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M Check for updates

Antibodies against viral pathogens represent promising therapeutic agents for the
control ofinfection, and their antiviral efficacy has been shown to require the coordinated
function of both the Fab and Fc domains'. The Fc domain engages a wide spectrum of

receptors on discrete cells of theimmune system to trigger the clearance of viruses
and subsequent killing of infected cells'*. Here we report that Fc engineering of
anti-influenza IgG monoclonal antibodies for selective binding to the activating Fcy
receptor FcyRIlaresults in enhanced ability to prevent or treat lethal viral respiratory
infection in mice, with increased maturation of dendritic cells and the induction of
protective CD8' T cell responses. These findings highlight the capacity for IgG
antibodies toinduce protective adaptive immunity to viral infection when they
selectively activate a dendritic cell and T cell pathway, with important implications for
the development of therapeutic antibodies with improved antiviral efficacy against
viral respiratory pathogens.

Several monoclonal antibodies to influenza virus epitopes from the
globular head and the stalk domains of influenza hemagglutinin (HA)
and neuraminidase (NA) (Fig. 1a) have been shown to confer broad
and potent antiviral activity against diverse influenzastrains® . These
broadly protective monoclonal antibodies require Fc effector activity
to provide full protection from lethal viral challenge, as mutant Fc
domain variants that are unable to interact with Fc receptors (FcyRs)
expressed on effector leukocytes are associated with reduced in vivo
antiviral potency®®. Although previous studies clearly demonstrated
that broadly protective anti-influenza monoclonal antibodies depend
onactivating, but notinhibitory, FcyRs for activity>®, the cell types and
specific FcyRs that contribute to the antiviral activity of these monoclo-
nalantibodies remains to be determined. The diversity of FcyR expres-
sion onimmune cells, the structural complexity of the FcyR family,
andthe divergence of these receptorsin different species (reviewed in
ref.’) pose particular challenges in resolving the mechanistic details of
how FcyRdependence of anti-influenza antibodies result inenhanced
protectionin vivo.

Toaddress this problem, we previously described amouse modelin
which only human FcyRs are expressed in a pattern that recapitulates
the expression pattern seenin human tissues as accurately as possible™.
Despite the inherent limitations of the use of animal models to study
human infection and disease, as well as differences in the absolute
FcyR expression levels and pattern of expression between humans
and FcyR-humanized mice (for example, the expression of FcyRIIb on
monocytes and neutrophils that are commonly absent in humans),
this strain represents asuitable platform to perform studies on human
IgG antibody function with translational relevance to humans. This
in vivo system is combined with anti-influenza antibodies (Fig. 1a) in
whichthe humanlIgGlFcisexpressed asaseries of variants with selec-
tive binding affinity to specific human FcyRs (Fig. 1b, Extended Data
Fig.1a-j). These antibodies are administered to FcyR-humanized mice

before lethal challenge with influenza virus (intranasally, with five
mouse lethal doses at 50% (mLDs,)) and weight loss and survival were
monitored over 14 days. Mice treated with broadly protective mono-
clonal antibodies that target the stalk domain of HA (F16v3® or FY1")
showed enhanced protection when the Fc is modified to selectively
engage the FcyRlla receptor (GA variant™'?), alone or in combination
with enhanced FeyRlIllabinding (GAALIE variant™) (Fig. 1c, d). Although
FcyRlla-enhanced variants (GA) of FY1fully protect mice that express
only human FcyRIlaunder the conditions tested, they are unable to con-
fer antiviral protection of FcyR-deficient mice, confirming the depend-
ence on FcyRIlaengagementin the enhanced protection mediated by
GA variants (Extended Data Fig. 5a—d). Similarly, the administration
of ablocking monoclonal antibody with relative selectivity against
FcyRlla (clone IV.3) reduces the ability of FcyRIla-enhanced variants
(GA) of FI6v3 to protect FcyR-humanized mice against lethal influenza
challenge (Extended DataFig. Se, f). Enhancing FcyRIllabinding alone—
using two complementary approaches: (i) protein engineering (ALIE
variant®") or (ii) glycoengineering (afucosylated glycoforms®)—does
not provide enhanced protection compared with the wild-type human
IgGlat the selected monoclonal antibody dose (determined based on
titration studies that established the antibody dose at which wild-type
IgG1 offers sub-optimal protection) (Extended Data Fig. 2). Consistent
with previous studies that determined a key role for activating FcyR
engagement in the anti-viral activity of the selected monoclonal anti-
bodies*®, no protectionis observed when the Fcis modified to abrogate
FcyR binding (GRLR variant) or engineered to engage the inhibitory
FcyRIIb (V11variant™) (Fig. 1c, d). None of these Fc modifications affect
theinvitro neutralizationactivity and target antigen-binding specific-
ity (Extended DataFig.3a-f) or cause protein aggregation and altered
pharmacokinetics in vivo (Extended Data Figs. 1c, d, 4a). In addition,
quantification of the serum levels of anti-influenza monoclonal anti-
bodies onday 3 after infection revealed comparable levelsamong the
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Fig.1|Anti-HA stalk monoclonal antibodies engineered for increased
FcyRlIlaaffinity exhibitimproved protective activity. a, Influenza virus
antigens (HA and NA) and the names of the tested monoclonal antibodies.

b, Fcvariants with differential FcyR binding affinity were generated for
anti-influenza monoclonal antibodies. WT, wild type. ¢, d, Fc variants of
anti-HA stalk monoclonal antibodies F16v3 (c) and FY1(d) were administered
intraperitoneally (4 mg kg™ for FI6v3 and 2 mg kg™ for FY1) to FcyR-humanized
mice before challenge with influenza (HIN1PR8) (n=6 mice per group for
PBS-treated; n=10 for WT FI6v3, GA, ALIE, GRLRand WTFY1; n=9 for FI6v3

different Fc domainvariants, which indicates that the observed effects
could notbe attributed to differential monoclonal antibody half-lives
orinvivo stability (Extended Data Fig. 4b, c).

To determine whether the dependence on FcyRlla for the antiviral
protection conferred by anti-HA stalk antibodies also extends to anti-
bodies against other viral epitopes, we generated Fc domain variants
for the 4G05° and 1A01° antibodies, which target the globular head
of HA and exhibit differential neutralization and haemagglutination
inhibition (HAI) activity, as well as for the broadly reactive anti-NA
monoclonal antibody, 3C05" (Extended Data Fig. 3g-0). Similar to
anti-HA stalk antibodies, Fc variants with enhanced affinity for FcyRIla
(GA or GAALIE variants) demonstrate enhanced protective activity com-
pared with their wild-type humanIgGl counterparts (Fig. 2, Extended
Data Fig. 4d-f), which suggest that the FcyR mechanisms by which
anti-influenza monoclonal antibodies confer protection against infec-
tion are conserved among antibodies with differential in vitro neutrali-
zation potency and epitope specificity.

Our findings demonstrate that although FcyRlIlais the major recep-
tor that drives the protective activity of anti-influenza monoclonal
antibodies, FcyRIlla has paradoxically limited contribution to the
antibody-mediated protection, despite numerous studies that have
previously determined that the cytotoxic clearance of malignant
or virus-infected cells is predominantly mediated by FcyRIlla*"2,
In addition, despite the abundant expression of FcyRlIlla on alveolar
macrophages at baseline as well as the influx of FcyRIlla-expressing
natural killer cells in response to infection (Extended Data Fig. 6a-c),
selective engagement of this receptor does not enhance protection,
suggesting that enhancing the clearance of viral particles by alveolar
macrophages or killing of infected cells by natural killer cells does
not improve the ability of these antibodies to protect against lethal
influenza challenge.

FcyRs can either activate (FcyRI, FcyRlla and FcyRllla) or inhibit
(FcyRIIb) cellular responses. Activating FcyRs trigger intracellular
signalling subsequent to crosslinking of the extracellular ligand bind-
ing domains by IgGimmune complexes by either intrinsic cytoplasmic
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GAALIEandFY1V11;and n=8for FY1GA, afucosylated (Afuc), and GAALIE in
twoindependent experiments). Weight loss (left; mean +s.e.m.) and survival
curves (right) were compared to the corresponding wild-type human IgGl
antibody-treated group by two-way ANOVA (Bonferroni post hoc analysis
adjusted for multiple comparisons) (c: **P=0.0072, #P=0.0029,*P=0.014,
***P=0.0035) and log-rank (Mantel-Cox) test, respectively (c: *P=0.019654;
**P=0.006759;**P=0.000303;d: *P=0.0494,**P=0.0045). NS, not
significant.

ITAM motifs (FcyRlIla) or y or {chain-associated ITAM motifs (FcyRlIlla),
recruiting SYK family tyrosine kinases (reviewed in ref.?). Because
FcyRlla and FcyRllla are redundantly expressed on a variety of innate
immune cells, including monocytes and macrophages (Extended Data
Fig. 6d-f), itisunlikely that the unique dependence on FcyRIlaengage-
ment that resultsin enhanced antiviral protection is mediated by these
cells. Although neutrophils co-express FcyRIlaand FcyRIlIb, the latter
lacksintracellular signalling domains and has limited ability to mediate
effector activities', even when engaged by variants (ALIE and afuco-
sylated) that exhibit increased affinity for this receptor. Itis therefore
possible that neutrophils, through specific activation of FcyRIla, might
contribute to the observed antiviral potency of FcyRlIla-enhanced vari-
ants. To test this hypothesis, we assessed whether or not neutrophil
depletion influences the ability of FcyRIla-enhanced variants (GA) of
FY1to protect FcyR-humanized mice from lethal influenza challenge.
We found that depletion of neutrophils had no effect on the antivi-
ral activity of FcyRlla-enhanced FY1 (Extended Data Fig. 5h, i), which
suggests that neutrophils are unlikely to contribute notably to the
FcyRIla-mediated antiviral protection we observe.

In contrast to alveolar macrophages and monocytes, conven-
tional dendritic cells (such as ¢cDC1 (CD11¢*CD11b"CD103") and cDC2
(CD11c*CD11b*CD103") subsets) (Extended Data Fig. 7a—f) express
FcyRlla and the inhibitory receptor FcyRIIb, but not FcyRlIlla, and
are found both at baseline and after infection in the lung (Extended
Data Fig. 7b). To investigate the effect of FcyRIla engagement by
Fc-engineered monoclonal antibodies on the functional activity of
the various dendritic cell subsets (cDC1, cDC2 and FcyRIll-expressing
TNF/iNOS-producing dendritic cells (tipDCs) that emerge in response
to influenza infection; defined as MHCII*CD11¢*CD11b*CD103 Gr-17)
(Extended Data Fig. 7a), we analysed dendritic cells in the lungs of
FcyR-humanized mice infected with influenza that have previously
received Fc variants of the anti-HA stalk monoclonal antibody FI6v3.
The treatment of mice with the FcyRIla-enhancing variant (GAALIE)
beforeinfluenza challenge resulted in dendritic cell maturation (Fig. 3a,
b, Extended Data Fig. 7g-i,1-n), as seen by the increased frequency of
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Fig.2|Anti-HA globular head and anti-NA antibodies depend on FcyRIlato
confer protective activity invivo. a-c, Fc variants with differential FcyR
affinity (Fig. 1b) were generated for the anti-HA head monoclonal antibodies
4GO05 (a) and1A01(b), and the anti-NA monoclonal antibody 3COS (c). FcyR-
humanized mice were administered intravenously with Fc domain variants of
4G05(0.5mgkg™) (n=10 mice per group for antibody-treated groups; n=5 for
PBS groupintwoindependent experiments) (a), 1A01 (2 mgkg™) (n=8 mice per
group for WT, GA, ALIE and GAALIE groups; n=6 for GRLR; n=4for PBSintwo
independent experiments) (b), and 3C05 (20 mgkg™) (n=12 mice per group for
WTand GAgroups; n=10 for GRLRand ALIE; n=9 for GAALIE; n=6 for PBSin
twoindependent experiments) (c) before lethal challenge with influenza (HIN1
Neth/09). Weight loss (left; mean +s.e.m.) and survival curves (right) were
compared to the corresponding wild-type unmodified IgGl-treated group by
two-way ANOVA (Bonferroni post hoc analysis adjusted for multiple
comparisons) (a: *P=0.0034, #P=0.0052; "P=0.02; P=0.03;b:*P=0.03,
**P=0.02,#P=0.01,"P=0.001, ##P=0.005,§P=0.002,""P=0.006, 1P=0.04,
*#P=0.009; c:*P=0.03,"P=0.02, #P=0.04) and log-rank (Mantel-Cox) test,
respectively (a:**P=0.0042,b:**P=0.0032, *P=0.01285, c: *P=0.0167,
**P=0.0055).

