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Abstract

A damaging inflammatory response is implicated in the pathogenesis of severe coronavirus disease
2019 (COVID-19), but mechanisms contributing to this response are unclear. In two prospective
cohorts, early non-neutralizing, afucosylated 1gG antibodies specific to severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) were associated with progression from mild to more
severe COVID-19. In contrast to the antibody structures that predicted disease progression,
antibodies that were elicited by mMRNA SARS-CoV-2 vaccines were instead highly fucosylated
and enriched in sialylation, both modifications that reduce the inflammatory potential of 19gG. To
study the biology of afucosylated 1gG immune complexes, we developed an in vivo model that
revealed that human 1gG-Fc gamma receptor (FcyR) interactions could regulate inflammation

in the lung. Afucosylated IgG immune complexes isolated from COVID-19 patients induced
inflammatory cytokine production and robust infiltration of the lung by immune cells. By contrast,
vaccine-elicited 1gG did not promote an inflammatory lung response. Together, these results show
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that 1IgG-FcyR interactions are able to regulate inflammation in the lung and may define distinct
lung activities associated with the 1gG that are associated with severe COVID-19 and protection
against infection with SARS-CoV-2.

One Sentence Summary:

Divergent early antibody structures are associated with severe COVID-19 and are functionally
distinct from mRNA vaccine-elicited antibodies in vivo.

Introduction:

The minority of people who develop severe coronavirus disease 2019 (COVID-19)

during severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection mount
an inflammatory response that is implicated in disease pathogenesis (1-3). The extreme
inflammatory phenotype in the lungs of patients with severe COVID-19 is clear from
autopsy studies, but mechanisms contributing to this response are not well understood
(4-7). 1gG antibodies mediate cellular functions that are central in directing the course

of disease during many viral infections. Aside from neutralizing activity, 1gG antibodies
that bind to virus particles or viral antigens can form immune complexes (ICs) that may
have an impact on disease pathogenesis, especially with regard to inflammation. This

is observed in some autoimmune and infectious diseases where persistent 1Cs drive a
hyperinflammatory response that damages host tissues (8). A clear mechanism underlying
modulation of inflammation by antibodies is through 1gG interactions with activating and
inhibitory Fc gamma receptors (FcyRs) on myeloid cells, which are central regulators

of the inflammatory response. We and others have previously found that patients with
severe COVID-19 produce a high abundance of afucosylated 1gG antibodies that trigger
inflammatory responses in primary monocytes (9-11). This response was dependent on Fc
afucosylation, a modification that enhances affinity of monomeric 1gG for the activating
FcyR, CD16a, by approximately 10-fold (12, 13).

Because IgG ICs can promote disease sequelae in some infections, the link between

severe COVID-19 and afucosylated 1gG suggests that this antibody type may have a

role in the inflammatory pathogenesis of severe disease. To explore this, we first studied
whether afucosylated antibody production was a consequence of, or an antecedent to, the
development of more severe COVID-19. In two independent cohorts assessed during an
initial period of mild symptoms, we found that the absence of early neutralizing antibodies,
together with an increased abundance of afucosylated 1gG, was associated with rapid
progression to more severe disease. Elevated frequencies of monocytes expressing the
receptor for afucosylated 1gG, CD16a, were also associated with more severe outcomes.

To study the effect of afucosylated antibody signaling in the lungs, we developed a model
system in which human ICs of defined composition are intratracheally administered to mice
that express human FcyRs (14). Molecular and cellular changes that were triggered in the
lung by distinct antibody signaling pathways were then assessed by characterization of
bronchoalveolar lavage (BAL) fluid collected after IC administration. This model provided
a physiologically relevant system to study antibody effector responses in the lung. We
observed that afucosylated ICs triggered robust immune cell activation, infiltration into the
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lungs, and proinflammatory cytokine production that was CD16a-dependent. In contrast to
infection, SARS-CoV-2 mRNA vaccination elicited IgG antibodies that were both highly
fucosylated and sialylated. Immune complexes formed from mRNA vaccine-elicited 19G
did not trigger the cellular infiltration or the cytokine and chemokine production that were
associated with afucosylated 1gG in vivo. Overall, these findings demonstrate that early
production of non-neutralizing, afucosylated 1gG1 was associated with COVID-19 symptom
progression; these antibodies were structurally and functionally distinct from IgG1 elicited
by mRNA SARS-CoV-2 vaccination.

Study cohorts

To study the early antibody features that correlated with different disease outcomes in
COVID-19, we characterized IgG from two longitudinal cohorts of COVID-19 outpatients
from Stanford Hospital Center (n=109 Cohort 1 at enrollment; n=69 Cohort 2). Although
these samples were collected from interventional clinical studies, we evaluated data

only from the placebo arm of both studies; thus, our findings are not impacted by the
experimental treatments trialed in either study. Participants in both studies were enrolled
early in infection, within three days of a positive SARS-CoV-2 polymerase chain reaction
(PCR) test. All participants presented with mild COVID-19 and had mild symptoms

at the time of enrollment, as determined by a physician’s assessment (15). Although
uncomplicated resolution of mild disease occurred in the majority of participants, a subset
of patients in each cohort (n=8 in Cohort 1; n=7 in Cohort 2) developed worsening
symptoms in the hours or days following enrollment. These individuals were evaluated in
the emergency department and some required hospitalization; one individual succumbed to
disease. We term these patients with distinct disease trajectories as “progressors” (tables S1,
S2, S3) or “non-progressors”. Progressors and non-progressors from Cohort 1 did not differ
by the parameters of age, weight, or sex. Progressors from Cohort 2 also did not differ based
on weight or sex but were older compared to non-progressors (table S1).

Low early neutralizing IgG responses were observed in progressors.

The availability of samples from the date of enroliment in both studies (here termed

“day 0”), when all participants had mild disease, enabled our analysis of early antibody
responses that correlated with distinct disease trajectories. We first defined the evolution of
the neutralizing antibody response following SARS-CoV-2 infections using a pseudotyped
vesicular stomatitis virus neutralization assay. The fifty percent pseudoviral neutralizing
antibody titers (pNT50) were calculated for day 0, day 5, day 28, month 7, and month 10
for all participants in the placebo arm of Cohort 1 from whom samples were available.
Samples from study participants who received a SARS-CoV-2 vaccine within the study
period were not evaluated. In most individuals, abundance of neutralizing antibodies showed
an increase over time, peaking by day 28. Once initiated, the antibody response was durable
and persisted in most people until 7 months post-enrollment, after which there was a general
decrease in neutralization by month 10 (Fig. 1A, fig. S1A). This analysis of Cohort 1
revealed that, although there was considerable heterogeneity in early neutralizing responses,
those participants who would progress to more severe disease had uniformly very low or
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no detectible neutralizing antibodies at the study enrollment time point (Fig. 1B). Cohort 2
showed somewhat less heterogeneity in early neutralizing responses, but as with Cohort 1,
neutralizing antibodies were not detected on day 0 in any of the progressors (Fig. 1B). These
data were broadly consistent with studies showing a correlation between early neutralizing
antibody responses and outcomes in COVID-19 (16-19).

We initially reasoned that the absence of early neutralizing antibodies in progressors might
have been due to earlier sampling of participants who were on a more severe disease
trajectory. To evaluate this, we compared the number of symptomatic days prior to study
enrollment in progressors and non-progressors. This revealed that there were no significant
differences in the mean or median duration of symptoms prior to enrollment (P> 0.05, table
S1). Thus, the kinetics of sampling did not explain this observation. Despite the absence of
early neutralizing responses, SARS-CoV-2 spike-reactive IgG was present in all progressors
(Fig. 1C). Although early neutralizing responses were not detected, progressors from whom
longitudinal samples were available generally mounted neutralizing antibody responses by
the later study timepoints (fig. S1B).

Elevated early production of afucosylated IgG was observed in progressors.

We next asked whether there were qualitative differences in the Fc structures of the 1gG in
progressors and non-progressors. As we had previously observed elevated anti-SARS-CoV-2
Fc afucosylation in hospitalized patients compared to outpatients (9), we sought to clarify
whether these antibodies were produced in response to severe disease or whether they might
precede the development of severe symptoms. To study this, we evaluated Fc glycosylation
on antibodies present at study enrollment when all individuals had mild symptoms. Indeed,
at study enrollment the progressors in both cohorts were already distinguished by an
elevated abundance of afucosylated 1gG1, comparable to the elevated abundance observed
in a cohort of hospitalized COVID-19 patients in the Mount Sinai Health System (Fig.

1D, E, table S1) (20). We observed no correlations between demographic features and

1gG afucosylation in either outpatient cohort (fig. S1C). The abundance of afucosylated
IgG1 in COVID-19 outpatients was not different across timepoints that were separated by
approximately 200 days (fig. S1D). These data show that production of afucosylated IgG
preceded the onset of severe symptoms and afucosylated antibodies were maintained over
time.

We next sought to investigate the basis of differences in antibody fucosylation. We
hypothesized that differences in expression of the relevant glycosyltransferase, a-1,6-
fucosyltransferase (FUT8), by antibody-secreting cells, might play a role. To investigate this,
we assessed FUT8 protein abundance in peripheral blood mononuclear cells (PBMCs) from
progressors and non-progressors (fig. S2A). At the time of this experiment, only PBMCs
from Cohort 2 were available from the enroliment timepoint. Because we have previously
observed a sex-based difference in antibody afucosylation (9), an equivalent number of
sex-matched non-progressors were selected for this analysis. As previously mentioned, no
other correlations between demographic features and IgG afucosylation were observed in
either cohort (fig. S1C). Consistent with the elevated production of afucosylated 1gG by
progressors, CD19* B cells and plasmablasts from progressors expressed less FUT8 than
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cells from non-progressors upon enrollment (Fig. 1F). FUT8 expression within total PBMCs
was comparable between groups, as was the distribution of B cell subsets, suggesting

that FUT8 expression was regulated at the effector cell level (fig. S2A to C). Of note,
plasmablast expression of FUT8 correlated with 1gG1 Fc afucosylation, supporting the
hypothesis that 1gG afucosylation is regulated, at least in part, by the expression of FUT8
(Fig. 1G).

