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Functional diversification of innate and inflammatory
immune responses mediated by antibody fragment
crystallizable activities against SARS-CoV-2

Martina Severa,'’-* Marilena Paocla Etna,"” Emanuele Andreano,? Daniela Ricci,’* Giada Cairo," Stefano Fiore,’
Andrea Canitano,* Andrea Cara,* Paola Stefanelli,” Rino Rappuoli,>® Anna Teresa Palamara,’
and Eliana Marina Coccia'’-8*

SUMMARY

Monoclonal antibodies (mAb) targeting the SARS-CoV-2 Spike (S) glycoprotein have been exploited for
the treatment of severe COVID-19. In this study, we evaluated the immune-regulatory features of two
neutralizing anti-S mAbs (nAbs), named J08 and FO5, with wild-type (WT) conformation or silenced Fc
functions.

In the presence of D614G SARS-CoV-2, WT nAbs enhance intracellular viral uptake in immune cells and
amplify antiviral type | Interferon and inflammatory cytokine and chemokine production without viral
replication, promoting the differentiation of CD16" inflammatory monocytes and innate/adaptive PD-
L1* and PD-L17CD80" plasmacytoid Dendritic Cells. In spite of a reduced neutralizing property, WT JO8
nAb still promotes the IL-6 production and differentiation of CD16* monocytes once binding Omicron
BA.1 variant.

Fc-mediated regulation of antiviral and inflammatory responses, in the absence of viral replication, high-
lighted in this study, might positively tune immune response during SARS-CoV-2 infection and be ex-
ploited also in mAb-based therapeutic and prophylactic strategies against viral infections.

INTRODUCTION
Moving from the success of monoclonal antibodies (mAbs) in the treatment of cancer, metabolic and autoimmune diseases,’ mAb-based
drugs and therapy have been deeply exploited during severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic, being de-
ployed faster than antivirals and vaccines.” Targeting the Spike (S) protein of SARS-CoV-2, mAbs are used as a specific therapy in the outpa-
tient setting for patients with mild-to-moderate disease precluding progression to a more severe course, especially for those categories of
individuals that display multiple risk factors, including aged people or immunocompromised patients, such as those with cancer, transplant
recipients or subjects taking immunosuppressant medications or with advanced cardiac, hepatic, or renal diseases.® So far, a dozen of mAbs
that target different epitopes and domains of the virus S protein have been approved for clinical use. Administered either individually, such as
sotrovimab or bebtelovimab, or as combination therapy “cocktails,” such as Evusheld (cilgavimab + tixagevimab), mAbs have provided much-
needed additional treatment options for the clinically vulnerable populations and for those who progress to severe disease.”” However,
emerging SARS-CoV-2 variants have evaded most of mAbs approved for clinical application, and, having in mind the observation that
SARS-CoV-2 variants resistant to mAb-based treatments can rapidly emerge in immunocompromised patients,® the development of broadly
applicable and potently variant-resistant neutralizing mAbs (nAbs) remains an unmet clinical need. Moreover, mAb-resistant variants could
emerge and also manifest increased resistance to vaccine-induced immunity, thus representing a great challenge for the control of SARS-
CoV-2 infection in the population.

Cellular entry of SARS-CoV-2 is mediated by the binding of the viral S protein to its cellular receptor, the angiotensin-converting enzyme 2
(ACE2), or to other host entry factors acting as co-receptors, including neuropilin-1 and TMPRSS2, involved in S protein maturation.””*
Major goal of vaccine and therapeutic development is to generate nAbs that prevent SARS-CoV-2 entry into the cells by blocking either
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ACE2-receptor binding domain (RBD) interactions or S-mediated membrane fusion, thus driving virus neutralization. Nonetheless, effector
functions mediated by the constant Fragment crystallizable (Fc) portion of Abs, namely Ab-dependent cellular phagocytosis by monocytes
(ADCP) and neutrophils (ADNP), Ab-dependent cell-mediated cytotoxicity (ADCC) or Ab-dependent complement deposition (ADCD), may
represent a potential hurdle of mAb-based therapeutics. Although these innate immune functions are beneficial in the context of bacterial
infection as they contribute to pathogen clearance, during infection with some classes of viruses these processes can exacerbate viral disease
increasing infection rate and replication or induce inflammation and immunopathology by mediating immune complex (IC) formation. In
particular, the risk of Ab-dependent enhancement (ADE) of diseases has been clearly demonstrated in the case of SARS-CoV, Respiratory
Syncytial Virus and dengue viruses, and the theoretical risk has been raised, but then excluded, in the case of SARS-CoV-2.7"""In respiratory
infections, ADE belongs to the so-called enhanced respiratory disease (ERD), whose clinical manifestations are dependent to medical inter-
ventions (especially vaccines and mAb-based therapy). In addition to the mechanism involving Fc Receptor (FcR)-dependent activity and com-
plement activation, ERD also includes manifestations such as cytokine cascades and local cell-mediated immunopathology leading to tissue
cell death.”

The knowledge acquired in the last years on the immunological features of mAbs allowed to pinpoint novel engineering approaches to
enhance the effector functions. In particular, in addition to modifications of the F(ab’) 2 fragment (Fab) aimed at enhancing mAbs ability to
bind their cognate antigen, Fc engineering was explored to improve mAb pharmacokinetics and effector functions, namely to tune/abrogate
FcR binding and to extend the serum half-life, thus potentiating the therapeutic use of mAb also to face infectious diseases. In this context, it is
peculiar to highlight that while mAbs against viral pathogens require the attenuation of Fc effector functions to limit possible ADE or ERD
dysfunctions, Fc-mediated immune activities are indeed essential for phagocytosis, killing, and clearance of bacteria. Therefore, by intro-
ducing specific modification in the Fc region, mAbs can be tailored to stimulate the optimal immune response to microorganisms, thus rep-
resenting a valid option for the treatment of different types of infectious diseases,'” mainly induced by viral pathogens such as HIV, influenza,
EBOLA, SARS and dengue viruses'*'® but also against multidrug-resistant bacteria infection.'?

In the attempt to develop an experimental model to evaluate the immune-stimulatory features of mAbs and to study the Fc-mediated
regulation of immunity in infection settings, here human peripheral blood mononuclear cells (PBMC) were employed to investigate the effects
induced by IC formation between SARS-CoV-2 and highly potent anti-S nAbs, named J08 and F05.”° We took advantage of the use of these
nAbs that were expressed as full-length immunoglobulin G1 (IgG1) in their wild-type version (WT), engineered in their Fc region to abrogate
FcyR binding (MUT version) or as Fab version, which was used as control.”’

Our previous work reported that PBMC respond to SARS-CoV-2 stimulation by producing antiviral, pro-inflammatory cytokines and chemo-
kines via Toll-like receptor (TLR) 7/8-dependent signaling.?” Here, we stimulated PBMC with SARS-CoV-2 in the presence of the WT versions of
nAbs, retaining intact FcyR stimulatory capacity and able to amplify virus uptake into cells. SARS-CoV-2 immunocomplexed with WT nAbs drove
higher levels of interferon-o. (IFN-a), tumor necrosis factor-a. (TNF-a), Interleukin-6 (IL-6), and IL-8 release, in the absence of viral replication, as
compared to PBMC adsorbed with virus alone or with ICs formed with SARS-CoV-2 and both the MUT and Fab versions of nAbs.

To dissect the contribution of different immune cell populations concurring to Fe-mediated inflammatory response, we interrogated pu-
rified monocytes and plasmacytoid dendritic cells (pDC), being both sensitive to SARS-CoV-2 infection®” and expressing FcyRs.”* Also in
these contexts, an important impact of Fc modification on the nAbs’ capacity to modulate both cytokine and chemokine production as
well as activation and differentiation status of monocytes and pDC were observed.

SARS-CoV-2 variants, and in particular the Omicron lineage, evade infection- and vaccination-induced immunity and show resistance
against the majority of developed mAb-based therapies.””” Nonetheless, despite reduced neutralization, Fc-dependent Ab effector func-
tions are emerging as critical immune mechanisms to provide protection from variant infection and severe COVID-19 development.?*?’

Interestingly, Omicron BA.1 variant in the presence of the WT J08 nAb mediates Fc-dependent effector functions in monocytes leading to
enhanced IL-6 production and increased differentiation of CD16" expressing inflammatory subsets, despite the reduced neutralization
capacity.

The findings of our study revealed the importance of Ab-mediated Fc effector functions and shed lights on the activation of innate/antiviral
mechanisms, which are activated during SARS-CoV-2 infection, that could provide protection against variant infection and severe COVID-19.

