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SCIENCE ADVANCES | RESEARCH ARTICLE

CORONAVIRUS
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Spleen tyrosine kinase (SYK) is a previously unidentified therapeutic target that inhibits neutrophil and mac-
rophage activation in coronavirus disease 2019 (COVID-19). Fostamatinib, a SYK inhibitor, was studied in a phase
2 placebo-controlled randomized clinical trial and was associated with improvements in many secondary end
points related to efficacy. Here, we used a multiomic approach to evaluate cellular and soluble immune mediator
responses of patients enrolled in this trial. We demonstrated that SYK inhibition was associated with reduced
neutrophil activation, increased circulation of mature neutrophils (CD10*CD337), and decreased circulation of
low-density granulocytes and polymorphonuclear myeloid-derived suppressor cells (HLA-DR~CD33*CD11b").
SYK inhibition was also associated with normalization of transcriptional activity in circulating monocytes rela-
tive to healthy controls, an increase in frequency of circulating nonclassical and HLA-DR" classical monocyte
populations, and restoration of interferon responses. Together, these data suggest that SYK inhibition may mit-
igate proinflammatory myeloid cellular and soluble mediator responses thought to contribute to immunopa-

thogenesis of severe COVID-19.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
led to a global pandemic resulting in millions of deaths worldwide.
A hallmark of coronavirus disease 2019 (COVID-19) pathogenesis
is a dysregulated immune response and thromboinflammation con-
tributing to acute respiratory distress syndrome (ARDS) and mul-
tisystem organ failure (I). Early during the pandemic, elevated
neutrophil counts and neutrophil-to-lymphocyte ratios were
noted to associate with disease severity (2—6). There has since
been increasing evidence that innate myeloid dysfunction contrib-
utes to COVID-19 pathogenesis. High levels of neutrophil biomark-
ers including S100 calcium binding protein A9 (S100A9),
neutrophil gelatinase-associated lipocalin (NGAL)/lipocalin-2
(LCN2), and resistin (RETN) have been associated with disease se-
verity and mortality (7, 8). Furthermore, elevated levels of
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circulating neutrophil extracellular traps (NETs) have been ob-
served in severe COVID-19 and are thought to promote thromboin-
flammation and worsen outcomes (9, 10). Single-cell
transcriptomics and high-dimensional flow cytometric analyses
have revealed more pre-/proimmature neutrophils expressing high
levels of genes associated with neutrophil degranulation and NET
formation in patients with severe disease along with lower propor-
tions of nonclassical and higher HLA-DR™ monocytes (11, 12).
These findings indicate that severe COVID-19 is associated with
the mobilization of immature neutrophils and monocytes from
the bone marrow into circulation, indicative of emergency myelo-
poiesis. Included among these immature populations are low-
density granulocytes (LDGs) and myeloid-derived suppressor cells
(MDSCs), both of which have been hypothesized to contribute to
pathogenesis in COVID-19 and other infections causing critical
illness (13-17).

Spleen tyrosine kinase (SYK), a previously unidentified drug
target in critical illness, is a cytoplasmic kinase that binds to immu-
noreceptor tyrosine-based activation motif (ITAM) of Fc receptors,
C-type lectin receptors (CLECs), and B cell receptors (BCRs). Fos-
tamatinib is a SYK inhibitor that is hypothesized to hamper Fc-me-
diated activation of neutrophils, macrophages, and platelets,
ultimately decreasing the risk of thromboinflammation in
COVID-19. Preclinical data have demonstrated that fostamatinib
is able to inhibit the release of NET's by healthy neutrophils stimu-
lated with COVID-19 plasma, as well as spike antigen/antibody
complex—mediated activation of macrophages and platelets (18-21).

On the basis of its unique mechanisms of action and preclinical
data, fostamatinib was evaluated in a phase 2 placebo-controlled
randomized clinical trial (22). This trial met its primary end
point, with serious adverse events occurring in 10.5% of patients
who were randomized to fostamatinib and 22% randomized to
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placebo. While the small sample size precludes conclusions on effi-
cacy, many secondary end points including mean change in ordinal
scale at day 15, days in the intensive care unit, and time on oxygen
favored the fostamatinib arm. In addition, numerous biomarkers,
including C-reactive protein (CRP) and D-dimer, appeared to
have more rapid reductions in the fostamatinib arm, and in an ex-
ploratory analysis, there was a trend toward a greater reduction in
NETSs from day baseline to day 5 in the fostamatinib arm.