Early non-neutralizing, afucosylated anti-spike IgG were associated with worsening
symptoms in COVID-19 outpatients.

To determine whether the combination of low or no neutralizing antibodies and elevated
IgG Fc afucosylation was associated with worsening disease trajectory in patients with mild
COVID-19, we next trained and evaluated a support vector machine (SVM) classifier by
using day O neutralization titers and afucosylated 1gG frequency as input features from
Cohort 1. Individually, both early neutralization titers and Fc afucosylation had low to
modest predictive power to separate progressors and non-progressors, whereas combining
the two features could separate progressors from non-progressors with higher predictive
accuracy (Fig. 1H). Subsequently, the Cohort 1 data was used as the training set and the
performance of the model was evaluated on an independent test dataset (Cohort 2). As
shown, the combined features could discriminate divergent disease outcomes with area
under the receiver operating characteristic (ROC) curve (AUC) of 0.81 (Fig. 11). Thus, early
production of reactive, afucosylated antibodies and poor serum neutralizing activity may be
able to predict progression from mild COVID-19 to more severe outcomes.

The receptor for afucosylated 1gG1, CD16a, is enriched in the myeloid compartment of
progressors In addition to afucosylated antibody production, a hallmark of patients with
severe COVID-19 is inflammatory myeloid cell infiltration into the lung and excessive
inflammatory cytokine production (2, 21, 22). These cells express the low affinity FcyRs
CD32a (activating), CD32b (inhibitory) and, on some subsets, CD16a (activating). These
low affinity FcyRs are engaged through avidity-based interactions when ICs are formed
during infection. Depending on the magnitude of activating or inhibitory signal received
upon engagement, an effector cell will respond with a proportional degree of inflammatory
activity (9). Considering that severe COVID-19 is often characterized by an aberrant effector
cell activation state (1, 23-25), we next sought to define the expression of activating and
inhibitory FcyRs on peripheral monocytes from progressors and non-progressors that might
counterbalance or compound an enrichment of afucosylated IgG.

To study this, available PBMC samples collected at study enrollment were assessed for the
frequency of CD16a-expressing monocyte subsets, as well as their expression of all low
affinity FcyRs (fig. S3A). Notably, we found that progressors had increased frequencies

of total CD16a* monocytes, CD16a* CD14~ non-classical monocytes, and CD16a* CD14*
intermediate monocytes within the peripheral CD11c* HLA-DR* myeloid cell compartment
compared to non-progressors upon study enrollment (Fig. 2A) (26—28). Further, quantitative
expression analysis of CD16a within these immune cell subsets revealed higher expression
of CD16a on cells from progressors, whereas other low affinity FcyRs (CD32a/b) were

not differentially expressed (Fig. 2B, fig. S3B). Taken together, early CD16a expression
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within the peripheral myeloid cell compartment was associated with the development of
more severe symptoms in COVID-19 outpatients (Fig. 2C and D).

MRNA vaccination elicits the production of neutralizing IgG with glycoforms that are
distinct from those elicited by infection.

We next sought to compare the quality of antibodies produced after SARS-CoV-2 mRNA
vaccination and infection. To do so, we studied the antibodies elicited after 1 and 2 doses

of the Pfizer BNT162b2 SARS-CoV-2 mRNA vaccine in a group of healthy SARS-CoV-2-
naive adults (Stanford adult vaccine cohort, n=29) (table S4). Neutralizing titers increased
between the post-primary vaccination timepoint (21 days post-dose 1 (PD1)) and the post-
does 2 timepoint (21 days post-dose 2 (PD2)) (Fig. 3A). In all, two doses of mMRNA
SARS-CoV-2 vaccine elicited robust neutralizing antibody responses that were elevated over
peak outpatient neutralizing titers (day 28 shown) (Fig. 3A). Over time after vaccination,

the distribution of anti-spike 1gG subclasses shifted to a more dominant proportion of 1gG1
antibodies (Fig. 3B).

We next characterized Fc glycoforms of anti-spike 1gG to determine whether infection-

and mRNA vaccine-elicited IgG were distinct in this respect (10). For this analysis, 1gG
from day 28 of the outpatient COVID-19 study (from non-progressors) were compared

to samples drawn from vaccine recipients on day 28 post-primary vaccination (7 days
PD2). Additionally, we compared these groups to 1gG samples from a cohort of individuals
hospitalized with COVID-19 (Mount Sinai). Abundance of IgG1 Fc afucosylation were
similar between the outpatient and vaccine-elicited 1gG (Fig. 3C) and both groups were
reduced in afucosylation relative to hospitalized patients. Interestingly, vaccination-induced
IgG was enriched in Fc sialylation over 1gG from outpatients and individuals hospitalized
with COVID-19, suggesting differential regulation of Fc sialylation by mRNA vaccination
and infection, though we cannot exclude a contribution from demographic features that were
not matched between cohorts. The relative homogeneity of Fc glycosylation in response to
MRNA vaccination contrasted with the heterogeneity observed in infection, as well as with
our previous observations after seasonal influenza virus vaccination, suggesting differences
in the response that may be based on the context of antigen encounter, antigen experience,
or different vaccine platforms (29). Vaccine-elicited Fc afucosylation and sialylation were
relatively stable over time, similar to the stability observed after infection (Fig. 3D, fig.
S1C). Thus, SARS-CoV-2 infection and mRNA vaccination both elicited high neutralizing
titers, but with distinct and stable abundances of 1gG1 Fc afucosylation and sialylation.

Afucosylated immune complexes trigger inflammation in the lung in vivo.

To study the functional relevance of the differential glycosylation of mRNA- and infection-
elicited 1gG, we established an in vivo experimental model designed specifically to

enable dissection of human antibody signaling outcomes in the lung in the absence of

any additional effects imposed by infection. In this model, pre-formed human IgG ICs,
simulating what would be formed during an infection, are delivered to lungs of mice that
express human, instead of murine, FcyRs, with cell-specific distribution that recapitulates
the human system (14). Polyclonal IgG pools were generated from purified serum 1gG.
Pools were from patients with elevated (pool 1, >20%) or normal abundance (pool 2,
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<10%) of afucosylated 1gG or from serum isolated from mRNA-vaccinated adults (pool

3). Pools 1 and 2 did not differ in other glycan modifications, and all 3 pools exhibited
comparable distribution of 1gG subclasses, though pool 3 tended to have lower IgG1 and
higher 19G2 content (fig. S4A and B). All 1gG pools were standardized for binding to
SARS-CoV-2 spike (fig. S4C). Mice were intratracheally administered ICs composed of the
anti-SARS-CoV-2 1gG and trimeric SARS-CoV-2 spike protein. Four hours following IC
administration, contents of BAL fluid were analyzed for immune cells and soluble factors.
This system provided a context in which to specifically study how modulation of 1gG
Fc-FcyR interactions impacts the immune response in the lung.

BAL fluid collected from the lungs of mice that were treated with afucosylated ICs

(pool 1) had elevated frequencies of neutrophils and monocytes over BAL fluid from

mice treated with fucosylated ICs (pool 2) or mRNA-vaccine elicited ICs (pool 3) (Fig.

4A, fig. S5). BAL fluid from mice that received afucosylated 1Cs was also distinguished
from all other experimental conditions by increased concentrations of proinflammatory
cytokines and chemokines. Tumor necrosis factor (TNF)-a,, interleukin (IL)-6, chemokine
C-C motif ligand (CCL)-3, CCL4, chemokine C-X-C motif ligand (CXCL)-1, and CXCL10
were uniquely upregulated whereas no difference was observed in concentrations of the
immunoregulatory or immunosuppressive cytokine IL-10 (Fig. 4B). Collectively, these
findings functionally distinguish afucosylated 1gG, characteristic of severe COVID-19, from
the highly sialylated and fucosylated, vaccine-elicited antibody glycoforms in vivo.

We next assessed the FcyR dependence of the immune response to afucosylated ICs.

Mice specifically lacking expression of CD16a (CD16a~'"), but expressing all other human
FcyRs, did not exhibit a similar inflammatory response to afucosylated ICs as mice
expressing the complete human repertoire (WT) (Fig. 4C and D). This showed that the
inflammatory potential of afucosylated IgG1 was highly dependent on the presence of
CD16a-expressing immune effector cells. Because CXCL1 and CCL3 are known neutrophil
chemoattractants, we next asked whether these molecules mediated the neutrophil influx
after afucosylated IC administration. Indeed, pre-administration of blocking monoclonal
antibodies against the chemokines CXCL1 or CCL3 led to a reduction in neutrophil
recruitment (Fig. 4E) (30, 31). Together, these findings support a mechanism in which
afucosylated ICs in the lung trigger CD16a-dependent production of chemokines which
promote subsequent influx of innate immune cells.

Discussion

Prognostic biomarkers and treatments that may halt the progression to severe COVID-19
are urgently needed to prevent mortality associated with this disease. To identify new
avenues of treatment, mechanisms underlying the distinct trajectories in COVID-19 must
be clarified. Here, we show that early antibody quality and the expression of cognate
FcyRs on peripheral monocytes may be used to anticipate distinct COVID-19 trajectories,
including progression to more severe outcomes. Overall, mild COVID-19 patients who
experienced a worsening disease trajectory were characterized by the absence of an

early robust neutralizing antibody response with elevations in both afucosylated anti-
spike 1gG and the CD16a receptor on myeloid cells. The IgG elicited by SARS-CoV-2
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infection was heterogenous in Fc glycosylation relative to 1gG generated in response to
SARS-CoV-2 mRNA vaccination. Vaccine-elicited IgG exhibited high neutralization and
low afucosylation, along with other substantial differences in Fc glycoforms. The early
inflammatory response to ICs in the lung was a function of the abundance of 1gG1
afucosylation and CD16 expression.