RESULTS

Fragment crystallizable-fragment crystallizable receptor signal drives the amplification of the inflammatory response in
human peripheral blood mononuclear cells stimulated with SARS-CoV-2 immunocomplexed with anti-S neutralizing
monoclonal antibodies

In a previous work, we were able to isolate and characterize S protein-specific Abs from patients with SARS-CoV-2 convalescent with an
extremely potent capacity to neutralize live virus during the first wave of virus epidemic in ltaly in 2020.°" In this study, we applied an
in vitro human PBMC-based experimental model to dissect the immune mechanisms mediated by two identified nAbs, named J08 and
FO5, in course of SARS-CoV-2 acute infection. JO8 and FO5 nAbs specifically bind the S1 RBD and show high neutralization potency against
the original D614G SARS-CoV-2 virus,”' and then also against the emerged B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma) and B.1.617.2 (Delta)
variants.”® These nAbs were expressed as full-length WT IgG1 and were then mutated in the Fc region to abrogate FcyR binding activity
(MUT).”" A nAb version retaining the Fab fragment only was also tested as control (Fab). In particular, PBMC were adsorbed with D614G virus
(ata multiplicity of infection, MOI, of 0.04) with or without incubation with three increasing doses of J08 and FO5 nAbs in the WT, MUT, and Fab
versions: one-tenth of the virus neutralizing dose assessed for both the nAbs with a 100% inhibitory concentration (IC1q0) of 7.81 ng nAb/mL for
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Inflammatory cytokine and chemokine production in PBMC treated with D614G virus in the presence of JO8 nAbs

(A) Schematic representation of the in vitro experimental setting, culturing conditions and read-outs used in this study. Peripheral blood mononuclear cells
(PBMC) and isolated CD14" monocytes or BDCA4" plasmacytoid dendritic cells (pDC) were collected from buffy coats of healthy volunteers. Cells were
adsorbed for 1 hour (h) with D614G SARS-CoV-2 at 0.04 multiplicity of infection alone or after opsonization for 1 h with two classes of anti-SARS-CoV-2 Spike
neutralizing IgG1 antibodies (nAbs) (i.e., JO8 and FO05), then cells were washed, and new complete medium added for cell culture. Cells were then analyzed
at 24 or 72 h post-infection (hpi). JO8 and FO5 nAbs were used as wild-type version (WT), as a version engineered in the Fc receptor binding domain (MUT),
as well as a version truncated in the complete constant Fc region (Fab). In particular, D614G SARS-CoV-2 was opsonized with three increasing doses of JO8
and FO5 nAbs in the WT, MUT, and Fab versions: one-tenth of the virus neutralizing dose assessed for both the nAbs at a concentration of 7.81 ng nAb/mL
for 100 TCIDsg (Dose N/10), the neutralizing dose itself (Dose N) and twice the neutralizing dose (Dose 2N).

(B-E) PBMC isolated from healthy volunteers (n = 8) were left untreated (not stimulated, ns) or stimulated with D614G SARS-CoV-2 at a multiplicity of the infection
of 0.04 alone or in the presence of JO8 nAbs in the WT, MUT, and Fab versions. Production of interferon (IFN)-as (B), as well as of the inflammatory cytokines
interleukin (IL)-6 (C), tumor necrosis factor (TNF)-a. (D) and the chemokine IL-8 (E) were measured in culture supernatants harvested at 24 (B) or 72 hpi (C-E).
p-values were calculated by two-way ANOVA and assigned as follows: * <0.05; ** <0.01.

mLuuml

D614G

Figure 1.

100 TCIDsg of virus”” (Dose N/10), the neutralizing dose itself (Dose N) and twice the neutralizing dose (Dose 2N) (Figure 1A). We have pre-
viously shown that human PBMC are not permissive to SARS-CoV-2 in vitro infection.”” Here, we firstly assess whether the complex of the
D614G virus with WT, MUT, and Fab forms of J08 and FO5 nAbs would impact viral replication in this experimental setting. Viral titration
was performed at the inoculum check at time zero (T0), as well as at 24- and 72-h post-infection (hpi) (Figures STA and S1B). Despite an un-
altered cell viability in PBMC at the different experimental conditions in the presence of both J08 or FO5 nAbs (Table 1), a sharp decrease was
observed in viral titer measured in culture supernatants already at 24 hpi and that level was unchanged at 72 hpi, indicating no ongoing viral
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Table 1. Rate of cell mortality in SARS-CoV-2-treated PBMC is not affected by adding of JO8 and FO5 nAbs

PBMC

DEAD cells (% Fixable viability dye+ + SD)

Cell culturing conditions dose 24 hpi 72 hpi
ns 10.2 £ 3 2651 £ 8
JO8 WT N 1M2+4 2432+ 5
JO8 MUT N 9.6 £ 1.8 227 £1.2
JO8 Fab N 95+02 2215 + 4.2
FO5 WT N 10.92 £ 2 19.2 £3
FOS MUT N 11.62 £ 1 2115 £ 1.4
FO5 Fab N 95+ 2 23.68 + 3
type C CpG - 92+ 4 18.63 + 10
JO8 WT N 8.6 + 0.8 17.7 £ 0.7
Jo8 MUT N 85+ 12 18.55 + 4
R848 - 992 +7 182+ 9
JO8 WT N 779 +£2 16.85 + 0.4
J08 MUT N 8.58 + 2 18.14 £ 3
D614G - 8.31 + 10 183+ 9
JO8 WT N/10 75+ 1 12+2
N 88+ 8 16.1 £ 14
2N 9.4 £ 03 19 £ 2.1
JO8 MUT N/10 8.49 + 0.1 15.77 £ 1.5
N 9.43 £ 83 162+ 9
2N 9.55 £ 05 18.1 £ 0.2
JO8 Fab N 7.8 £ 1 17.6 £ 1.5
FO5 WT N 79+7 171 £12
FO5 MUT N 10.4 £ 0.5 18.2 +£ 3.5
FOS Fab N 9.5+02 16.15 + 1.2

Type C CpG: TLR-9 agonist (3 pg/mL); R848: TLR-7/8 agonist (5 pM); D614G SARS-CoV-2 strain (multiplicity of infection = 0.04).

JO8/F05: anti-SARS-CoV-2 Spike neutralizing antibodies (nAb); WT: wild-type version of the nAb; MUT: Fc-mutated version of the nAb; Fab: Fab version of the
nAb.

Hpi: hours post-infection.

N/10 = 1/10 neutralizing dose; N = neutralizing dose; 2N = twice the neutralizing dose.

replication (Figures STA and S1B). These results further confirm that human PBMC are not permissive to SARS-CoV-2 infection and indicate
that virus complexed with WT, MUT, and Fab versions of JO8 or FO5 nAbs does not induce in vitro viral replication.

Fc-FeR stimulation by Ab-virus ICs may amplify inflammation and cytokine production in FcyR-expressing immune cells. Thus, in culture
supernatants of PBMC stimulated with SARS-CoV-2 alone or complexed with WT, MUT, and Fab J08 nAbs we evaluated the release of the
antiviral IFN-as, the inflammatory cytokines IL-6 and TNF-a,, as well as the chemokine IL-8 (also named CXCL-8) (Figures 1B-1E). In the first set
of experiments, we monitored these inflammatory mediators in kinetic at 24 and 72 hpi to assess the production peak in vitro. IFN-as is rapidly
released by stimulated PBMC and peaked at 24 hpi (Figure S2A), whereas IL-6, TNF-a and IL-8 showed their highest level at 72 hpi
(Figures S2B-S2D), as also previously shown.”” So, these specific time points were used throughout the study to monitor the regulation of
the different read-outs. When human PBMC were treated with D614G virus in the presence of WT JO8 nAb, a dose-dependent dramatic in-
crease in the release of all the analyzed soluble factors was observed as respect to what found in cultures treated with virus alone (Figures 1B-
1E). The production levels remained, instead, unchanged when JO8 MUT and Fab versions were used, indicating that FcyR-dependent mech-
anisms are needed to amplify SARS-CoV-2 mediated immune responses in immune cells (Figures 1B-1E). In line with these results, also in
cultures stimulated with D614G in the presence of WT FO5 an amplification of inflammation was found, while the presence of FO5 MUT or
Fab abolished the cytokine increment (Figures S3A-S3D). These findings were further corroborated by the fact that the adding of increasing
concentration of WT, MUT, and Fab J08 or FO5 nAbs to untreated PBMC cultures or in the presence of the TLR-9 ligand type C CpG oligo-
deoxynucleotides or the TLR7/8 ligand Resiquimod (R848) (Figures S4A-S4C or S4D-S4F, respectively) was not affecting cytokine
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production, indicating that the increment in the inflammatory response observed in the presence of JO8 or FO5 WT nAbs occurs only upon
their specific binding to SARS-CoV-2.