CD80"e"CD86MeN cells on cDC1 and cDC2 subsets, and upregulation
of CD40 expressionin the cDC1subset—the dendritic cell population
specialized for cross-presentation and CD8 T cell stimulation'®, By
contrast, the same antibody (FI6v3) expressed either as wild-type or
with an Fc modified to abrogate FcyR binding (GRLR) did not resultin
dendritic cell maturation. Unlike the cDC1 and cDC2 subsets, treat-
mentwiththe GAALIE variant is not associated withincreased matura-
tion of tipDCs, which suggests a limited role for this populationin the
antibody-mediated protection against influenza infection conferred
by FcyRIla-enhanced variants (Extended Data Fig. 7i). Consistent with
these in vivo data from FcyR-humanized mice, ex vivo stimulation of
human monocyte-derived dendritic cells with IgG immune complexes
revealed improved capacity for FcyRIla-enhanced variants (GA and
GAALIE) to induce cellular maturation (Extended Data Fig. 7j, k).

Maturation of dendritic cells and the induction of the accessory
molecules CD80,CD86 and CD40 inthe virally challenged lungisa pre-
requisite to the activation of antigen-specific naive T cells. This would
indicate that an anti-viral antibody modified to enhance dendritic cell
maturation by FcyRIla engagement can induce an adaptive response
thatresultsin the induction of protective T cellimmunity. To explore
this hypothesis, we characterized the T cell responses in the lungs of
FcyR-humanized mice treated with anti-influenza monoclonal antibod-
ies with selective FcyR-binding properties before viral challenge. We
found that the GAALIE variant induced increased activation of both
CD8"and CD4" T cells (Fig. 3¢, Extended Data Fig. 8), whereas neither
wild-typeIgGlnor the GRLR variant showed evidence of robust induc-
tion of T cell responses. To determine whether the observed induction
of T cell activation also contributes to the enhanced protection we
observed withthe FcyRIla-binding variants (Figs.1,2), we repeated the
FYlantibody pre-treatment and viral challenge protocol, modifying it
toinclude a CD8" or CD4" cellular depletion step on day 3 after infec-
tion (Fig. 3d, Extended Data Fig. 10a—c). Depletion of CD8", but not
CD4", T cells resulted in the loss of enhancement of the GA or GAALIE
Fcvariant, demonstrating that the improved protection observed for
FcyRIla-enhanced variants is mediated by the induction of protective
CD8" T cell responses (Fig. 3e, f, Extended Data Figs. 4g, 10a-e).

Because recent reports have suggested FcyRlIla expression by sub-
sets of T cells'?, we analysed FcyR expression in human peripheral
T cells, aswell asin T cells obtained from the blood, spleen or lung
of naive or influenza-infected FcyR-humanized mice (Extended Data
Fig. 9) to determine whether the improved protective activity of
FcyRlla-enhanced variants is the outcome of direct T cell activation
by FcyR crosslinking. With the exception of aminor (10%) subset of CD8*
Tcellsinthelung of infected mice thatis positive for FcyRIIl (Extended
Data Fig. 91), T cells from human or FcyR-humanized mice were nega-
tive for all FcyRs, which suggests that the antibody-mediated anti-viral
protection is not due to direct effectson T cells.

Because FcyRIla-enhanced variants induce the activation of both
CD8"and CD4" T cells, we tested whether these effects also drive
improved antiviral IgG responses. IgG responses were characterized in
mice treated with wild-type or GAALIE variants of the non-neutralizing
anti-HA monoclonal antibody 1A01 at a dose that both variants
offer comparable protection. Treatment with either wild-type or
FcyRlIla-enhanced variants resulted in robust and comparable IgG
responses against HA and NP from homologous or heterologous virus
strains, as well as serum HAl activity (Extended Data Fig. 10f-m).

Through interactions with effector leukocytes, antibodies against
viral antigens can enhance disease and contribute to specific his-
topathologic manifestations. Although this phenomenon, termed
antibody-dependent enhancement, has been shown specifically for
flaviviruses, such as dengue?, clinical experience from severe cases
ofviralrespiratory infections, such asinfluenza and SARS-CoV-2, also
raise the possibility that antibodies might have a pathogenic role
through uncontrolled or inappropriate amplification of local inflam-
matory responses. For example, studies during the 2009 influenza
pandemic have shown that severe disease was associated withevidence
of IgG-mediated inflammation in the lung parenchyma through IgG
immune complex and complement deposition to the lung tissue?. Simi-
larly, severe cases of COVID-19 disease are often characterized by exces-
sive pro-inflammatory cytokine expressionand T cell responses, as well
as by clinical manifestations that resemble secondary haemophago-
cytic lymphobhistiocytosis?*. Given that Fc-engineered variants with
increased affinity for FcyRIla can enhance adaptive T cell responses
by activation of FcyRlIla-expressing dendritic cells, it is important to
determine whether such variants could also modulate disease patho-
genesis through inappropriate amplification of host inflammatory
responses thatareelicited inresponse to virus infection. To determine
whether FcyRlla-enhanced variants could lead to severe disease, we
assessed thein vivo activity of these variants in FcyR-humanized mice
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Fig.3|Engagement of FcyRIlaby Fc-engineered monoclonal antibodies
drives dendritic cellmaturationand protective CD8' T cell responses. a-c,
FcyR-humanized mice (n=4 mice per group forall groups, except n=3 for day 7
WT and GRLR) were treated with FI6v3 monoclonal antibody Fc variants
(intraperitoneally 3mgkg™), infected with HIN1 (PR8), and then lung-resident
dendritic cellsand T cells were analysed on days 4 (n=4 mice per group) or 7
(n=3mice pergroup for WT and GRLR, n=4 for GAALIEin two independent
experiments) after infection. One-way ANOVA (Bonferroni post hoc analysis
adjusted for multiple comparisons) was used to compare the frequency of
mature conventional dendritic cell subsets (CD80"¢"CD86"&") on day 4 after
infection (*P=0.0384,**P=0.0075, ***P=0.0008, ****P=0.0002) (a), CD40
expressionincDClsubsets (*P=0.0261, **P=0.0139, ***P=0.0061,
*+xp=0,0007) (b),and the frequency of activated (CD44"CD69") CD8" and

with established influenzainfection (Fig. 4a). Mice were infected with
influenza and 3 days after infection, FY1 monoclonal antibody (either
wild-type or GAALIE) was administered at different doses (5-15mg kg ™).
Although wild-type IgG1 FY1 was unable to rescue mice from lethal
influenzainfection, GAALIE variants exhibited adose-dependent thera-
peutic benefit. These findings suggest that the unique FcyR-binding
profile of the GAALIE variant (increased for activating FcyRIla and
FcyRllla receptors, but reduced for the inhibitory FcyRIIb receptor),
and its ability to stimulate CD8 T cell responses has no pathogenic
consequences, instead it provides meaningful and robust protection
from established infection (Fig. 4b, c).

In addition to their therapeutic potential, monoclonal antibodies
engineered for increased FcyRlla affinity could provide long-term
prophylaxis frominfluenzainfection, especially when combined with
Fc domain mutations (for example, the LS (M428L/N434S) variant®)
thatincrease affinity for human FcRn and extend IgG half-life in vivo®.
Using a mouse model of antibody-mediated prophylaxis of influenza
infection (Fig. 4d), we compared the ability of LS (enhanced for FcRn)
and GAALIE-LS (enhanced for FcRn, FcyRIla and FcyRllla) variants of
FY1to protect FcyR- or FcRn-humanized mice frominfluenzainfection.
Atalldoses tested (0.1-1.6 mgkg™), GAALIE-LS variants demonstrated
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***P=0.0003) (c). MFI, mean fluorescence intensity. d-f, Fc variants of the FY1
monoclonal antibody (mAb) were administered intraperitoneally (2 mgkg™) to
FcyR-humanized mice before influenza challenge (HIN1PR8).Isotype or
anti-mouse CD8 monoclonal antibodies were administered on day 3 after
infection (isotype-treated groups: n=12 mice per group for WT, GAALIE and
PBS groups, n=8 mice for GA; anti-CD8-treated groups: n=11mice per group
for WT, n=8for GA,n=10 for PBS,and n=12for GAALIE inthree independent
experiments). e, f, Weightloss (mean+s.e.m.) (e) and survival curves (f) were
compared against the correspondingisotype-treated group by two-way
ANOVA (Bonferroni post hoc analysis adjusted for multiple comparisons)
(*P=0.03,"P=0.0220) and log-rank (Mantel-Cox) test, respectively
(**P=0.00199,*P=0.0477).

superior protective activity over their LS counterparts (Fig. 4e-g,
Extended Data Fig. 4h). In addition, quantification of the protective
activity of the two FY1 Fc variants over a wide range of doses revealed
that the GAALIE-LS variant exhibited at least 5.5-fold improvement in
invivo antiviral potency (Fig. 4h), which suggests that Fc engineering
forincreased affinity to specific FcyRs represents a promising approach
that could substantially improve the clinical efficacy of antiviral mono-
clonal antibodies.

IgG antibodies can mediate pleiotropic effects, resulting from the
diversity of Fc binding molecules that engage the Fc domain. The Fc
domainis structurally diverse, the consequence of subclasses and Fc
glycosylation, and results in differential Fc receptor binding activities
forvarious Fcstructural variants (reviewed inref."). This natural hetero-
geneity contributes to the efficacy of polyclonal IgG responses to viral
infections, and provides a mechanism for the recognition of diverse
viral epitopes and triggering of several effector pathways. The devel-
opment of monoclonal antibodies for the selective binding to specific
neutralizing viral epitopes can now be coupled to Fc modifications to
facilitate the engagement of specific FcyRs to optimize the potency of
these therapeutic agents. As demonstrated for anti-tumour therapeu-
tic antibodies, enhancing their affinity for FcyRllla results inimproved
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Fig.4|Evaluation of GAALIE variants of the FYl monoclonal antibody in
models of therapy or prevention of influenzainfection.a-c, FcyR-
humanized mice (n=6 mice per group for antibody-treated groups; n=3 for
PBS-treated intwo independent experiments) were infected with influenza
(HIN1PRS),and FY1Fcvariants were administered intraperitoneally 3 days
afterinfection attheindicated dose. b, c, Weight loss (mean +s.e.m.) (b) and
survival curves (c) of GAALIE-treated mice were compared with the PBS-treated
group atthe corresponding antibody dose by two-way ANOVA (Bonferroni post
hocanalysis adjusted for multiple comparisons) (*P=0.0456,"P=0.041,
**P=0.0014,""P=0.0003,#P=0.0005, ***P<0.0001) and log-rank (Mantel-
Cox) test, respectively (**P=0.000911).d-h, The protective activity of LS and
GAALIE-LS variants of FY1was evaluated inamodel of antibody-mediated
prophylaxis. FcyR/FcRn-humanized mice (n =8 mice per group for GAALIE-LS

phagocytosis of tumour cells by macrophages (antibody-dependent
cell phagocytosis, ADCP), as well as enhanced killing by natural killer
cells (antibody-dependent cell cytotoxicity, ADCC), which translates to
improved clinical efficacy®. On the basis of these findings, it has been
presumed that enhancing the ability of the Fc domain to engage and
activate FcyRlIllawould also lead to increased therapeutic efficacy of
protective anti-viral antibodies. However, this does not seem to be the
case. Antibody treatment of HIV infection has been shown toinduce a
CD8'response bothin chronically infected macaques and humans, which
contributesto the control of viraemia??, Our present results show that
selective engagement of the activating FcyR on dendritic cells, FcyRlla, by
avariety of anti-influenzamonoclonal antibodies resultsin theinduction
of a protective CD8" response, mechanistically similar to the ‘vaccinal’
response we have observed for anti-tumour antibody treatment’. The
ability of an antibody to not only couple to innate effector responses
through its Fc domain, but also induce an adaptive response by engag-
ingand activating dendritic cells, provides a potent new approach to the
design of therapeutic antibodies for the prevention and treatment of viral
diseases. Thisapproach to Fcengineering is particularly relevant to pan-
demicviruses, suchasinfluenzaand SARS-CoV-2. Neutralizing antibodies
totheseviruses, engineered to enhance dendritic cell activationand CD8"

atl.6and 0.4 mgkg™;n=10forLSat0.1mgkg™, n=3forPBS,n=9 forthe
remaining treatment groupsintwoindependent experiments) were
administered intravenously with the indicated dose of FY12 days before
influenza challenge (HIN1PRS). e, f, Weight loss (mean +s.e.m.) (e) and survival
curves (f) of GAALIE-LS-treated mice were compared against the LS group at
the corresponding antibody dose by two-way ANOVA (Bonferroni post hoc
analysis adjusted for multiple comparisons) (*P<0.001, "P=0.01, #P=0.02,
§P=0.006,1P=0.002) and log-rank (Mantel-Cox) test, respectively
(*P=0.0283,**P=0.0266,***P=0.00377,****P=0.000143). h, The enhanced
potency conferred by the GAALIE-LS variant was quantified by plotting the
maximum weight change after infection against the serum antibody
concentration at the time of challenge. Data were fitted by nonlinear
regression analysis (four-parameter, variable slope).