Our data support a model in which the combination of a lack of early SARS-CoV-2
neutralization and an enhanced afucosylated 1lgG-CD16a signaling axis contribute to the
inflammatory phenotype of severe COVID-19. We propose that this may be one mechanism
contributing to the hyperinflammatory response in severe COVID-19. Determining how
various immune aberrancies, including those described here and others such as elevated
IL-6 or an impaired renin-angiotensin system might contribute to the pathogenesis of severe
COVID-19 will require the development of new animal models (2, 24, 32, 33). To examine
whether afucosylated 1Cs can augment the inflammatory milieu in the lungs, we established
a model to specifically evaluate the impact of human 1gG signaling on the pulmonary
inflammatory response. This model advances our ability to evaluate human IgG antibodies
in a functional dimension, beyond what in vitro approaches can reveal. We show that the
afucosylated 1gG-CD16a signaling axis can result in a remodeling of the inflammatory lung
milieu. Of note, the increased frequency of neutrophils and monocytes observed within the
lungs of mice that received afucosylated 1Cs mirrors what has been observed in some severe
COVID-19 patients (4, 21, 34, 35). Tissue-resident alveolar macrophages likely serve as an
initial effector of afucosylated IC activity in this model as they are the predominant innate
immune cell population within the lung, exhibit high expression of CD16a, and can produce
many of the observed soluble factors (11). This in vivo model is not a model of COVID-19
pathogenesis; rather, it enables a more targeted investigation of how distinct human antibody
repertoires activate effector cells and the complex molecular changes involved in those
interactions specifically within the lung. Animal models that more accurately reflect the
immunophenotype of patients at highest risk for mortality in COVID-19 are needed to truly
study the pathogenesis of this disease.

Although we did not observe a correlation between 1gG afucosylation and the demographic
features studied here, it is known that IgG post-translational modifications are associated
with specific patient characteristics, including sex and age (36). Thus, differences in
demographics between our cohorts may have contributed to our findings. How 1gG
glycosylation is regulated is not fully understood, but numerous studies support a role

for both heritable and non-heritable influences (29, 37-41). Our data support a direct role
for plasmablast FUT8 expression as a determinant of 1gG afucosylation. Defining specific
regulatory pathways of 1gG glycosylation will be important for modulating the in vivo
activities of 1gG to improve human disease outcomes.

This study has limitations. First, some patient demographic features differed between
cohorts, particularly the distribution of sex and age in hospitalized patients as compared
to outpatients and healthy vaccine recipients. Although statistical analysis performed here
does not support sex and age as strong contributors to afucosylated IgG1 abundance,

we cannot definitively conclude a lack of contribution from these features or other
undetermined variables. Second, both independent COVID-19 outpatient cohorts included
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only a small number of progressors, leading to unequal sample sizes. Our identification

of an association between increased afucosylated 1gG1 and COVID-19 progression may
draw greater attention to and assessment for this antibody modification in additional patient
cohorts which may assist in the validation of increased afucosylated 1gG1 as a potential
prognostic marker of progressive COVID-19. That said, and as a third limitation, there are
currently no clinical assays to assess 1gG1 afucosylation. The development of one such high-
throughput, clinical assay could dramatically increase assessment for afucosylated IgG1 in

a variety of diseases and increase consistency in method of assessment between groups (42,
43). Fourth and finally, the in vivo model described here is not a model of severe COVID-19
pathogenesis. The development of animal models that more faithfully recapitulate the risk
factors and immune responses associated with severe disease in humans are necessary in this
endeavor.

In conclusion, in this study of two independent COVID-19 outpatient cohorts, an early, non-
neutralizing, afucosylated antibody response was observed to be associated with COVID-19
symptom progression. These findings begin to suggest that an early assessment for non-
neutralizing, afucosylated 1gG1 may be able to identify those patients at risk of developing
severe disease in response to SARS-CoV-2 infection or infection by other novel viruses.

Materials and Methods

Study Design

The overall objectives of this study were to characterize the pre-progressive antibody
responses during early, mild COVID-19 and to identify antibody characteristics associated
with distinct disease outcomes and SARS-CoV-2 mRNA vaccination. To this end, we
studied samples from two independent cohorts of mild COVID-19 patient enrolled in phase
2 clinical trials. We evaluated data only from the placebo arm of both studies so that our
findings are not impacted by the experimental treatments trialed in either study. All subjects
were assessed for pseudoviral neutralization at least in duplicates, and 1gG glycosylation
were quantified for all patients who progressed to severe disease (progressors), hospitalized
patients and from a subset of randomly selected non-progressors and mMRNA vaccinees a
(investigators were blinded). As progressors were identified post hoc, study size calculations
were not performed. No selection criteria were used to select the hospitalized patients from
Mount Sinai other than their status as hospitalized COVID-19 patients. The mRNA vaccine
recipient cohort participants were selected based on having no known prior exposure to
SARS-CoV-2 and a recent negative PCR test result for SARSCoV-2. No other selection
criteria were used and there were no outliers. Investigators were not blinded to patient status.

For the animal studies, no statistical methods were employed to predetermine sample size.
Mice were randomized to achieve equal distribution of age (8—12 weeks) and sex (1 to

1, male to female). Treatment groups were consistently blinded to the person involved

in treatment administration and tissue processing. Cellular, cytokine, and chemokine
measurements were performed in duplicate and data are representative of 2-3 independent
experiments.
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Clinical cohorts and samples

Characterization of these samples at Stanford was performed under a protocol approved

by the Institutional Review Board of Stanford University (protocol #55718). For the
Stanford Lambda cohort (Cohort 1), 120 participants were enrolled in a phase 2
randomized controlled trial of Peginterferon Lambda-1a beginning April 25, 2020 (Lambda,
NCT04331899). Inclusion/exclusion criteria and the study protocol for the trial have been
published(15). Briefly, adults aged 18 to 75 years old were enrolled within 72 hours of
testing positive for SARS-CoV-2 by an FDA emergency use authorized RT-PCR within 72
hours prior to enrollment were eligible for study participation. Exclusion criteria included
hospitalization, respiratory rate >20 breaths per minute, room air oxygen saturation <94%,
pregnancy or breastfeeding, decompensated liver disease, recent use of investigational or
immunomodulatory agents for treatment of COVID-19, and prespecified lab abnormalities.
All participants gave written informed consent, and all study procedures were approved

by the Institutional Review Board of Stanford University (IRB-55619). Participants were
randomized to receive a single subcutaneous injection of Lambda or saline placebo.
Peripheral blood was collected at enrollment, day 5, and day 28 post enrollment. A

subset of participants (n=80) returned for long-term follow-up visits 4-, 7-, and 10-months
post enroliment, with peripheral blood obtained. Longitudinal samples from the 56 SARS-
CoV-2-infected outpatients who were in the placebo arm of the broader Lambda study were
obtained and assessed here.

For the Stanford Favipiravir Cohort (Cohort 2), 149 participants were enrolled in a phase
2 randomized controlled trial of Favipiravir beginning July 12, 2020 (NCT04346628).
Inclusion/exclusion criteria and the study protocol for the trial are publicly available.
Briefly, adults aged 18 to 80 years old were enrolled within 72 hours of a positive

NAAT for SARS-CoV-2. Upon enrollment, participants were mildly symptomatic with
no evidence of respiratory distress. Participants were randomized to receive favipiravir
or placebo. Participants were followed for 28 days, with study visits on days 1, 5, 10,

14, 21 and 28. At each study visit, clinical assessment was performed and oropharyngeal
swabs and blood samples were collected. Samples collected upon enrollment from the 69
SARS-CoV-2-infected outpatients who were in the placebo arm of the broader Favipiravir
study were obtained and assessed here.

For the cohort of patients hospitalized with COVID-19, 52 samples were obtained from
hospitalized COVID-19 patients enrolled in the Mount Sinai Health System (MSHS)
collected by the Mount Sinai COVID-19 biobank (2). The median age was 65 years old
with a range from 33 to 98 years old. There were 31 males and 21 females in the study. 13
patients succumbed to disease. For the Stanford adult vaccine cohort, 57 healthy volunteers
were enrolled in the study approved by Stanford University Institutional Review Board (IRB
8629). The median age was 36 years old with a range from 19 to 79 years old. There

were 28 males and 29 females in the study. There were 27 White participants, 23 Asian
participants, 4 Black participants, 1 Native American participant, and 2 other participants.
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Human embryonic kidney (HEK) 293T (American Type Culture Collection, ATCC;
CRL-3216) and Vero (ATCC; CCL-81) cells were used in this study. Cells were grown and
maintained in 1X Dulbecco’s Modified Eagle Medium (DMEM; Thermo Fisher Scientific).
Media was supplemented with 10% fetal bovine serum (FBS).

Cloning, expression, and protein purification

The Hisg-tagged SARS-CoV-2 receptor binding domain (RBD) and full-length SARS-
CoV-2 spike protein were purified in house as previously described (9). Both constructs
were transiently transfected into Expi293F cells (Thermo Fisher Scientific). Proteins were
purified from culture supernatants using Ni-nitriloacetic acid (NTA) resin (GE HealthCare).