SARS-CoV-2 immunocomplexed with anti-S neutralizing monoclonal antibodies promotes Fcy receptors crosslinking and
Fc-mediated viral entry in peripheral blood mononuclear cells

To investigate the hypothesis that the crosslinking of FcR per se upon binding to ICs formed with SARS-CoV-2 and WT J08 nAb could drive
antiviral/inflammatory cytokine response, we built up an in vitro experimental assay based on the stimulation of PBMC with streptavidin (SA)-
labeled magnetic beads coated with biotinylated recombinant trimeric S protein then immunocomplexed with WT JO8 nAb (Figure 2A). We
found that, conversely to what was observed upon stimulation with WT JO8 or S protein alone as well as WT JO8 + S protein, the combination of
WT J08 + S protein + beads, triggering FcR crosslinking, induces a strong production of the inflammatory mediators IL-6, TNF-o and IL-8
(Figures 2C-2E). Similar results were obtained when the crosslinking of all the FcyR expressed by immune cell subsets was obtained by stim-
ulating as positive control PBMC with biotinylated goat anti-human CD16, CD32 and CDé4 Abs coupled to SA-magnetic beads and then
mixed together in equal quantity (Figures 2C-2E).

Nonetheless, no release of IFN-as was detected upon FcR crosslinking per se (Figure 2B), differently to what was observed in PBMC stim-
ulated with IC formed with WT J08 + live SARS-CoV-2 virus (see Figure 1B). Moreover, in the presence of IC with a live virus the stimulation of
inflammatory cytokine production was much lower than that observed with the FcR crosslinking assay (compare Figures 1C-1E to 2C-2E),
indicating that a modulation of cytokine production is occurring independently of FcR crosslinking.

Engagement of Fc-FcR mediated signals, indeed, may also enhance Ab-mediated virus uptake into FcyR-expressing immune cells ampli-
fying innate response. To verify this hypothesis, we took advantage of virus-like particles (VLPs) containing green fluorescent protein (GFP)
fused to Gag protein and pseudotyped with membrane-tethered D614G S protein alone or immunocomplexed with JO8 nAbs in the WT
or MUT versions (Figures 2F and 2G). Adsorption of PBMC with ICs formed with VLP-S and WT J08 doubled the percentage of GFP* cells
as compared to what was observed upon treatment with VLP-S only or ICs with VLP-S + MUT JO8 (Figures 2F and 2G), demonstrating that
WT J08 amplifies viral entry and uptake into FcyR-expressing cells.

Fragment crystallizable receptor signal drives the plasmacytoid dendritic cells diversification and amplification of type |
interferon and inflammatory cytokine production in the presence of severe acute respiratory syndrome coronavirus 2
immunocomplexed with anti-S neutralizing monoclonal antibodies

Knowing that pDC are the main cell type producing type | IFN following viral infections and SARS-CoV-2 stimulation,”” we also studied their
contribution to the immune response induced by SARS-CoV-2-containing ICs. Thus, pDC purified from PBMC of healthy volunteers were
treated with D614G alone or in the presence of WT, MUT, and Fab J08 nAbs (Figure 3). We first assessed cell viability and viral replication
in this pDC culture setting. No increment in cell mortality was found in the presence of nAbs (Table 2) and, in line with data obtained in
PBMC, no increase in viral growth was observed at 24 hpi as compared to the inoculum check at time zero (T0) (Figure S1C). However, in
D614G-stimulated pDC a strong production of IFN-as, comparable to what found in PBMC, was detected, and the cytokine level was further
increased in the presence of WT JO8 only, corroborating the hypothesis that in this cell type a FcR-dependent amplification of viral entry is
occurring potentiating cell stimulation (Figure 3A). In the same experimental conditions, an increment in the release of the inflammatory cyto-
kine IL-6 (Figure 3B), TNF-a (Figure 3C), and the chemokine IL-8 (Figure 3D) was also observed.

pDC undergo phenotypical diversification in response to viral infections through environmental plasticity’” and this was also observed upon
SARS-CoV-2 stimulation.” In particular, starting from PD-L1~CD80~ resting P4-pDC they can diversify into three stable populations, namely PD-
L1*CD80™ innate P1-pDC specialized in type | IFN production, PD-L1"CD80" P2-pDC displaying both innate and adaptive functions as well as
specifically adaptive PD-L1~CD80" P3-pDC (Figure S5A). By monitoring pDC immune phenotype in our experimental setting we found, as
also previously reported,”” a clear-cutincrease in the frequency of P1-pDC, in accordance with the detected high IFN-a release, upon D614G stim-
ulation (Figures 3E and 3F). Nonetheless, the percentage of both P1 and P2 pDC subsets was importantly increased when cells were stimulated
with virus in the presence of WT J08, but not with MUT or Fab nAbs (Figures 3E and 3F). In accordance with an induction of the adaptive functions of
pDC along with the maturation process, the surface expression of the costimulatory marker CD86, normally used as indicator of an increased
mature/activated status of cells, was strongly induced in the presence of Dé14G virus complexed with WT JO8 as measured by MFI
(Figures 3G and S5B). Furthermore, in these experimental conditions, we also assessed in pDC the surface level of the FcRs CD32 (or FcyRlI)
and CDé4 (or FcyRI), whose expression is regulated in these cells in course of differentiation, and both resulted abundantly incremented
(Figures 3G and S5C).

Fragment crystallizable receptor pathway amplifies the monocyte inflammatory response and differentiation in the
presence of severe acute respiratory syndrome coronavirus 2 immunocomplexed with anti-S neutralizing monoclonal
antibodies

To further dissect the different contributions of the main FcyR-expressing immune cell subsets to the anti-S nAb-regulated inflammatory
response, we investigated the response of CD14" monocytes purified from human PBMC. As seen, for whole PBMC and isolated pDC,
the stimulation of monocytes with D614G virus alone or complexed with WT, MUT, and Fab J08 nAbs did not alter cell viability (Table 2)
and did not induce viral replication (Figure S1D) either at 24 or at 72 hpi. The treatment of monocytes with D614G induces only a slight cyto-
kine and chemokine production, while the stimulation with the virus opsonized with WT J08 nAb mediates an important increment in the
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Figure 2. FcyR crosslinking with JO8 nAb immune complexes and Fc-mediated viral entry in PBMC
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(A) Schematic representation of the in vitro experimental setting used to mimc FcyR crosslinking. Biotynilated recombinant trimeric Spike (B-Spike) protein was
coupled to streptavidin (SA)-labeled magnetic beads. Immune complexes (IC) were formed between anti-SARS-CoV-2 Spike neutralizing IgG1 antibody JO8 in

the wild-type (WT) version at the neutralizing dose and trimeric Spike coupled to SA-magnetic beads. IC were added to peripheral blood mononuclear cells

(PBMC) to crosslink Fcy Receptors (FcyR) on different FcyR-expressing PBMC subsets.

(B—E) PBMC isolated from healthy volunteers (n = 3) were left untreated (not stimulated, ns) or stimulated with JO8 WT neutralizing antibody (nAb) and
biotinylated recombinant (rec) trimeric Spike protein alone or coupled to SA-magnetic beads. As positive control biotynilated goat anti-human CD16, CD32
and CD64 antibodies (anti-FcyR Abs) were also coupled to SA-magnetic beads and then mixed together in equal quantity to crosslink all the FcyR expressed
by PBMC subsets. Biotynilated goat anti-human immunoglobulin G (Isotype Ab) coupled to SA-magnetic beads was used as a negative control. Cells were
also stimulated with the toll-like receptor (TLR)-7/8 agonist R848 and the TLR-9 agonist class C CpG. Production of interferon-alphas (IFN-as) (B), interleukin
(IL)-6 (C), tumor necrosis factor (TNF)-a. (D) and IL-8 (E) was measured in culture supernatants.
(F and G) PBMC were adsorbed for 1 h with virus-like particles (VLP) expressing green-fluorescent protein (GFP) pseudotyped with membrane-tethered SARS-
CoV-2 (D614G) Spike (S) protein alone or immunocomplexed with JO8 nAbs in the WT or MUT versions. (F) Representative dot plots of the different experimental
conditions derived from 1 experiment, out of 3 independently performed, are shown. (G) Results shown are the mean values of the percentage (%) of GFP™ cells in

total single live PBMC derived from the 3 experiments independently performed. p-values were calculated by two-way ANOVA and assigned as follows: * <0.05;

*xxx <0.0001.
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Figure 3. Regulation of cytokine release and immunophenotype in plasmacytoid dendritic cells treated with D614G in the presence of JO8 nAbs
BDCA4" plasmacytoid dendritic cells (pDC), purified from peripheral blood mononuclear cells (PBMC) of healthy volunteers (n = 4), were left untreated (not
stimulated, ns) or stimulated with D614G virus at a multiplicity of infection of 0.04 alone or in the presence of the neutralizing dose of the anti-SARS-CoV-2
Spike neutralizing IgG1 antibody JO8 in the wild-type (WT), Fc mutated (MUT) and Fc truncated (Fab) versions. Cells were harvested at 24 h post-infection (hpi).
(A-D) Production of interferon-alphas (IFN-as) (A) and the inflammatory cytokines interleukin (IL)-6 (B) and tumor necrosis factor (TNF)-a. (C) as well as of the
chemokine IL-8 (D) were measured in culture supernatants.