In the current study, we sought to understand differences in the
myeloid response among those who received fostamatinib versus
placebo for the treatment of hospitalized patients on oxygen with
COVID-19. First, we used single-cell RNA sequencing (scRNA-
seq) to evaluate the myeloid response in COVID-19 compared to
healthy controls. We then assessed differences in neutrophil and
lymphocyte counts across both arms using clinical data, followed
by a multiomic analysis combining transcriptomics (scRNA-seq)
and proteomics [cellular indexing of transcriptomes and epitopes
by sequencing (CITE-seq)], high-dimensional flow cytometry anal-
ysis, and measurement of soluble biomarkers to compare differenc-
es in the myeloid compartment in those treated with fostamatinib
versus placebo (Fig. 1A).

RESULTS

COVID-19 is associated with a dysregulated myeloid
compartment

To characterize the putative pathogenic role of myeloid cells in
COVID-19, we performed scRNA-seq on baseline samples
(before study drug) from seven patients and compared them to
six age-matched healthy controls (Fig. 1A). In total, we analyzed
37,300 cells from COVID-19 patients and 40,200 from healthy con-
trols (Fig. 1B and fig. S1, A to C). Uniform manifold approximation
and projection (UMAP) analysis demonstrated an increase in the
percentage of neutrophils from 50 to 62% of total cells, while lym-
phocytes decreased from 25 to 10% in COVID-19 patients com-
pared to healthy volunteers (fig. S1, B and D). In addition, the
proportion of monocytes among total cells increased from 5 to
23% in COVID-19 patients (fig. S1D). We identified that clusters
12 and 21 in the UMAP were unique to COVID-19 patients and
likely represented pre-B cells by increased expression of immuno-
globulin genes and MZBI (fig. S1, A and C). Population 26 was
another distinct population, consisting of precursor neutrophils
that highly express granule genes such as lactoferrin (LTF), resistin
(RETN), and lipocalin-2 (LCN2), which was elevated in COVID-19
patients versus healthy controls (Fig. 1, C and D). Comparison of
gene transcripts that were differentially expressed in COVID-19 re-
vealed that most lineages were affected to some degree; however,
those most affected belonged to the innate myeloid compartment
(neutrophils and monocytes) (Fig. 1E). Specific pathway analysis
demonstrated similar results, as the genes most up-regulated in
COVID-19 were associated with innate immune responses, regula-
tion of viral entry, defense responses to bacterium and fungus, cy-
tokine-mediated signaling and responses, and neutrophil functional
responses (Fig. 1, F and G). Interferon (IFN)-stimulated gene (ISG)
scores (Fig. 1H) and nuclear factor kB (NF-«B) activity (Fig. 1I)
were also elevated in COVID-19 samples and localized primarily
to the myeloid compartment (fig. SIE). Collectively, these findings
support the hypothesis that COVID-19 leads to a hyperactive
myeloid response with increased numbers of precursor neutrophils.

Wigerblad et al., Sci. Adv. 9, eade8272 (2023) 4 January 2023

More accelerated resolution of neutrophilia and
lymphopenia associated with SYK inhibition