T cell responses, as shown here for the GAALIE variant, are predicted
to provide considerable enhancement of protection by stimulating a
variety of synergisticimmunological pathways.
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Methods

Viruses, cell lines and mouse strains

The A/Puerto Rico/8/34 (PR8) and A/Netherlands/602/09 (Neth09)
HINI1 viruses were grown as previously described®. MDCK cells
(ATCC) were maintained at 37 °C, 5% CO, in DMEM supplemented
with 10% FBS, 50 U ml™ penicillin and 50 pg ml™ streptomycin (Ther-
moFisher). Expi293F cells (ThermoFisher) were maintained at 37 °C,
8% CO, in Expi293 expression medium (ThermoFisher) supplemented
with 10 U mI™ penicillin and 10 pg m1™ streptomycin. FcyRlla- and
FcyRlIlla-expressing NFAT reporter cells were purchased from Pro-
mega and have been authenticated by the vendor by STR analysis. All
cell lines tested negative for mycoplasma contamination. All in vivo
experiments were performed in compliance with federal laws and
institutional guidelines and have been approved by the Rockefeller
University Institutional Animal Care and Use Committee. Mice were
bred and maintained at the Comparative Bioscience Center at the
Rockefeller University at a controlled ambient temperature environ-
ment with 12-h dark/light cycle. C57BL/6 mice were purchased from
TheJackson Laboratory. FcyR-humanized mice (mFcyRa™", Fegrl™™,
hFcyRIY, hFcyRIIa"", hFcyRIIb*, hFcyRIlIa™®", and hFcyRIlIb*) and FcyR
knockout mice (mFcyRa™"; Fcgrl™™) were generated in the C57BL/6
background and extensively characterized in previous studies'®. Human
FcyRIla-only mice (hFcyRIla") were generated ina mouse FcyR-deficient
background (C57BL/6; FcyRa”"; Fcgr1™)™°. FcRn-humanized mice (B6.
Cg-Fcgrt™P " Tg(FCGRT)32Dcr/Dcrj) were purchased from The Jackson
Laboratory and are deficientin mouse FcRn and express human FcRn as
atransgene?*°. FcyR/FcRn-humanized mice were generated by crossing
the FcyR-humanized strain to the FcRn-humanized mice®.

Cloning, expression and purification of recombinant IgG
antibodies

For the generation of Fc domain variants of human IgGl Fc domain vari-
ants, site-directed mutagenesis using specific primers was performed
as previously described*. Recombinant antibodies were generated by
transient transfection of Expi293 or Expi-CHO cells with heavy and
light chain expression plasmids using previously described proto-
cols™. Before transfection, plasmid sequences were validated by direct
sequencing (Genewiz). Recombinant IgG antibodies were purified
from cell-free supernatants by affinity purification using protein G
or protein A sepharose beads (GE Healthcare). Purified proteins were
dialysed in PBS, filter-sterilized (0.22 um), and purity was assessed by
SDS-PAGE followed by SafeStain blue staining (ThermoFisher). All
antibody preparations were more than 90% pure and endotoxin levels
were less than 0.05 EU mg™, as measured by the limulus amebocyte
lysate assay. For the generation of afucosylated Fc domain variants,
CHO cells were transfected with heavy chainand light chainexpression
plasmids in the presence of 100 puM 2-fluorofucose peracetate®. To
confirm the absence of fucose, glycans were released with PNGase F,
labelled with Waters RapiFluor-MS, cleaned up with a HILIC microElu-
tion plate, injected onto a Waters Glycan BEH Amide column, using a
Thermo Vanquish UHPLC with FLD detection. Chromatograms were
integrated and the relative contribution of each glycan calculated as
a percentage. Peaks were identified by mass spec using a Thermo Q
Exactive Plus mass spectrometer and through comparison to the NIST
monoclonal antibody standard. Size exclusion chromatography (SEC)
was performed using a Superdex 200 Increase 10/300GL column (GE
Healthcare) on an Akta Pure 25 HPLC system and analysed using Uni-
cornv.6.3 software.

ELISA-based FcyR binding assay

Recombinant human FcyR ectodomains (Sinobiological) (5 pg ml™)
wereimmobilized into high-binding 96-well microtitre plates (Nunc),
and after overnight incubation at 4 °C, plates were blocked with PBS
plus 2% (w/v) BSA and 0.05% (v/v) Tween20 for 2 h. IgG immune

complexes were prepared by incubating for 1 h at 4 °C Fc variants of
the anti-NP (4-hydroxy-3-nitrophenylacetyl) monoclonal antibody Ab
3B62 with NP-BSA (27 conjugation ratio, Biosearch Technologies) ata
molar ratio of 1:10 (antigen:antibody). IgGimmune complexes or mono-
mericlgG (for FcyRI) were serially diluted (1:3 consecutive dilutionsin
PBSstarting at 10 pg ml™ (IgG concentration) forimmune complexes or
1pg ml™ for monomeric IgG) and applied to FcyR-coated plates. After
1hincubation at room temperature, bound IgG was detected using
horseradish peroxidase (HRP)-conjugated goat F(ab’), anti-human IgG
(1h;1:5,000; Jackson Immunoresearch). Plates were developed using
the TMB (3,3’,5,5’-tetramethylbenzidine) two-component peroxidase
substrate kit (KPL) and reactions were stopped with the addition of 1M
phosphoric acid. Absorbance at 450 nm was immediately recorded
using a SpectraMax Plus spectrophotometer (Molecular Devices) and
background absorbance from negative control samples was subtracted.
Data were collected and analysed using SoftMax Pro v.7.0.2 software
(Molecular Devices).

Surface plasmon resonance

All experiments were performed with a Biacore T200 SPR system
(GE Healthcare) at 25 °C in HBS-EP* buffer (10 mM HEPES, pH 7.4, 150
mM NaCl, 3.4 mM EDTA, 0.005% (v/v) surfactant P20). IgG antibodies
(clone 3B62) were immobilized on Series S Protein G sensor chip (GE
Healthcare) at adensity of 2,000 response units (RU). Serial dilutions
of recombinant soluble human FcyRI ectodomain (Sinobiological)
were injected to the flow cells at 20 pl min™, with the concentration
ranging from 250 to 0.488 nM (1:2 successive dilutions). Association
time was 60 s followed by a900-s dissociation step. At the end of each
cycle, sensor surface was regenerated with a glycine HCI buffer (10 mM,
pH 2.0; 50 pl min™, 30 s). Background binding to blank immobilized
flow cells was subtracted, and affinity constants were calculated using
BlAcore T200 evaluation software v.2.0 (GE Healthcare) using the 1:1
Langmuir binding model.

Determination of antibody-dependent activation of human
FcyRllla

Monoclonal antibodies were serially diluted in ADCC assay buffer (Pro-
mega). Target cells (A549-H1 HA, A/California/04/2009) were added
in a white flat-bottom 96-well plate at 1.25 x 10* cells per well in 25 pl,
thenserially diluted antibodies were added to each well (25 pl per well),
and the antibody and cell mixture was incubated for 10 min at room
temperature. Effector cells (Jurkat-FcyRIlla) for the ADCC Bioassay are
thawed and added at a cell density of 7.5 x 10* per well in 25 pl (effector
to target ratio of 6:1). Plates were incubated for 20 h at 37 °C with 5%
CO,. Activation of human FcyRlIlla (V158 or F158 variants) in this bioas-
say resultsinthe NFAT-mediated expression of the luciferase reporter
gene. Luminescence is therefore measured with aluminometer (Syn-
ergy H1, Biotek) using the BioGlo Luciferase Assay Reagent according
to the manufacturer’sinstructions. The data (that is, specific FcyRIlla
activation) are expressed as the average of relative luminescence units
(RLU) over the background by applying the following formula: (RLU
at concentration x of monoclonal antibodies - RLU of background).

Determination of antibody-dependent activation of human
FcyRlla

Monoclonal antibodies were serially diluted in ADCP assay buffer (Pro-
mega). Target cells (A549-HIHA, A/California/04/2009) were added
in a white flat-bottom 96-well plate at 10* cells per well in 25 pl, then
serially diluted antibodies were added to each well (25 pl per well),
and the antibody and cell mixture was incubated for 10 min at room
temperature. Effector cells (Jurkat-FcyRIla) for the ADCP Bioassay
are thawed and added at a cell density of 5 x 10* per well in 25 pl (effec-
tor to target ratio of 5:1). Plates were incubated for 20 h at 37 °C with
5% CO,. Activation of human FcyRIla (H131 variant) in this bioassay
results in the NFAT-mediated expression of the luciferase reporter
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gene. Luminescence is therefore measured with a luminometer
(Synergy H1, Biotek) using the BioGlo Luciferase Assay Reagent accord-
ingtothe manufacturer’sinstructions. The data (thatis, specific FcyRIla
activation) are expressed as the average of relative luminescence units
(RLU) over the background by applying the following formula: (RLU at
concentration x of antibodies — RLU of background).

ADCC assay

Naturalkiller cells were freshly isolated from whole EDTA blood using
the MACSxpress NK isolation kit following the manufacturer instruc-
tion. Monoclonal antibodies were serially diluted tenfold in AIM-V
medium from 1 ug ml™ to 0.001 pg mi™. Target cells (A549-H1HA,
A/California/04/2009) were added in a round-bottom 384-well plate
at 7.5 x10° cells per well in 23 pl, then serially diluted antibodies were
addedto eachwell (23 pl per well), and the antibody-cell mixture was
incubated for 10 min at room temperature. After incubation, human
naturalkiller cells were added at a cell density of 4.5 x10* perwellin 23 pl
(effector to target ratio of 6:1). Control wells were also included that
were used to measure maximal lysis (containing target cells with23 pl
of 3% Triton X-100) and spontaneous lysis (containing target cellsand
effector cells without antibody). Plates were incubated for 4 hat 37 °C
with 5% CO.,. Cell death was determined by measuring lactate dehy-
drogenase (LDH) release using an LDH detection kit (Roche) accord-
ing to the manufacturer’s instructions. Using a kinetic protocol, the
absorbance at 490 nmand 650 nm was measured once every 2 min for
8 min. The percentage of specific lysis was determined by applying the
following formula: (specific release — spontaneous release)/(maximum
release — spontaneous release) x 100.

Anti-HA,NA and NP ELISA

Recombinant HA (Influenza A HIN1 (A/California/04/2009 or A/Puerto
Rico/8/34) or H3N2 (A/x31)), or NA (A/California/04/2009) or NP (HIN1
(A/California/04/2009) or H3N2 (A/x31)) (Sinobiological) (3 pg mi™)
were immobilized into high-binding 96-well microtitre plates (Nunc)
and after overnight incubation at 4 °C, plates were blocked with PBS
plus 2% (w/v) BSA and 0.05% (v/v) Tween20 for 2 h. After blocking,
plates were incubated for 1 h with serially diluted IgG antibodies or
serum samples (1:3 consecutive dilutions in PBS starting at 1 pg ml™
for monoclonal antibodies or 1:10 for serum samples), followed by
HRP-conjugated goat anti-human IgG (minimal cross-reactivity to
mouse IgG) for human monoclonal antibodies or goat anti-mouse
IgG (minimal cross-reactivity to human IgG) for serum samples (1 h;
1:5,000; Jackson Immunoresearch). Plates were developed using the
TMB two-component peroxidase substrate kit (KPL) and reactions were
stopped with the addition of 1M phosphoric acid. Absorbance at 450
nmwasimmediately recorded using aSpectraMax Plus spectrophotom-
eter (Molecular Devices) and background absorbance from negative
control samples was subtracted. Data were collected and analysed
using SoftMax Pro v.7.0.2 software (Molecular Devices).

Microneutralization assay

The neutralizing activity of anti-HA and NA monoclonal antibody Fc
variants was evaluated in microneutralization assays, using previ-
ously described protocols®. Virus input was titrated to maximize the
signal-to-noise ratio. Fc domain variants (starting concentration at
100 pg mi* followed by 1:3 serial dilutions) and viruses (1.8 x 10° pfuml™
for A/Puerto Rico/8/34 and 3.2 x10* pfu ml™ for A/Netherlands/602/09)
were prepared in DMEM supplemented with 50 U ml™ penicillin,
50 pg ml streptomycin, 25 mM HEPES and 1 pg ml? TPCK-treated
trypsin (Sigma). The virus-antibody mixture was pre-incubated for1h
at 37 °C and added to a monolayer of MDCK cells (70-80% confluent
in 96-well plates). After incubation at 37 °C for 1 h to allow for virus
adsorption, the cell monolayer was washed three times with PBS and
re-incubated for18-20 hat 37 °C with medium (DMEM supplemented
with 50 U mI™ penicillin, 50 pg ml™ streptomycin, 25 mM HEPES and

1pg ml™ TPCK-treated trypsin) containing monoclonal antibodies (at
equivalent concentrations as during the virus co-incubation). Cells were
fixed with 80% (v/v) acetone, blocked with 5% (w/v) non-fat milk diluted
in PBS for 30 min at room temperature, and quenched with 3% (v/v)
hydrogen peroxide (in PBS) by incubating for a further 20 minatroom
temperature. Cells were stained with biotinylated anti-NP antibody
(EMD Millipore; 1:2,000), followed by HRP-conjugated streptavidin
(JacksonImmunoresearch;1:5,000). Plates were developed using the
TMB two-component peroxidase substrate kit (KPL) and reactions
stopped with the addition of 1M phosphoric acid. Absorbance at 450
nmwas immediately recorded using a SpectraMax Plus spectrophotom-
eter (Molecular Devices) and background absorbance from negative
control samples was subtracted. Data were collected and analysed
using SoftMax Pro v.7.0.2 software (Molecular Devices).