(E-G) PDC were studied by flow cytometry for cell subset differentiation. In particular, innate P1-pDC (PDL1*CD807, in blue), innate/adaptive P2-pDC
(PDL1*CD80", in red), adaptive P3-pDC (PDL1-CD80*, in green) as well as resting P4-pDC (PDL1-CD80~, in gray) were analyzed. (E) Representative dot
plots at the different experimental conditions displaying different pDC subsets derived from 1 experiment, out of 4 independently performed, are shown. (F)
Results shown in the pie charts are mean values of the percentage (%) of the different pDC subsets analyzed in the parental single-live BDCA4"-gated cells
in the 4 experiments independently performed. (G) Surface expression of the costimulatory marker CD86 as well as of the Fc receptors CD32 and CD64 was
determined as mean fluorescence intensity (MFI) by cytofluorimetric analysis in single-live BDCA4* pDC. Results were shown as median values +
Interquartile range of 4 independent experiments. p-values were calculated by two-way ANOVA and assigned as follows: * <0.05.
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Table 2. Rate of cell mortality in SARS-CoV-2-treated isolated plasmacytoid dendritic cells and monocytes is not affected by adding of JO8 nAb versions

Plasmacytoid Dendritic Cells (n = 4)

DEAD cells (% Mean Fixable viabilty dye+ + SD)

Culturing conditions dose 24hpi

ns 39.1 £5.80

Type C CpG - 40.50 + 12.02

D614G - 40.70 £ 17.96
JO8 WT N 29.25 + 4.60
J08 MUT N 3550 £+ 9.19
J08 Fab N 290 + 1.42

Monocytes (n = 4)

DEAD cells (% Mean Fixable viabilty dye+ + SD)

Culturing conditions dose 24hpi 72hpi

ns 7.08 + 3.43 22.40 + 2.5

R848 - 8.38 + 0.39 13.53 £ 5.8

D614G - 6.45 + 0.17 18.42 + 14.7
JO8 WT N 8.20 + 1.79 12.60 + 4.5
JO8 MUT N 8.10 + 1.39 18.24 + 0.8
JO8 Fab N 8.35 + 3.45 19 £ 21

Type C CpG: TLR-9 agonist (3 pg/mL); R848: TLR-7/8 agonist (uM); D614G SARS-CoV-2 strain (multiplicity of infection = 0.04).

Hpi: hours post-infection.

N = neutralizing dose.

J08: anti-SARS-CoV-2 Spike neutralizing antibody (nAb); wt: wild-type version of the nAb; MUT: Fc-mutated version of the nAb; Fab: Fab version of the nAb.

inflammatory response with a very robust release of IL-6, TNF-a, and IL-8 (Figures 4A-4C). This increment was abolished when viral stimulation
was done in the presence of MUT or Fab versions of J08 resulting in a cytokine production that was similar to that observed in cultures un-
treated or treated with virus only. No release of IFN-as was observed in any of the tested experimental conditions. Thus, we evaluated in vitro
the immune phenotype of cultured monocytes upon exposure to D614G in the presence of WT, MUT or Fab J08 to define if the differentiation
of inflammatory monocyte subsets would correlate with the observed hyper-inflammation, as previously shown ex vivo in different COVID-19
patient groups displaying diversified enrichment patterns of monocyte populations.’®*' The relative abundance of the different monocyte
subpopulations carrying differential CD14 and CD16 expression levels was investigated (Figures 4D and 4E). In particular, we distinguished
among three different subsets of circulating monocytes: namely the CD14MCD16"9 classical, the CD14"CD16™ intermediate/inflammatory,
and the CD14'°"™°9CD16" non-classical/atypical monocytes (Figure S6A). An important increase in the relative frequency of both
CD14*CD16™ inflammatory and CD14'°%"*9CD16" atypical subsets was found at 24 hpi when monocytes were exposed to D614G alone,
as also previously reported by our group.® Interestingly, the differentiation into inflammatory and atypical subpopulations was more pro-
nounced when D614G complexed to WT JO8 was added to cultures and this observation was even more sustained at 72 hpi (Figures 4D
and 4E), coupling with the increase observed in the release of inflammatory mediators (see Figures 4A-4C). Conversely, when ICs were formed
with virus and MUT or Fab J08 nAbs, results similar to that seen with virus alone were found (Figures 4D and 4E). Next, we also evaluated the
activation status of monocytes by monitoring the expression of the costimulatory molecule CD86, as well as the surface levels of the different
FcRs expressed by monocytes and regulated in course of differentiation, namely CD16 (or FcyRIIl), CD32 (or FeyRIl) and CDé4 (or FeyRlI). By
comparing monocyte cultures at 24 and 72 hpi, we observed that the surface expression of CD86, as well as that of the studied FcRs, was
strongly induced mainly at 72 hpi upon treatment with D614G alone (Figures 4F, S6B, and S6C). Nonetheless, at this time point levels of these
markers were further amplified in the presence of WT J08nAb, while no effect was exerted by MUT and Fab JO08 versions (Figures 4F, S6B,
and S6C).

Overall, these data indicate that, when the D614G virus gets complexed with anti-S Abs, the FcR-dependent mechanism of viral entry can
mediate and amplify the induction of inflammatory responses and immune diversification acting on specific immune cell subsets, such as
monocytes and pDC.

Wild type JO8 amplifies inflammatory cytokines and differentiation of the CD16* monocyte also in the presence of omicron
BA.1

Finally, we wanted to assess the capacity of JO8 nAbs to mediate FcR-dependent immune responses also upon infection with Omicron BA.1
variant. Indeed, despite an important reduction in the ICqg0 and ICsp, JO8 nAb still retains some neutralization activity against this variant,
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Figure 4. Regulation of cytokine release and immunophenotype in monocytes treated with D614G in the presence of JO8 nAbs

CD14" monocytes, purified from peripheral blood mononuclear cells (PBMC) of healthy volunteers (n = 4), were left untreated (not stimulated, ns) or stimulated
with D614G virus at a multiplicity of infection of 0.04 alone or upon opsonization with the neutralizing dose of the anti-SARS-CoV-2 Spike neutralizing IgG1
antibody J08 in the wild-type (WT), Fc mutated (MUT) and Fc truncated (Fab) versions. Cells were harvested at 24 and 72 h post-infection (hpi).

(A-C) Production of the inflammatory cytokines interleukin (IL)-6 (A), tumor necrosis factor (TNF)-o. (B) as well as of the chemokine IL-8 (C) were measured in culture
supernatants.

(D-F) Monocytes were studied by flow cytometry for cell subset differentiation. In particular, classical [CD14"CD16™9] monocytes are indicated in blue,
inflammatory [CD147CD16™) monocytes in aqua blue, and atypical [CD14'9%"e9CD16"] monocytes in red. (D) Representative dot plots at the different
experimental conditions displaying different monocyte subsets derived from 1 experiment, out of 4 independently performed, are shown. (E) Results shown
in the pie charts are mean values of the percentage (%) of the different monocyte subsets analyzed in the parental single-live CD14"-gated cells in the 4
experiments independently performed. (F) Surface expression of the costimulatory marker CD86 as well as of the Fc receptors CD16, CD32, and CDé4 was
determined as mean fluorescence intensity (MFI) by cytofluorimetric analysis in single-live CD14" monocytes. Results were shown as median values +
Interquartile range of 4 independent experiments. p-values were calculated by two-way ANOVA and assigned as follows: * <0.05.

differently from other mAbs.”® PBMC were adsorbed with Omicron BA.1 virus at a MOl of 0.04 in the presence or absence of J08 nAbs in the
WT, MUT, and Fab forms (Figure 5A). Differently to what was observed with D614G, stimulation of PBMC with Omicron BA.1 complexed with
WT J08 nAb impacts only on the release of IL-6 (Figure 5B), without influencing IFN-as, TNF-a and IL-8 that remained unchanged as respect to
what found either in the presence of MUT or Fab nAbs or in cultures stimulated with virus only (Figures S7TA=S7C). Interestingly, in line with an
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Figure 5. Impact of Omicron BA.1 infection on monocyte-driven inflammatory response in the presence of JO8 nAbs
Peripheral blood mononuclear cells (PBMC) isolated from healthy volunteers (n = 4) were left untreated (not stimulated, ns) or stimulated for 24 or 72 h with

Omicron BA.1 virus at a multiplicity of infection of 0.04 alone or upon opsonization with the neutralizing dose (N) of the anti-SARS-CoV-2 Spike neutralizing
1gG1 antibody J08 (nAb) in the wild-type (WT), Fc mutated (MUT) and Fc truncated (Fab) versions.

