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Luc Mouthon,5 Hugo Mouquet,7 Julian Buchrieser,1 Aymeric Sève,12 Thierry Prazuck,12 Piet Maes,11 Benjamin Terrier,5
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SUMMARY
The emergence of Omicron sublineages impacts the therapeutic efficacy of anti-severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) monoclonal antibodies (mAbs). Here, we evaluate neutralization
and antibody-dependent cellular cytotoxicity (ADCC) activities of 6 therapeutic mAbs against Delta, BA.2,
BA.4, and BA.5. The Omicron subvariants escape most antibodies but remain sensitive to bebtelovimab
and cilgavimab. Consistent with their shared spike sequence, BA.4 and BA.5 display identical neutralization
profiles. Sotrovimab is the most efficient at eliciting ADCC. We also analyze 121 sera from 40 immunocom-
promised individuals up to 6 months after infusion of Ronapreve (imdevimab + casirivimab) or Evusheld (cil-
gavimab + tixagevimab). Sera from Ronapreve-treated individuals do not neutralize Omicron subvariants.
Evusheld-treated individuals neutralize BA.2 and BA.5, but titers are reduced. A longitudinal evaluation of
sera from Evusheld-treated patients reveals a slow decay of mAb levels and neutralization, which is faster
against BA.5. Our data shed light on antiviral activities of therapeutic mAbs and the duration of effectiveness
of Evusheld pre-exposure prophylaxis.
INTRODUCTION

Nine months after its emergence, the severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2) Omicron lineage out-

competed previous variants of concern (VOCs). Sublineages

with improved transmissibility have replaced the initial Omicron

BA.1 strain. As of September 2022, Omicron was composed of

5 main lineages, BA.1, BA.2, BA.3, BA.4, and BA.51,2, which

further diversify into sublineages, such as BA.2.75, BA.2.75.2,

BA.4.6, or BQ.1.1.3 The BA.1 strain has 34 mutations in its spike,

which are associated with antibody escape,4–15 CD8 T cell
Cell Report
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evasion,16 and modified tropism.17–19 BA.2 harbors 30 muta-

tions, 21 of which are not present in BA.1.2 The BA.4 and BA.5

sublineages share the same spike sequence, which differs

from BA.2 by three mutations (including one reversion) in the re-

ceptor-binding domain (RBD) and one deletion in the N-terminal

domain (NTD).1 The BA.5 sublineage was dominant in many

countries in September 2022.20

Several monoclonal antibodies (mAbs) targeting the spike pro-

tein of SARS-CoV-2 are used in therapeutic, pre-exposure pro-

phylaxis (PrEP) and post-exposure prophylaxis (PEP) settings.21

Therapeutic administration of mAbs is highly effective, reaching
s Medicine 3, 100850, December 20, 2022 ª 2022 The Author(s). 1
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85% efficacy in preventing coronavirus disease 19 (COVID-19)-

related hospitalization or death.22–24 Antibody-based prophy-

laxis also achieves high levels of protection. Ronapreve (imdevi-

mab + casirivimab) and Evusheld (cilgavimab + tixagevimab)

cocktails provide 81% and 77%protection against symptomatic

infection, respectively.25,26 These successes are mitigated by

viral evolution. Omicron variants display considerable escape

frommAbs.4,5,7–10,13,15,27–29 The use of Ronapreve (imdevimab +

casirivimab) and Sotrovimab was discouraged after BA.1 and

BA.2 emergence.30 It is recommended to inject a double dose

of Evusheld instead, as serum neutralization is decreased

against BA.1 and BA.2 in individuals receiving these antibodies

as PrEP.29–32 Bebtelovimab is similarly effective against ances-

tral strains and Omicron BA.1 and BA.2,33 but its access is so

far restricted to the United States.34 Thus, a continuous evalua-

tion of mAb efficacy against new variants is needed to optimize

their utilization.

As other Omicron sublineages, BA.4 and BA.5 escape most

neutralizing mAbs.35–42 The neutralization profile of BA.4 and

BA.5 is similar to that of BA.2, with only cilgavimab and bebtelo-

vimab being efficient against these strains with high potency.35–

39 Animal models revealed that some mAbs do not only rely on

neutralization for therapeutic efficacy.43,44 Antibodies can trigger

effector mechanisms through their fragment crystallizable (Fc)

region. These Fc-effector functions mediate killing of infected

cells through activation of antibody-dependent cellular cytotox-

icity (ADCC) by natural killer (NK) cells and antibody-dependent

complement-mediated lysis (ADCML) by complement, or clear-

ance of viral particles, through macrophage-mediated antibody-

dependent cellular phagocytosis (ADCP).45 Interaction between

the Fc region and cognate Fc receptors (FcRs) may also promote

inflammation and antibody-dependent enhancement (ADE) of

infection.46 Hence, some therapeutic mAbs were mutated in

the Fc region to abrogate FcR recognition and eliminate a puta-

tive risk of ADE.21 This is the case for cilgavimab and tixagevi-

mab, which bear a triple mutation (TM) motif (L234F, L235E,

and P331S). Fc engineering may also modulate neonatal Fc re-

ceptor (FcRn) affinity and extend antibody half-life.46 Such mod-

ifications were introduced in sotrovimab (M428L and N434S,

called LS) and cilgavimab and tixagevimab (M252Y, S254Y,

and T256E, called YTE). In contrast, imdevimab, casirivimab,

and bebtelovimab have an unmutated Fc domain.21 Overall,

the therapeutic activity of antibodies is the sum of neutralization

potency, Fc-effector functions, and bio-disponibility.

Here, we evaluated the neutralization and ADCC activity of 6

therapeutic mAbs against BA.4 and BA.5 isolates. To consider

variations in pharmacokinetic, dosage, or drug interactions, we

also analyzed serum neutralization from 40 immunocompro-

mised individuals up to 6months post-infusion of Ronapreve (im-

devimab+casirivimab) andEvusheld (cilgavimab+ tixagevimab).