Haemagglutinationinhibition assay

HAl activity was evaluated using previously described protocols®.
In brief, serum samples (diluted 1:3 in cholera filtrate) or Fc domain
variants of antibodies (starting concentration at 100 pg ml™ followed
by 1:3 serial dilutions) and viruses (A/Puerto Rico/8/34 or A/Nether-
lands/602/09; 107 pfu ml™) were incubated in V-bottom 96 microtitre
plates for 30 min at room temperature. Turkey red blood cells (0.75%
(v/v); Rockland) were added to the antibody-virus mixture, mixed
gently, and incubated for 30 min at room temperature. Plates were
scored for the number of wells exhibiting HAl activity.

Quantification of serumIgG levels

Blood from mice was collected into gel microvette tubes, serum was
fractionated by centrifugation (10,000g, 5 min) and stored at —20 °C.
IgGlevelsinserumsamples were determined by ELISA following previ-
ously published protocols®™3.,

Mouse influenza infection models

No statistical method was used to predetermine sample size. On the basis
of preliminary studies that determined experimental variation in survival
afterinfection and antibody treatment, we performed power calculations
and determined that atleast n=6 mice per groupis sufficient to detect dif-
ferencesamongexperimental groups (powered at 80% for 5% significance
level; survival assessed by log-rank (Mantel-Cox) test). Mice (females; 6-12
weeks old) were anaesthetized with a ketamine (75 mg kg™) and xylazine
(15 mgkg™) mixture (administered inraperitoneally) and viruses (diluted
in PBS) were administered intranasally (five mLDs,) in 30 pl. After infec-
tion, mice were monitored daily, and their weights were recorded for 14
days. Death was determined by a20% body weight loss threshold that was
authorized by the Rockefeller University Institutional Animal Care and
Use Committee. Mice were randomized based on age and weight. Before
treatment, we ensured that the mean weight and age were comparable
amongthevarious treatment groups. Whenever possible (not always, due
tolimited access of laboratory staffin BSL-2 animalfacilities), the treatment
groups were blinded to the personinvolved in monitoring mouse survival
and weight upon challenge (applicable to data presented in Figs. 1d, 4).
Forantibody-mediated prophylaxis, antibodies were administeredintraperi-
toneally orintravenously 4 hbefore virus challenge (except for experiments
with FcRn/FcyR-humanized mice, inwhichantibodies were administered 2
daysbeforeinfection), whereas for antibody-mediated therapy, antibodies
were administered on day 3 after infection. Antibody dose was calculated
asmg kg . For FcyRlla-blocking experiments, recombinant anti-FcyRlla
(clonelV.3) expressed as human IgG1 GRLR variant to abrogate FcyR bind-
ingorisotype control (anti-hapten (NP) monoclonal antibody; clone 3C13)
was administered (80 pg) intranasally to mice 1day after virus challenge.

Ex vivo stimulation of human monocyte-derived dendritic cells

Leukocyte packs (buffy coats) were purchased from the New York
Blood Center, mononuclear cells were isolated by Ficoll gradient
centrifugation, and CD14" monocytes were purified using CD14
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microbeads (Miltenyi Biotech). Cells were cultured at 37 °C, 5% CO,
for 6 days in RPMI supplemented with 50 U mI™ penicillin, 50 pg ml™
streptomycin, 10% heat-inactivated FBS, 100 ng ml™ GM-CSF, and
100 ng mI IL-4. Cells were then seeded in 96-well plates at 8 x 10* cells
per well in RPMI supplemented with 50 U mI™ penicillin, 50 pg ml™
streptomycin, 5% ultra-low IgG, heat-inactivated FBS and stimulated
overnight with IgG immune complexes (100 pg ml™). The following
immune complexes were used: (i) heat-aggregated IgG complexes gen-
erated by incubation of IgG (1A01 monoclonal antibody) at 63 °C for 60
min; or (ii) anti-NP:NP-BSA immune complexes generated as described
for the ELISA-based FcyR binding assay. After overnight stimulation,
dendritic cell maturation was assessed by flow cytometry. Cells were
stained with the following fluorochrome-conjugated antibodies (diluted
at 1:100 unless otherwise stated): anti-DC-SIGN-BrilliantViolet 421,
anti-CD40-BrilliantViolet 510, anti-human FcyRI-BrilliantViolet 605
(clone10.1), anti-CD11b-BrilliantViolet 650, anti-CD86-BrilliantViolet
711, anti-human FcyRIla-FITC (clone IV.3, used at 1:50 dilution),
anti-CD11c-PerCP-Cy5.5, anti-human FcyRIlla/b-PE (clone 3G8),
anti-CD80-PE/Cy7, anti-human FcyRIIb-Dylight 650 (clone 2B6) (used at
10 pg ml™), anti-HLA-DR-AlexaFluor700, and anti-CD83-APC/Cy7.Samples
were collected on an Attune NxT flow cytometer (ThermoFisher) using
Attune NxT software v.3.1.2and analysed using FlowJo (v.10.6) software.

Invivo neutrophil, CD8* or CD4* T cell depletion

Neutrophils, CD8* or CD4" cells were depleted in mice by adminis-
tration of anti-Gr-1, anti-CD8 or anti-CD4 monoclonal antibodies,
respectively. To establish the efficiency of antibody-mediated cell
depletion, FcyR-humanized mice were injected intravenously with 150
Hg anti-mouse Gr-1 monoclonal antibody (clone RB6-8C5; rat IgG2b;
Bioxcell), anti-mouse CD8x monoclonal antibody (clone 2.43; rat IgG2b;
Bioxcell), anti-mouse CD4 monoclonal antibody (clone GK1.5; ratIgG2b;
Bioxcell), orisotype control (clone LTF-2; rat IgG2b; Bioxcell). The abun-
dance of neutrophils, CD8" and CD4" T cells in peripheral blood was
determined at various time points after antibody administration by flow
cytometry. Baseline CD8"and CD4" T cell frequencies were determined
in blood samples obtained before antibody administration. For the
flow cytometry analysis, fluorescently conjugated monoclonal anti-
bodies targeting Ly6G (clone 1A8; Biolegend), the 3 subunit of mouse
CD8 (clone YTS156.7.7; Biolegend) or epitopes non-overlapping with
the GKL1.5 epitope (clone RM4-4; Thermofisher) were used to avoid
competition with the depleting antibodies. Neutrophil, CD8" or CD4"
T cell depletion of influenza-infected mice was performed using the
aforementioned conditions and depleting antibodies orisotype were
administeredintravenously (150 pg) onday 1 (for neutrophils) or 3 (for
CD8" or CD4'T cells) after infection.

Processing of mouse tissues and flow cytometry analysis

Mice were euthanized and lungs were perfused by injection of PBS
(containing 10 U mI™ heparin) into the right cardiac ventricle. Lungs
were excised and homogenized using the gentleMACS dissociator
(mouse lung dissociation kit, Miltenyi), according to the manufac-
turer’s recommendations. Spleens were homogenized by mechanical
shearing. After lysis of red blood cells (RBC lysis buffer; Biolegend),
single-cell suspensions were labelled with the LIVE/DEAD Fixable
Near-IR (ThermoFisher) and resuspended in PBS containing 0.5%
(w/v) BSA and 5 mM EDTA. Cells were labelled with mixtures of flu-
orescently labelled antibodies including (all used at 1:250 dilution
unless otherwise stated): (i) for the characterization of the FcyRlla
expression of the FcyRIla" mouse strain: anti-CD11c-eFluor506,
anti-CD11b-BrilliantViolet605, anti-SiglecF-SuperBright64s5,
anti-CD8f-BrilliantViolet711, anti-MHCII- BrilliantViolet785,
anti-human FcyRlIla (clone IV.3)-FITC (used at 1:50 dilution), anti-Gr-
1-PerCP/Cy5.5, anti-CD3-PE, anti-CD103-PE/eFluor610, anti-NK1.1-PE/
Cy7, anti-CD4-AlexaFluor647, and anti-CD19-AlexaFluor700; (ii) for
the evaluation of FcyR expression on innate effector leukocytes:

anti-CD11c-eFluor506, anti-human FcyRI (clone 10.1)-BrilliantViolet605
(used at 1:100 dilution), anti-SiglecF-SuperBright645, anti-Ly6G-
BrilliantViolet711, anti-CD11b-BrilliantViolet785, anti-human FcyRlla
(clone IV.3)-FITC (used at 1:50 dilution), anti-Ly6C-PerCP/Cy5.5,
anti-human FcyRIlla/b (clone 3G8)-PE (used at 1:100 dilution),
anti-CD103-PE/eFluor610, anti-NK1.1-PE/Cy7, and anti-human FcyRIIb
(clone 2B6)-Dylight650 (used at 10 pg/ml); (iii) for the evaluation of
FcyR expression and activation status of DCs: anti-CD11c-eFluor506,
anti-human FcyRI (clone 10.1)-BrilliantViolet605 (used at 1:100 dilu-
tion), anti-SiglecF-SuperBright645, anti-CD80-BrilliantViolet711,
anti-CD11b-BrilliantViolet785, anti-human FcyRlla (clone IV.3)-FITC
(used at 1:50 dilution), anti-Gr-1-PerCP/CyS5.5, anti-human FcyRIlla/b
(clone 3G8)-PE (used at 1:100 dilution), anti-CD103-PE/eFluor610,
anti-CD86-PE/Cy7, anti-human FcyRIIb (clone 2B6)-Dylight650 (used at
10 pg ml™), and anti-MHCII-AlexaFluor700; (iv) for the evaluation of CD8
or CD4 depletion: anti-CD3e-eFluor506, anti-CD19-BrilliantViolet605,
anti-CD8p-BrilliantViolet711, anti-CD11b-PE, anti-NK1.1-PE/Cy7, anti-
CD4-FITC, anti-Gr-1-PerCP/Cy35.5, anti-NKp46-eFluor660, and anti-B220-
APC/eFluor780; (v) for the evaluation of neutrophil depletion: anti-
CD1l1c-eFluor506, anti-CD19-BrilliantViolet605, anti-SiglecF- Super-
Bright645, anti-Ly6G-BrilliantViolet711, anti-CD11b-BrilliantViolet785,
anti-CD8a-FITC, anti-Ly6C-PerCP/CyS5.5, anti-CD3-PE, anti-NK1.1-PE/
Cy7, anti-CD4-AlexaFluor647, anti-CD45-AlexaFluor700; (vi) for the
assessment of FcyR expressionon T cells: anti-B220-BrilliantViolet421,
anti-CD3-BrilliantViolet510, anti-human FcyRI (clone 10.1)-
BrilliantViolet605 (used at 1:100 dilution), anti-CD8-BrilliantViolet711,
anti-CD4-BrilliantViolet785, anti-human FcyRlla (clone IV.3)-FITC (used
at1:50 dilution), anti-NK1.1-PerCP/Cy5.5, anti-human FcyRIlla/b (clone
3G8)-PE (used at 1:100 dilution), anti-CD11b-PE/Cy7, anti-human FcyRIIb
(clone 2B6)-Dylight650 (used at 10 pg ml™), and anti-Gr-1-AlexaFluor
700; (vii) for the characterization of dendritic cell populations after
antibody treatment: anti-CD103-FITC, anti-Ly6C-PerCP/Cy5.5, anti-
NK1.1-AlexaFluor647, anti-CD45-AlexaFluor700, anti-CD11c-eFluor506,
anti-CD86-BrilliantViolet605, anti-SiglecF-SuperBright645, anti-
Ly6G-BrilliantViolet711, anti-CD11b-BrilliantViolet785, anti-CD40-
PE, anti-MHCII-PE/eFluor610, and anti-CD80-PE/Cy7; (viii) for the
characterization of T cell populations after antibody treatment: anti-
CD4-AlexaFluor488, anti-CD3e-PerCP/Cy5.5, anti-NK1.1-AlexaFluor647,
anti-CD45-AlexaFluor700, anti-CD44-BrilliantViolet421, anti-
CD62L-BrilliantViolet510, anti-CD25-BrilliantViolet605, anti-
CD27-BrilliantViolet650, anti-CD8-BrilliantViolet711, anti-CD11a-PE,
anti-CCR7-PE/eFluor610, and anti-CD69-PE/Cy7. For experiments
assessing FcyR expression, relevant isotype control antibodies were
used and included: mouse IgGl isotype control-Dylight650 (used at
10 pg ml™), mouse IgG2b kappaisotype control-FITC (used at1:50 dilu-
tion), mouse IgG1 kappa isotype control-PE (used at 1:100 dilution),
mouse IgGl kappaisotype control-BrilliantViolet605 (used at 1:100 dilu-
tion). Cell counts were determined using CountBright absolute count-
ing beads (ThermoFisher). Samples were collected on an Attune NxT
flow cytometer (ThermoFisher) using Attune NxT software v3.1.2and
analysed using FlowJo (v10.6) software. For cluster analysis, dendritic
cells (defined as Live/Lin"/CD45*/CD11c’/MHCII*) and T cells (defined as
Live/CD45/NK1.1/CD3") fromindividual mice were downsampled using
the Downsample v.3.2 plugin (3,000 (dendritic cells) or 6,000 (T cells)
events/mouse; 12,000 (dendritic cells) or 24,000 (T cells)/ treatment
condition) and concatenated. Cells were clustered and visualized using
UMAP reduction (UMAP pluginv2.2) and populations were identified
by KNN density estimation (X-shift, v.1.3)*.