Generation of SARS-CoV-2 pseudoparticles

To generate vesicular stomatitis virus (VSV) pseudotyped with the spike protein of SARS-
CoV-2, we first constructed an expression plasmid encoding the WT SARS-CoV-2 spike
protein. We did this by modifying a pCAGGS mammalian expression vector encoding the
full-length WT spike protein and deleting its last 18 amino acids of the cytoplasmic domain,
which we call pPCAGGS-SA18. This reagent was produced under HHSN272201400008C
and obtained through Biodefense and Emerging Infections (BEI) Resources, National
Institute of Allergy and Infectious Disease (NIAID), National Institutes of Health (NIH):
Vector pPCAGGS containing the SARS-related coronavirus 2, Wuhan S, NR52310. To
generate VSV pseudotyped with SARS-CoV-2 spike protein, we first coated 6-well plates
with 0.5 pg/mL poly-D-lysine (Thermo Fisher Scientific, Cat. No. A3890401) for 1 to 2
hours at room temperature. After poly-D-lysine treatment, plates were washed three times
with sterile water and then seeded with 1.5x108 HEK 293T cells per well. After 24 hours,
cells were transfected with 1 pg of pCAGGS-SA18 per well using Lipofectamine 2000
transfection reagent (Thermo Fisher Scientific, Cat. No., 11668019). Forty-eight hours after
transfection, the cells were washed once with 1X phosphate buffered saline (PBS) and were
infected with VSV-AG-green fluorescent protein (GFP)/nanoluciferase (a generous gift from
Matthias J. Schnell) at a multiplicity of infection of 2 to 3 in a 300 pL volume. Cells

were infected for an hour with intermittent rocking every 15 minutes. After infection, the
inoculum was carefully removed, and the cell monolayer was washed three times with 1X
PBS to remove residual VSV-AG-GFP/nanoluciferase. Two mL of infection media (2% FBS,
1% glutamine, 1% sodium pyruvate in 1X DMEM) was added to each well. At 24 hours
post-infection, the supernatants from all the wells were combined, centrifuged (600 g for 10
minutes, 4°C), and stored at —80°C until use.

Neutralization assays

Vero cells were seeded at 5x10° cells per well in 50 pL aliquots in half area Greiner 96-well
plates (Greiner Bio-One; Cat. No. 675090) 24 hours prior to performing the neutralization
assay. On separate U-bottom plates, patient plasma samples were plated in duplicates and
serially 5-fold diluted in infection media (2% FBS, 1% glutamine, 1% sodium pyruvate

in 1X DMEM) for a final volume of 28 pL per well. We also included ‘virus only” and
‘media only’ controls. Twenty-five microliters of SARS-CoV-2 pseudo-typed VSV particles
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(containing 500 to 1500 fluorescent forming units) were added to the wells on the dilution
plate, not including the “virus-free” column of wells and incubated at 37°C for 1 hour. Prior
to infection, Vero cells were washed twice with 1X PBS and then 50 pL of the incubated
pseudo-typed particles, and patient plasma mixture was then transferred from the U-bottom
96-well dilution plates onto the Vero cells and placed into an incubator at 37°C and 5% CO2.
At 24 hours post-incubation, the number of GFP-expressing cells indicating viral infection
were quantified using a Celigo Image Cytometer. We first calculated percent infection based
on our “virus only” controls and then calculated percent inhibition by subtracting the percent
infection from 100. A non-linear curve and the half-maximal neutralization titer (oNT50)
were generated using GraphPad Prism.

Enzyme-linked immunosorbent assay (ELISA)

ELISAs were performed following a modified version of a protocol described previously
(9). Briefly, 96 Well Half-Area microplates (Corning (Millipore Sigma)) were coated with
antigens at 2ug/ml in PBS for 1 hour at room temperature. Next, the plates were blocked
for an hour with 3% non-fat milk in PBS with 0.1% Tween 20 (PBST). All serum samples
from patients with COVID-19, and the negative controls, were heated at 56°C for 1 hour,
aliquoted and stored at —80°C. Serum samples were diluted 5-fold starting at 1:50 in

1% non-fat milk in PBST. Diluted serum samples (25ul) were added to each well and
incubated for 2 hours at room temperature. Following primary incubation with the serum,
25ul of 1:5000 diluted horseradish peroxidase (HRP)-conjugated anti-Human IgG secondary
antibody (Southern Biotech, cat# 2040-05) was added and incubated for 1 hour at room
temperature. The plates were developed by adding 25pul per well of the chromogenic
substrate 3,3",5,5 -tetramethylbenzidine (TMB) solution (Millipore Sigma). The reaction
was stopped with 0.2N sulphuric acid (Sigma-Aldrich) and absorbance was measured at
450nm (SPECTRAmax iD3, Molecular Devices). The plates were washed 5 times with
PBST between each step and an additional wash with PBS was done before developing the
plates. All data were normalized between the same positive and negative controls and the
binding area under the curve (AUC) has been reported.

IgG Fc glycan analysis.

Methods for relative quantification of Fc glycans and 1gG subclasses have been previously
described (9, 29). Briefly, IgG were isolated from serum by protein G purification. Antigen-
specific 1gG were isolated on NHS agarose resin (Thermo Fisher Scientific; 26196) coupled
to the protein of interest. Following tryptic digestion of purified 1gG bound to antigen-
coated beads, nanoscale liguid chromatography coupled to tandem mass spectrometry

(nano LC-MS/MS) analysis for characterization of glycosylation sites was performed on an
UltiMate3000 nanoL.C (Dionex) coupled with a hybrid triple quadrupole linear ion trap mass
spectrometer, the 4000 Q Trap (SCIEX). MS data acquisition was performed using Analyst
1.6.1 software (SCIEX) for precursor ion scan triggered information dependent acquisition
(IDA) analysis for initial discovery-based identification.

For quantitative analysis of the glycoforms at the N297 site of IgG1, multiple-reaction
monitoring (MRM) analysis for selected target glycopeptides and their glycoforms was
applied using the nanoLC-4000 Q Trap platform to the samples which had been digested
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with trypsin. The m/z of 4-charged ions for all different glycoforms as Q1 and the
fragment ion at m/z 366.1 as Q3 for each of transition pairs were used for MRM assays.
A native IgG tryptic peptide (131-GTLVTVSSASTK-142) with Q1/Q3 transition pair of,
575.9+2/780.4 was used as a reference peptide for normalization. IgG subclass distribution
was quantitatively determined by nanoLC-MRM analysis of tryptic peptides following
removal of glycans from purified IgG with PNGase F. Here the m/z value of fragment
ions for monitoring transition pairs was always larger than that of their precursor ions
with multiple charges to enhance the selectivity for unmodified targeted peptides and the
reference peptide. All raw MRM data was processed using MultiQuant 2.1.1 (SCIEX). All
MRM peak areas were automatically integrated and inspected manually. In the case where
the automatic peak integration by MultiQuant failed, manual integration was performed
using the MultiQuant software.

Immune cell phenotyping and FcyR quantification

Cryopreserved human PBMCs collected upon enrollment on study day 0 were rapidly
thawed, washed, and blocked with Human TruStain FcX (BioLegend; cat# 422302) to
reduce nonspecific binding. Cells were then stained for viability with Live/Dead Fixable
Agua Staining Kit (Thermo Fisher Scientific; cat# L34957) as well as with combinations
of the following antibodies for 20 minutes at 4°C: Alexa Fluor (AF) 700 anti-CD3 (clone
OKTS3; cat# 317340), APC/Fire750 anti-CD11c (clone S-HCL-3; cat# 371510), Brilliant
Violet (BV) 785 anti-CD14 (clone M5E2; cat# 301840), BV421 anti-CD16 (clone 3G8;
cat# 302038), AF700 anti-CD19 (clone SJ25C1; cat# 363034), anti-PE CD21 (Bu32; cat#
354904), BV785 anti-CD27 (clone 0323; cat# 302832), FITC anti-CD32 (STEMCELL
Technologies; clone IV.3; cat# 60012F1), APC anti-CD32B/C (clone S18005H; cat#
398304), FITC anti-CD38 (clone S17015A; cat# 397108), PE anti-CD56 (clone 5.1H11;
cat# 362508), PerCP/Cyanine5.5 anti-CD138 (clone MI15; cat# 356510), APC-Cy7 antilgD
(clone 1A6-2; cat# 348218), AF647 anti-FucT-VIII (Santa Cruz Biotechnologies; clone
B-10; cat# sc-271244 AF647), and BV650 anti-HLA-DR (clone L243; cat# 307650)
purchased from BioLegend unless noted otherwise. After staining, cells were washed,
resuspended in fixation buffer (BioL egend; cat# 420801), and acquired using an Attune
NxT flow cytometer (Invitrogen). In the case of intracellular anti-FucT-VIII staining,

cells were further permeabilized using Intracellular Staining Permeabilization Wash Buffer
(Biol egend; cat# 421002) prior to acquisition by flow cytometry. Bulk myeloid cells were
defined as viable CD3~ CD19~ CD56~ CD11c* HLADR? cells, and CD16a* monocytes
within this population were additionally positive for CD16a (fig. S3). Within CD16a*
monocytes, non-classical (NC) monocytes were CD16a* CD14™, and intermediate (int)
monocytes were CD16a* CD14*. Leukocyte expression of FcyRs was quantified by
measuring the median fluorescence intensity (MFI) of a particular FcyyR and comparing

it to the MFI of stained Quantum Simply Cellular microsphere beads (Bangs Laboratories)
of known and discrete antibody-binding capacities. Total CD19* B cells were similarly
assessed from within viable PBMCs. Plasmablasts were further defined as CD19* CD27*
CD38**. Memory B cells were defined as CD19* CD27* IgD~, double negative (DN) B
cells were CD19* CD27~ IgD™, and naive B cells were CD19* CD27~ IgD™.
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In vivo lung inflammation model