The mean baseline absolute neutrophil count (ANC) and absolute
lymphocyte count (ALC) were similar between the fostamatinib
and placebo groups; baseline mean ANC (+SE) was 7.66 + 0.65
K/ul in the fostamatinib arm and 8.81 + 0.82 K/ul in the placebo
arm, while the mean ALC was 0.92 + 0.07 K/pl versus 0.88 + 0.09
K/ul, respectively (Fig. 2, A and E). Mean ANC at baseline (before
study drug administration) was higher in patients with severe or
critical illness compared to mild illness (8.40 K/ul versus 5.54 K/
ul, P = 0.0002). Neutrophilia normalized earlier in the fostamatinib
arm (day 11) compared with the placebo arm (day 15), with a sig-
nificantly lower mean neutrophil count in the fostamatinib arm on
multiple days compared to placebo (8.19 K/pl versus 11.1 K/pl,
P =0.03 on day 8; 5.47 K/ul versus 6.65 K/ul, P = 0.03 on day 15)
(Fig. 2A). Among patients with severe or critical illness, signifi-
cantly lower mean ANC was observed at days 8, 11, and 15 in the
fostamatinib arm (Fig. 2B). SYK inhibition was associated with a
lower peak immature granulocyte count compared to placebo, a
finding that was more pronounced in patients with severe or critical
illness (Fig. 2, C and D). Last, lymphopenia trended toward earlier
resolution in the fostamatinib group compared to placebo (Fig. 2E),
with a significantly lower ANC-to-ALC ratio observed in the fosta-
matinib group at day 15 (P = 0.01) (Fig. 2F).

Fostamatinib treatment is associated with a shift in
neutrophils to a more mature population and decreased
activation

Next, we explored the impact of fostamatinib treatment on neutro-
phil homeostasis by performing scRNA-seq on fresh whole blood
collected on study days 1 and 5 (Fig. 1A). Accordingly, these anal-
yses were performed in real time before knowing the treatment arm
associated with each sample. Four of the patients studied were
treated with fostamatinib [two had severe disease (ordinal scale 6)
at baseline], while three were in the placebo arm (one with severe
disease at baseline) (table S1). Analysis of neutrophil populations
on day 1, before the first study drug administration, revealed
similar proportions of neutrophils (fig. S2A) and minimal tran-
scriptional differences (fig. S2B) between the fostamatinib and
placebo groups.

Evaluating day 5 samples, neutrophil populations were divided
into nine different clusters with distinct transcriptional profiles
(Fig. 3, A and B). Cluster 6 expressed genes associated with precur-
sor neutrophils (S100A11, LTF, LCN2, and CD24) (Fig. 3B) and
PADI4, previously linked to NET formation (fig. S2C). Comparison
of these clusters by treatment arm demonstrated significant shifts in
neutrophil transcription profiles in fostamatinib- versus placebo-
treated patients (Fig. 3C), with a trend toward a reduction in the
proportion of cluster 6 precursor cells in the fostamatinib arm
(Fig. 3D). In trajectory analysis, to visualize transcriptional state
changes along an inferred time, patients treated with fostamatinib
transitioned from relatively immature cluster 4 to the more mature
cluster 1 (Fig. 3E). Cluster 4 represented immature neutrophils ex-
pressing granule genes and PADI4 (fig. S2C), while cluster 1 was
relatively transcriptionally quiescent (fig. S2D), consistent with
mature neutrophils that express fewer genes but display high
levels of IncRNA NEAT1 (Fig. 3B) (23). Despite being mature neu-
trophils, cluster 1 nonetheless expressed several genes indicating in-
flammatory activation, such as ILIR2 and PLCG2 (Fig. 3B). In the
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Fig. 1. Study design and whole blood scRNA-seq at inclusion of the study. (A) Experimental design and setup. Soluble biomarkers were analyzed in 57 patients on
days 1, 5, 8, and 15 using the Luminex platform. Whole blood was red blood cell (RBC)-depleted, and cells were captured for scRNA-seq and CITE-seq on days 1 and 5
using the 10x Genomics platform. In two patients, PBMCs were also analyzed using scRNA-seq. PBMCs were additionally analyzed using high-dimensional flow cytometry
ondays 1, 5,and 8. (B) UMAP of RBC-depleted whole blood cells from COVID-19 patients (37,300 cells, seven patients) and healthy controls (40,200 cells, six donors), with
major cell types annotated. (C) Dot plot showing the top three differentially expressed genes per cluster showing percent expressed and average expression. Population
21 noted to classify as pre-B cells with a mix of hematopoietic stem cells (HSC). (D) Percent of precursor neutrophils (myelocytes, cluster 26) of total cells for healthy
controls (HC) and COVID-19 patients. (E) Localization on the UMAP of the top up-regulated genes between healthy control and COVID-19 patients. (F) Gene ontology (GO)
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control and COVID-19 patients. (I) NF-kB gene score comparing healthy controls to COVID-19.
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Fig. 2. Comparisons of neutrophil and lymphocyte counts by complete blood count. (A) ANC (K/ul) per treatment arm for all patients (n = 59) or (B) for severe disease
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(0.3 K/ul), and (E) ALC (1.2 K/pl)]. *P < 0.05, **P < 0.01, and ***P < 0.001.