Analysis of FcyR expressiononhuman T cells

Leukocyte packs (buffy coats) were purchased from the New York
Blood Center, mononuclear cells wereisolated by Ficoll gradient cen-
trifugation and stained with the following fluorochrome-conjugated
anti-human antibodies: anti-CD14-BrilliantViolet510,
anti-CD19-BrilliantViolet510, anti-human FcyRI-BrilliantViolet605
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(clone10.1), anti-CD8-BrilliantViolet650, anti-CD3-BrilliantViolet711,
anti-CD11b-BrilliantViolet785, anti-human FcyRIla-FITC (clone IV.3)
(used at1:50 dilution), anti-CD4-PerCP-CyS5.5, anti-human FcyRIlla/b-PE
(clone 3G8), anti-CD56-PE/Cy7, anti-human FcyRIIb-Dylight650
(clone 2B6) (used at 10 pg ml™), anti-CD41-AlexaFluor700, and
anti-CD42b-AlexaFluor700. The following isotype controls were used:
mouse IgGl isotype control-Dylight650 (used at 10 pg ml™), mouse
IgG2b kappaisotype control-FITC (used at 1:50 dilution), mouse IgG1
kappa isotype control-PE (used at 1:100 dilution), mouse IgG1 kappa
isotype control-BrilliantViolet605 (used at 1:100 dilution). Samples
were collected onan Attune NxT flow cytometer (ThermoFisher) using
Attune NXT software v3.1.2 and analysed using FlowJo (v.10.6) software.

Statistical analysis

Results from multiple experiments are presented as mean + s.e.m. One-
or two-way ANOVA was used to test for differences in the mean values of
quantitative variables, and where statistically significant effects were
found, post hoc analysis using Bonferroni (adjusted for multiple compari-
sons) test was performed. Two-tailed t-test was used to test for differences
indatasets with twogroups. Statistical differences between survival rates
were analysed by comparing Kaplan—-Meier curves using the log-rank
(Mantel-Cox) test. Datawere analysed with GraphPad Prismv.8.4 software
(GraphPad) and P< 0.05 were considered to be statistically significant.

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

Data availability
Source data are provided with this paper.
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Extended DataFig.1| Characterization of the FcyRbinding profile and Fc
effector activity of Fc domain variants. Fc domain variants with differential
FcyRbinding affinity were generated through the introduction of amino acid
substitutions at the hinge proximal region of the CH2 domain of human IgGl.
a, The positions of the mutated residues for the different Fc domain variants
are highlighted. b, The affinity of these human IgG1 Fc variants for the different
human FcyRs was assessed by surface plasmon resonance and the dissociation

constant (K;) (in M) is presented. The following references are cited in the table:

refs.’>3¢, ¢, d, HPLC analysis of Fc domain variants using size-exclusion
chromatography (SEC) columns was performed to determine whether
mutations at the Fc domain are associated with increased antibody
aggregation. The SEC profiles (c: overlay; d: individual Fc variants) and the
abundance (percentage) of monomericlgGis presented for the different Fc
variants. e, Fc variants for the anti-NP monoclonal antibody 3B62 were

generated and their binding (monomeric for FcyRl or asIgG immune
complexes using NP-BSA for all other FcyRs) toimmobilized human FcyRl,
FcyRlla, FeyRIlb and FcyRIlla was assessed by ELISA. Results are fromone
experiment performedinduplicates. The Fc effector activity of anti-influenza
monoclonal antibody FY1Fc variants was assessed in vitro using FcyRlIla-
expressing (f: n=2independent experiments for wild type, n=1for other
groups, i:n=2independent experiments) and FcyRlIlla-expressing (g (F'*®
allele),j (V8 allele); n=1for each variant, except for GAALIE-LS (n=2
independent experiments)) NFAT reporter celllines. Fc variants with enhanced
affinity for FcyRIla or FcyRIllademonstrated increased capacity toinduce
NFAT reporter activation. h, Similarly, FY1Fc variants engineered for FcyRIlla
binding exhibited improved primary human naturalkiller cell-mediated ADCC
activity against HA-expressing cells. Results are the mean from two
independent experiments using different natural killer cell donors.
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Extended DataFig.2|Anti-HA and NA monoclonal antibody titration
studies to determine the optimal dose required for protection against
mouse influenzainfection. Given the differential epitope specificities and
invitro neutralization potency of the selected anti-influenza monoclonal
antibodies, titration studies were performed to assess the capacity of these
antibodies to protect mice against lethalinfluenzainfection. Anti-HAand NA
antibodies (a, FI6v3 (n=5 mice per group for 8 mg kg™ group, n=6 mice per
group for all other groups); b, FY1(n=6 mice per group for4and2mgkg™, n=5
mice per group for1and 0.5mgkg™, n=4 mice per group for PBS); ¢,4G05 (n=7

mice pergroup for 0.5 mgkg ™ group, n=6 mice per group for all other groups);
d,1A01 (n=4 mice per group for1mgkg™ group, n=5mice per group forall
othergroups); e,3C05 (n=>5mice per group for 20 and 5 mg kg™, n=4 mice per
group for 10 mg kg and PBS groups)). Allantibodies were expressed as human
IgGland administered intraperitoneally (for FI6v3 and FY1) or intravenously
(for4G05,1A01, and 3C05) at the dose indicated to mice (C57BL/6) 4 hbefore
lethal challenge with influenza (five mLDs,; HIN1PR8 for a, b; HIN1 Neth/09
for c-e). Survival was monitored for 14 days.
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Extended DataFig.3|Invitro characterization of the antigenicspecificity,
neutralization potency, and HAl activity of Fc domain variants of
anti-influenzamonoclonal antibodies. a-1, To study therole of Fc-FcyR
interactionsinthe antibody-mediated protection againstinfluenzainfection,
Fc domain variants with differential FcyR affinities (Fig. 1b) were generated for
antibodies that target distinct epitopes oninfluenza antigens (Fig. 1a). These
antibodiesinclude FI6v3 (a-c) and FY1(d-f), whichboth recognize the stalk
region ofinfluenza HA and exhibit broad and potent neutralizing activity
againstgroupland2influenzastrains, 4GOS (g-i), whichisapan-H1
monoclonalantibody against the globular head of HA and exhibits potent
neutralizing and HAl activity, 1A01 (j-1), whichis a pan-H1 anti-globular head
HA antibody with no neutralizing or HAl activity, and 3CO5 (m-o0), a broadly

(pan-H1) protective antibody against NA. To confirm that changes in the Fc
domain have no effect on the antigenicactivity and Fab-mediated functions of
these antibodies, Fcdomain variants were characterized by ELISA (a, d, g,j, m;
n=1experiment performed in duplicates) to assess their specificity against
purified HA (HIN1 PR8 strain for Fl6v3 and FY1; Cal/09 strain for 4G05,1A01 and
3CO05), by microneutralization assay (b, e, h,kandn; ¢, f,i,1and o for ICs, values;
n=2independent experiments; datawere fitted with nonlinear regression
analysis (four-parameter) to calculate ICs, values) to evaluate their neutralizing
activity against HIN1 (HIN1 PR8 strain for FI6v3 and FY1; Neth/09 strain for
4G05,1A01,and 3C05), and by HAl assay (HIN1PR8 strain for FI6v3 and FY1;
Neth/09 strain for 4G05,1A01, and 3C05; n=2independent experiments) to
determine their HAl titre (¢, f,i,1and o).
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Extended DataFig. 4 |In vivo half-life of Fc domain variants. a, Fc variants of n=9 micepergroup for GAALIE). g, To ensure that the observed differencesin
ananti-HIV antibody (3BNC117) were administered (intravenously; 100 pg) to the protective activity of Fc variants of FYlantibodies (Fig. 3e, f, Extended Data

FcyR-humanized mice and antibody serum levels were determined by ELISA at Fig.10d, e) were not due to differentialin vivo antibody half-lives, serum was
various time points after antibody administration.n=4 mice per group in two obtained frominfluenza-infected mice (day 3 after infection) and analysed by
independent experiments. Dataare mean +s.e.m.b-f, To ensure that the ELISA to quantify FYlantibody levels.n=12 mice per group for wild type/

observed differencesinthe protective activity of Fc variants of anti-HA and NA isotype, GAALIE/isotype, and GAALIE/anti-CD8 groups, n=11mice per group
antibodies (Figs.1and 2) were not due to differential in vivo antibody half-lives, for wild-type/anti-CD8, n=8 mice per group for GA/isotype, GA/anti-CD4, and

serumwas obtained frominfluenza-infected mice (day 3 after infection) and GA/anti-CD4 groups, n=6 mice per group for wild-type/anti-CD4 group.
analysed by ELISA to quantify antibody levels. (b: n=9 mice per group for h, Titration studies were performed ina mouse model of antibody-mediated
GAALIE, n=10 mice per group for all other groups; c: n=10 mice per group for prophylaxis of influenzainfection (Fig. 4d) and serum was obtained at the time
wildtype, n=8 mice per group for all other groups; d: n=10 mice per group; e: ofvirus challenge and analysed by ELISA to quantify FYlantibody levels.n=10
n=6miceper group for GRLR, n=8 mice per group for all other groups; f:n=12 micepergroup forLS0.1mgkg”dose, n=8 for GAALIE-LS at1.6and 0.4 mgkg™
mice per group for wild type and GA; n=10 mice per group for GRLR and ALIE; doses, n=9 mice per group for all other groups.
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Extended DataFig. 5| Evaluation of the role of FcyRIla and the contribution
of neutrophilsinthe antibody-mediated protection againstinfluenza
infection. a,b, To confirm the dependence of FcyRIlaengagementindriving
the protective activity of the GA variant, mice expressing the human FcyRlIla
transgeneonanFcyR,, background (hFcyRlla*; gating strategy (a) and
representative flow cytometry histograms (b) of FcyRIla expressionin
lung-resident leukocytes) or deficient for all classes of FcyRs (hFcyRIla") were
administered with GA variants of FY1 (intraperitoneally 2 mgkg™) (n=7 mice
per group for FcyRIla*, n=6 mice per group for FcyRIla”intwo independent
experiments) or PBS (n=4 mice per group for FcyRIla*, n=5mice per group for
FcyRIla”intwoindependent experiments) 4 h before lethal challenge with
influenza (HIN1; PR8,5mLDs). ¢, d, Weightloss (c) (mean+s.e.m.) and survival
(d) were monitored for 14 days and compared by two-way ANOVA (Bonferroni
post hocanalysis adjusted for multiple comparisons) (c: *P=0.02§P=0.03,
P=0.006,"P<0.0001, #P=0.0002,*"P=0.0006,**P=0.001, ##P=0.002
versus GA-treated FcyRIla”) and log-rank (Mantel-Cox) test, respectively
(d:*P=0.0006 versus GA-treated FcyRIla").e, f, FcyR-humanized mice were
administered with GA variants of FI6v3 (intraperitoneally 4 mgkg™) before
challenge with PR8 (as describedinc, d). Toblock the ligand binding activity of
FcyRlIla, recombinant anti-FcyRIla (cloneIV.3) expressed as human IgG1 GRLR

variantto abrogate FcyRbinding orisotype control (anti-hapten (NP)
monoclonal antibody; clone 3C13) was administered intranasally (80 pg) to
micelday after virus challenge (n=7 mice per group for GA/IV.3-treated group,
n=5mice per group for all other groupsin twoindependent experiments) and
weightloss (e) (mean+s.e.m.) and survival (f) were monitored. g, To establish
the efficiency of antibody-mediated neutrophil depletion, FcyR-humanized
mice (n=3 mice per group in one experiment) were injected intravenously with
150 pg anti-mouse Gr-1monoclonal antibody (clone RB6-8C5) or isotype
control (clone LTF-2). The abundance of neutrophils (Ly6G") in peripheral
blood was determined 2 days after antibody administration by flow cytometry.
**P=0.0053, two-sided unpaired t-test. h, i, To assess the contribution of
neutrophils tothe protective activity of FcyRIla-enhanced variants of
anti-influenza antibodies, GA variants of the anti-HA stalk antibody FY1were
administered intraperitoneally (2 mgkg™) to FcyR-humanized mice (n=6 mice
per group, except for PBS/Gr-1treated (n=>5mice per group) intwo
independent experiments) 4 hbefore lethal challenge with PR8. Isotype or
anti-mouse Gr-1monoclonal antibodies (150 pgintravenously) were
administered onday1afterinfectionand weightloss (h) (mean +s.e.m.)and
survival (i) were recorded.
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Extended DataFig. 6 | Abundance and FcyR expression profile of leukocyte
populationsin the lungs of influenza-infected FcyR-humanized mice at
different time points afteer infection. a-f, To determine the abundance and
FcyRexpression profile of lung resident and infiltrated leukocytes during the
course ofinfluenzainfection, cohorts of FcyR-humanized mice were infected
(intranasally with HIN1PRS; 5 mLDs,) and euthanized at different time points
afterinfection (day O to 6). Lungs were homogenized and analysed by flow
cytometry (a: gating strategy) to determine the frequency (b, ¢c) and FcyR
expression profile (f) of innate effector leukocytes.n=3and n=4 mice per time
point for day 0-2 and day 3-6 time points, respectively. Influenzainfection was
associated with the recruitment of natural killer (NK) cells, neutrophils and
monocytes, whereas the number of alveolar macrophages wasreduced at the