All in vivo experiments were performed in compliance with federal laws and institutional
guidelines and have been approved by the Stanford University Institutional Animal Care
and Use Committee. Polyclonal 1gG was isolated from plasma from patients who were PCR-
positive for SARS-CoV-2, pooled based on the frequency of afucosylated anti-RBD 1gG1
(>20% or <10%). Similarly, plasma from all vaccinated patient samples were pooled and
1gG was purified. The purified 1gG pools were incubated with SARS-CoV-2 spike trimer at
a 20:1 molar ratio overnight at 4°C. Immune complexes were intratracheally administered
to 8 to 12-week-old, sex-matched, fully FcyR humanized or CD16a-deficient C57BL/6
mice (14). Experimental groups were consistently matched for sex and age, but otherwise
randomized. Four hours post-administration, mice were euthanized and bronchoalveolar
lavage (BAL) was performed. Immune cells were isolated from within the BAL fluid,
blocked with Human TruStain FcX (Biol egend; cat# 422302) to reduce nonspecific binding,
and stained with the following cell staining panel for 20 minutes at 4°C: Live/Dead Aqua
Fixable Dye (Thermo Fisher Scientific; cat# L34957), PerCP/Cyanine5.5 anti-CD3 (clone
17A2; cat# 100218), BV650 anti-CD11b (clone M1/70; cat# 101259), AF700 anti-CD45
(clone 13/2.3; cat# 147716), PerCP/Cyanineb.5 anti-B220 (clone RA3-682; cat# 103236),
APC anti-Ly6C (clone HK1.4; cat# 128016), BV785 anti-Ly6G (clone 1A8; cat# 127645),
PE anti-MERTK (clone 2B10C42; cat# 151506), and APC/Fire 750 anti-MHC 11 (clone
M5/114.15.2; cat# 107652) purchased from BioLegend unless otherwise noted. Once
stained, cells were washed, resuspended in fixation buffer (BioLegend; cat# 420801), and
acquired using an Attune NxT flow cytometer (Invitrogen). Neutrophils were defined as
viable Ly6G* CD11b* CD3~ B220~ leukocytes. Monocytes were defined as viable CD11b*
Ly6G~ MERTK™ MHC IA/IE™ CD3™ B220~ leukocytes (fig. S5). Cell-free BAL fluid was
stored at 4°C and processed within 24 hours to measure cytokine and chemokine content
using a LEGENDplex bead array Kits (BioLegend; cat#s 740390 & 740451). In chemokine-
blockade experiments, mice received intraperitoneal injections of 5mg/kg anti-CXCL1,
anti-CCL3, or rat 1gG2a isotype control (R&D Systems; clones 48415, 756605, 54447;
cat#s MAB453, MAB4502, MABO006) 8 hours prior to immune complex administration and
immune complex administration and BAL were performed as described above. Researchers
were blinded to experimental groups/agents throughout these in vivo studies.

Statistical Analysis

The log10+1 transformed half-maximal serum neutralization titers (pNT50) were used to
generate the heatmap. Python version 3.8.5 was used for machine learning using open-
source scikit-learn package (44). The class progressor was mapped to 1 and non-progressor
was mapped to 0, making it a binary classification problem. To determine whether the
combination of low/no neutralizing antibodies and elevated IgG Fc afucosylation was a
predictor of worsening disease trajectory, a SVM classifier was used. The model was trained
using data from Cohort 1 (training set), and to obtain the best hyperparameters, GridSearch
cross-validation (cv) was performed. The model was tested using an independent test set
(Cohort 2) and the ROC AUC score was generated. To generate ROC AUC scores from
FcyRs frequency and expression to distinguish progressors and non-progressors, Random
Forest Classifier was used. The input data was split using 6-fold cross validation in which
the classifier was trained on 5 folds of the data and tested on the remaining part of the data.
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The ROC response for all these different datasets were used for calculating the mean area
under curve.

R Studio (version 1.2.1335) was used to perform the multivariate regression analyses and

to generate the radar plots and bubble plot using ggplot2 package. For the radar plots, each
feature was normalized across the entire dataset and the mean value within each cohort
(progressor and non-progressor) was plotted. For the bubble plot, cytokine and chemokine
concentrations were normalized between 0 and the average of all values across all the
groups. All other data were analyzed with GraphPad Prism 9.0 software. For pairwise
comparisons, unpaired T-tests with Welch’s correction or Wilcoxon rank-sum test was used.
For multiple comparisons between unrelated groups, one way analysis of variance (ANOVA)
with Tukey’s correction, one-way ANOVA with Dunnett’s correction, two-way (ANOVA)
with Tukey’s correction, and Brown-Forsythe and Welch ANOVA test with Dunnett T3
correction was used based on the data. For multiple comparisons between matched data
mixed effect analysis with Geisser-Greenhouse and Tukey’s correction was implemented.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments:

We thank Stanford Clinical and Translational Research Unit Biobank, Catherine A. Blish, Hector Bonilla, Karen
Jacobson, Diego Martinez Mori, Kattria van der Ploeg, Sharon Chinthrajah, Tina Sindher, Will Collins, James

Liu, Joe G, Anthony Buzzanco, Katia Tkachenko, Mihir Shah, Allie Lee, Kathleen Jia, Eric Smith, Iris Chang,
Evan Do and Diane Dunham for support with clinical protocol, patient care, or collection and provision of

patient samples. Financial support from Stanford’s Innovative Medicines Accelerator and operational support from
Stanford ChEM-H is acknowledged.

Funding: Support was received from Stanford University, the Chan Zuckerberg Biohub (TTW), Prebys Foundation
(GST), and the Searle Scholars Program (TTW). Research reported in this publication was supported by Fast Grants
(TTW), CEND COVID Catalyst Fund (TTW), the Crown Foundation, the Sunshine Foundation, the Marino Family
Foundation, the National Institute of Allergy and Infectious Diseases of the National Institutes of Health under
Award Numbers U19A1111825 to TTW, US4CA260517 to TTW, R01AI139119 to TTW, and U01A1150741-02S1
to TTW. Funding was provided to JCG by NIH Training Grant 5T32A1007290. S.G. and M.M. were supported by
NCI U24 grant CA224319. S.G. is additionally supported by grant U01 DK124165. M.M. was supported by the

fast-grant fund.

References

1. Tay MZ, Poh CM, Renia L, MacAry PA, Ng LFP, The trinity of COVID-19: immunity,
inflammation and intervention. Nat Rev Immunol 20, 363-374 (2020); published online EpubJun
(10.1038/541577-020-0311-8). [PubMed: 32346093]

2. Del Valle DM, Kim-Schulze S, Huang HH, Beckmann ND, Nirenberg S, Wang B., Lavin Y, Swartz
TH, Madduri D, Stock A, Marron TU, Xie H, Patel M, Tuballes K, Van Oekelen O, Rahman A,
Kovatch P, Aberg JA, Schadt E, Jagannath S, Mazumdar M, Charney AW, Firpo-Betancourt A,
Mendu DR, Jhang J, Reich D, Sigel K, Cordon-Cardo C, Feldmann M, Parekh S, Merad M, Gnjatic
S, An inflammatory cytokine signature predicts COVID-19 severity and survival. Nature medicine
26, 1636-1643 (2020); published online EpubOct (10.1038/s41591-020-1051-9).

3. Merad M, Martin JC, Pathological inflammation in patients with COVID-19: a key role for
monocytes and macrophages. Nat Rev Immunol 20, 355-362 (2020); published online EpubJun
(10.1038/s41577-020-0331-4). [PubMed: 32376901]

4. Schurink B, Roos E, Radonic T, Barbe E, Bouman CSC, de Boer HH, de Bree GJ, Bulle EB,
Aronica EM, Florquin S, Fronczek J, Heunks LMA, de Jong MD, Guo L, du Long R, Lutter

Sci Transl Med. Author manuscript; available in PMC 2022 March 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chakraborty et al.

Page 17

R, Molenaar PCG, Neefjes-Borst EA, Niessen HWM, van Noesel CIM, Roelofs J, Snijder EJ,
Soer EC, Verheij J, Vlaar APJ, Vos W, van der Wel NN, van der Wal AC, van der Valk P,

Bugiani M, Viral presence and immunopathology in patients with lethal COVID-19: a prospective
autopsy cohort study. Lancet Microbe 1, e290-e299 (2020); published online EpubNov (10.1016/
$2666-5247(20)30144-0) [PubMed: 33015653]

5. Barnes BJ, Adrover JM, Baxter-Stoltzfus A, Borczuk A, Cools-Lartigue J, Crawford JM, Dassler-
Plenker J, Guerci P, Huynh C, Knight JS, Loda M, Looney MR, McAllister F, Rayes R, Renaud S,
Rousseau S, Salvatore S, Schwartz RE, Spicer JD, Yost CC, Weber A, Zuo Y, Egeblad M, Targeting
potential drivers of COVID-19: Neutrophil extracellular traps. J Exp Med 217, (2020); published
online EpubJun 1 (10.1084/jem.20200652).

6. Wang C, Xie J, Zhao L, Fei X, Zhang H, Tan Y, Nie X, Zhou L, Liu Z, Ren Y, Yuan L, Zhang Y,
Zhang J, Liang L, Chen X, Liu X, Wang P, Han X, Weng X, Chen Y, Yu T, Zhang X, Cai J, Chen
R, Shi ZL, Bian XW, Alveolar macrophage dysfunction and cytokine storm in the pathogenesis
of two severe COVID-19 patients. EBioMedicine 57, 102833 (2020); published online EpubJul
(10.1016/j.ebiom.2020.102833).

7. Wang C, Xu J, Wang S, Pan S, Zhang J, Han Y, Huang M, Wu D, Yang Q, Yang X, Yang Y, Shu
T, Zou X, Li R, Luo Y, Yao R, Wang Y, Qiu Y, Wang Y, Zhang DY, Yao Q, Yan Y, Zhou X, Shang
Y, Imaging Mass Cytometric Analysis of Postmortem Tissues Reveals Dysregulated Immune Cell
and Cytokine Responses in Multiple Organs of COVID-19 Patients. Front Microbiol 11, 600989
(2020)10.3389/fmich.2020.600989).