placebo group, this trajectory was shifted (through clusters 0 and 3)
but ended in the same cluster 1 (Fig. 3E). This shift was driven in
large part by genes associated with neutrophil activation (Fig. 3F)
and viral defense like AIF1 and IFITM2, which were accordingly
down-regulated in the fostamatinib group (Fig. 3B). Furthermore,
the neutrophils in cluster 0 still expressed several granule genes
such as SI00A6 and SI00A11, suggesting that these cells are tran-
scriptionally immature but in an activated state (Fig. 3B).
Fostamatinib treatment was associated with normalized inflam-
matory gene signatures and resulted in cells that were transcription-
ally more analogous to those of healthy controls (Fig. 3G). The four
individual genes most down-regulated by fostamatinib were LTF,
secretory leukocyte protease inhibitor (SLPI), LCN2, and RETN,
genes associated with immature neutrophils (Fig. 3H). Further-
more, fostamatinib treatment was associated with slightly higher

Wigerblad et al., Sci. Adv. 9, eade8272 (2023) 4 January 2023

induction of ISGs (Fig. 3I) but had minimal impact on NF-«B sig-
naling (fig. S2E) in neutrophils, suggesting a continued activated
state but a potentially improved antiviral response.

We then evaluated cell surface markers using CITE-seq and
found that fostamatinib treatment was associated with more
mature neutrophil populations with higher surface expression of
CD16, CD10, and CD11b compared to placebo, supporting our
prior observation using scRNA-seq that SYK inhibition was associ-
ated with a decrease in the number of circulating neutrophil precur-
sor cells (population 6) and fewer immature granulocytes (fig. S2F).
In addition to lower surface expression of maturity markers, the
placebo group was characterized by increased expression of the pre-
cursor marker CD64, adhesion receptor CD31, and complement re-
ceptor CD21, indicating that fostamatinib attenuated the immature
activated granulocyte phenotype induced by COVID-19.
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Fostamatinib treatment is associated with lower levels of
soluble neutrophil-associated biomarkers

Patients who were randomized to the fostamatinib arm had numer-
ous biomarkers associated with neutrophil activation that normal-
ized more rapidly compared to the placebo arm (fig. S3). At day 8,
we found lower levels of LCN2/NGAL (median, 118,071 pg/ml
versus 160,192 pg/ml; P = 0.041; fig. S3A) across all patients and
a trend toward lower interleukin-8 (IL-8) (median, 8.68 pg/ml
versus 11.02 pg/ml; P = 0.055; fig. S3B) in the fostamatinib arm.
We found lower levels of soluble LTF (median, 575,564 pg/ml
versus 1,400,600 pg/ml; P = 0.0004) and LCN2 (median, 91,712
pg/ml versus 151,550 pg/ml; P < 0.0001) at day 15 across all patients;
a finding was consistent across the subgroup of patients with mod-
erate disease and severe/critical disease (fig. S3, A and C). For cal-
protectin (S100A8/S100A9), we found lower levels of S100A9
(median, 2208 pg/ml versus 3235 pg/ml; P = 0.046) in those with
severe/critical disease at day 15 compared to placebo (fig. S3E).

