycles, differences in 6A6-hIgG1 platelet depletion between the
two strains were insignificant. In the third cycle, only mice bear-
ing the hIgG1 knock-in allele were able to deplete platelets effi-
ciently (Fig. 4C). This difference was accompanied by high
mouse anti-hIgG1 Fc titers in control mice, which presumably
led to enhanced clearance of 6A6-hIgG1 and therefore inter-
fered with its platelet depleting activity (Fig. 4B). This ITP
model demonstrates the utility of a mouse that is tolerant of
human antibody administration and can therefore recapitulate
the pathology of an autoimmune disease in a chronic setting.

hlgG1 Knock-In Mice Show Improved Clinical Outcomes in a B16-F10
Melanoma Chronic Treatment Model. Human antibody treatment
in mouse models of cancer is limited to the short term by endoge-
nous anti-human IgG responses that limit efficacy of these agents.
This is evident from human antibody treatment schedules, which
generally take place over a maximum of 2 wk. To demonstrate
that antibody treatment in the knock-in mouse does not have
such restrictions, we subjected the knock-in and control mice to a
chronic treatment model of metastatic B16-F10 melanoma (16).
Mice from each group were pretreated twice over 3 wk with
TA99, an antibody clone with mouse variable and human constant
regions that targets gp75 on the surface of B16 cells and has been
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shown to effectively prevent lung metastases in an Fc-dependent
manner (17) (Fig. 54). Because TA99 requires strong activating
FcyR engagement for efficacy, an Fc optimized variant (GAA-
LIE) of IgG1 was used, which exhibits an improved binding pro-
file to human activating FcyRs (7, 18). As expected, pretreatment
resulted in detectable mouse anti-hIgG1 Fc titers in control mice,
but not in knock-in mice (Fig. 5B). Importantly, this study also
demonstrates that expression of wild-type hlgG1 tolerizes these
mice to an Fc-engineered variant that harbors three mutations in
the Cy2 region, showing the potential use of this model to quan-
tify the immunogenicity of Fc variants. Following pretreatment,
mice were i.v. injected with B16-F10 cells, and some groups were
treated with four doses of TA99-hIgG1-GAALIE at the time
points indicated. Two weeks after tumor inoculation, lungs were
excised and analyzed for metastases. As expected, mice treated
with phosphate-buffered saline (PBS) developed widespread
metastases that gave their lungs a blackened appearance. Control
mice that were intolerant of hlgG1 after 2 wk were only partially
treated by TA99-hIgG1-GAALIE, while the lungs of knock-in
mice were free of significant metastases (Fig. 5 C and D). Consis-
tent with these results, TA99 could not be detected in the serum
of control mice on Day 14, likely due to enhanced clearance by
the formation of mouse anti-hIgG1 immune complexes, while lev-
els persisted at therapeutic levels in most knock-in mice (Fig. SE).
Based on these studies, this knock-in mouse model, which is free
of interfering endogenous anti-hIgG1 responses, provides a useful
platform to study human antibody efficacy and toxicity in disease
models that require long-term treatment.

Discussion

In the present study, we addressed the issue of chronic adminis-
tration of human antibodies by developing a mouse model with
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Fig. 4. The hlgG1 knock-in mice in a chronic model of ITP. (A) Mice of the indicated genotypes were repeatedly administered 10 pg of 6A6-hlgG1 intra-
venously three times per week for 3 wk. (B) Mouse anti-hlgG1 Fc titers were measured by ELISA using higG1 Fc for capture and using anti-mouse IgG-HRP
for detection. Data are shown as individual biological replicates, with a horizontal line representing the mean (n = 3 to 4 each strain). (C) Platelet deple-
tion during three cycles of 6A6-hlgG1 treatment. Platelet count is reported as a percentage of platelet count at the start of each cycle. Data are displayed

as mean + SEM (n = 3 to 4 each strain).