RESULTS

In vitro neutralization of BA.4 and BA.5
We first investigated the sensitivity of two isolates of BA.4 and

BA.5 to neutralization by mAbs. We selected 6 antibodies that

are either used in patients (cilgavimab, tixagevimab, and bebte-

lovimab) or that were withdrawn because of Omicron escape
2 Cell Reports Medicine 3, 100850, December 20, 2022
(sotrovimab, casirivimab, and imdevimab). We used the com-

mercial formulation, except for eebtlovimab, which is not avail-

able in France. We also tested Ronapreve (imdevimab + casirivi-

mab) and Evusheld (cilgavimab + tixagevimab) cocktails. As

controls, we included Delta and BA.2 strains.27,29 We used our

S-Fuse neutralization assay,26,28,47,48 based on syncytia forma-

tion, to quantify infection via a green fluorescent protein (GFP)

split system. As control, we included isolates of Delta and Omi-

cron BA.2. Figure S1 summarizes the mutational landscape of

VOCs included in the study compared with the ancestral Wuhan

strain.

The IC50 of 4 out of the 6 mAbs (sotrovimab, tixagevimab, ca-

sirivimab, and imdevimab) were higher for BA.4 and BA.5 than

for Delta (Figure 1A; Table 1). Tixagevimab and casirivimab

lacked neutralization in the range of concentrations tested (Fig-

ure 1A; Table 1). Sotrovimab and imdevimab remained active

but lost potency. Compared with Delta, sotrovimab was 15-

and 17-fold less potent against BA.4 and BA.5, respectively.

The increase in IC50s was higher for imdevimab: 110- and

86-fold against BA.4 and BA.5, respectively. Imdevimab re-

mained more potent than sotrovimab against both strains

(IC50 of 265 and 996 ng/mL for BA.4 and 208 and 1088 ng/mL

for BA.5, respectively) (Figure 1A; Table 1). Importantly, cilgavi-

mab and bebtelovimab displayed no or only minimal changes

compared with Delta and remained highly potent against BA.4

and BA.5. When compared with BA.2, BA.4 and BA.5 display

slightly improved neutralization by imdevimab (4.2- and 5.3-

fold) and sotrovimab (9- and 8.3-fold) (Figure 1A; Table 1). We

also analyzed the combination of cilgavimab and tixagevimab

(Evusheld by Astrazeneca) and casirivimab and imdevimab (Ro-

napreve by Regeneron). Both displayed a drop in potency

compared with Delta, which was less marked for Evusheld

(BA.4: 10.4-fold and BA.5: 9-fold) than Ronapreve (BA.4:

330-fold and BA.5: 350-fold) (Figure 1A; Table 1).

Overall, our data reveal a large escape of therapeutic mAbs by

Omicron BA.4 and BA.5. BA.2., BA.4, and BA.5 have a similar

profile of neutralization by these mAbs. Cilagavimab and bebte-

lovimab remain fully active against these variants.

Antibody binding to BA.4/5 spike and induction of ADCC
Next, we evaluated the capacity of these mAbs to bind to the

BA.4 and BA.5 spike (referred to as BA.4/5 spike) and trigger

ADCC. We assessed antibody binding by flow cytometry using

Raji cells stably expressing the BA4/5 spike. As controls, we

included Delta, BA.2 spikes, and cells transduced with an empty

vector (Empty). To confirm spike expression and compare the

various cells lines, we stained the cells with bebtlovimab, which

neutralized Delta, BA.2, BA.4, and BA.5 with a similar potency,

and analyzed them by flow cytometry (Figures S2A and S2B).

All cell lines showed high levels of spike expression with a similar

median fluorescence intensity (MFI) across variants (MFIs of

97,853, 71,735, and 68,635 for Delta, BA.2, and BA.4/5, respec-

tively) (Figure S2B). No binding was observed with Raji-Empty

cells (MFI of 784) (Figure S2B).

We analyzed the binding of the therapeutic mAbs and their

combinations against these cells. We performed limiting dilution

tests to calculate exact effective concentrations 50% (EC50)

(Figures 1B and S2C; Table 1). All antibodies bound the Delta
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Figure 1. Neutralization and antibody-dependent cellular cytotoxicity of Omicron BA.4 and BA.5 by therapeutic mAbs

(A) Neutralization curves of mAbs using the S-Fuse system. Dose-response analysis of the neutralization by the indicated antibodies and by Evusheld, a

combination of cilgavimab and tixagevimab, and Ronapreve, a combination of casirivimab and imdevimab. Data are mean ± SD of 2 independent experiments.

The IC50 values for each antibody are presented in Table 1. The dashed line indicates the limit of detection.

(B) mAbs binding at the surface of Raji cells stably expressing the indicated spikes. Raji cells transduced with a control empty vector not coding for any spike

(Empty). Depicted are EC50, calculated with a curve fitting the percentage of mAb-positive cells measured by flow cytometry against antibody concentration in

limiting dilutions. Data are mean of 2 independent experiments. The EC50 values for each antibody are also presented in Table 1.

(C) Activation of the CD16 pathway as a surrogate of the capacity of eachmAb to elicit antibody-dependent cellular cytotoxicity (ADCC). The area under curve of a

dose-response analysis of CD16 activation by each mAb against each SARS-CoV-2 variant is depicted. Data are mean ± SD of 2 independent experiments.
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spike, with EC50 <100 ng/mL. This was expected given their

neutralizing potency against this strain. Binding profiles were

generally similar between BA.2 and BA.4/5, with both spikes dis-

playing a high level of escape compared with Delta (Figure 1B).

Bebtelovimab and cilgavimab displayed similar binding levels.

Tixagevimab and casirivimab did not recognize the BA.4/5 spike,

even at a high concentration (10 mg/mL). Sotrovimab and imde-

vimab recognized the BA.4/5 spike, with a loss of potency

compared with delta (11.7- and 30.5-fold, respectively)

(Figures 1B and S2C; Table 1).
Then, we investigated the capacity of these mAbs to trigger

ADCC. We used a surrogate assay that measures the activation

of the CD16 pathway. We previously demonstrated that this

assay correlates to killing of infected cells by primary NK cells.47

We tested the antibodies by limiting dilution. We measured the

area under the curve (AUC) to depict the ADCC capacity of the

mAbs against each viral spike (Figures 1C and S2D; Table 1).