Fostamatinib associated with lower proportion of LDGs and
PMN-MDSCs
To assess the LDG fraction, we performed high-dimensional flow
cytometry on peripheral blood mononuclear cells (PBMCs) from
14 patients (8 on fostamatinib and 6 on placebo) (Fig. 1A). The pro-
portion of LDGs was similar at baseline between both groups (9%
versus 13%) (Fig. 4A). However, while the proportion of LDGs
trended up between day 1 and day 8 in the placebo group, the
LDG fraction remained stable in the fostamatinib group (30%
versus 14% at day 8) (Fig. 4A). The LDG populations could be
broadly divided into two main clusters based on surface markers
(Fig. 4B), representing immature and mature cells. The immature
cluster was defined by higher expression of CD33 (Siglec-3) and de-
granulation marker CD63 (Fig. 4C) and by lack of maturation
markers (CD10, CD16, CD32, and CD11b) (Fig. 4D), while the
mature cluster showed the opposite expression pattern. At day 8,
we found a trend toward lower levels of immature LDGs (42%
versus 17%; P = 0.07) (Fig. 4C) and higher levels of mature LDG
(48% versus 82%; P = 0.048) (Fig. 4D) in the fostamatinib arm com-
pared to placebo. In addition, we found higher levels of surface
CD62L (L-selectin) in the LDGs of fostamatinib-treated patients
(P = 0.03) at day 8 (Fig. 4D). It has been suggested that LDGs
that are HLA-DR™, CD11b*, CD33* are immunosuppressive and
characteristic of polymorphonuclear MDSC (PMN-MDSC) (24).
We confirmed the presence of these cells in the LDG fraction and
found that the proportion of MDSCs remained relatively stable in
the placebo arm; however, fostamatinib treatment was associated
with marked reduction in MDSCs by day 8 (P = 0.03) (Fig. 4E).
In addition to immunophenotyping, we performed scRNA-seq
on the PBMC:s of two patients who did not receive fostamatinib and
characterized the LDG fraction at the transcriptional level (Fig. 1A).
Cluster analysis showed four LDG populations (Fig. 4F). Clusters 0
and 3 likely represent immature neutrophils expressing more
granule-associated genes, such as SI00A12 and MMP9, while clus-
ters 1 and 2 are transcriptionally similar expressing few genes
(Fig. 4, G and H) (23). In addition, immature cell clusters 0 and 3
expressed higher levels of Arginase-1 (Arg-1) (Fig. 4I) and had a
higher gene signature indicative of MDSCs (Fig. 4]) (25). To
compare the transcriptional profile of the LDGs with normal
density neutrophils (NDGs), we performed reclustering of the
LDGs with all neutrophils from COVID-19 patients (fig. S4, A
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and B). We found that these relatively immature MDSC-enriched
LDGs expressing ARG-1 primarily clustered within NDG clusters
0 and 4 (fig. S4, C and D). About half the LDGs clustered separately
from NDGs, primarily within cluster 3, driven by up-regulation of
adhesion and migration genes like RACK1, VCAN, and CD52 (fig.
$4, D and E). We found that the proportion of neutrophils that clas-
sified as MDSC"8" demonstrated a trend toward a lower proportion
in the fostamatinib arm versus placebo (P = 0.06) (fig. S4F).

Monocyte activation is decreased in the fostamatinib group
High-dimensional flow cytometry analysis was performed on
PBMCs from 14 patients (8 on fostamatinib and 6 on placebo)
(Fig. 1A) to identify classical (CD14M CD16'"), intermediate
(CD14" CD16™), and nonclassical (CD14!° CD16") monocyte
populations (Fig. 5A). We observed similar trends in classical and
intermediate monocyte populations in the placebo and fostamatinib
groups over time. In contrast, we observed an increase in the percent
of nonclassical monocytes at day 8 (P = 0.02) in the fostamatinib
group, reaching almost 4% of total monocytes (Fig. 5B). Further-
more, the proportion of HLA-DR™ monocytes was stable in the
placebo group during the study period, while fostamatinib treat-
ment was associated with an increase in the HLA-DR" classical
monocytes (P =0.03) and a trend toward higher HLA-DR* nonclas-
sical monocytes (P = 0.08) (Fig. 5B).