later stages of infection. Owingto the high degree of sequence similarity
between FcyRIlaand FcyRIlb, expression of these FcyRs was assessed using
antibody clones (d:1V.3 for FcyRlla; e: 2B6 for FcyRIIb) that exhibit high
specificity, as assessed by ELISA using recombinant FcyRs (n=1experiment
performedinduplicates). Analysis of the FcyR expression profile (MFI)
revealed thatinfluenzainfection had no effect onthelevels of FcyRs expressed
by the various leukocyte types. With the exception of naturalkiller cells, which
expressed only FcyRIlla, mostinnate effector leukocytes co-expressed
multiple FcyRs, including the activating FcyRs, FcyRllaand FcyRlIlla/b, as well
astheinhibitory FcyRIIb.n=3 and n=4 mice per time point for day 0-2 and day
3-6time points, respectively.
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Extended DataFig.7|See next page for caption.
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Extended DataFig.7 | Treatment of FcyR-humanized mice with GAALIE
variants of anti-HA antibodies is associated withincreased frequency of
activated dendriticcells. a-f, To determine the abundance and FcyR
expression profile of dendritic cell subsets during the course of influenza
infection, cohorts of FcyR-humanized mice wereinfected (intranasally with
HIN1PRS8; 5mLD;,) and euthanized at different time points after infection (day
0to6).Lungs were homogenized and analysed by flow cytometry (a: gating
strategy) to determine the frequency (b) and FcyR expression profile
(c:representative flow cytometry overlay; d-f: MFI) of the three major
dendritic cell subsetsidentified: cDC1,cDC2 and tipDCs. Influenzainfection
was not associated with any major changesinthe number of lung-resident cDC1
and cDC2, whereas tipDCs were almost absent at baseline, but their number
increased markedly after infection. cDC1and cDC2 expressed FcyRIlaand
FcyRIIb, but they were negative for FcyRIlla. By contrast, tipDCs expressed
FcyRllaand FcyRllla, along with the inhibitory FcyRIIb. Owing to the very low
number of tipDCs at baseline, FcyR expression (MFI) was omitted. n=4 mice
pertime pointassessed. g-i, Toinvestigate the effect of enhanced FcyRIla
engagement by GAALIE variants on the maturation status of dendritic cells,
FcyR-humanized mice were treated with Fc domain variants of the anti-HA stalk
antibody FI6v3, exhibiting differential FcyR affinity—wild type IgGl (baseline
FcyR affinity), GRLR (diminished binding to all classes of FcyRs), and GAALIE
(increased FcyRIlaand FcyRIlla affinity). Fc domain variants were administered
intraperitoneally (3 mgkg™) to FcyR-humanized mice (n=4 mice per treatment
group intwo independent experiments) 4 hbefore lethal challenge with HIN1
(PR8; 5mLDs,). Mice were euthanized on day 4 and lung-resident dendritic cells
were analysed by flow cytometry. The abundance of mature (defined as
CD80"e"CD86"eM) cDC1(g), cDC2 (h), and tipDCs (i) was compared between
mice treated with the various Fc domain variants of FI6v3. Representative flow

cytometry plots from data presentedin Fig.3a.In contrasttocDCland cDC2,
no differences were observed in the maturation status of tipDCs among mice
treated with different FI6v3 Fc variants (one-way ANOVA). j, k, Invitro
differentiated monocyte-derived dendritic cells (n=4 peripheral blood
mononuclear celldonors performedintwoindependent experiments) were
stimulated overnight with IgGimmune complexes (anti-NP-NP-BSA immune
complexes (j) and heat-aggregated IgG complexes (k)). The abundance
(percentage) of mature dendritic cells (defined as CD80"¢"CD86"&") was
assessed by multicolour flow cytometry and compared against the
corresponding wild-type-treated group by one-way ANOVA (Bonferroni post
hoc analysis adjusted for multiple comparisons) *P=0.0417,**P=0.0134,
***P<(0.0001,"P=0.0049.1-n, Cluster analysis of dendritic cell populations
presentinthelungsofinfluenza-infected mice treated with Fc domain variants
ofanti-HA monoclonal antibodies. Mice (n=4 mice per group in two
independent experiments) were treated as described in g-i, euthanized on day
4 afterinfection and dendritic cells (Lin*"MHCII*CD11c*) were analysed by
multicolour flow cytometry. Data were dimensionally reduced and visualized
using the UMAP algorithm. 1, UMAP plots of dendritic cellsin mice treated with
thedifferent Fcdomain variants are presented. Populations were identified by
X-shift using KNN density estimation and assigned IDs (A-J). m, The abundance
ofthevarious dendritic cell clustersin the different treatment groups was
plotted and populations thatare enriched or reduced in GAALIE-treated mice
wereidentified. n, Histogram plots of the expression of CD80, CD86, CD40 and
MHCIlindendritic cell populations that are enriched (red, A; and orange, H) or
reduced (cyan, D; purple, E; and blue, F) in GAALIE-treated mice. GAALIE
treatmentwas associated with the enrichment of dendritic cell populations
characterized by high levels of CD86 and CD40 expression. Results are from
four mice per treatment conditionin two independent experiments.
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Extended DataFig. 8 | Treatment of FcyR-humanized mice with GAALIE
variants of anti-HA stalk antibodiesis associated withincreased activation
of CD8" and CD4" T cells. Toinvestigate whether the observedincreasein the
frequency of mature dendritic cellsin mice treated with GAALIE variants of
anti-HA monoclonal antibodies was associated withenhanced T cell responses,
the activation status of CD8"and CD4" T cells was analysed and compared
between mice treated with anti-HA Fc domain variants with differential FcyR
affinity (wild-type IgGl, GRLR and GAALIE). Fc domain variants of the anti-HA
stalk antibody FI6v3 were administered (intraperitoneally 3mgkg™) to
FcyR-humanized mice before lethal challenge with HIN1 (PR8; 5 mLDs,). Mice
(n=4micepergroupintwoindependent experiments) were euthanized on day
4 afterinfectionand T cell populations were analysed by multicolour flow
cytometry.a, b, The frequency of activated (defined as CD44"CD69") CD8" (a)
and CD4" (b) T cells was compared between mice treated with the various Fc
domain variants of FI6v3. Representative flow cytometry plots from datain
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Fig.3c.Inaddition, cluster analysis of T cell populations presentin the lungs of
influenza-infected mice treated with Fc domain variants of anti-HA monoclonal
antibodies was performed. Flow cytometry data were dimensionally reduced
and visualized using the UMAP algorithm. ¢, UMAP plots of T cellsin mice
treated with the different Fc domain variants are presented. Populations were
identified by X-shift using KNN density estimation and assigned IDs (A-M).

d, Heat map of the abundance of the various T cell clustersin the different
treatment groups. Populations that are enriched or reduced in GAALIE-treated
mice wereidentified. e, Histogram plots of the expression of CD69, CD25, CD44
and CD62Lin T cell populations that are enriched (red, G; green, E; orange, J) or
reduced (cyan, C;blue, D; magenta, L) in GAALIE-treated mice. GAALIE
treatment was associated with the enrichment of T cell populations
characterized by highlevels of CD69, CD44 and CD25 expression. Results are

from four mice per treatment condition.
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Extended DataFig. 9|See next page for caption.
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Extended DataFig. 9| FcyR expression analysis of T cells. To determine Gatingstrategy for identifying T cellsin mouse blood (c), spleen or lungs (e).
whether humanT cells express human FcyRs, human peripheral blood Myeloid cells (CD11b") and B cells (B220*) were included as controls for FcyR
mononuclear cells were analysed by multicolour flow cytometry. a, Gating immunofluorescence staining. Analysis of FcyR expressionon T cells from
strategy foridentifyinghuman T cells. Monocytes (CD14*CD11b*) and B cells naive or influenza-infected FcyR-humanized mice revealed minimal expression
(CD19*CD11b") wereincluded as controls for FcyR immunofluorescence of FcyRson T cell (d, f: representative flow cytometry histogram overlays;
staining.b, g, Analysis of FcyR expression revealed thathuman T cellsare h-I: quantification of FcyR" cells (n =2 mice per group in one experiment) in the
negative for FcyR expression (b: representative flow cytometry histogram blood (h, i), spleen (j, k) and lungs (I) of naive or influenza-infected mice).
overlays; g: quantification of FcyR"* cells; n=3 donors). c-f, h-1, Human FcyR Although asmallfraction of B cells appears positive for FcyRIlaexpression, this
expressionon peripheralblood (c,d, h, i), spleen (e, f,j, k), or lung (I) T cells isprobably dueto the cross-reactivity of the anti-FcyRIlaantibody (cloneV.3)
from naive (h, j) orinfluenza-infected (i, k, I; day 6 after infection (5mLDs,; to FcyRIIb (see Extended Data Fig. 6d).

H1N1PR8)) FcyR-humanized mice was assessed by multicolour flow cytometry.
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Extended DataFig.10| T cell depletion experiments and the effect of
FcyRIla-enhanced variants on anti-influenzalgGresponses.a, b, To
establish the efficiency of antibody-mediated CD8" or CD4" T cell depletion,
FcyR-humanized mice were injected intravenously with 150 pg anti-mouse
CD8a monoclonal antibody (clone 2.43) or anti-mouse CD4 (clone GK1.5), or
isotype control (clone LTF-2). The abundance of CD8" (a) or CD4" (b) T cellsin
peripheral blood was determined at various time points after antibody
administration by flow cytometry. Baseline CD8" or CD4" T cell frequencies
were determined inblood samples obtained before antibody administration.
Results are expressed as the percentage of CD8'CD3" or CD4°'CD3" Tcells (n=6
foranti-CD8 and anti-CD4-treated groups, n=7 mice per group for isotype
groupsintwoindependent experiments).c-e, To determine the contribution
of CD4" T cellsinthe protective activity of FcyRIla-enhanced variants of anti-
influenzamonoclonal antibodies, CD4* depletion studies were performed.

¢, Wild-type or GA variants of the anti-HA stalk antibody FY1were administered
intraperitoneally (2 mgkg™) to FcyR-humanized mice 4 hbefore lethal
challenge withinfluenza (5 mLDs,; HIN1PRS). Isotype or anti-mouse CD4
antibodies (150 pgintravenously) were administered on day 3 after infection.

Isotype-treated groups: n=12mice per group for wild-type and PBS groups,
n=8micepergroup for GAgroup; anti-CD4-treated groups: n=6 mice per
group for wild type, n=8 mice/group for GA, n=4 mice per group for PBSin two
independent experiments.d, e, Weightloss (d) (mean +s.e.m.) and survival (e)
were monitored for 14 days. Data for isotype-treated mice are also in Fig. 3e, f.
f-m, Wild-type or GAALIE Fc variants for the anti-HA globular head antibody 1A01
were administered (intravenously 4 mg kg™) to FcyR-humanized mice (n=7
mice per group for wild-type group, n=11mice per group for GAALIE-treated
group, n=5mice per group for PBS-treated in two independent experiments)

4 hbeforelethal challenge with influenza (5 mLDsy; HIN1 Neth/09).f, g, Weight
loss (mean +s.e.m.) and survival (g) were monitored for 14 days. h-k, 1gG
responses against HA (h, i) and NP (j, k) from homologous (HIN1; A/California/
04/2009) or heterologous (H3N2; A/x31) strains were evaluated in surviving
mice. 1, Analysis of IgG titres against homologous or heterologous HA or NP
revealed no differences among mice previously treated with wild-type or
GAALIE Fc variants of 1A01 antibody. m, Similarly, comparable HAl titres were
noted among the treatment groups.
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A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX [ X X [ L0
OO0 X O XOX XKX

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection GE Unicorn v6.3, SoftMaxPro v7.0.2, Biacore T200 control software v2.0, Attune NxT flow cytometry software v3.1.2, Microsoft Excel
v2008
Data analysis UCSF ChimeraX v0.94, GE Unicorn v6.3, SoftMaxPro v7.0.2, Biacore T200 evaluation software v2.0, Graphpad Prism v8.4, Microsoft Excel

v2008, SeqBuilder Pro v16 and v17, SegMan Pro v16 and v17, FlowJo v10.6.2 with the following plugins: Downsample v3.2, UMAP v2.2,
and X-shift v1.3

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A list of figures that have associated raw data
- A description of any restrictions on data availability

Raw data for all main and extended data figures are included in the manuscript as source files.
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

E Life sciences D Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical method was used to predetermine sample size. For in vivo experiments, based on preliminary studies that determined
experimental variation in survival following infection and mAb treatment, we have performed power calculations and determined that at least
n=6 mice/group is sufficient to detect differences among experimental groups (powered at 80% for 5% significance level; survival assessed by
log-rank (Mantel-Cox) test).