As expected, none of the mAbs elicited CD16 activation against

the Raji-Empty cells. CD16 activation was detectable against

Raji-Delta, -BA.2, and -BA.4/5 cells. Sotrovimab was the most
Cell Reports Medicine 3, 100850, December 20, 2022 3



Table 1. Neutralization, binding, and ADCC of therapeutic mAbs against Delta, BA.2 BA.4, and BA.5

Neutralization, IC50 (ng/ML) Binding, EC50 (ng/mL) ADCC, AUC

Delta BA.2 BA.4 BA.5 Delta BA.2 BA.4/5 Delta BA.2 BA.4/5

Sotrovimab 64.18 >9,000 996 1,088 72.3 1,429 848.2 11.1 5.7 6.4

Cilgavimab 7.9 6.1 6.5 11 22 39 49.3 0.1 0.2 0.2

Tixagevimab 1.6 >9,000 >9,000 >9,000 7.8 4,226 >9,000 0.2 0.2 0.1

Evusheld

(cilgavimab/tixagevimab)

2.5 24.7 26.1 22.6 13.5 72.9 92.3 0.2 0.4 0.1

Bebtelovimab 3.8 4.5 1.3 2 12.2 20.2 17.4 1.6 1.6 2.1

Casirivimab 1.3 >9,000 >9,000 >9,000 11.1 >9,000 >9,000 0.9 0.3 0.2

Imdevimab 2.4 1,120 265 208 12.8 610 391 5.4 3.2 3.9

Ronapreve

(imdevimab/casirivimab)

2 1,985 660 700 12.8 1,106 739 5.2 2.6 3.2
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efficient mAb regardless of the viral strain, albeit the AUC was

reduced against BA.2 and BA.4/5 compared with Delta

(Figures 1C and S2D; Table 1). Cilgavimab and tixagevimab

alone or in the Evusheld cocktail did not activate ADCC, in line

with the mutations in their Fc domain that decrease binding to

FcR (Figures 1C and S2D; Table 1). Bebtelovimab induced

similar levels of ADCC activation against all strains, yet at low

levels (Figures 1C and S2D; Table 1). Imdevimab and casirivi-

mab, alone or in the Ronapreve cocktail, displayed intermediate

levels of activation (Figures 1C and S2D; Table 1).

Next, we investigated the association between neutralization,

binding, and ADCC capacity. Neutralization is positively corre-

lated to binding (r = 0.97; p < 0.0001) but not to ADCC (r =

0.0053; p = 0.98) (Figure S3).

Overall, our results indicate that BA.4/5 avoid antibody recog-

nition and ADCC activation by most of therapeutic mAbs tested.

Sotrovimab is the most efficient ADCC inducer, and cilgavimab

and tixagevimab lack ADCC activity.

Serum neutralization of BA.5 in individuals receiving
mAbs
Next, we investigated antibody levels and neutralization in sera

from 40 immunocompromised individuals who received, by

intra-muscular injection, either 300 (n = 29) or 600 mg (n = 11)

Evusheld as PrEP. Patientswere sampled prior to and at amedian

of 26 (range10–40)or37 (range14–48)daysafter the singleordou-

ble dose, respectively. Among the 29 individuals who received

300 mg Evusheld, 17 previously received Ronapreve as PrEP.

The last injection of Ronapreve occurred at a median of 35 days

(range 29–49) before the first Evusheld injection. Two out of the

11 individuals who received 600 mg Evusheld also received Ro-

napreve. The injections were spaced by >160 days, which is �5

times above the half-life of Ronapreve.48 Participants were

included in the study in twoplaces, theCentreHospitalierRegional

(CHR) in Orléans (France; n = 8) or the Hôpital Cochin in Paris

(France; n = 32). Most of the patients were female (n = 28),

were diagnosed with anti-neutrophil cytoplasmic antibody

(ANCA)-associated vasculitis (n = 26) and treated with rituximab

as immunosuppressive therapy (n = 31). A complete description

of the patients’ characteristics is provided in Table 2. The 8 individ-

uals recruited at the CHR Orléans were longitudinally sampled

every month as part of an ongoing prospective cohort.
4 Cell Reports Medicine 3, 100850, December 20, 2022
We analyzed the 40 individuals before and after infusion of

Evusheld. We categorized the patients into 5 groups: naive of

any antibody administration (n = 11; before treatment); Ronapreve

(n=18;who received1200mgRonapreve); Ronapreve+Evusheld

(n = 18; who received 1,200 mg Ronapreve followed by 300 mg

Evulsheld); Evusheld (n = 11; 300 mg); and Evusheld32 (n = 11;

600 mg in a single injection). All individuals received at least two

doses of vaccine but failed to mount an antibody response >260

binding antibody unit (BAU)/mL,making themeligible for Evusheld

according to French recommendations. Eight out the 40 individ-

uals included in the cohort had COVID-19 but remained >260

BAU/mL. Threepatients hadCOVID-19after Evusheldadministra-

tion. These breakthrough infections were previously described.29

We first measured the levels of anti-spike immunoglobulin Gs

(IgGs) in BAU (BAU/mL) using the S-Flow assay.49 Compared

with the naive group, sera containing mAbs display a sharp in-

crease in anti-spike (S) IgG (median of 38 versus 3,449, 3,591,

1,323, and 2,623 BAU/mL for Ronapreve, Ronapreve + Evush-

eld, Evusheld, and Evusheld32, respectively) (Figure 2A). We

then investigated serum neutralization against Delta, BA.2, and

BA.5 with the S-Fuse assay. We tested sera in limiting dilutions

to calculate titers as effective dilution 50% (ED50). We did not

include BA.4 as its profile of neutralization is identical to BA.5.

Untreated individuals (naive group) did not neutralize the three

strains, except for one patient who slightly neutralized Delta.