tolerance for these agents. By combining this knock-in with our
previously published human FcyR model, we have created a
system to extensively assess the specific activity and effector
function of human antibodies regardless of treatment length or
disease chronicity. Importantly, the hIgG1 heavy chain correctly
pairs with endogenous mouse kappa and lambda light chains, is
adequately expressed in its membrane form on the surface of B
cells, and endows these mice with tolerance for exogenous
human IgG. This newfound tolerance has major implications
for the serum half-life of exogenous antibodies, and their ability
to opsonize target cells, proteins, or virions and to perform
essential effector functions via Fc-FcyR interactions. Fortu-
nately, knock-in mice avoid the strong mouse anti-human IgG1
Fc response shown, in this study, to develop as early as 2 wk
after first treatment. Based on the kinetics of this response and
the coinciding decline in hIgG1 activity in models of chronic
ITP and metastatic melanoma, it is likely that mouse anti-
hIgG1 antibodies directly interfere with antibody effector func-
tion. This may be especially true in the models tested, which
rely extensively on Fc—FcyR interactions. To our surprise, the
106-aa human kappa light chain constant region was not immu-
nogenic to wild-type C57BL6/J mice, despite sharing only 60%
sequence identity with its mouse homolog. Therefore, expres-
sion of hIgG1 Cyl through Cy3 appears sufficient to confer tol-
erance to hlgGl.

Although there are previous reports of hIgG1 knock-ins (19,
20), tolerance of exogenous hIgG1 has never been characterized.
Further, although some of these models combine expression of
ligand (human IgG) with the full recapitulation of structure and
function of their cognate receptors (human FcyRs), they do so
on mixed genetic backgrounds, thereby making the present
model a unique platform to precisely study human antibodies in
mice without confounding factors. In particular, this model will
best approximate disease contexts where long-term treatment
with human IgG treatment is necessary, such as relapsing and
remitting tumors, chronic autoimmune diseases, and chronic
infections.
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Although the current model presents considerable advan-
tages over previous iterations in terms of human IgG tolerance,
it is not well suited to answer questions about the role of
Fc-FcyR interactions in the development of human antibody
responses. This is due to species differences in isotype expres-
sion, BCR components, regulation of class switch recombina-
tion, and a host of other genetic factors that govern these
responses. In addition, although the knock-in mice express
endogenous hlgGl, it is at levels lower than in humans, in
which it is the dominant subclass. Here, hIgG1 is regulated sim-
ilarly to mouse IgG2c, a less abundant subclass in mice. Fur-
ther, in mice and humans, endogenous serum IgG competes for
receptor occupancy of the neonatal Fc receptor (FcRn),
thereby setting the bounds for the half-life of antibodies, so
expression of the human FcRn would be required to accurately
recapitulate half-life in humans. Other improvements to the
model include human versions of the type II FcRs CD23 and
DC-SIGN (21-25).

In summary, we conclude that this mouse model is tolerant
of human antibodies and will be a useful tool for researchers
who wish to study human antibody treatment and pathology in
the long term.

Materials and Methods

Generation of the hlgG1-KI Mouse. The higG1-KI mouse was designed to
express the heavy chain of human IGHG1 by direct replacement of the Cy1
through Cy3 region of mouse Ighg2c. The nascent human heavy chain peptide
would then pair with both mouse kappa and lambda light chains to form a
fully intact and functioning higG1 antibody.

Targeting Mouse Ighg2c in C57BL/6 Mice. The construct to target the mouse
1gG2c heavy chain locus was generated by joining a 1-kb 5 homology arm
upstream of the mouse Ighg2c Cy1 region, human IGHGT Cy1 through Cy3,
and a 1.2-kb 3’ homology arm downstream of the mouse Ighg2c Cy3 region.
Homology arms were generated by PCR amplification (Pfu Turbo DNA Poly-
merase, Agilent Technologies) from C57BL/6 genomic DNA, and human
IGHGT Cy1 through Cy3 were generated from PCR amplification of from a
DNA library isolated from human blood (BAC clone RCPI-11-417P24, CHORI).
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surface lung metastases were counted. Data are shown as individual biological replicates, with a horizontal line representing the mean (n = 6 to 9 each
strain). (E) Serum was harvested on day 14, and TA99-higG1 levels were measured by ELISA using recombinant gp75 for capture and using anti-hlgG-HRP
for detection. Quantification was performed by generating a standard curve with purified TA99-higG1. Data are shown as individual biological replicates,

with a horizontal line representing the mean (n = 6 to 9 each strain).

These fragments were placed within the pBluescript Il SK+ cloning vector (Agi-
lent Technologies). In between /IGHGT Cy3 and the mouse 3’ homology arm,
an FRT-LoxP-Neo cassette (w/Hindlll adapter into BamHI site of PL451 plasmid)
was inserted, resulting in the final construct shown in Fig. 1A.