(A) A schematic representation of experimental settings is depicted.

(B) Production of the inflammatory cytokine interleukin (IL)-6 was measured in culture supernatants harvested at 72 h post-infection. Results were shown as median
values + Interquartile range of 4 independent experiments. p-values were calculated by two-way ANOVA and assigned as follows: * <0.05; ** <0.01.

(C) Cells were harvested at 72 h post-infection and studied by flow cytometry for monocyte subset differentiation. In particular, classical [CD14MCD16m9]
monocytes are indicated in blue, inflammatory [CD14*CD16™] monocytes in aqua blue, and atypical [CD14'°*"*9CD16"] monocytes in red. Results shown in
the pie charts are mean values of the percentage (%) of the different monocyte subsets analyzed in the parental single-live CD14"-gated cells in the 4
experiments independently performed.

increased IL-6 production, Omicron BA.1 in the presence of WT J08 also induced an enhanced differentiation of monocytes into inflammatory
and atypical CD16-expressing subsets thus indicating the requirement of an intact FcR-dependent pathway to amplify monocyte responses in
these conditions (Figure 5C).

DISCUSSION

Recent findings on COVID-19 and anti-SARS-CoV-2 mRNA-based vaccination, strongly support the vision that Fc-FcyR responses do not only
mediate effector functions to control infection, but they also possess strong immune-regulatory features orchestrating cytokine production,
regulating the response to mAb-based therapeutics and contributing to vaccine-induced Ab-mediated protection.

The therapeutic usage of anti-S glycoprotein mAbs in SARS-CoV-2 infection aims at preventing or reducing the risk of COVID-19 disease
progression and occurrence of death, mainly in immunocompromised and fragile categories of patients, by blocking viral spread and infec-
tion. In a worldwide viral emergency crisis, such as that occurring during the COVID-19 pandemic, the possibility to complement immunization
strategies with the passive administration of mAbs has been of key importance and it remains a useful tool in future emergency scenarios.
Thus, understanding in depth the mechanisms behind the use of mAbs to exploit their application in either viral or bacterial infection and
establishing new models to investigate these aspects in a pre-clinical setting are central to discriminate between positive therapeutic out-
comes and potential hurdles.

To investigate the mechanisms behind the Fc effector functions to SARS-CoV-2 infection, we took advantage of two well-characterized
anti-SARS-CoV-2 S glycoprotein nAbs named J08 and FO5. Both nAbs were shown to bind the S RBD of SARS-CoV-2 and were engineered
to abrogate the Fc binding to FcyRs.”** Given its extreme neutralization potency and prophylactic and therapeutic activity in vivo, JO8 was
also developed and tested in phase | (EudraCT N.: 2020-005469-15 and ClinicalTrials.gov Identifier: NCT04932850) and phase II/Ill
(ClinicalTrials.gov Identifier: NCT04952805) clinical trials, which were interrupted with the emergence of the first Omicron variant (BA.1).%

Inthe PBMC-based in vitro model, we found that in the presence of D614G SARS-CoV-2, WT nAbs triggers FcyR crosslinking and enhances
intracellular viral uptake in immune cells, without promoting viral replication. In these experimental conditions, the production of antiviral/
inflammatory cytokines and chemokines was amplified in the presence of ICs with WT nAbs differently to what was observed in cultures stim-
ulated with virus alone or with Fc-mutated and Fab versions of the nAbs, thus contributing to the establishment of a microenvironment
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unfavorable to viral replication. Specifically, an enhanced release of the antiviral IFN-a, of the pro-inflammatory cytokines IL-6 and TNF-a. and
the neutrophil-chemoattractant molecule IL-8 was found.

Monocytes and pDC, two key cell types involved in antiviral and inflammatory responses employing the Fc-FcyR axis, released higher
amounts of cytokines and chemokines and acquire a more activated phenotype only when exposed to D614G complexed with WT J08 nAb
as respect to either the MUT or Fab J08 versions or the virus alone. In addition, an important increase in the relative frequency of both
CD14"CD16™ inflammatory and CD14°%"9CD16" atypical subsets was revealed when monocytes were exposed to SARS-CoV-2 alone, as
also previously reported by our group in in vitro settings and in patients with COVID-19.*” Nonetheless, when in the presence of SARS-CoV-
2 and WT J08, the differentiation into inflammatory and atypical subpopulations, producing the highest levels of inflammatory cytokines and
chemokines, was even more pronounced. Similarly, pDC, that in response to viral stimulation undergo phenotypical diversification*” as also
seen upon SARS-CoV-2 exposure,” displayed an increased frequency of the PD-L1*CD80™ innate P1 subset, specialized in type | IFN produc-
tion, and PD-L17CD80"* P2, with both innate and adaptive functions and able to produce high levels of IL-6 and TNF-a, in culture conditions
containing the ICs with WT J08 as compared to the free virus or virus in complex with MUT or Fab nAbs. In monocytes and pDC cultures stim-
ulated with D614G SARS-CoV-2 and the WT nAb, together with an increase in the activation and maturation status exemplified by the increased
level of the costimulatory molecule CD86, also an enhanced surface expression of FcyRI (CD64) and FcyRII (CD32), as well as for monocytes also
FeyRIIN (CD16), was found, that can further amplify the Fc-FcyR mediated response upon stimulation with ICs formed with the WT nAbs.

The FcyR expression pattern is highly variable in different immune cell subsets in the resting state, as monocyte-derived DC express pri-
marily FcyRlla and FeyRIlb, macrophages and monocytes express multiple receptors (FcyRla, lla, b, and Illa), while pDC express FcyRs only
at very low levels.” Thus, it is likely that the FcR-mediated response observed in PBMC might represent the result of the cell type-specific
composition in the FcyR repertoire since JO8 and FO5, being both IgG 1, possesses the capacity to bind efficiently all FcyRs.** Nevertheless,
besides FcyRs, other molecules expressed in myeloid cells can bind the Fc domain of Abs, such as the neonatal FcR (FeRn)* and Tripartite
motif-containing protein 21 (TRIM21),* and they may partially contribute to the overall effects mediated by the binding of the ICs via the Fc
portion. However, by comparing the effect induced by the J08 forms, which display different binding to FcRn, namely MUT J08 containing the
two specific mutations abrogating FeyR binding and enhancing FcRn affinity”’ and Fab J08 completely lacking the Fc portion, it is likely that in
our setting the impact of FcRn is negligible.

All these data are suggestive of an important contribution of the Fc-FcyR axis, that in humans is crucial in controlling microbial infection,
in antiviral and inflammatory processes in the course of SARS-CoV-2 infection or vaccination. It has been already demonstrated that FcyR-
mediated signals in human monocytes, macrophages, monocyte-derived DC, and pDC induces specificimmune activation and specific cyto-
kine and chemokine programs in different infection and autoimmune settings. pDC were shown to exploit antigen uptake receptors such as
FcyRIl (CD32) for the internalization of exogenous and opsonized antigens.”” This mechanism, regulating the production of antiviral IFN-o.
and pro-inflammatory IL-6 and TNF-a as well as CD4* and CD8" T cell activation,”*” was also taken into consideration for the generation
of highly immune-stimulatory vaccines.’® Also in monocytes, the recognition of opsonized microbes regulates cytokine production, besides
mediating phagocytosis.”>*" In particular, in SARS-CoV-2 infection monocytes activate NLRP3 and AIM2 inflammasomes releasing inflamma-
tory mediators upon uptake of Ab-opsonized virus by FcyRs; this process induces pyroptotic cell death, thus, aborting the production of in-
fectious virus but, in turn, causing systemic inflammation contributing to COVID-19 pathogenesis.*?