Infusion of mAbs dramatically increased Delta neutralization,

with increases from 552- to 2,484-fold compared with the naive

group. Individuals who receivedRonapreve neutralized BA.2 and

BA.5 at low levels (non-significant compared with naive individ-

uals; two-sided Kruskall-Wallis test with Dunn’s multiple com-

parison correction). The groups that included Evusheld neutral-

ized BA.2 and BA.5 at levels significantly higher than the naive

and Ronapreve groups (Figure 2B). Of note, neutralization titers

were higher in the Evusheld32 group with all variants tested

(16,585 versus 23,772, 992 versus 1,908, and 511 versus 539

against Delta, BA.2, and BA.5, respectively), without reaching

statistical significance. In this group, the two individuals who

received Ronapreve >160 days prior to Evusheld did not harbor

significantly higher levels of neutralization (Mann-Whitney test;

p = 0.1455, p = 0.1455, and p = 0.2182, for Delta, BA.2, and

BA.5, respectively) (Figure S4A). Neutralization titers tended to

be lower against BA.5 than BA.2, but this difference was



Table 2. Characteristics of patients

Orléans

cohort

Cochin

group Total (%)

Patient characteristics

N 8 32 40 (100)

Gender, female (\) 6 22 28 (70)

Gender, male (_) 2 10 12 (30)

Obesity 3 1 4 (10)

Diseases

Rheumatoid arthritis 5 2 7 (17.5)

Kidney graft 2 0 2 (5)

Myelodysplasia 1 0 1 (2.5)

ANCA-associtaed

vasculitis

0 26 26 (65)

Polychondritis 0 1 1 (2.5)

Lupus 0 1 1 (2.5)

Systemic sclerosis 0 1 1 (2.5)

Cryoglobuminemic

vasculitis

0 1 1 (2.5)

Medications

Rituximab (anti-CD20) 5 26 31 (77.5)

Infliximab (anti-tumor

necrosis factor [TNF])

0 1 1 (2.5)

Mepolizumab

(anti-interleukin-5 [IL-5])

0 1 1 (2.5)

Prednisone 4 10 14 (35)

Mycofenolate mofetil 2 1 3 (7.5)

Methotrexate 0 3 3 (7.5)

5-Azacytidine 1 0 1 (2.5)

Tacrolimus 1 0 1 (2.5)

Cyclosporin 1 0 1 (2.5)

Cyclophosphamide 0 1 1 (2.5)

Vaccines doses

2 0 1 1 (2.5)

3 5 25 30 (75)

4 3 6 9 (22.5)

Previous COVID-19 0 8 8 (20)

PrEP

Ronapreve 3 17 20 (50)

Evusheld 300 mg 8 21 29 (72.5)

Evusheld 600 mg 0 11 11 (27.5)
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significant only for individuals who received 300 mg Evusheld

(1,549 versus 489; p = 0.0228) (Figure S4B).

Overall, these data show that the serum neutralization activity

of individuals receiving Ronapreve and Evusheld as PrEP is

decreased against BA.2 and BA.5. The diminution is lessmarked

with Evusheld- than Ronapreve-treated individuals.

Kinetics of serum neutralization up to 6 months after
infusion of Evusheld
Longitudinal sampling was performed for 8 out of the 40 individ-

uals (for patients’ characteristics, see Table 2). The serum sam-
ples were available up to 186 days post-administration of Evush-

eld (300mg). We investigated anti-S IgG levels and neutralization

(Figures 2C, 2D, and S5). We first analyzed 5 patients who were

naive at the time of Evusheld injection (the 3 others were previ-

ously under Ronapreve PrEP) (Figures 2C and 2D). Antibody

levels peaked at 28 (range 28–30) days after Evusheld adminis-

tration, with a median of 1,400 (range 646–4,014) BAU/mL.

Anti-S IgG then slowly decreased, reaching 500 (range 452–

548) BAU/mL at 176 (range 175–177) days post-administration

(Figure 2C). Neutralization of Delta, BA.2, and BA.5 mirrored

anti-S levels, showing a sharp increase upon administration

and a steady decrease until month 6 (Figure 2D). Neutralization

of Delta remains consistently higher than that of BA.2 and

BA.5, in line with our other observations (Figures 1A, 2B, and

S4B). After almost 6 months of follow up, the five patients who

received Evusheld harbored detectable levels of neutralization

against the tested strains. The neutralization levels against the

two Omicron subvariants were low at 6 months (ED50 of 1,503,

202, and 59, for Delta, BA.2, and BA.5, respectively) (Figure 2D).

We also analyzed the 3 individuals who received Ronapreve prior

to Evusheld (Figure S5). Together, their profiles were similar to

those who only received Evusheld. However, they consistently

harbored higher levels of anti-S and neutralization titers in the

first 2 months, suggesting a disappearance of Ronapreve, but

a maintenance of Evusheld, as expected given the longer half-

life of Evusheld than Ronapreve.We also analyzed ADCC activity

in these sera by evaluating their capacity to activate the CD16

pathway. Some individuals displayed slight activation against

cells expressing the delta S, but generally ADCC activation

was undetectable (Figures S6A and S6B). This is consistent

with the mutated Fc of cilgavimab and tixagevimab.

Overall, these results show that a single administration of

Evusheld allowed serum neutralization of BA.5 for 6 months,

with reduced titers compared with Delta.

DISCUSSION

We show here that BA.4 and BA.5 escape neutralization by most

therapeutic mAbs, in line with previous reports.35–42 Some anti-

bodies remain effective. Bebtelovimab is the most potent, fol-

lowed by cilgavimab. Tixagevimab and casirivimab lost any

neutralizing activity, and imdevimab and sotrovimab were poorly

active against BA.4/BA.5. We observed a slightly higher neutral-

ization of BA.5 by sotrovimab compared with BA.2. Similar find-

ings were reported,38,39,42 but others have found decreased or

identical neutralization of BA.5 compared with BA.235–37,40,41.

There is also some discrepancy in the literature regarding cilga-

vimab. We observed a similar neutralization against BA.2 and

BA.5 for this antibody, whereas some reports showed a slight

decrease against BA.5 compared with BA.236,37,39. Further in-

vestigations are needed to determine why some mAbs more

susceptible to experimental variations. It may be due to the

use of different target cells (which vary in their ACE2 levels), viral

isolates, or pseudotypes.50 Overall, the data presented here and

the literature indicate that BA.2 and BA.5 have a very close spec-

trum of neutralization by clinically available mAbs.