ES Cell Targeting Using CRISPR-Cas9. The transfection of the higG1-KI target-
ing construct utilized the CRISPR-Cas9 system to facilitate efficient HDR while
minimizing off-target events. The two guide RNAs, CAGTCCACAGCAATTTCGG-
CAGG and CAAGAACACCGCAACAGTCCTGG (PAMs in bold underline), were
used to guide the Cas9D10A (nickase), along with the targeting construct, into
C57BL/6 ES cells to generate a double-strand break on the mouse Cy3 domain
of Ighg2c. The mouse homologous sequences built into the vector ensured
replacement with the entire IGHG1 region represented in the targeting con-
struct. The transfection and subsequent neomycin selection of targeted ES cell
clones were performed by the Rockefeller University Gene Targeting Facility.

Due to the increased targeting efficiency of the CRISPR-Cas9 system, a first
round of screening ES cell clones by PCR for both the 5’ and 3’ regions of higG1
sequence identified positive events that were confirmed by Southern blot anal-
ysis of Xbal-digested genomic DNA. A probe that hybridized outside of the tar-
geting vector identified a 3.9-kb band, indicating the presence of a successfully
targeted allele, while a 7.0-kb band identified the wild-type Ighg2c allele (S/
Appendix, Fig. S6). Positive clones were selected and microinjected into C57BL/
6 mouse blastocysts and implanted into surrogate mice. Pups born were
screened for presence of the targeted allele and crossed to mice expressing
FLPase for removal of the FRT-flanked Neomycin cassette.

Flow Cytometry. Single-cell suspensions of mouse peripheral blood or splenic
cells were obtained, and red blood cells were lysed for 5 min at room tempera-
ture, resuspended in PBS containing 0.5% (wt/vol) bovine serum albumin (BSA)
and 2 mM (ethylenedinitrilo)tetraacetic acid, and labeled with the following
antibodies (all used at 1:200 dilution unless otherwise stated): anti~-B220-(clone
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RA3-6B2)-BrilliantViolet510, anti-NK1.1-(clone PK136)-BrilliantViolet421, anti-
Gr-1-(clone RB6-8C5)-BrilliantViolet650, anti-F4/80-BrilliantViolet711, anti-
CD3-(clone 17A2), anti—-CD11b-(clone M1/70)-PE/Cy7, anti-human FcyRlla (clone
IV.3)-Alexa488 (used at 5pg-mL~"), anti-human FcyRlIlb (clone 2B6)-Dylight650
(used at 5pg-mL~"), anti-human FcyRIlla/b (clone 3G8)-PE (used at 5pg-mL~"),
anti-human FcyRI (clone 10.1)-BrilliantViolet605 (used at 5pg-mL~"), anti-
TCRp-BrilliantViolet711, anti-IgD-FITC, anti-mouse 1gG1-APC/Cy7, and anti-
human 1gG1 (clone M1310G05)-BrilliantViolet421. For FcyR staining, isotype
staining was performed with mouse IgG1 isotype control-Dylight650 (used at
5ug-mL~"), mouse IgG2b kappa isotype control-FITC (used at 5pg-mL~"),
mouse IgG1 kappa isotype control-PE (used at 5pg-mL~"), and mouse IgG1
kappa isotype control-BrilliantViolet605 (used at 5ug-mL~"). Data were col-
lected using an Attune NXT flow cytometer (ThermoFisher), and data were
analyzed using FlowJo (v10.8) software.

ELISA and T-Dependent and T-Independent Immunizations. Baseline serum
1gG levels (Fig. 1) were quantified by ELISA. Diluted sera were added to ELISA
plates (Nunc) coated with goat anti-mouse kappa light chain and/or goat anti-
mouse lambda light chain antibodies (1 pg-mL " each, Bethyl Laboratories),
and plates were developed with species/isotype-specific horseradish peroxi-
dase (HRP)-conjugated antibodies: goat anti-mouse IgM, goat anti-mouse
1gG1, goat anti-mouse IgG2b, goat anti-mouse IgG2¢, goat anti-mouse 1gG3,
or goat anti-human IgG (all from JacksonimmunoResearch). Detection was
performed using a TMB Peroxidase Substrate Kit (SeraCare), and reactions
were stopped with the addition of 1 M phosphoric acid. Absorbance was
measured at 450 nm using a SpectraMax Plus spectrophotometer (Molecular
Devices). Background absorbance of negative controls was subtracted from
experimental samples, and duplicate wells were then averaged.

Mice were immunized intraperitoneally (i.p.) with TNP-LPS (50 pg; Bio-
search Technologies) in 200 uL of PBS or with NP-OVA (50 pg; Biosearch Tech-
nologies) in 200 pL of Alum (Thermo Scientific). Some mice were boosted i.p.
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with 50 pg of NP-OVA in 200 pL of PBS 21 d after primary immunization.
Serum TNP- and NP-specific IgG levels were quantified by ELISA. Sera were
diluted and added to ELISA plates coated with TNP-BSA or NP-BSA (Biosearch
Technologies), and plates were developed with the same secondary antibod-
ies listed above.