The emerging picture from these data indicates that human primary cells, such as PBMC, monocytes, and pDC, represent interesting set-
tings to assess in in vitro pre-clinical studies the FcR-driven immune-stimulatory features mediated in the course of acute infections by IC for-
mation between viruses and natural or vaccine-induced Abs or triggered by the administration of mAb-based therapeutics on the innate im-
mune inflammatory response that needs to be evoked according to the target pathogen. In particular, if an induction of a pro-inflammatory
response, against for instance antibiotic-resistant bacteria, is desired by exploiting the Fc-mediated effector functions of native mAbs, a
dampened activation of FcR-expressing cells, such as monocytes or macrophages, is instead required to mitigate the risk of ADE by using
mAbs engineered in the FcyR binding region. The scientific rational to investigate innate immune cell response to mAbs relies on the crucial
role that they exert in controlling in vivo the effects mediated by mAbs, such as the Fe-dependent effector functions including the release of
cytokine and chemokines. The most common routes of mAb administration, namely intravenous or subcutaneous, deliver systemically mAbs
via the blood vascular system or via the lymphatic system, respec‘cively,43 and, then, they can reach the infected tissues. In the inflamed tissues
where immune cells are recruited to limit the infection, the formation of the IC between mAb and pathogen or pathogen-derived molecules
triggers the Fc-mediated response against microorganisms. In this context, monocytes represent a key cell type involved in the control of
natural infection in unvaccinated, vaccinated or mAb-treated subjects via the IC/FcR axis.*******> Nevertheless, this implies the paradigm
that opsonizing Abs contribute also to monocyte and macrophage infection and activation, thus sustaining an enhanced risk of ADE leading
to deleterious immune reactions associated with severe disease.”*” Indeed, in SARS-CoV-2 infection, it was shown that an increase in the
formation of FcyRIII/CD16-reactive soluble ICs containing afucosylated, hyper-inflammatory IgG complexes might correlate with COVID-
19 disease severity in predispose individuals.*® These SARS-CoV-2-specific IgG with a pro-inflammatory phenotype together with abundant
circulating ICs could greatly enhance, besides innate immune cells, also the high cytotoxic pathogenic potential of a particular subset of
CD16" expressing T cells found in acute and post-acute COVID-19 shown to be strongly activated by complement deposition and to drive
lung microvascular endothelial cell activation.*’

Nonetheless, although the risk of ADE has been actively investigated in COVID-19 immunopathology, its occurrence in human SARS-CoV-
2 diseases has been excluded or only partially hypothesized so far.”*? Neither ADE of infection nor the enhancement of innate immune
response was observed in monocyte-derived macrophages infected with SARS-CoV-2 opsonized by serum from patients with convalescent
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COVID-19.% In line with these data, Junqueira and collaborators demonstrated that vaccine recipient plasma did not enhance Ab-dependent
monocyte infection, indicating that ADE does not represent a risk also respect to vaccination.”” Occurrence of ADE was also investigated in
people treated with approved therapeutic Ab drugs retaining an intact Fc portion and no increase but rather a decrease in SARS-CoV-2 viral
load was reported.*”?

Our results showed an amplified viral uptake in immune cells upon stimulation with ICs composed of WT nAbs and virus in the presence of
an intact FcyR signal; however, no increase in viral replication was reported.

Moreover, during viral infections, such as dengue virus, MERS, and SARS-CoV, inducing intrinsic ADE, the antiviral response gets disabled
by FcyR interaction with the IC activating an immune suppressive response by expressing IL-6, TNF-a, and IL-10 and by downregulating the
expression of type | IFNs, resulting in increased virion production in the infected cells.”*>* Conversely, in our study we highlighted a Fc-medi-
ated enhanced IFN-as production mediated by pDC activation that might be able to tune antiviral responses and amplify viral clearance at the
site of infection where immune cells expressing FcR are recruited.

Nevertheless, the development of Ab-based vaccines and therapeutics was influenced by the initial ADE concern and most of the neutral-
izing mAbs, that have been developed for the use in COVID-19 therapy, have been engineered to alter the binding capacity to FcyRs. This
vision is, however, likely going to change in light also of work by Mackin and colleagues showing that serum Abs elicited by vaccines against
the ancestral Wuhan-1 virus may still confer protection against infection by antigenically shifted SARS-CoV-2 variants, including Omicron
strains.”® These mechanisms involving the Fe-FcyR engagement mediate antiviral activity and enhanced effector functions in alveolar mac-
rophages, thus improving clinical COVID-19 outcome, in the absence of ADE.? Interestingly, in line with this evidence, we proved that Om-
icron BA.1 strain complexed with WT JO8 nAb still mediates an enhanced release of the inflammatory cytokine IL-6 impacting also on the dif-
ferentiation of both CD14*CD16™ inflammatory and CD14'°%"°9CD16M atypical monocyte subsets. Even in the presence of a reduced
neutralization capacity against Omicron BA.1 of JO8 nAbs and of a more rapid dissociation of the virus-mAb complex,”® collectively these
results suggest the requirement for Fc-mediated effector activities to protect vaccine recipients against severe COVID-19 induced by Omi-
cron viruses in the setting of waning serum Ab neutralization.?® Growing evidence, indeed, indicate that Fe-mediated Ab effector functions
are crucial for protection against severe SARS-CoV-2 infection. Recently, we showed that mAbs with reduced neutralization capacity are able
to induce strong and variant-resistant Fc-dependent functional responses, including complement deposition and phagocytosis.” From this
perspective and based on our data showing a strong activation via Fc-FcyR axis of two crucial players of innate immunity against viruses,
namely monocytes and pDC, a more broadly protective immune response could be achieved by the WT JO8 nAb, that, even if only partially
neutralizing the emerging variant,”® could still elicit Fc effector functions thus opening new options and avenues for Ab-based therapeutics
against SARS-CoV-2 emerging variants. Nonetheless, in this study we did not take into consideration the most recently circulating variants;
however, recent evidences demonstrate that the binding of the anti-S mAb full-length IgG sotrovimab, which binds to all Omicron variants
with different efficiency, confer protection against the BQ1.1 and XBB.1 variants promoting Fc-dependent effector functions.*

Interestingly, our study also shows that FcR crosslinking induced by the stimulation of PBMC with ICs formed by the combination of WT JO8
and S protein and SA-beads induces a strong production of the inflammatory mediators IL-6, TNF-a. and IL-8. These results are in line with
recent literature reporting a role for the SARS-CoV-2 S protein per se, independently of viral entry into cells, in the induction of inflammation
leading to the disruption of vascular endothelial barrier and endotheliitis in severe COVID-19 via ACE-2 recognition and Integrin a531
signaling.”®>’

These mechanisms could also be linked to the so-called “Spike-hypothesis” during mRNA vaccination, that supposes a role for the tissue
deposition or the systemic availability of encoded S protein in the induction of pro-inflammatory responses leading to vaccine adverse
events.”®>? Based on our data, S-induced inflammation could also be triggered by IC formation between produced vaccine-specific Abs
and vaccine-encoded S protein in an ACE-2-independent Fc-FcR-dependent mechanism.

More generally, findings from this study demonstrate the central importance of the Fc-FcyR axis that may regulate and potentiate antiviral
and inflammatory responses in the course of SARS-CoV-2 infection and also suggest that this signal could be exploited and give indications
for modeling in different infection settings or for studying protective responses induced by Ab-based therapeutic and prophylactic strategies
against viral infections.

Limitations of the study

While in this study we described the Fc-mediated regulation of antiviral and inflammatory responses of two well-characterized and extremely
potent anti-SARS-CoV-2 S nAbs, we did not compare it, with other commercially available mAbs. Nonetheless, since the number of approved
therapeutic mAbs continuously evolves, it would be unfeasible to include all of them in our study.

Another limitation of our research is that we conducted only the in vitro characterization of Fc-mediated response in PBMC cultures and
did notinvestigate in vivo in animal models the impact of the IC-mediated amplified antiviral response on viral clearance and protection. How-
ever, also the use of animal models can never fully predict efficacy or reproducibility in humans. Moreover, we do not know whether this phe-
nomenon can be also driven by ICs formed in other viral infection settings or if this is a SARS-CoV-2-specific feature.
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Antibodies

Mouse anti-human PD-L1 (alias B7-H1/CD274)-PeCy7 eBioscience # 25-5983-71; RRID: AB_1907368

Mouse anti-human CD80-PE
Mouse anti-humanCD86-PE-CF594
Mouse anti-human CD14-eFluor780
Mouse anti-human CD16-PE

Mouse anti-human CD32-APC
Mouse anti-human CD64-FITC

Mouse anti-human BDCA4 (alias
CD304/Neuropilin-1) -APCR700

Fixable Viability Dye-eFluor450

Human Fc gamma RI/CDé4 Biotinylated
Affinity Purified Pab

Human Fc gamma RII/CD32 Biotinylated
Affinity Puri fied PAb (R&D Systems)
Human Fc gamma RIIIB/CD16b Biotin
Affinity Purified PAb (R&D Systems)

BD Biosciences
BD Biosciences
eBioscience

BD Biosciences
eBioscience
Beckman Coulter

Miltenyi Biotech

eBioscience

R&D Systems

R&D Systems

R&D Systems

# 557227: RRID: AB_396606
#562390; RRID: AB_11154047
#47014942; RRID: AB_1834358
#561313; RRID: AB_10643606
#17-0329-41; RRID: AB_1272102
#1M1604U; RRID: AB_395913