In addition to our in vitro evaluation of mAbs neutralization, we

analyzed the sera of immunocompromised individuals receiving
Cell Reports Medicine 3, 100850, December 20, 2022 5
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Figure 2. Antibody levels and neutralization of Delta, BA.2, and BA.5 in sera of immunocompromised individuals receiving mAbs

(A) Anti-S IgGs were measured using the flow cytometry-based S-Flow assay in sera of individuals before PrEP (naive; n = 11), treated with Ronapreve (n = 18),

treated with 300 (n = 11) or 600 mg (n = 11) Evusheld, or treated with both Ronapreve and 300 mg Evusheld (n = 18). Indicated are the binding antibody units

(BAUs) per mL (BAU/mL) of anti-S IgGs. Two-sided Kruskall-Wallis test with Dunn’s multiple comparison correction. Each dot is an individual. Red bars indicate

medians.

(B) Serum neutralization of Delta and Omicron BA.2 and BA.5 in the same individuals as in (A). Indicated are effective dilution 50% (ED50; titers) as calculated with

the S-Fuse assay. Two-sided Kruskall-Wallis test with Dunn’s multiple comparison correction. Each dot is an individual. Red bars indicate median. The dashed

line indicates the limit of detection.

(C) Longitudinal measurement of anti-S levels in 5 immunocompromised individuals who initiated an Evusheld PrEP with no history of Ronapreve. All individuals

and sampling points are depicted (black lines and dots). The red lines indicate medians. Indicated are the BAU/mL of anti-S IgGs. The dashed line indicates the

limit of detection.

(D) Sero-neutralization of Delta and Omicron BA.2 and BA.5 in the same individuals as in (C). Indicated are ED50 (titers) as calculated with the S-Fuse assay. Two-

sided Kruskall-Wallis test with Dunn’s multiple comparison correction. Each dot is an individual. Red bars indicate medians. The dashed line indicates the limit of

detection.
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Ronapreve or Evusheld as PrEP. In line with our in vitro observa-

tion, Ronapreve-treated individuals barely neutralized Omicron

sublineages. Evusheld-treated individuals had detectable

neutralization against BA.2 and BA.5, albeit decreased

compared with Delta. We observed a trend for a higher neutral-

ization of BA.2 than BA.5 in individuals receiving Evusheld. Lon-

gitudinal evaluation in 8 patients showed a slightly faster decay

of antibody responses against BA.5. This difference between

BA.2 and BA.5 may be explained by the loss of BA.5 binding

and neutralization by tixagevimab. This decrease may be negli-

gible when the Evusheld antibodies are tested alone but is

more visible in the serum. How serum components might affect

Evusheld potency against BA.5 deserve further investigations.

Cilgavimab may also be slightly less potent against BA.4/5

than BA.2, as reported by others.36,37,39 The difference of BA.2

and BA.5 serum neutralization in Evusheld-treated individuals

and the observation of a faster antibody decay stress the need

for a booster dose of mAbs after 6months, as is currently recom-

mended. It may be of great interest to evaluate the impact of

an earlier booster dose of Evusheld to compensate for Omicron

escape.
6 Cell Reports Medicine 3, 100850, December 20, 2022
How vaccination and antibody-based PrEP may be combined

is an interesting question. Infusion of the HIV-1 broadly neutral-

izing antibody 3BNC117 increases humoral immunity and

cross-neutralization in patients infected with HIV-1.51 The mech-

anisms underlying this improvement of autologous immune

response remain ill defined but likely include the formation of im-

mune complexes and their processing by antigen-presenting

cells.52 Besides this ‘‘vaccinal effect,’’ mAbs may mask epitopes

and alter immune responses, as suggested by an in-depth anal-

ysis of the B cell compartment in a cohort of individuals receiving

COVID-19 vaccination after infusion of two anti-S mAbs.53 Thus,

the interplay betweenmAbs and the immune system is complex,

with outcomes that remain difficult to predict. Whether these

antibody feedbacks loops may be manipulated to improve im-

munotherapies and prophylaxis of immunocompromised indi-

viduals deserves further investigation.

There was large inter-individual variability in neutralization and

antibody levels after mAb administration. Recent work demon-

strated an impact of the bodymass index (BMI) on antibody levels

after Evusheld injection, with a high BMI associated with low ti-

ters.31 This is consistent with the unique recommended dosage
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of Evusheld (initially 300 and then 600 mg). In our study, we

observed a non-significant trend for higher titers in individuals

receiving 600 mg and no association with BMI. This lack of signif-

icance is likely due to the small number of individuals tested and to

additional factors accounting for the inter-individual’s variability.

An investigation of a larger cohort previously demonstrated a sig-

nificant increase in antibody levels in individuals received 600

compared with 300mg.32 It will be interesting to evaluate whether

adapting thedose toBMImayhomogenize the response toEvush-

eld PrEP and improve its efficacy.

We also tested the binding and ADCC capacity of these mAbs.

Binding correlated to neutralization but not to ADCC. The most

potent antibody to activate ADCC against Omicron sublineages

was sotrovimab, even if its neutralization IC50 was relatively high

compared with other antibodies. This is likely the consequence

of a distinct binding mode of sotrovimab, with an orientation

and/or a positioning of its Fc that may facilitate the interaction

with FcRs.54 This ADCCactivitymay help understandwhy sotrovi-

mab remains clinically active against BA.2 despite its very limited

neutralization.55 Similarly, it has been reported that non-neutral-

izingantibodiescapableofmediatingFc-effector functionsdisplay

some efficacy in animal models.56 It may be worth examining

whether a combination of sotrovimab and Evusheld or bebtelovi-

mab may improve therapeutic efficacy of the mAbs.

In conclusion, we provide here an in-depth evaluation of the ef-

ficacy of therapeutic mAb and serum from mAb-treated patients

against Omicron sublineages. The BA.5 variant remains sensitive

to Evusheld, but the decay of the serum neutralizing activity in

treated individuals is accelerated, compared with previously

circulating variants.

Limitations of the study
Our study has limitations. First, our sample size is small, preclud-

ing the analysis of patient characteristics associated with high

serum neutralization titers. Whether gender, age, ongoing medi-

cation, or underlying conditions modulate bio-disponibility of

mAbs remain open questions. Second, we did not have access

to mucosal samples. Systemic levels of antibodies are known

to be key to prevent severe COVID-19, whereas mucosal mAb

levels may correlate with protection from infection. Third, we

restricted our investigation of Fc-effector functions to ADCC.