Data exclusions  No data were excluded
Replication The reported findings have been confirmed in large groups of mice/experimental group in multiple (>2) experiments. The enhanced
protective activity of the Fc engineered variants was confirmed in multiple experiments using a variety of mAbs that target different epitopes

on HA and NA. Also, two different challenge virus strains have been used (PR8 and Neth/09) to minimize strain-specific effects.

Randomization  Mice were randomized based on age and weight. Prior to treatment, we ensured that the mean weight and age were comparable among the
various treatment groups. No randomization was used for the in vitro experiments, as it is not applicable to the study design.

Blinding Blinding is not relevant for this study, as this is an observational (not case-control) study. Whenever possible (not always, due to limited access

of lab staff in BSL-2 animal facilities), the treatment groups were blinded to the person involved in monitoring mouse survival and weight
upon challenge (applicable to data presented in Figures 1d and 4).

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies X|[] chip-seq

X

X] Eukaryotic cell lines [ ]|[X] Flow cytometry
D Palaeontology E D MRI-based neuroimaging
[X] Animals and other organisms

Human research participants

XXOXOOS

[ ] clinical data

Antibodies

Antibodies used The clones of the recombinant anti-influenza antibodies are reported in the manuscript and their characteristics are also
described in previously published studies (relevant citations included in the manuscript). The anti-HIV Env mAb (3BNC117) used
in PK studies (Extended Data Figure 4) has been characterized in previous studies (Bournazos S et al. Cell.
2014:158(6):1243-1253.).

For generating NP-anti-NP 1gG immune complexes (Extended Data Figures 1e and 7j), the high affinity anti-NP (4-hydroxy-3-
nitrophenylacetyl) mAb 3B62 was synthesized using the previously published sequence (Allen D et al. EMBO J.
1988;7(7):1995-2001). Another anti-NP mAb (clone 3C13) described in this publication was also cloned and used as isotype
control in this study.

For ELISA assays, the following antibodies were used: HRP-conjugated goat F(ab')2 anti-human IgG (H+L)(Jackson
Immunoresearch, 109-036-088, Lot: 138297, 1:5000); HRP-conjugated goat F(ab')2 anti-mouse IgG (H+L)(Jackson
Immunoresearch, 115-035-146, Lot: 144209, 1:5000); Biotin-conjugated goat F(ab')2 anti-human IgG (F(ab')2-specific)(Jackson
Immunoresearch, 109-066-097, Lot: 127106, 5 pg/ml).

For microneutralization assays, cells were stained with biotinylated mouse anti-influenza NP (nucleoprotein)(EMD Millipore,
MAB8257B, clone A1, lot: 3286064, 1:2000).

For cellular depletion studies, all monoclonal antibodies were obtained from Bioxcell. The following mAbs were used: rat Ig2b
isotype control (clone LTF-2, BEOO9O, lot: 707119J1 and 651117D1), anti-mouse CD4 (clone GK1.5, BE0003-1, lot: 689518A1),
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anti-mouse CD8 (clone 2.43, BEOO61, lot: 724719A1), anti-mouse LY6G/Ly6C (Gr-1)(clone RB6-8C5, BEOO75, lot: 59441601).

The following antibodies were used for flow cytometry (unless otherwise noted, all antibodies were used at 1:250 dilution):
(i) for the characterization of the FcyRlla expression of the FcyRlla+ mouse strain:

anti-CD11c-eFluor506 (ThermoFisher, 69-0114-82, clone N418)

anti-CD11b-BrilliantViolet605 (Biolegend, 101257, clone M1/70)

anti-SiglecF-SuperBright645 (ThermoFisher, 64-1702-82, clone 1RNM44N)

anti-CD8B-BrilliantViolet711 (Biolegend, 126633, clone YTS156.7.7)

anti-MHCII- BrilliantViolet785 (Biolegend, 107645, clone M5/114.15.2)

anti-human FcyRIla-FITC (Stemcell technologies, 60012FI, clone IV.3, used at 1:50 dilution)
anti-GR-1-PerCP/Cy5.5 (ThermoFisher, 45-5931-80, clone RB6-8C5)

anti-CD3-PE anti-CD3-PE (Biolegend, 100206, clone 17A2)

anti-CD103-PE/eFluor610 (ThermoFisher, 61-1031-82, clone 2E7)

anti-NK1.1-PE/Cy7 (ThermoFisher, 25-5941-82, clone PK136)

anti-CD4-AlexaFluor647 (Biolegend, 100530, clone RM4-5)

anti-CD19-AlexaFluor700 (Biolegend, 115527, clone 6D5)

Mouse 1gG2b kappa isotype control - FITC (ThermoFisher, 11-4732-42, clone eBMG2b, used at 1:50 dilution)

(i) for the evaluation of FcyR expression on innate effector leukocytes:

anti-CD11c-eFluor506 (ThermoFisher, 69-0114-82, clone N418)

anti-human FcyRI-BrilliantViolet605 (Biolegend, 305034, clone 10.1, used at 1:100 dilution)

anti-SiglecF- SuperBright645 (ThermoFisher, 64-1702-82, clone 1IRNM44N)

anti-Ly6G-BrilliantViolet711 (Biolegend, 127643, clone 1A8)

anti-CD11b-BrilliantViolet785 (Biolegend, 101243, clone M1/70)

anti-human FeyRIla-FITC (Stemcell technologies, 60012FI, clone IV.3, used at 1:50 dilution)
anti-Ly6C-PerCP/Cy5.5 (ThermoFisher, 45-5932-82, clone HK1.4)

anti-human FcyRllla/b-PE (ThermoFisher, MHCD1604, clone 3G8, used at 1:100 dilution)
anti-CD103-PE/eFluor610 (ThermoFisher, 61-1031-82, clone 2E7)

anti-NK1.1-PE/Cy7 (ThermoFisher, 25-5941-82, clone PK136)

anti-human FcyRIlb-Dylight650; (clone 2B6, produced in house and conjugated with Dylight650 kit, used at 10 pg/ml)
Mouse IgG1 isotype control-Dylight650 (ThermoFisher, MA1-191-D650, clone MOPC-21, used at 10 ug/ml)
Mouse 1gG2b kappa isotype control - FITC (ThermoFisher, 11-4732-42, clone eBMG2b, used at 1:50 dilution)
Mouse 1gG1 kappa isotype control-PE (ThermoFisher, 12-4714-82, clone P3.6.2.8.1, used at 1:100 dilution)
Mouse 1gG1 kappa isotype control-Brilliant Violet605 (Biolegend, 400162, clone MOPC-21, used at 1:100 dilution)

(iii) for the evaluation of FcyR expression and activation status of DCs:

anti-CD11c-eFluor506 (ThermoFisher, 69-0114-82, clone N418)

anti-human FcyRI-BrilliantViolet605 (Biolegend, 305034, clone 10.1, used at 1:100 dilution)

anti-Siglec F- SuperBright645 (ThermoFisher, 64-1702-82, clone IRNM44N)

anti-CD80-BrilliantViolet711 (Biolegend, 104743, clone 16-10A1)

anti-CD11b-BrilliantViolet785 (Biolegend, 101243, clone M1/70)

anti-human FeyRIla-FITC (Stemcell technologies, 60012FI, clone IV.3, used at 1:50 dilution)
anti-GR-1-PerCP/Cy5.5 (ThermoFisher, 45-5931-80, clone RB6-8C5)

anti-human FcyRllla/b-PE (ThermoFisher, MHCD1604, clone 3G8, used at 1:100 dilution)
anti-CD103-PE/eFluor610 (ThermoFisher, 61-1031-82, clone 2E7)

anti-CD86-PE/Cy7 (ThermoFisher, 25-0862-82, clone GL1)

anti-human FcyRIIb-Dylight650 (clone 2B6, produced in house and conjugated with Dylight650 kit, used at 10 pg/ml)
anti-MHCII-AlexaFluor700 (eBioscience, 56-5321-82, clone M5/114.15.2)

Mouse IgG1 isotype control-Dylight650 (ThermoFisher, MA1-191-D650, clone MOPC-21, used at 10 ug/ml)
Mouse 1gG2b kappa isotype control - FITC (ThermoFisher, 11-4732-42, clone eBMG2b, used at 1:50 dilution)
Mouse 1gG1 kappa isotype control-PE (ThermoFisher, 12-4714-82, clone P3.6.2.8.1, used at 1:100 dilution)
Mouse 1gG1 kappa isotype control-Brilliant Violet605 (Biolegend, 400162, clone MOPC-21, used at 1:100 dilution)

(iv) for the evaluation of CD8 or CD4 depletion:

anti-CD3e-eFluor506 (ThermoFisher, 69-0032-82, clone 17A2)
anti-CD19-BrilliantViolet605 (Biolegend, 115540, clone 6D5)
anti-CD8b-BrilliantViolet711 (Biolegend, 126633, clone YTS156.7.7)
anti-CD11b-PE (Biolegend, 101208, clone M1/70)

anti-NK1.1-PE/Cy7 (ThermoFisher, 25-5941-82, clone PK136)
anti-CD4-FITC, (ThermoFisher, 11-0043-82, clone RM4-4)
anti-GR-1-PerCP/Cy5.5 (ThermoFisher, 45-5931-80, clone RB6-8C5)
anti-NKp46-eFluor660 (ThermoFisher, 50-3351-82, clone 29A1.4)
anti-B220-APC/eFluor780 (ThermoFisher, 47-0452-82, clone RA3-6B2)

(v) for the evaluation of neutrophil depletion by anti-Gr-1 mAb:
anti-CD11c-eFluor506 (ThermoFisher, 69-0114-82, clone N418)
anti-CD19-BrilliantViolet605 (Biolegend, 115540, clone 6D5)
anti-SiglecF- SuperBright645 (ThermoFisher, 64-1702-82, clone 1RNM44N)
anti-Ly6G-BrilliantViolet711 (Biolegend, 127643, clone 1A8)
anti-CD11b-BrilliantViolet785 (Biolegend, 101243, clone M1/70)
anti-CD8a-FITC, (ThermoFisher, MA5-16759, clone KT15)
anti-Ly6C-PerCP/Cy5.5 (ThermoFisher, 45-5932-82, clone HK1.4)
anti-CD3-PE (Biolegend, 100206, clone 17A2)

anti-NK1.1-PE/Cy7 (ThermoFisher, 25-5941-82, clone PK136)
anti-CD4-AlexaFluor647 (Biolegend, 100530, clone RM4-5)
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anti-CD45-AlexaFluor700 (ThermoFisher, 56-0451-82, clone 30-F11)

(vi) for the assessment of FcyR expression on T cells:

anti-B220-BrilliantViolet421 (Biolegend, 103240, clone RA3-6B2)

anti-CD3-BrilliantViolet510 (Biolegend, 100353, clone 145-2C11)

anti-human FcyRI (clone 10.1)-BrilliantViolet 605 (Biolegend, 305034, clone 10.1, used at 1:100 dilution)
anti-CD8-BrilliantViolet711 (Biolegend, 100748, clone 53-6.7)

anti-CD4-BrilliantViolet785 (Biolegend, 100453, clone GK1.5)

anti-human FcyRlla (clone IV.3)-FITC (Stemcell technologies, 60012FI, clone IV.3, used at 1:50 dilution)
anti-NK1.1-PerCP/Cy5.5 (Biolegend, 108728, clone PK136)

anti-human FcyRllla/b (clone 3G8)-PE (ThermoFisher, MHCD1604, clone 3G8, used at 1:100 dilution)
anti-CD11b-PE/Cy7 (Biolegend, 101216, clone M1/70)

anti-human FcyRIlb (clone 2B6)-Dylight650 (clone 2B6, produced in house and conjugated with Dylight 650 kit, used at 10 pg/ml)
anti-GR-1-AlexaFluor700 (Biolegend, 108422, clone RB6-8C5)

Mouse IgG1 isotype control-Dylight650 (ThermoFisher, MA1-191-D650, clone MOPC-21, used at 10 ug/ml)
Mouse 1gG2b kappa isotype control - FITC (ThermoFisher, 11-4732-42, clone eBMG2b, used at 1:50 dilution)
Mouse 1gG1 kappa isotype control-PE (ThermoFisher, 12-4714-82, clone P3.6.2.8.1, used at 1:100 dilution)
Mouse 1gG1 kappa isotype control-Brilliant Violet605 (Biolegend, 400162, clone MOPC-21, used at 1:100 dilution)
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(vii) for the characterization of DC populations following mAb treatment:
anti-CD103-FITC (Biolegend, 121420, clone 2E7)

anti-Ly6C-PerCP/Cy5.5 (ThermoFisher, 45-5932-82, clone HK1.4)
anti-NK1.1-AlexaFluor647 (Biolegend, 108720, clone PK136)
anti-CD45-AlexaFluor700 (ThermoFisher, 56-0451-82, clone 30-F11)
anti-CD11c-eFluor506 (ThermoFisher, 69-0114-82, clone N418)
anti-CD86-BrilliantViolet605 (Biolegend, 105037, clone GL-1)

anti-SiglecF- SuperBright645 (ThermoFisher, 64-1702-82, clone 1RNM44N)
anti-Ly6G-BrilliantViolet711 (Biolegend, 127643, clone 1A8)
anti-CD11b-BrilliantViolet785 (Biolegend, 101243, clone M1/70)
anti-CD40-PE (Biolegend, 124610, clone 3/23)

anti-MHCII-PE/eFluor610 (ThermoFisher, 61-5321-82, clone M5/114.15.2)
anti-CD80-PE/Cy7 (Biolegend, 104734, clone 16-10A1)