# 130-090-533; RRID: AB_2744358

# 65-0863-14
# BAF1257

# BAF1330

# BAF1597

Bacterial and virus strains

Clinical isolate of SARS-CoV-2 hCoV-
19/Italy/LOM-ASST-CDG1/2020
SARS-CoV-2 Omicron BA.1 variant

Laboratory of Dr. Paola Stefanelli (ISS)

Laboratory of Prof. Rino Rappuoli

(Fondazione Toscana Life Sciences)

GISAID accession ID: EPI_ISL_412973

GISAID ID: EPI_ISL_6794907

Biological samples

PBMC of donor # 5 (male, 30 years old, caucasian)
PBMC of donor # 6 (female, 38 years old, caucasian)
PBMC of donor # 7 (female, 35 years old, caucasian)

PBMC of donor # 12 (male, 52 years old, caucasian)

(
PBMC of donor # 13 (female, 22 years old, caucasian)
PBMC of donor # 33 (male, 52 years old, caucasian)
PBMC of donor # 34 (female, 32 years old, caucasian)
PBMC of donor # 35 (male, 41 years old, caucasian)
PBMC of donor # 36 (male, 22 years old, caucasian)
PBMC of donor # 37 (male, 48 years old, caucasian)
PBMC of donor # 38 (male, 43 years old,caucasian)
PBMC of donor # 39 (male, 51 years old, caucasian)
PBMC of donor # 40 (female, 41 years old, caucasian)
PBMC of donor # 41 (female, 54 years old, caucasian)
PBMC of donor # 42 (male, 55 years old, caucasian)
PBMC of donor # 55 (male, 43 years old, caucasian)
PBMC of donor # 56 (male, 55 years old, caucasian)
PBMC of donor # 60 (female, 28 years old, caucasian)
PBMC of donor # 61 (female, 48 years old, caucasian)
PBMC of donor # 62 (female, 54 years old, caucasian)
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PBMC of donor # 63 (female, 48 years old, caucasian) This paper N.A.

PBMC of donor # 64 (male, 54 years old, caucasian) This paper N.A.

Chemicals, peptides, and recombinant proteins

RPMI 1640 medium Lonza #BE12-167F

FBS Euroclone # ECS0186L

HEPES Buffer Biowhittaker #BE17-737E

Ficoll-Paque Cedarlane # CL5020

Trypsin EDTA Biowhittaker # BE17-161E

Non essential amino-acid GIBCO #11140-035

PBS 1X, without calcium and magnesium CORNING #21-031-CV

TLR7/8 agonist Resiquimod (R848) Invivogen #tlrl-r848

Formaldehyde solution Sigma Aldrich #252549-1L

Biotinylated Recombinant SARS-CoV- R&D Systems # AVI10549

2 Spike His-tag Avi-tag
Magnetic BeadsTM Streptavidin

Acro Biosystems

# SMB-B01-10mg

Critical commercial assays

Human Inflammatory Cytokine
Cytometric Bead Array

VeriKine Human Interferon Alpha
Multi-Subtype ELISA Kit

Human CD14 MicroBead Kit

Human CD304 (BDCA-4/Neuropilin-1)
MicroBead Kit

CalPhos™ Mammalian Transfection Kit

BD Biosciences

PBL Assay Science

Miltenyi Biotech
Miltenyi Biotech

Clontech Laboratories

#551811

#41105-1

#130-050-201
# 130-090-532

#631312

Deposited data

Human monoclonal antibody JO8 and FO5

https://doi.org/10.1016/
j.cell.2021.02.035

Fondazione Toscana Life Sciences Italian

patent applications n. 102020000015754

filed on June 30" 2020, 102020000018955
filed on August 3" 2020 and 102020000029969
filed on 4™ of December 2020. International
patent system number PCT/IB2021/055755
filed on the 28" of June 2021

Experimental models: Cell lines

Vero E6 ATCC # CRL-1586

HEK 293T Lenti-X Takara # 632180

Recombinant DNA

pCDNA3-SIVGagGFP https://doi.org/10.1016/ N.A.
j.omtm.2020.01.013

pSpike-C3 https://doi.org/10.3389/ N.A.

fimmu.2023.1147953

Software and algorithms

Cytexpert software (version 2.5)

Prism software (version 9.4.1)

Beckman Coulter

Graph Pad

https://www.beckman.com/flow-cytometry/
research-flow-cytometers/cytoflex/software

https://www.graphpad.com/updates
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FCAP array software (version 3.0) BD Biosciences https://www.bdbiosciences.com/en-eu/
products/instruments/software-informatics/
instrument-software/fcap-array-
software-v3-0.652099

Kaluza software (version 2.2) Beckman Coulter https://www.beckman.it/flow-cytometry/
software/kaluza/downloads

Other

Cytoflex LX cytometer Beckman Coulter https://www.beckman.it/flow-cytometry/
research-flow-cytometers/cytoflex-Ix

BD FACSCanto BD Biosciences https://www.bd.com/resource.aspx?idx=17867

RESOURCES AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Eliana M. Coc-
cia (eliana.coccia@iss.it).

Materials availability

There are restrictions to the availability of the human monoclonal antibodies described in this study discovered, characterized and owned by
Fondazione Toscana Life Sciences due to Italian patent applications n. 102020000015754 filed on June 30th 2020, 102020000018955 filed on
August 3rd 2020 and 102020000029969 filed on 4th of December 2020, and international patent system number PCT/IB2021/055755 filed on
the 28th of June 2021. Reasonable amounts of antibodies and plasmids will be made available by the owners upon request under a Material
Transfer Agreement (MTA) for non-commercial usage.

Data and code availability

e The data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Primary cultures of human origin

Primary cultures of human PBMC, pDC and monocytes were isolated from freshly collected buffy coats derived from blood donation of
healthy volunteers of both sexes (Blood Bank of University “La Sapienza”, Rome, Italy) that gave written informed consent.

Istituto Superiore di Sanita Review Ethic Board approved the use of blood from healthy volunteers for this study (AOO-ISS—14/ 06/2020—
0020932). Sex, age and race of enrolled donors are reported in the key resources table. Enrolled individuals were pseudo-anonymized; no
other information including gender, ancestry, ethnicity or socioeconomic information was provided.

Vero E6 cells

Vero E6 cells (African green monkey kidney, Vero C1008, clone E6-CRL-1586; ATCC, not authenticated) were used for SARS-CoV-2 virus pro-
duction and titration. Cell line was routinely tested for mycoplasma contamination.

293T Lenti-X cells

HEK 293T Lenti-X cells (Takara, #632180, not authenticated) a subclone of the transformed human embryonic kidney cell line HEK 293, which is
highly transfectable and capable of producing high lentiviral titers, were used for production of Simian Immunodeficiency Virus (SIV)-based
VLPs pseudotyped with SARS-CoV-2 S. Cell line was routinely tested for mycoplasma contamination.

Viral strains

Two SARS-CoV-2 strains were used in this study: the clinical isolate of SARS-CoV-2 hCoV-19/Italy/LOM-ASST-CDG1/2020 (GISAID accession
ID: EPI_ISL_412973) and SARS-CoV-2 Omicron BA.1 variant (GISAID ID: EPI_ISL_6794907).
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METHOD DETAILS
Isolation of PBMC, pDC and monocytes
PBMC were isolated from freshly collected buffy coats derived from blood donation of healthy volunteers (Blood Bank of University “La Sa-
pienza”, Rome, Italy) by density gradient centrifugation using lympholyte-H (Cedarlane, Hornby, Ontario, Canada).”

pDC and monocytes were purified from isolated PBMC by magnetic separation by using anti-BDCA4 and anti-CD14 microbeads (Miltenyi
biotech), respectively.”” The purity of the recovered cells was greater than 95% as assessed by flow cytometry analysis with anti-BDCA4 (Mil-
tenyi biotech) or anti-CD14 (BD Biosciences) mAbs.

Virus production and titration

Virus was produced and titrated as followed.? Briefly, Vero E6 (Vero C1008, clone E6-CRL-1586; ATCC) cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with non-essential amino acids (NEAA, 1x), penicillin/streptomycin (P/S, 100 U/mL),
HEPES buffer (10 mM) and 10% (v/v) Fetal bovine serum (FBS). The clinical isolate of SARS-CoV-2 hCoV-19/Italy/LOM-ASST-CDG1/2020
(GISAID accession ID: EPI_ISL_412973, here called for simplicity D614G) and SARS-CoV-2 Omicron BA.1 variant (GISAID ID: EPI_ISL_6794907,
here called for simplicity Omicron BA.1) were used.