Thus, it will be worth determining how ADCP and ADCML

contribute to the antiviral activity of therapeutic anti-S mAbs.

Our study was also limited to BA.4 and BA.5, and we did not

analyze the sensitivity of other Omicron subvariants, such as

BA.2.75, BA.2.75.2, BA.4.6, or BQ1.13,57–59. We did not have ac-

cess to the medical formulation of bebtelovimab.34 Fc-effector

functions are influenced by the method of antibody preparation,

the isotype, Fc glycosylation, and mutations. Our observation

that bebtelovimab is a poor ADCC inducer deserves to be

confirmed using the medical formulation.
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gairède, A., and Lamballerie, X. de (2022). In vitro activity of therapeutic

antibodies against SARS-CoV-2 Omicron BA.1, BA.2 and BA.5. Sci

Rep-uk 12, 12609. https://doi.org/10.1038/s41598-022-16964-z.

42. Aggarwal, A., Akerman, A., Milogiannakis, V., Silva, M.R., Walker, G., Ki-

dinger, A., Angelovich, T., Waring, E., Amatayakul-Chantler, S., Roth, N.,
et al. (2022). SARS-CoV-2 Omicron BA.5: evolving tropism and evasion

of potent humoral responses and resistance to clinical immunotherapeu-

tics relative to viral variants of concern. Preprint at medRxiv. https://doi.

org/10.1101/2022.07.07.22277128.

43. Yamin, R., Jones, A.T., Hoffmann, H.-H., Schäfer, A., Kao, K.S., Francis,
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et al. (2022). Sotrovimab to prevent severe COVID-19 in high-risk patients

infected with Omicron BA.2. J. Infect. 85, e104–e108. https://doi.org/10.

1016/j.jinf.2022.06.033.

56. Beaudoin-Bussières, G., Chen, Y., Ullah, I., Prévost, J., Tolbert, W.D.,

Symmes, K., Ding, S., Benlarbi, M., Gong, S.Y., Tauzin, A., et al. (2022). A

Fc-enhanced NTD-binding non-neutralizing antibody delays virus spread
Cell Reports Medicine 3, 100850, December 20, 2022 9

https://doi.org/10.1056/nejmc2201849
https://doi.org/10.1038/s41591-022-01792-5
https://doi.org/10.1038/s41591-022-01792-5
https://www.covid19treatmentguidelines.nih.gov/therapies/anti-sars-cov-2-antibody-products/summary-recommendations/
https://www.covid19treatmentguidelines.nih.gov/therapies/anti-sars-cov-2-antibody-products/summary-recommendations/
https://doi.org/10.1016/j.kint.2022.05.008
https://doi.org/10.1016/j.ccell.2022.05.007
https://doi.org/10.1016/j.ccell.2022.05.007
https://doi.org/10.1016/j.celrep.2022.110812
https://doi.org/10.1016/s1473-3099
https://doi.org/10.1016/j.cell.2022.06.005
https://doi.org/10.1016/j.cell.2022.06.005
https://doi.org/10.1038/s41586-022-05053-w
https://doi.org/10.1038/s41586-022-05053-w
https://doi.org/10.1016/s1473-3099
https://doi.org/10.1016/s1473-3099
https://doi.org/10.1038/s41586-022-04980-y
https://doi.org/10.1038/s41586-022-04980-y
https://doi.org/10.1016/s1473-3099(22)00365-6
https://doi.org/10.1016/s1473-3099(22)00365-6
https://doi.org/10.1056/nejmc2207519
https://doi.org/10.1056/nejmc2207519
https://doi.org/10.1038/s41598-022-16964-z
https://doi.org/10.1101/2022.07.07.22277128
https://doi.org/10.1101/2022.07.07.22277128
https://doi.org/10.1038/s41586-021-04017-w
https://doi.org/10.1038/s41586-021-04017-w
https://doi.org/10.1016/j.cell.2021.02.026
https://doi.org/10.1016/j.cell.2021.02.026
https://doi.org/10.1038/nri.2017.106
https://doi.org/10.1038/s41564-020-00789-5
https://doi.org/10.1016/j.xcrm.2021.100275
https://doi.org/10.1016/j.xcrm.2021.100275
https://www.regeneron.com/downloads/treatment-covid19-eua-fact-sheet-for-hcp.pdf
https://www.regeneron.com/downloads/treatment-covid19-eua-fact-sheet-for-hcp.pdf
https://doi.org/10.1093/infdis/jiab127
https://doi.org/10.1038/s41586-021-03925-1
https://doi.org/10.1126/science.aaf0972
https://doi.org/10.1126/science.aaf0972
https://doi.org/10.1016/j.tim.2015.07.005
https://doi.org/10.1016/j.tim.2015.07.005
https://doi.org/10.1101/2022.08.05.22278483
https://doi.org/10.1101/2022.08.05.22278483
https://doi.org/10.1038/s41586-020-2349-y
https://doi.org/10.1016/j.jinf.2022.06.033
https://doi.org/10.1016/j.jinf.2022.06.033


Report
ll

OPEN ACCESS
and synergizeswith a nAb toprotectmice from lethal SARS-CoV-2 infection.

Cell Rep. 38, 110368. https://doi.org/10.1016/j.celrep.2022.110368.

57. Cao, Y., Yu, Y., Song,W., Jian, F., Yisimayi, A., Yue, C., Feng, R.,Wang, P.,

Yu, L., Zhang, N., et al. (2022). Neutralizing antibody evasion and receptor

binding features of SARS-CoV-2 Omicron BA.2.75. Preprint at bioRxiv.

https://doi.org/10.1101/2022.07.18.500332.

58. Yamasoba, D., Kimura, I., Kosugi, Y., Uriu, K., Fujita, S., Ito, J., and Sato,

K.; Consortium, T.G. to P.J. (G2P-J) (2022). Neutralization sensitivity of

Omicron BA.2.75 to therapeutic monoclonal antibodies. Preprint at bio-

Rxiv. https://doi.org/10.1101/2022.07.14.500041.

59. Sheward, D.J., Kim, C., Fischbach, J., Muschiol, S., Ehling, R.A., Björk-

ström, N.K., Hedestam, G.B.K., Reddy, S.T., Albert, J., Peacock, T.P.,

et al. (2022). Evasion of neutralizing antibodies by Omicron sublineage

BA.2.75. Preprint at bioRxiv. https://doi.org/10.1101/2022.07.19.500716.