8. Warren JS, Ward PA, in eLS. pp. 1-9.

9. Chakraborty S, Gonzalez J, Edwards K, Mallajosyula V, Buzzanco AS, Sherwood R, Buffone
C, Kathale N, Providenza S, Xie MM, Andrews JR, Blish CA, Singh U, Dugan H, Wilson
PC, Pham TD, Boyd SD, Nadeau KC, Pinsky BA, Zhang S, Memoli MJ, Taubenberger JK,
Morales T, Schapiro JM, Tan GS, Jagannathan P, Wang TT, Proinflammatory 1gG Fc structures
in patients with severe COVID-19. Nat Immunol 22, 67-73 (2021); published online EpubJan
(10.1038/541590-020-00828-7). [PubMed: 33169014]

10. Larsen MD, de Graaf EL, Sonneveld ME, Plomp HR, Nouta J, Hoepel W, Chen HJ, Linty F, Visser
R, Brinkhaus M, Sustic T, de Taeye SW, Bentlage AEH, Toivonen S, Koeleman CAM, Sainio S,
Kootstra NA, Brouwer PJM, Geyer CE, Derksen NIL, Wolbink G, de Winther M, Sanders RW,
van Gils MJ, de Bruin S, Vlaar APJ, U. C. Amsterdam, g. biobank study, Rispens T, den Dunnen
J, Zaaijer HL, Wuhrer M, Ellen C. van der Schoot, G. Vidarsson, Afucosylated 1gG characterizes
enveloped viral responses and correlates with COVID-19 severity. Science 371, (2021); published
online EpubFeb 26 (10.1126/science.abc8378).

11. Hoepel W, Chen HJ, Geyer CE, Allahverdiyeva S, Manz XD, de Taeye SW, Aman J, Mes L,
Steenhuis M, Griffith GR, Bonta PI, Brouwer PIJM, Caniels TG, van der Straten K, Golebski
K, Jonkers RE, Larsen MD, Linty F, Nouta J, van Roomen C, van Baarle F, van Drunen CM,
Wolbink G, Vlaar APJ, de Bree GJ, Sanders RW, Willemsen L, Neele AE, van de Beek D,
Rispens T, Wuhrer M, Bogaard HJ, van Gils MJ, Vidarsson G, de Winther M, den Dunnen J,
High titers and low fucosylation of early human anti-SARS-CoV-2 1gG promote inflammation
by alveolar macrophages. Sci Transl Med 13, (2021); published online EpubJun 2 (10.1126/
scitransimed.abf8654).

12. Shields RL, Lai J, Keck R, O’Connell LY, Hong K, Meng YG, Weikert SH, Presta LG, Lack
of fucose on human IgG1 N-linked oligosaccharide improves binding to human Fcgamma RIII
and antibody-dependent cellular toxicity. The Journal of biological chemistry 277, 26733-26740
(2002); published online EpubJul 26 (10.1074/jbc.M202069200).

13. Falconer DJ, Subedi GP, Marcella AM, Barb AW, Antibody Fucosylation Lowers the
FcgammaRI11a/CD16a Affinity by Limiting the Conformations Sampled by the N162Glycan. ACS
Chem Biol 13, 2179-2189 (2018); published online EpubAug 17 (10.1021/acschembio.8b00342).
[PubMed: 30016589]

14. Smith P, DiLillo DJ, Bournazos S, Li F, Ravetch JV, Mouse model recapitulating human Fcgamma
receptor structural and functional diversity. Proceedings of the National Academy of Sciences
of the United States of America 109, 6181-6186 (2012); published online EpubApr 17 (10.1073/
pnas.1203954109). [PubMed: 22474370]

Sci Transl Med. Author manuscript; available in PMC 2022 March 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chakraborty et al.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Page 18

Jagannathan P, Andrews JR, Bonilla H, Hedlin H, Jacobson KB, Balasubramanian V, Purington
N, Kamble S, de Vries CR, Quintero O, Feng K, Ley C, Winslow D, Newberry J, Edwards

K, Hislop C, Choong I, Maldonado Y, Glenn J, Bhatt A, Blish C, Wang T, Khosla C, Pinsky

BA, Desai M, Parsonnet J, Singh U, Peginterferon Lambda-1a for treatment of outpatients with
uncomplicated COVID-19: a randomized placebo-controlled trial. Nat Commun 12, 1967 (2021);
published online EpubMar 30 (10.1038/s41467-021-22177-1). [PubMed: 33785743]

Lucas C, Klein J, Sundaram ME, Liu F, Wong P, Silva J, Mao T, Oh JE, Mohanty S, Huang J,
Tokuyama M, Lu P, Venkataraman A, Park A, Israelow B, Vogels CBF, Muenker MC, Chang
CH, Casanovas-Massana A, Moore AJ, Zell J, Fournier JB, Yale IRT, Wyllie AL, Campbell

M, Lee A, Chun HJ, Grubaugh ND, Schulz WL, Farhadian S, Dela Cruz C, Ring AM, Shaw

AC, Wisnewski AV, Yildirim I, Ko Al, Omer S, Iwasaki A, Delayed production of neutralizing
antibodies correlates with fatal COVID-19. Nature medicine, (2021); published online EpubMay 5
(10.1038/s41591-021-01355-0).

Dispinseri S, Secchi M, Pirillo MF, Tolazzi M, Borghi M, Brigatti C, De Angelis ML, Baratella
M, Bazzigaluppi E, Venturi G, Sironi F, Canitano A, Marzinotto I, Tresoldi C, Ciceri F, Piemonti
L, Negri D, Cara A, Lampasona V, Scarlatti G, Neutralizing antibody responses to SARS-CoV-2
in symptomatic COVID-19 is persistent and critical for survival. Nat Commun 12, 2670 (2021);
published online EpubMay 11 (10.1038/s41467-021-22958-8). [PubMed: 33976165]

Feng S, Phillips DJ, White T, Sayal H, Aley PK, Bibi S, Dold C, Fuskova M, Gilbert SC, Hirsch 1,
Humphries HE, Jepson B, Kelly EJ, Plested E, Shoemaker K, Thomas KM, Vekemans J, Villafana
TL, Lambe T, Pollard AJ, Voysey M, Oxford CVTG, Correlates of protection against symptomatic
and asymptomatic SARS-CoV-2 infection. Nature medicine, (2021); published online EpubSep 29
(10.1038/s41591-02101540-1).

Khoury DS, Cromer D, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, Subbarao K, Kent

SJ, Triccas JA, Davenport MP, Neutralizing antibody levels are highly predictive of immune
protection from symptomatic SARS-CoV-2 infection. Nature medicine 27, 1205-1211 (2021);
published online EpubJul (10.1038/s41591-021-01377-8).

Charney AW, Simons NW, Mouskas K, Lepow L, Cheng E, Le Berichel J, Chang C, Marvin R, Del
Valle DM, Calorossi S, Lansky A, Walker L, Patel M, Xie H, Yi N, Yu A, Kang G, Mendoza A,
Liharska LE, Moya E, Hartnett M, Hatem S, Wilkins L, Eaton M, Jamal H, Tuballes K, Chen ST,
Tabachnikova A, Chung J, Harris J, Batchelor C, Lacunza J, Yishak M, Argueta K, Karekar N, Lee
B, Kelly G, Geanon D, Handler D, Leech J, Stefanos H, Dawson T, Scott I, Francoeur N, Johnson
JS, Vaid A, Glicksberg BS, Nadkarni GN, Schadt EE, Gelb BD, Rahman A, Sebra R, Martin G,
Mount Sinai C-BT, Marron T, Beckmann N, Kim-Schulze S, Gnjatic S, Merad M, Sampling the
host response to SARS-CoV-2 in hospitals under siege. Nat Med 26, 1157-1158 (2020); published
online EpubAug (10.1038/s41591-020-1004-3). [PubMed: 32719485]

Liao M, Liu'Y, Yuan J, Wen Y, Xu G, Zhao J, Cheng L, Li J, Wang X, Wang F, Liu L,

Amit |, Zhang S, Zhang Z, Single-cell landscape of bronchoalveolar immune cells in patients

with COVID-19. Nature medicine 26, 842-844 (2020); published online EpubJun (10.1038/
$41591-020-0901-9).

Rendeiro AF, Ravichandran H, Bram Y, Chandar V, Kim J, Meydan C, Park J, Foox J, Hether

T, Warren S, Kim Y, Reeves J, Salvatore S, Mason CE, Swanson EC, Borczuk AC, Elemento O,
Schwartz RE, The spatial landscape of lung pathology during COVID-19 progression. Nature
593, 564-569 (2021); published online EpubMay (10.1038/s41586-021-03475-6). [PubMed:
33780969]

Brodin P, Immune determinants of COVID-19 disease presentation and severity. Nat Med 27,
28-33 (2021); published online EpubJan (10.1038/s41591-020-01202-8). [PubMed: 33442016]
Xu Z, Shi L, Wang Y, Zhang J, Huang L, Zhang C, Liu S, Zhao P, Liu H, Zhu L, Tai Y, Bai C,

Gao T, Song J, Xia P, Dong J, Zhao J, Wang FS, Pathological findings of COVID-19 associated
with acute respiratory distress syndrome. Lancet Respir Med 8, 420422 (2020); published online
EpubApr (10.1016/S2213-2600(20)30076-X).

Zhou Z, Ren L, Zhang L, Zhong J, Xiao Y, Jia Z, Guo L, Yang J, Wang C, Jiang S, Yang D,

Zhang G, Li H, Chen F, Xu Y, Chen M, Gao Z, Yang J, Dong J, Liu B, Zhang X, Wang W,

He K, Jin Q, Li M, Wang J, Heightened Innate Immune Responses in the Respiratory Tract of
COVID-19 Patients. Cell Host Microbe 27, 883-890 €882 (2020); published online EpubJun 10
(10.1016/j.chom.2020.04.017).