Single-cell transcriptomic analysis of monocytes on day 1 re-
vealed that both groups displayed an elevated proportion of mono-
cytes compared to healthy controls (fig. S5A) and minimal
transcriptional differences in monocyte populations between treat-
ment groups (fig. S5B). Evaluating day 5 samples, we identified five
clusters of monocytes (clusters 0 to 4) (Fig. 5C). Treatment with fos-
tamatinib was associated with a large transcriptional shift from clus-
ters 0 and 2 into clusters 1 and 3 (Fig. 5C), driven by genes
associated with cytokine production/signaling and proliferation
(Fig. 5D and fig. S5C). Fostamatinib treatment was also associated
with increased expression of the master inhibitory regulators
DUSPI and BTG2 in some monocytes (population 3), suggesting
a shift to a less-inflammatory state (Fig. 5E).

The analysis of cell surface protein expression of monocytes on
day 5 using CITE-seq revealed changes based on treatment that
were consistent with the immunophenotyping of PBMCs. Com-
pared to the fostamatinib group, monocytes from the placebo
group displayed lower levels of HLA-DR, CDl11c, and CD62L
(Fig. 5F). Cluster 2 was CD16M (Fig. 5F) and expressed genes asso-
ciated with activation like NAMPT and LITAF (Fig. 5E), which was
largely absent after fostamatinib treatment (Fig. 5C). Fostamatinib
treatment was associated with a normalization in the COVID-19
monocyte gene score (Fig. 5G), along with a restoration of antiviral
ISG responses (Fig. 5, H and I), largely attributable to CD11c'°
CD62L° HLA-DR™¢ cluster 1 monocytes (Fig. 5]). In addition,
we found that fostamatinib was associated with a slight decrease
in NF-xB signaling compared to placebo (fig. S5D).

Fostamatinib is associated with lower levels of soluble

biomarkers of monocyte function and NF-kB activation

Patients who were randomized to the fostamatinib arm had numer-
ous biomarkers associated with monocyte function that normalized
more rapidly compared to the placebo arm (fig. S6). CXCL1 was
lower at day 8 in the fostamatinib arm when evaluating all patients
(median, 1757 pg/ml versus 2273 pg/ml; P = 0.045) (fig. S6A), while
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IL-6 levels were lower at day 15 in the fostamatinib arm (median,
0.96 pg/ml versus 2.67 pg/ml; P = 0.031) when comparing all pa-
tients, a difference that was more pronounced in patients with
severe/critical disease (median, 0.99 pg/ml versus 3.41 pg/ml;
P = 0.0076) (fig. S6B). We also found an association between
tumor necrosis factor (TNF) signaling and fostamatinib treatment.
Specifically, compared to placebo, we noted lower levels of soluble
TNF receptor II (TNF-RII) at day 15 in all patients on fostamatinib
(median, 2957 pg/ml versus 3800 pg/ml; P = 0.025; fig. S6C) and
lower levels of TNF-RI in those with severe/critical disease at day
8 (median, 2066 pg/ml versus 2939 pg/ml; P = 0.033) and day 15
(median, 1432 pg/ml versus 2317 pg/ml; P = 0.011; fig. S6D). Fur-
thermore, fostamatinib treatment was associated with decreases in
soluble markers associated with inflammasome activation. IL-1ra
was lower in all patients at day 15 (median, 1193 pg/ml versus
2184 pg/ml; P = 0.0011) and at day 8 (median, 1495 pg/ml versus
2879 pg/ml; P =0.026) and day 15 (median, 1107 pg/ml versus 2806
pg/ml; P = 0.0003) in patients with severe/critical disease (fig. S6E).

Neutrophil activation predicts response to fostamatinib
Last, we sought to identify biomarkers that could predict which
COVID-19 patients may be more likely to respond to SYK inhibi-
tion. Among circulating biomarkers associated with neutrophil ac-
tivation, we found that the fostamatinib arm had a significant
interaction with LCN2/NGAL and LTF, while among biomarkers
associated with monocyte activation, fostamatinib treatment had a
significant interaction with TNF-RII (Fig. 6). For each of these bio-
markers, we selected an optimal cutoff level to display their interac-
tion. Among patients with higher baseline levels of LCN2 (>135 pg/
ul), the fostamatinib arm had more rapid time to improvement (de-
crease) by >1 ordinal scale (P = 0.012) and a trend toward shorter
duration of oxygen use (P = 0.09) compared to the placebo arm
(Fig. 6, A and B). Similarly, among patients with higher baseline
levels of LTF (>1300 pg/ul), the fostamatinib arm was associated
with a more rapid improvement in ordinal scale (P = 0.03) and a
trend toward oxygen requirement (P = 0.064) compared to
placebo (Fig. 6, C and D). Last, the fostamatinib arm was associated
with faster improvement in ordinal scale (P = 0.017) and shorter
time to wean off oxygen (P = 0.012) than placebo among the sub-
group of patients with higher baseline levels of TNF-RII (>3.5 pg/
ul) (Fig. 6, E and F).