60. Buchrieser, J., Dufloo, J., Hubert, M., Monel, B., Planas, D., Rajah, M.M.,

Planchais, C., Porrot, F., Guivel-Benhassine, F., Van der Werf, S., et al.
10 Cell Reports Medicine 3, 100850, December 20, 2022
(2020). Syncytia formation by SARS-CoV-2-infected cells. Embo J 39,

e2020106267. https://doi.org/10.15252/embj.2020106267.

61. Hadjadj, J., Planas, D., Ouedrani, A., Buffier, S., Delage, L., Nguyen, Y.,

Bruel, T., Stolzenberg, M.-C., Staropoli, I., Ermak, N., et al. (2022). Immu-

nogenicity of BNT162b2 vaccine against the Alpha and Delta variants in

immunocompromised patients with systemic inflammatory diseases.

Ann. Rheum. Dis. 81, 720–728, annrheumdis-2021-221508. https://doi.

org/10.1136/annrheumdis-2021-221508.

62. Pelleau, S., Woudenberg, T., Rosado, J., Donnadieu, F., Garcia, L., Oba-

dia, T., Gardais, S., Elgharbawy, Y., Velay, A., Gonzalez, M., et al. (2021).

Kinetics of the severe acute respiratory syndrome Coronavirus 2 antibody

response and serological estimation of time since infection. J. Infect. Dis.

224, 1489–1499. https://doi.org/10.1093/infdis/jiab375.

63. Sterlin, D., Mathian, A., Miyara, M., Mohr, A., Anna, F., Claër, L., Quentric,

P., Fadlallah, J., Devilliers, H., Ghillani, P., et al. (2021). IgA dominates the

early neutralizing antibody response to SARS-CoV-2. Sci. Transl. Med. 13,

eabd2223. https://doi.org/10.1126/scitranslmed.abd2223.

https://doi.org/10.1016/j.celrep.2022.110368
https://doi.org/10.1101/2022.07.18.500332
https://doi.org/10.1101/2022.07.14.500041
https://doi.org/10.1101/2022.07.19.500716
https://doi.org/10.15252/embj.2020106267
https://doi.org/10.1136/annrheumdis-2021-221508
https://doi.org/10.1136/annrheumdis-2021-221508
https://doi.org/10.1093/infdis/jiab375
https://doi.org/10.1126/scitranslmed.abd2223


Report
ll

OPEN ACCESS
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Bamlanivimab Kind gift of Dr Thierry Prazuck
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Omicron BA.4 GISAID EPI_ISL_15728568

Omicron BA.5 GISAID EPI_ISL_13660702
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Timothée

Bruel (timothee.bruel@pasteur.fr).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completedMaterials Transfer Agreement.

Data and code availability
SARS-CoV-2 variants genomes have been deposited at GISAID and are publicly available as of the date of publication. Accession

numbers are listed in the key resources table. This study did not generate any new codes. Any additional information required to re-

analyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
Individuals under Evusheld PreP were recruited in the French cities of Orléans and Paris (CHR d’Orléans and Hôpital Cochin).

The Neutralizing Power of Anti-SARS-CoV-2 Serum Antibodies (PNAS) cohort is an ongoing prospective, monocentric, longitudinal,

observational cohort clinical study aiming to describe the kinetics of neutralizing antibodies after SARS-CoV-2 infection or vaccina-

tion (ClinicalTrials.gov identifier: NCT05315583). The cohort takes place in Orélans, France and enrolled immunocompromised

individuals receiving Evusheld PreP. This study was approved by the Est II (Besançon) ethical committee. At enrollment, written

informed consent was collected, and participants completed a questionnaire that covered sociodemographic characteristics, clinical

information and data related to anti-SARS-CoV-2 vaccination. Blood sampling was performed on the day of Evusheld infusion and

after 3 days, 15 days and then every months. None of the patients self-reported a COVID-19 during the study period. The ‘Cochin’

cohort is a prospective, monocentric, longitudinal, observational clinical study (NCT04870411) enrolling immunocompromised indi-

viduals with rheumatic diseases, aiming at describing immunological responses to COVID-19 vaccine in patients with autoimmune

and inflammatory diseases treated with immunosuppressants and/or biologics. Ethics approval was obtained from the Comité de

Protection des Personnes Nord-Ouest II. Leftover sera from usual care were used from these individuals in the setting of the local

biological samples collection (RAPIDEM). Awritten informed consent was collected for all participants. None of the study participants

received compensation.

Viral strains

All strain were isolated from a nasopharyngeal swab using Vero E6 cells (ADCC: CRL-1586TM) tested negative for mycoplasma. The

Delta and Omicron BA.2 strains were previously described.27,29 BA.4 and BA.5 strains were isolated from Belgian and French

patients, respectively. BA.4 was isolated and sequenced by the NRC UZ/KU Leuven (Belgium). BA.5 was isolated from a 67-year-

old female patient. On May 15, she experienced mild and unspecific symptoms, she tested positive for COVID-19 using a lateral

flow assay. Due to pre-existing conditions (polymyalgia rheumatica), she presented at the hospital on 17/05, where a nasal swab

was collected. A PCR testing (kit: Eurobioplex Fast-SVD-EBX-047 from Eurobio scientific) identified BA.5, which was confirmed

by sequencing using the NEBNext ARTIC SARS-COV-2 Companion Kit for Oxford Nanopore (New England BioLabs) with Varskip

Short v2 and BA.2 Spike-in supplemental primers (https://github.com/nebiolabs/VarSkip/commit/3fd0283adb878fe24e16b161

c4e5c1c4364cd4c0) as per the manufacturer’s instruction. Her COVID-19 symptoms remain mild (arthralgia and cough). Both pa-

tients provided informed consent for the use of the biological materials. The sequences of the isolates were deposited on GISAID

immediately after their generation, with the following Delta ID: EPI_ISL_2029113; Omicron BA.2 GISAID ID: EPI_ISL_10654979; Om-

icron BA.4 GISAID ID: EPI_ISL_15728568; Omicron BA.5: EPI_ISL_13660702. viral stocks were titrated in limiting dilution on Vero E6

cells and on S-Fuse cells.

mAbs
Bamlanivimab, Casirivimab, Etesevimab, Imdevimab, Cilgavimab, Tixagevimab and Sotrovimab were provided by CHR Orleans.