Sci Transl Med. Author manuscript; available in PMC 2022 March 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chakraborty et al.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Page 19

Ziegler-Heitbrock L, Ancuta P, Crowe S, Dalod M, Grau V, Hart DN, Leenen PJ, Liu YJ,
MacPherson G, Randolph GJ, Scherberich J, Schmitz J, Shortman K, Sozzani S, Strobl H,
Zembala M, Austyn JM, Lutz MB, Nomenclature of monocytes and dendritic cells in blood. Blood
116, e74-80 (2010); published online EpubOct 21 (10.1182/blood-2010-02-258558). [PubMed:
20628149]

Thomas GD, Hamers AAJ, Nakao C, Marcovecchio P, Taylor AM, McSkimming C, Nguyen AT,
McNamara CA, Hedrick CC, Human Blood Monocyte Subsets: A New Gating Strategy Defined
Using Cell Surface Markers Identified by Mass Cytometry. Arterioscler Thromb Vasc Biol

37, 1548-1558 (2017); published online EpubAug (10.1161/ATVBAHA.117.309145). [PubMed:
28596372]

Kapellos TS, Bonaguro L, Gemund I, Reusch N, Saglam A, Hinkley ER, Schultze JL, Human
Monocyte Subsets and Phenotypes in Major Chronic Inflammatory Diseases. Front Immunol 10,
2035 (2019)10.3389/fimmu.2019.02035). [PubMed: 31543877]

Wang TT, Maamary J, Tan GS, Bournazos S, Davis CW, Krammer F, Schlesinger SJ, Palese

P, Ahmed R, Ravetch JV, Anti-HA Glycoforms Drive B Cell Affinity Selection and Determine
Influenza Vaccine Efficacy. Cell 162, 160-169 (2015); published online EpubJul 2 (10.1016/
j.cell.2015.06.026). [PubMed: 26140596]

Sawant KV, Xu R, Cox R, Hawkins H, Sbrana E, Kolli D, Garofalo RP, Rajarathnam K,
Chemokine CXCL1-Mediated Neutrophil Trafficking in the Lung: Role of CXCR2 Activation.

J Innate Immun 7, 647-658 (2015)10.1159/000430914). [PubMed: 26138727]

Dunn JLM, Kartchner LB, Stepp WH, Glenn LI, Malfitano MM, Jones SW, Doerschuk CM, Maile
R, Cairns BA, Blocking CXCL1-dependent neutrophil recruitment prevents immune damage and
reduces pulmonary bacterial infection after inhalation injury. Am J Physiol Lung Cell Mol Physiol
314, L822-L.834 (2018); published online EpubMay 1 (10.1152/ajplung.00272.2017). [PubMed:
29368547]

Lucas C, Wong P, Klein J, Castro TBR, Silva J, Sundaram M, Ellingson MK, Mao T, Oh JE,
Israelow B, Takahashi T, Tokuyama M, Lu P, Venkataraman A, Park A, Mohanty S, Wang H,
Wyllie AL, Vogels CBF, Earnest R, Lapidus S, Ott IM, Moore AJ, Muenker MC, Fournier JB,
Campbell M, Odio CD, CasanovasMassana A, Yale IT, Herbst R, Shaw AC, Medzhitov R, Schulz
WL, Grubaugh ND, Dela Cruz C, Farhadian S, Ko Al, Omer SB, lwasaki A, Longitudinal analyses
reveal immunological misfiring in severe COVID-19. Nature 584, 463-469 (2020); published
online EpubAug (10.1038/s41586-020-2588-y). [PubMed: 32717743]

Rodrigues TS, de Sa KSG, Ishimoto AY, Becerra A, Oliveira S, Almeida L, Goncalves AV,
Perucello DB, Andrade WA, Castro R, Veras FP, Toller-Kawahisa JE, Nascimento DC, de Lima
MHF, Silva CMS, Caetite DB, Martins RB, Castro IA, Pontelli MC, de Barros FC, do Amaral
NB, Giannini MC, Bonjorno LP, Lopes MIF, Santana RC, Vilar FC, Auxiliadora-Martins M,
Luppino-Assad R, de Almeida SCL, de Oliveira FR, Batah SS, Siyuan L, Benatti MN, Cunha
TM, Alves-Filho JC, Cunha FQ, Cunha LD, Frantz FG, Kohlsdorf T, Fabro AT, Arruda E,

de Oliveira RDR, Louzada-Junior P, Zamboni DS, Inflammasomes are activated in response to
SARS-CoV-2 infection and are associated with COVID-19 severity in patients. J Exp Med 218,
(2021); published online EpubMar 1 (10.1084/jem.20201707).

Nathan C, Neutrophils and COVID-19: Nots, NETSs, and knots. J Exp Med 217, (2020); published
online EpubSep 7 (10.1084/jem.20201439).

Sanchez-Cerrillo I, Landete P, Aldave B, Sanchez-Alonso S, Sanchez-Azofra A, Marcos-Jimenez
A, Avalos E, Alcaraz-Serna A, de Los Santos |, Mateu-Albero T, Esparcia L, Lopez-Sanz C,
Martinez-Fleta P, Gabrie L, Del Campo Guerola L, de la Fuente H, Calzada MJ, Gonzalez-
Alvaro I, Alfranca A, Sanchez-Madrid F, MunozCalleja C, Soriano JB, Ancochea J, Martin-
Gayo E, Reinmun C, groups E, COVID-19 severity associates with pulmonary redistribution of
CD1c+ DCs and inflammatory transitional and nonclassical monocytes. The Journal of clinical
investigation 130, 62906300 (2020); published online EpubDec 1 (10.1172/JC1140335).

Wang TT, IgG Fc Glycosylation in Human Immunity. Current topics in microbiology and
immunology, (2019); published online EpubFeb 26 (10.1007/82_2019_152).

Lauc G, Essafi A, Huffman JE, Hayward C, Knezevic A, Kattla JJ, Polasek O, Gornik O, Vitart
V, Abrahams JL, Pucic M, Novokmet M, Redzic I, Campbell S, Wild SH, Borovecki F, Wang
W, Kolcic I, Zgaga L, Gyllensten U, Wilson JF, Wright AF, Hastie ND, Campbell H, Rudd

Sci Transl Med. Author manuscript; available in PMC 2022 March 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chakraborty et al.

Page 20

PM, Rudan I, Genomics meets glycomics-the first GWAS study of human N-Glycome identifies
HNF1alpha as a master regulator of plasma protein fucosylation. PLoS Genet 6, €1001256 (2010);
published online EpubDec 23 (10.1371/journal.pgen.1001256).

38. Wang J, Balog Cl, Stavenhagen K, Koeleman CA, Scherer HU, Selman MH, Deelder

39.

40.

41.

42.

43.

44,

AM, Huizinga TW, Toes RE, Wuhrer M, Fc-glycosylation of 1gG1 is modulated by B-cell

stimuli. Mol Cell Proteomics 10, M110 004655 (2011); published online EpubMay (10.1074/
mcp.M110.004655).

Lauc G, Huffman JE, Pucic M, Zgaga L, Adamczyk B, Muzinic A, Novokmet M, Polasek

O, Gornik O, Kiristic J, Keser T, Vitart V, Scheijen B, Uh HW, Molokhia M, Patrick AL,
McKeigue P, Kolcic I, Lukic IK, Swann O, van Leeuwen FN, Ruhaak LR, Houwing-Duistermaat
JJ, Slaghoom PE, Beekman M, de Craen AJ, Deelder AM, Zeng Q, Wang W, Hastie ND,
Gyllensten U, Wilson JF, Wuhrer M, Wright AF, Rudd PM, Hayward C, Aulchenko Y, Campbell
H, Rudan I, Loci associated with N-glycosylation of human immunoglobulin G show pleiotropy
with autoimmune diseases and haematological cancers. PLoS Genet 9, €1003225 (2013)10.1371/
journal.pgen.1003225).

Klaric L, Tsepilov YA, Stanton CM, Mangino M, Sikka TT, Esko T, Pakhomov E, Salo P,

Deelen J, McGurnaghan SJ, Keser T, Vuckovic F, Ugrina I, Kristic J, Gudelj I, Stambuk J, Plomp
R, Pucic-Bakovic M, Pavic T, Vilaj M, TrbojevicAkmacic I, Drake C, Dobrinic P, Mlinarec J,
Jelusic B, Richmond A, Timofeeva M, Grishchenko AK, Dmitrieva J, Bermingham ML, Sharapov
SZ, Farrington SM, Theodoratou E, Uh HW, Beekman M, Slaghboom EP, Louis E, Georges M,
Wuhrer M, Colhoun HM, Dunlop MG, Perola M, Fischer K, Polasek O, Campbell H, Rudan I,
Wilson JF, Zoldos V, Vitart V, Spector T, Aulchenko YS, Lauc G, Hayward C, Glycosylation

of immunoglobulin G is regulated by a large network of genes pleiotropic with inflammatory
diseases. Sci Adv 6, eaax0301 (2020); published online EpubFeb (10.1126/sciadv.aax0301).
Pfeifle R, Rothe T, Ipseiz N, Scherer HU, Culemann S, Harre U, Ackermann JA, Seefried M,
Kleyer A, Uderhardt S, Haugg B, Hueber AJ, Daum P, Heidkamp GF, Ge C, Bohm S, Lux

A, Schuh W, Magorivska I, Nandakumar KS, Lonnblom E, Becker C, Dudziak D, Wuhrer

M, Rombouts Y, Koeleman CA, Toes R, Winkler TH, Holmdahl R, Herrmann M, Bluml S,
Nimmerjahn F, Schett G, Kronke G, Regulation of autoantibody activity by the 1L-23-TH17 axis
determines the onset of autoimmune disease. Nature immunology 18, 104-113 (2017); published
online EpubJan (10.1038/ni.3579). [PubMed: 27820809]

Thulin NK, Brewer RC, Sherwood R, Bournazos S, Edwards KG, Ramadoss NS, Taubenberger JK,
Memoli M, Gentles AJ, Jagannathan P, Zhang S, Libraty DH, Wang TT, Maternal Anti-Dengue
1gG Fucosylation Predicts Susceptibility to Dengue Disease in Infants. Cell Rep 31, 107642
(2020); published online EpubMay 12 (10.1016/j.celrep.2020.107642).