(viii) for the characterization of T-cell populations following mAb treatment:
anti-CD4-AlexaFluor488 (Biolegend, 100423, clone GK1.5)
anti-CD3e-PerCP/Cy5.5 (Biolegend, 100218, clone 17A2)
anti-NK1.1-AlexaFluor 647 (Biolegend, 108720, clone PK136)
anti-CD45-AlexaFluor 700 (ThermoFisher, 56-0451-82, clone 30-F11)
anti-CD44-BrilliantViolet 421 (Biolegend, 103040, clone IM7)
anti-CD62L-BrilliantViolet 510 (Biolegend, 104441, clone MEL-14)
anti-CD25-BrilliantViolet 605 (Biolegend, 102036, clone PC61)
anti-CD27-BrilliantViolet 650 (Biolegend, 124233, clone LG.3A10)
anti-CD8-BrilliantViolet 711 (Biolegend, 100748, clone 53-6.7)
anti-CD11a-PE (Biolegend, 153104, clone 121/7)
anti-CCR7-PE/eFluor 610 (ThermoFisher, 61-1971-82, clone 4B12)
anti-CD69-PE/Cy7 (Biolegend, 104512, clone H1.2F3)

(ix) for the assessment of FcR expression on human T cells (all antibodies were used at 1:100 dilution unless otherwise stated):
anti-CD14-BrilliantViolet510 (Biolegend, 301841, clone M5E2)

anti-CD19-BrilliantViolet510 (Biolegend, 302242, clone HIB19)

anti-human FcyRI-BrilliantViolet605 (Biolegend, 305034, clone 10.1)

anti-CD8-BrilliantViolet650 (Biolegend, 344729, clone SK1)

anti-CD3-BrilliantViolet711 (Biolegend, 300464, clone UCHT1)

anti-CD11b-BrilliantViolet785 (Biolegend, 101243, clone M1/70)

anti-human FeyRIla-FITC (Stemcell technologies, 60012FI, clone IV.3, used at 1:50 dilution)

anti-CD4-PerCP-Cy5.5 (Biolegend, 317427, clone OKT4)

anti-human FcyRllla/b-PE (ThermoFisher, MHCD1604, clone 3G8)

anti-CD56-PE/Cy7 (Biolegend, 362509, clone 5.1H11)

anti-human FcyRI1b-Dylight650 (clone 2B6, produced in house and conjugated with Dylight650 kit, used at 10 pg/ml)
anti-CD41-AlexaFluor700 (Biolegend, 303737, clone HIP8)

anti-CD42b-AlexaFluor700 (Biolegend, 303928, clone HIP1)

Mouse IgG1 isotype control-Dylight650 (ThermoFisher, MA1-191-D650, clone MOPC-21, used at 10 ug/ml)

Mouse 1gG2b kappa isotype control - FITC (ThermoFisher, 11-4732-42, clone eBMG2b, used at 1:50 dilution)

Mouse 1gG1 kappa isotype control-PE (ThermoFisher, 12-4714-82, clone P3.6.2.8.1)

Mouse 1gG1 kappa isotype control-Brilliant Violet605 (Biolegend, 400162, clone MOPC-21)

(x) for the evaluation of ex vivo DC maturation of human monocyte-derived DCs (all antibodies were used at 1:100 dilution
unless otherwise stated):

anti-DC-SIGN-BrilliantViolet421 (Biolegend, 330118, clone 9E9AS8)

anti-CD40-BrilliantViolet510 (Biolegend, 334330, clone 5C3)

anti-human FcyRI-BrilliantViolet605 (Biolegend, 305034, clone 10.1)

anti-CD11b-BrilliantViolet650 (Biolegend, 301336 clone ICRF44)

anti-CD86-BrilliantViolet711 (Biolegend, 305440 clone 1T2.2)

anti-human FecyRIla-FITC (Stemcell technologies, 60012FI, clone V.3, used at 1:50 dilution)

anti-CD11c-PerCP-Cy5.5 (Biolegend, 301624, clone 3.9)
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anti-human FcyRllla/b-PE (ThermoFisher, MHCD1604, clone 3G8)

anti-CD80-PE/Cy7 (Biolegend, 305218, clone 2D10)

anti-human FcyRIlb-Dylight650 (clone 2B6, produced in house and conjugated with Dylight650 kit, used at 10 pg/ml)
anti-HLA-DR-AlexaFluor700 (Biolegend, 327014, clone LN3)

anti-CD83-APC/Cy7 (Biolegend, 305330, clone HB15e)

Validation For recombinant anti-influenza mAbs, their antigenic specificity, HAI, and neutralization activity were assessed in in vitro assays
(data presented in the manuscript Extended Data Figure 3) to ensure that changes in the Fc domain have no impact of their Fab-
mediated activities. Purity of recombinant proteins was assessed by SDS-PAGE followed by SafeStain blue staining
(ThermoFisher). All antibody preparations were >90% pure and endotoxin levels were <0.05 EU/mg, as determined by the
Limulus Amebocyte Lysate (LAL) assay.

For commercially available antibodies, validation has been performed by the manufacturer and corresponsing certificates of
analysis are available at the manufacturer's website. Reactivity of primary antibodies used in flow cytometry assays was validated
by the manufacturer in immunocytochemistry and frozen immunohistochemistry. Antibodies used for microneutralization assay
and ELISA were validated by the manufacturer for cross-reactivity to other influenza strains (for anti-NP mAb) or to
immunoglobulins from other species. For antibodies used for in vivo cell depletion, antibody preparations have been validated
by he manufacturer for specificity, purity, and endotoxin content.
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) ATCC for MDCK, ThermoFisher for Expi293F and Expi-CHO cells, and Promega for NFAT reporter assays

Authentication Cell lines were not authenticated after purchase. Cell lines obtained from Promega were autheticated by the manufacturer
by STR analysis.

Mycoplasma contamination All cell lines have been tested by the manufacturer and were tested negative for mycoplasma contamination. Certificates of
analysis are available in manufacturer's website. All cell lines were maintained for <10 passages to minimize mycoplasma
contamination. Media and supplements (FBS) were also all mycoplasma-free (per certificate of analysis).

Commonly misidentified lines No commonly misidentified cell lines were used in this study.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals C57Bl/6 were purchased from The Jackson Laboratory. FcyR humanized mice (FcyRanull, hFeyRI+, FeyRIlaR131+, FeyRIb+,
FcyRI1aF158+, and FecyRlllb+) were generated in the C57BI/6 background and extensively characterized in previous studies. FcRn
humanized mice (B6.Cg-Fcgrttm1Dcr Tg(FCGRT)32Dcr/Dcr)) were purchased from The Jackson Laboratory and are deficient in
mouse FcRn and express human FcRn as transgene. FcyR/FcRn humanized mice were generated by crossing the FcyR humanized
strain to the FcRn humanized mice. FcyRlla+ mice were generated on a mouse FcyR KO background (mouse FcR null; C57BI/6).
For in vivo experiments, female or male, 6-12 wk old mice were used. Mice were housed at a controlled ambient temperature
environment with 12-hour light/dark cycle.

Wild animals No wild animals were used in this study.
Field-collected samples No field-collected samples were used in this study.
Ethics oversight All'in vivo experiments were performed in compliance with federal laws and institutional guidelines and have been approved by

the Rockefeller University Institutional Animal Care and Use Committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:
E The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
E The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.
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E A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Mice (strains described in animal section) were euthanized and lungs were perfused by injection of PBS (containing 10 U/ml
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Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

heparin) into the right cardiac ventricle. Lungs were excised and homogenized using the gentleMACS dissociator (Mouse lung
dissociation kit (Miltenyi)), according to the manufacturer’s recommendations. Mouse blood was collected from the retro-orbital
venous plexus. Spleens were excised from mice and homogenized by mechanical shearing. Following RBC lysis (RBC lysis buffer;
Biolegend), single cell suspensions were labelled with the LIVE/DEAD Fixable Near-IR (ThermoFisher) and resuspended in PBS
containing 0.5% (w/v) BSA and 5 mM EDTA. Cells were labelled with mixtures of fluorescently labelled antibodies incubated at
40C for 15 min and washed twice with PBS containing 0.5% (w/v) BSA and 5 mM EDTA prior to analysis.

Human PBMCs and monocyte-derived DCs were prepared for flow cytometry analysis as described above.

0A29009 Attune NxT Acoustic Focusing Cytometer (Lasers: BRV6Y)

For data acquisition, Attune NxT flow cytometry software v3.1.2 was used. For data analysis, FlowJo v10.6.2 with the following
plugins: Downsample v3.2, UMAP v2.2, and X-shift v1.3 was used.

No sorting performed

The gating strategies are presented in Extended Data Figures 5-9. Single cells were identified in FSC-A vs. FSC-H plots and live
cells based on LIVE/DEAD staining vs. FSC-A.

For characterization of FcRlla expression on lung-resident leukocytes, live single cells are plotted as NK1.1 vs. CD11b and NK cells
were identified as NK1.1+/CD11b-. From the NK1.1- gate, cells are plotted as CD11c vs. CD11b. From CD11b+/CD11c- cells,
neutrophils are defined as Gr-1+/SSChigh and monocytes as SSClo/Gr-1 int or negative. From the CD11c+ gate, alveolar
macrophages are identified as SiglecF+/CD11b-, whereas SiglecF- events are further gated and MHCII+ events are selected.
MHCII+ cells are divided into ¢cDC1 and cDC2 based on CD103 and CD11b expression (cDC1: CD103+/CD11b-; ¢cDC2: CD103-/
CD11b+). From the CD11b-/CD11c- gate, B cells are identified as CD19+/MHCII+, whereas CD19- events are gated based on CD3.
CD3+ events are plotted as CD8 vs. CD4 to identify CD8 (CD8+/CD4-) and CD4 (CD4+/CD8-) T cells. The gating strategy and
boundaries are presented in Extended Data Figure 5a.

For experiments assessing FcR expression in the lungs of influenza-infected mice, NK cells are identified as NK1.1+/CD11b-; from
the NK1.1- gate, cells are plotted as CD11c vs. CD11b. From CD11b+/CD11c- cells, neutrophils are defined as Ly6G+/Ly6Cint,
Ly6Chi monocytes as Ly6Chi/Ly6G-, and Ly6Cint monocytes as Ly6Cint/Ly6G- events. From the Ly6C-Ly6G- gate, eosinophils are
defined as SSChi/SiglecF+ cells. From the CD11c+ gate, alveolar macrophages are defined as CD11b-/Siglec F+ cells. The gating
boundaries are presented in Extended Data Figure 6a.

Lung-resident DC populations are identified based on the following gating strategy: CD11c+ cells are plotted as Siglec F vs.
CD11b. From the Siglec F- gate, MHCII+ cells are selected and plotted as CD103 vs. CD11b. cDC1 are identified as CD103+/
CD11b- cells. CD11b+/CD103- cells are further separated into Gr-1 positive and negative cells, representing tipDCs (Gr-1+) and
cDC2 (Gr-1-), respectively. The gating strategy and boundaries for identifying DC populations are presented in Extended Data
Figure 7.

For analysis of FcR expression on human T cells, T cells are defined as CD41/CD42-/CD11b- events, which are further gated to
select CD56-/CD19-/CD14- cells. From this gate, CD3+ cells are divided into CD4 (CD4+/CD8-) and CD8 (CD8+/CD4-) T cells.
Monocytes and B cells are identified from single cells based on CD19/CD14/CD11b staining: B cells as CD11b-/CD19+ and
monocytes as CD11b+/CD14+. Detailed gating strategy is presented in Extended Data Figure 9a.

For analysis of FcR expression on mouse blood T cells, single cell lymphocytes (identified based on FSC-A vs. FSC-H and FSC-A-
SSC-A plots) are gated as CD11b-/Gr-1- cells, which are further gated as B220-/NK1.1-. The resulting population is then gated to
select CD3 T cells, which are plotted as CD8 vs. CD4 to identify CD8 (CD8+/CD4-) and CD4 (CD4+/CD8-) T cells. CD11b+ and B220
+ cells are also selected from the single cell gate and used as controls for FcR staining. The gating strategy and boundaries are
presented in Extended Data Figure 9c.

For analysis of FcR expression on mouse spleen and lung T cells, live single cells (identified based on FSC-A vs. FSC-H and Live/
dead staining) are gated as CD11b vs. B220 to identify CD11b+ and B220+ cells. To identify T cells, NK1.1-/Gr-1- cells are gated as
CD11b vs. B220. CD11b-/B220- events are gated to select CD3+ T cells. CD3+ events are plotted as CD8 vs. CD4 to identify CD8
(CD8+/CD4-) and CD4 (CD4+/CD8-) T cells. The gating strategy and boundaries are presented in Extended Data Figure 9e.

D Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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