Bebtelovimab was produced as previously described.29
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Cell lines
Raji cells (ATCC CCL-86) were grown in complete RPMI medium (10% Fetal Calf Serum (FCS), 1% Penicillin/Streptomycin (PS)).

293T cells (ATCC CRL-3216) and U2OS cells (ATCCa HTB-96) were grown in complete DMEM medium (10% FCS, 1% PS).

U2OS stably expressing ACE2 and the GFPsplit system (GFP1-10 and GFP11; S-Fuse cells) were previously described.60 Blasticidin

(10 mg/mL) and puromycin (1 mg/mL) were used to select for ACE2 and GFPsplit transgenes expression, respectively. Raji cells sta-

bly expressing the SARS-CoV-2 Spike protein of Delta, BA.2 and BA.4/5 (GenBank: QHD43416.1, UJP23605.1 and UPN16705.1)

were generated by lentiviral transduction and selection with puromycin (1 mg/mL). Absence of mycoplasma contamination was

confirmed in all cell lines with the Mycoalert Mycoplasma Detection Kit (Lonza). All cell lines were cultured at 37�C and 5% CO2.

METHOD DETAILS

Anti-spike antibody binding and serology
Circulating levels of anti-S antibodies were measured with the S-Flow assay. This assay uses 293T cells stably expressing the spike

protein (293T spike cells) and 293T control cells as control to detect anti-spike antibodies by flow cytometry.49 In brief, the cells were

incubated at 4 �C for 30 minutes with sera (1:300 dilution) in PBS containing 0.5%BSA and 2 mMEDTA. Cells were then washedwith

PBS and stained with an anti-human IgG Fc Alexa Fluor 647 antibody (109-605-170, Jackson Immuno Research). After 30 minutes at

4 �C, cells were washedwith PBS and fixed for 10 minutes using 4%PFA. A standard curve with serial dilutions of a human anti-spike

monoclonal antibody (mAb48) was acquired in each assay to standardize the results as a binding Unit (BU). Data were acquired on an

Attune NxT instrument using Attune NxT software version 3.2.2 (Life Technologies) and analyzed with FlowJo version 10.7.1 software

(see Extended Data Figure 4 for gating strategy). The sensitivity is 99.2% with a 95% confidence interval of 97.69–99.78%, and the

specificity is 100% (98.5–100%)40. To determine BAU/mL (Binding Antibody Units per mL), we analyzed a series of vaccinated (n =

144), convalescent (n = 59) samples and World Health Organization international reference sera (20/136 and 20/130) on S-Flow and

on two commercially available ELISAs (Abbott 147 and Beckmann 56). Using this dataset, we performed a Passing–Pablok regres-

sion, which shows that the relationship between BU the S-Flow (see above) and BAU/mL is linear, allowing calculation of BAU/mL

using S-Flow data.61 The binding mAbs to Delta, BA.2 and BA.4/5 spikes was assessed using Raji cells stably expressing these

spikes. Stainings were performed at the indicated concentration of mAbs and following the S-Flow protocol, except that antibodies

were biotinylated and revealed with a streptavidin conjugated to AlexaFluor647 (Life Technologies; dilution 1:400).

S-Fuse neutralization assay
U2OS-ACE2 GFP1-10 or GFP11 cells, also termed S-Fuse cells, become GFP + when they are productively infected by SARS-CoV-

2. Cells tested negative for mycoplasma. Cells were mixed (ratio 1:1) and plated at 8 3 103 per well in a mClear 96-well plate (Greiner

Bio-One). The indicated SARS-CoV-2 strains were incubated with serially diluted mAb or sera for 15 minutes at room temperature

and added to S-Fuse cells. The sera were heat-inactivated for 30 minutes at 56 �C before use. Eighteen hours later, cells were fixed

with 2% paraformaldehyde (PFA), washed and stained with Hoechst (dilution 1:1,000, Invitrogen). Images were acquired with an Op-

era Phenix high-content confocal microscope (PerkinElmer). The GFP area and the number of nuclei were quantified using Harmony

software version 4.9 (PerkinElmer). The percentage of neutralization was calculated using the number of syncytia as value with the

following formula: 1003 (1� (value with serum�value in ‘non-infected’)/(value in ‘no serum’� value in ‘non-infected’)). Neutralizing

activity of each serumwas expressed as the ED50. ED50 values (in mg ml�1 for mAbs and in dilution values for sera) were calculated

with a reconstructed curve using the percentage of the neutralization at the different concentrations. We previously reported corre-

lations between neutralization titers obtained with the S-Fuse assay and both pseudovirus neutralization and microneutralization as-

says.62,63 Of note, we previously reported that the neutralization assay with the S-Fuse system is not affected by differences in fu-

sogenicity between variants.27

Antibody-dependent cellular cytotoxicity reporter assay
ADCCwas quantified using the ADCCReporter Bioassay (Promega) as previously described.47 Briefly, 53 104 Raji stably expressing

the indicated spikes were co-cultured with 5 3 104 Jurkat-CD16-NFAT-rLuc cells in presence or absence of mAbs at the indicated

concentration. Luciferase was measured after 18 h of incubation using an EnSpire plate reader (PerkinElmer). ADCC was measured

as the fold induction of Luciferase activity compared to the ‘‘no serum’’ condition. Sera were tested at a 1:100 dilution and normalized

to the control condition to account for inter-individual variations of the background.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
No statistical methods were used to predetermine sample size. The experiments were not randomized, and the investigators were

not blinded. Flow cytometry data were analyzed with FlowJo version 10 software. Calculations were performed using Excel 365 (Mi-

crosoft). Figureswere drawn on Prism 9 (GraphPad Software). Statistical analysis was conducted usingGraphPad Prism 9. Statistical

significance between different groups was calculated using Kruskall–Wallis test with Dunn’s multiple comparisons, Friedman tests

with Dunn’s multiple comparison correction and Spearman non-parametric correlation test. All tests were two-sided.
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