Wang TT, Sewatanon J, Memoli MJ, Wrammert J, Bournazos S, Bhaumik SK, Pinsky BA,
Chokephaibulkit K, Onlamoon N, Pattanapanyasat K, Taubenberger JK, Ahmed R, Ravetch

JV, 1gG antibodies to dengue enhanced for FcgammaRIIIA binding determine disease severity.
Science 355, 395-398 (2017); published online EpubJan 27 (10.1126/science.aai8128). [PubMed:
28126818]

Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B, Grisel O, Blondel M, Prettenhofer P,
Weiss R, Dubourg V, Vanderplas J, Passos A, Cournapeau D, Brucher M, Perrot M, Duchesnay E,
Scikit-learn: Machine Learning in Python. J. Mach. Learn. Res. 12, 2825-2830 (2011).

Sci Transl Med. Author manuscript; available in PMC 2022 March 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Chakraborty et al. Page 21

A COVID-19 outpatients B
200007 pos D14D28 w M0 Cohort 1
o i - |
. oy A
1000
Q Cohort 2
w
=
2 P NP
[ I 1
Iy log o(pNTS0)
o] ,
T T T T T T i T r T 0(No) 5 (High)
0 10 20 30 40 50 60150 200 250 300
Days post initial symptoms
c ok b Cohort 1 Cohort 2 E
25 *
Y e
g n‘c’ 15 s %
o S
@ E ®e® s E
) s 10 - % =
S kJ ° 8 -3 )
< 5
F
CD19* PB FUT8 versus IgG1 FO
£ g )
2 2 g
= 2 X
T T
0
2000 4000 6000 8000
H I FUT8 MFI
Cohort 1 Cohort 2
1.0 1.0
0.8 0.84
2 2
© O
4 o
2 0.6 2 0.6+
g g
%—’ 0.4 Combined Fucosylation and Neutralizing % 0.4+
’E__’ AUC=0.81+0.1 2
0.2 1gG1 Fucosylation AUC = 0.56 + 0.3 0.2 (‘ ined Fucosylation and Neutralizing
—— Neutralizing AUC =0.64+0.2 AUC=0.82+0.1
0.0 T T T T 1 0.0 T T T T 1
00 02 04 06 08 10 00 02 04 06 08 1.0
False positive rate False positive rate

Figure 1. Low early neutralizing titers and elevated Fc afucosylation are associated with
COVID-19 progression.

(A) The kinetics of neutralizing antibody responses were measured over time in Cohort
1. Half-maximal SARS-CoV-2 pseudovirus neutralizing titers (pNT50) are shown at each
study time point, graphed based on days of symptoms for each participant. Samples were
collected at study day 0 (DO enrollment; n=101), 5 (D5; n=50), 14 (D14; n=33), 28
(D28; n=43), month 7 (M7; n=24) and month 10 (M10; n=9). (B) Heatmaps of pNT50
data are shown for progressors (P) (Cohort 1 n=8, Cohort 2 n=7) and non-progressors
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(NP) at enrollment timepoint (DO0). The scale ranges from dark blue (no neutralization)

to red (high neutralization). (C) SARS-CoV-2 spike-binding IgG (AUC) are shown for
Cohort 1 progressors (P1, solid purple), Cohort 2 progressors (P2, solid blue), a random
subset of non-progressors, and historic seronegative (SN) serum samples. (D) IgG1 Fc
afucosylation abundance was measured in samples from progressors and non-progressors at
enrollment timepoint (DO) of Cohort 1 (purple; progressors=P1, non-progressors=NP1) and
in samples from Cohort 2 (blue; progressors=P2, non-progressors=NP2). RU, relative units.
(E) 1gG1 Fc afucosylation abundance was measured in patients who were hospitalized with
COVID-19 (H, orange; n=52) and combined outpatient progressors (P, Cohort 1 progressors:
purple), Cohort 2 progressors: blue) (n=15). (F) a—1,6-Fucosyltransferase 8 (FUT8) median
fluorescence intensity (MFI) was measured in total CD19* B cells and in plasmablasts (PB)
from progressors (n=6) relative to sexmatched non-progressors (n=6). (G) The correlation
for plasmablast expression of FUT8 and the abundance of 1gG1 afucosylation is shown

for matched samples. Solid and open circles represent data points from progressors and
non-progressors, respectively. (H) Mean receiver operating characteristic (ROC) response
and the area under the curve (AUC) with its standard deviation were obtained with a support
vector machine classifier (SVM) using neutralization titers and 1gG1 afucosylation. (1) ROC
response and the AUC with standard deviation were obtained by testing the model on an
independent Cohort 2. Median values are depicted in (C to F) with a solid black line. P
values in (C) were calculated using Brown-Forsythe and Welch ANOVA test with Dunnett
T3 correction, P values in (D and E) were calculated using Wilcoxon rank-sum test, and P
values in (F) were calculated using unpaired Student’s test with Welch’s correction. *P <
0.05; **P < 0.01; ***P < 0.001; ns, not significant. Pearson’s correlation coefficient (r =
-0.6002, p = 0.0391) was computed in (G).
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Figure 2. CD16a signaling potential is elevated in the myeloid compartment of progressors.
Enrollment time point PBMCs were characterized in progressors (n=14) and a randomly

selected subset of non-progressors (n=18). Solid purple and blue circles represent data points
from progressors within Cohort 1 and Cohort 2, respectively whereas open circles represent
data points from non-progressors. The median values have been depicted with a black line.
(A) Total CD16a* monocyte, CD16a* CD14~ non-classical monocyte (NC), and CD16a*
CD14" intermediate monocyte (Int) frequencies are shown as percentages of total CD11c*
HLA-DR* CD3~ CD19~ CD56- myeloid cells. (B) CD16a expression was measured on
total CD16a*, non-classical, and intermediate monocyte populations. Receptor expression
is measured in relative units (RU) (C) Mean ROC response and the AUC with its standard
deviation were obtained using random forest classifier with 6-fold cross validation in two
outpatient cohorts using FcyR expression on myeloid cells. (D) Radar plots summarizing
the various features of IgG1-CD16a signaling axis in progressors and non-progressors are
shown. Significant differences between the two groups are indicated with asterisks in the
radar plot for progressors. P values in (A and B) were calculated using unpaired t-tests with
Welch’s correction. *P < .05, **P < .01, ***P < .001.
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Figure 3. mRNA vaccination elicits high neutralizing antibody titerswith Fc glycoformsdistinct

from infection-induced 1gG phenotypes.

(A) The half-maximal SARS-CoV-2 pseudovirus neutralizing titers (pNT50) in healthy
adults following mRNA vaccination (yellow n=29) or in COVID-19 outpatients on study
day 28 (blue n=42) are shown. PD1: post-dose 1, PD2: post-dose 2, M3: month 3. (B)
Longitudinal analysis of 1gG subclasses is shown for day 21, 28, or 42 post-primary
vaccination (n=17). (C) SARS-CoV2 IgG1 Fc posttranslational modifications were analyzed
in samples from patients hospitalized with COVID-19 (n=52), COVID-19 outpatients (day
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28 n=36) and in participants who received the Pfizer BNT162b2 SARS-CoV-2 mRNA
vaccine (day 28 post primary vaccination, n=16). FO: afucosylation, S: sialylation, N:
bisection, GS0: galactosylation. (D) Longitudinal analysis of anti-SARS-CoV-2 IgG1 Fc
afucosylation (afucFc, red line) and sialylation (sFc, blue line) is shown on day 21, 28 or 42
post-primary vaccination. The median values in (A and C) are depicted with a black line. P
values in (A) were calculated using Kruskal Wallis test with Dunn’s correction, in (B) using
mixed effect analysis with Geisser-Greenhouse and Tukey’s corrections, and in (C) using

a twoway ANOVA and one-way ANOVA with Tukey’s correction. *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001.
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Figure 4. Afucosylated 1gG immune complexes promote immune cell infiltration and
proinflammatory cytokine production in vivo.

(A) Immune cells were measured in the bronchoalveolar lavage (BAL) fluid of human

Fcy receptor mice (hFcyR) that were treated with either afucosylated (FO, pool 1),
normally fucosylated (F, pool 2), or vaccine-induced (Vax, pool 3) immune complexes

or with spike protein alone. Immune complexes and spike protein were administered by
the intratracheal route. (B) Cytokine and chemokine concentrations in the BAL of the
indicated groups of mice are shown. The size of the bubble represents normalized cytokine
and chemokine concentrations. P values are indicated for each soluble factor (blue: FO
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versus F, red: FO versus Vax). (C and D) Immune cell subsets (C) as well as cytokines
(TNF-a, IL-6, IL-10) and chemokines (CXCL1, CCL3, CCL4) (D) were quantified in the
bronchoalveolar lavage (BAL) fluid of hFcyR or hFcyR mice with a specific deletion in
CD16a (CD16a™"") that received afucosylated (FO, pool 1) or normally fucosylated (F, pool
2) immune complexes by intratracheal administration. In (A) and (C) neutrophils were
defined as Ly6G* CD11b* CD3~ B220~ cells and total monocytes defined as CD11b*
Ly6G~ MERTK™ MHC IA/IE~ CD3™ B220~ cells. (E) Frequency of Ly6G* CD11b* CD3"~
B220~ neutrophils was measured in BAL fluid of hFcyR mice that were pre-treated with
chemokine neutralizing mAbs (anti-CXCL1 and anti-CCL3) or isotype control followed by
administration of afucosylated immune complexes. The median and the 95% confidence
interval are shown in each graph. P values in (A to D) were calculated using a one-way
ANOVA with Dunnett’s correction using n=3 mice per group for A and B and n=4 mice
per group for (C to E). Data in (A to E) are representative of at least two independent
experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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