Antibody Engineering and Production. Expi293F cells were used to generate
antibodies. Briefly, Expi293F cells were maintained in Expi293 Expression
Medium (Thermo Fisher Scientific), and transfected with heavy chain and light
chain constructs using an ExpiFectamine 293 Transfection Kit (Thermo Fisher
Scientific). The Fc engineering GAALIE variant was generated by site-directed
mutagenesis using specific primers, as previously described (18). Five days after
transfection, supernatants were collected, centrifuged, and sterile filtered
(0.22 um). Clarified supernatants were incubated with constant agitation with
Protein G Sepharose 4 Fast Flow (GE Healthcare) overnight. The next day, Pro-
tein G beads were washed with PBS, and bound antibodies were eluted using
1gG elution buffer (Thermo Fisher Scientific), dialyzed (molecular weight cut-
off 100,000 kDa) in PBS, and sterile filtered again. Purity was assessed by
sodium dodecyl sulfate polyacrylamide gel electrophoresis followed by Safe-
Stain blue staining (ThermoFisher), as well as by size exclusion chromatogra-
phy using a Superdex 200 Increase 10/300GL column (GE Healthcare) on an
Akta Pure 25 HPLC system (data analyzed using Unicorn v.6.3 software).

Tolerance Studies. To study tolerance to higG1 antibodies, 100 pg of 3BNC117
(anti-HIV gp120)-higG1, 2B8 (anti-CD20)-higG1, 2B8-higG2, 2B8-hlgG3, or 2B8-
higG4 were administered i.p. according to the schedule indicated in Fig. 3 A and
C. Serum was harvested at the time points indicated. To detect serum 3BNC117
levels, diluted sera were added to ELISA plates coated with recombinant gp120
(2 pg-mL~", Sino Biological), and detected with HRP-conjugated goat anti-
human 1gG (JacksonimmunoResearch). ODgs values were converted to micro-
grams per milliliter using a standard curve generated with purified 3BNC117. To
detect mouse anti-human IgG1 levels, diluted sera were added to plates coated
with hlgG1 Fc or an irrelevant mouse chimeric antibody with a mouse 1gG1
heavy chain and human kappa light chain (both 2 pg-mL”, produced in-house),
and detected with HRP-conjugated goat anti-mouse 1gG1/2b/2¢/3.

Chronic ITP Model. Mice were injected i.v. with 10 pg of anti-glycoprotein llb
antibody (clone 6A6)-hlgG1 on days 0, 1, and 2 of each week for 3 wk. Whole
blood was harvested on days 0, 1, 2, and 3 of each week. Platelet counts were
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measured using an automated hematologic analyzer (Heska HT5). To detect
mouse anti-human IgG1 levels, diluted sera were added to plates coated with
hlgG1 Fc (2 pg-mL~", produced in-house), and detected with HRP-conjugated
goat anti-mouse 19G1/2b/2d/3.

Melanoma Chronic Treatment Model. For the B16-F10 lung metastasis model,
mice were pretreated i.v. with 40 pg of anti-gp75 (clone TA99)-hlgG1-GAALIE
21 and 7 d before they were injected i.v. with 1 x 10° B16-F10 tumor cells.
They received 40 pg of recombinant TA99-hlgG1-GAALIE i.p. on days 1, 4, 7,
and 11. On day 14 after tumor challenge, mice were killed, and lungs were
analyzed for the presence of surface metastases by counting the number of
metastatic foci. To detect mouse anti-human IgG1 levels, diluted sera were
added to plates coated with higG1 Fc (2 pgmL", produced in-house), and
detected with HRP-conjugated goat anti-mouse 1gG1/2b/2d/3. To detect serum
TA99-hlgG1-GAALIE levels, diluted sera were added to ELISA plates coated
with 5 pg-mL~" recombinant gp75 (Creative Biomart), and detected with HRP-
conjugated goat anti-human IgG.

Statistics. An unpaired two-tailed t test was used when two groups were
being compared. One-way ANOVA with Bonferroni’s post hoc test was used
when more than two groups were compared. GraphPad Prism software (v9.1)
was used for all statistical analysis. P values of <0.05 were considered statisti-
cally significant (indicated as *P < 0.05, **P < 0.01, ***P < 0.001, and ***P
<0.0001).

Data Availability. All study data are included in the article and/or supporting
information.
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