Viral titer was determined by 50% tissue culture infective dose (TCID50) and plagque assay was used for confirming the obtained titer. SARS-
CoV-2 stocks and supernatants of the different tested experimental conditions (see below) were titrated using End-point Dilutions Assay
(EDA, TCID50/mL). Vero E6 cells (4% 105 cells/mL) were seeded into 96 wells plates and infected with base 10 dilutions of collected medium,
each condition tested in triplicate. After 1 hour (h) of adsorption at 37°C, the cell-free virus was removed, and complete medium was added to
cells. At 72 hpi, cells were observed to evaluate virus-induced cytopathic effect. TCID50/mL was calculated by Endpoint Dilution Assay by
using the Reed-Muench formula.

Production and titration of VLPs

SIV-based VLPs pseudotyped with SARS-CoV-2 S were obtained by transient transfection on HEK 293T Lenti-X cells (Clontech) using plasmid
pPCDNA3-SIVGagGFP,*° encoding the codon-optimized Gag protein from SIV fused to the GFP expressed from the Cytomegalovirus (CMV)
promoter, to allow cytofluorimetric visualization of VLPs, and plasmid pSpike-C3,°" encoding the wt codon optimized SARS-CoV-2 S ORF
(Wuhan-Hu-1, GenBank:NC_045512.2) with a 21 amino acid deletion at the cytoplasmic tail, to improve membrane tethering and pseudotyp-
ing. Briefly, 293T Lenti-X cells (3.5x106 cells) were seeded on 10 cm Petri dishes (Corning Incorporated - Life Sciences) and transiently trans-
fected with plasmids pCDNA3-SIVGagGFP (8 ng) and pSpike-C3 (3 pg) using the CalPhos™ Mammalian Transfection Kit (Clontech Labora-
tories). At 48 h post transfections, culture supernatants containing the VLPs SIVGagGFP/Spike were concentrated by ultracentrifugation on
20% sucrose cushion using a SW28 swinging bucket rotor (Beckman Coulter), resuspended in 1 X PBS and stored at -80°C until use. VLPs
containing the GFP reporter fused to the carboxy-terminus of SIV-Gag protein were quantified by flow cytometry using a CytoFLEX LX
flow cytometer (Beckman Coulter). PBS and non-fluorescent particles resuspended in PBS were used as negative controls to set the fluores-
cence threshold.

Cell stimulation
PBMC as well as isolated pDC and monocytes were pre-incubated for 1 h at 37°C with infectious D614G or Omicron BA.1, as specified in the
figures, at a MOI of 0.04 and then cultured at 2x106 cells/ml in RPMI 1640 in presence of P/S (100 U/mL), L-glutamine (2 mM) and 10% FBS for
24 h. Live SARS-CoV-2 was added alone or complexed with two classes of anti-SARS-CoV-2 Spike neutralizing IgG1 Abs (i.e. JO8 and F05).
After adsorption, cells were analyzed at 24 or 72 hpi. JO8 and FO5 nAbs were used as WT version, Fc MUT and as Fab truncated version®”!
at three increasing doses: one-tenth of the virus neutralizing dose assessed for both the nAbs at a concentration of 7.81 ng nAb/ml for
100 TCID507° (Dose N/10), the neutralizing dose itself (Dose N) and twice the neutralizing dose (Dose 2N).

Cells were also treated, where indicated, with the TLR-7/8 agonist Resiquimod (R848, 5 uM, Invivogen) and the TLR-9 ligand type C CpG
(3 ng/ml, Invivogen) in presence or absence of increasing doses of J08 or FO5 nAbs.

Viral uptake

PBMC were adsorbed for 1 h at 37°C with VLP (MOI=100) containing green-fluorescent protein (GFP) fused to Gag protein and pseudotyped
with membrane-tethered D614G S protein alone or immunocomplexed with JO8 nAbs in the WT or MUT versions at their neutralizing dose.
Frequency of VLP-S-GFP+ cells was assessed by flow cytometry in gated viable and single cells after 10 minutes incubation with Trypsin-EDTA
(Sigma Aldrich) to remove VLPs on the cell surface and to measure only the intracellular particles. Data were analyzed by a Cytoflex LX cytom-
eter (Beckman Coulter) with Kaluza software (Beckman Coulter).

FcR crosslinking assay

Biotynilated recombinant trimeric S protein (SARS-CoV-2 Wuhan, 1 pg, R&D Systems) was coupled for 1 h at 37°C on a rocking plate to SA-
labelled magnetic beads (1 pg, Acro Biosystems). IC were then formed leaving 1 h at 37°C WT JO8 at the neutralizing dose with the bio-
tynilated trimeric S alone or coupled to SA-magnetic beads. IC were then adsorbed to PBMC and cultured for 24 h to harvest culture
supernatants.
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As positive control biotynilated goat anti-human CD16 (FcyRIIIA/B), CD32 (FcyRIl) and CDé4 (FcyRI) Abs (anti-FcyR Abs, R&D Systems)
were also coupled for 1 h to SA-magnetic beads and then mixed together in equal quantity (1 pg of each Ab coupled to 1 mg of SA-beads
for total of 3 ug of Abs). Biotynilated goat anti-human immunoglobulin G (Isotype Ab, 3 ng, R&D Systems) coupled to SA-magnetic beads
(1 mg) was used as negative control.

Detection of cytokines and chemokines in culture supernatants
Supernatants were harvested from PBMC, pDC and monocyte cultures at 24 and 72 hpi and treated for 30 minutes at 56°C to inactivate re-
sidual live virus prior of their storage at -80°C for later use.

Release of IFN-as was measured by a specific ELISA kit (PBL assay science). Production of the cytokines IL-6 and TNF-a and of the chemo-
kine IL-8 was quantified by specific cytometric bead array (BD Biosciences) on a FACS Canto (BD Biosciences) and analyzed by FCAP array
software (BD Biosciences).

Flow cytometric analysis

Monoclonal Abs anti-PD-L1, CD80, CD86, CD14, CD16, CD32 and CDé4 as well as IgG1 or IgG2a isotype controls were purchased from BD
Biosciences, while anti-BDCA4 from Miltenyi Biotech. In particular, clones of mAbs used to study FcRs were chosen among those recognizing
epitopes distal by the IC binding residues and that was not masked by the binding, i.e. clone B73.1 (BD Biosciences) for CD16, clone 7.5.4 (BD
Biosciences) for CD32 and clone 22 (Beckman Coulter) for CD64. To establish cell viability and exclude dead cells from flow cytometry ana-
lyses, Fixable Viability Dye (FvDye, eBioscience) was always included in the mAb cocktails. Cells (106 for monocytes or 2x105 for pDC) were
incubated with mAbs at 4°C for 30 min and then fixed with 4% paraformaldehyde before analysis on a Cytoflex LX cytometer (Beckman
Coulter). Data were analyzed by Cytexpert software v.2.1 (Beckman Coulter). Expression of analyzed cell surface molecules was evaluated
using the median fluorescence intensity (MFI). Only viable and single cells were considered for further analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using One or Two-way Repeated-Measures ANOVA when three or more stimulation conditions were
compared. In case of significant ANOVA, the pairwise comparisons were carried out using post-hoc approaches for multiple comparisons,
to test the significance of the difference between two stimulation effects. Results were shown as median values + Interquartile range
(IQR). A p value < 0.05 was considered statistically significant. In the figures, star scale was assigned as follows: * p < 0.05; ** p < 0.01.
Data and statistical analyses were processed by Prism software version 9.4.1 (Graph Pad).

20 iScience 27, 109703, May 17, 2024



	ISCI109703_proof_v27i5.pdf
	Functional diversification of innate and inflammatory immune responses mediated by antibody fragment crystallizable activit ...
	Introduction
	Results
	Fragment crystallizable-fragment crystallizable receptor signal drives the amplification of the inflammatory response in hu ...
	SARS-CoV-2 immunocomplexed with anti-S neutralizing monoclonal antibodies promotes Fcγ receptors crosslinking and Fc-mediat ...
	Fragment crystallizable receptor signal drives the plasmacytoid dendritic cells diversification and amplification of type I ...
	Fragment crystallizable receptor pathway amplifies the monocyte inflammatory response and differentiation in the presence o ...
	Wild type J08 amplifies inflammatory cytokines and differentiation of the CD16+ monocyte also in the presence of omicron BA.1

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resources availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participant details
	Primary cultures of human origin
	Vero E6 cells
	293T Lenti-X cells
	Viral strains

	Method details
	Isolation of PBMC, pDC and monocytes
	Virus production and titration
	Production and titration of VLPs
	Cell stimulation
	Viral uptake
	FcR crosslinking assay
	Detection of cytokines and chemokines in culture supernatants
	Flow cytometric analysis

	Quantification and statistical analysis