DISCUSSION

SARS-CoV-2 infection is characterized by a profoundly dysregu-
lated immune response (3, 26—28). Despite improved therapeutics,
SARS-CoV-2 infection requiring hospitalization is still associated
with high mortality (29-31). Therefore, innovative host-directed
therapeutics are urgently needed. Furthermore, translational
studies embedded in clinical trials can provide information to
better understand mechanisms by which promising therapeutics
improve outcomes. Here, we report the results of a multiomic ap-
proach investigating the impact of SYK inhibition in COVID-19
and hypothesize how this therapy may alter myeloid responses
that contribute to improved outcomes in hospitalized patients re-
quiring supplemental oxygen. Our multiomic approach revealed
that patients treated with fostamatinib experienced a decrease in
neutrophil activation and a shift from an immature (CD10~CD33*)
to a more mature neutrophil phenotype (CD10*CD337).

Wigerblad et al., Sci. Adv. 9, eade8272 (2023) 4 January 2023

Furthermore, SYK inhibition was associated with increased levels
of nonclassical monocytes and a classical monocyte population
that shifted from primarily HLA-DR to a mixed population of
HLA-DRM, a phenotype associated with mild COVID-19 (11).

Severe COVID-19 has been associated with higher levels of im-
mature pre- and pro-neutrophils that are CD33*CD10~ (11, 12). In
contrast, mild COVID-19 is associated with more mature neutro-
phil populations that are CD337CD10*. These findings suggest
that severe COVID-19 is associated with emergency granulopoiesis
(11). During emergency granulopoiesis, which has been described
in conditions such as infection, sepsis, and trauma, various cyto-
kines [IL-6, granulocyte colony-stimulating factor (G-CSF), and
granulocyte-macrophage colony-stimulating factor (GM-CSF)]
stimulate bone marrow to release immature neutrophils into circu-
lation (32-34). These pro- and pre-neutrophils express high levels of
genes associated with synthesis of proteins contained in neutrophil
granules such as MPO, LCN2, LTF, RETN, and MMP8 and are also
characterized by the expression of the surface marker CD33 and
absence of CD10 (8).

We found that fostamatinib treatment was associated with lower
proportions of pre-neutrophils expressing SIO0A11, LTF, LCN2,
CD24, and PADI4, which encodes for a protein associated with
the release of NETs, supporting our prior ex vivo finding that fos-
tamatinib can inhibit NET formation when healthy neutrophils are
stimulated with plasma from patients with COVID-19 and our
phase 2 clinical trial finding of a trend toward a greater decline in
NETs at day 5 in those who received fostamatinib (2, 18, 20, 21).
This finding was consistent across the different analyses performed,
namely, of whole blood neutrophils using scRNA-seq, as well as
protein expression by CITE-seq and phenotyping of the LDG frac-
tion among PBMC:s. The shift in neutrophil maturation status was
also evident when evaluating the immature granulocyte fraction on
complete blood counts.

Furthermore, severe COVID-19 has been associated with elevat-
ed levels of many soluble biomarkers, including those associated
with neutrophil activation such as RETN, NGAL, LTF, and
S100A9 (8). Here, we demonstrated that fostamatinib treatment
was associated with decreased soluble NGAL/LCN2, LTF, and
S100A9, supporting the hypothesis that fostamatinib promotes nor-
malization of neutrophil phenotype in COVID-19, resulting in a
population of neutrophils that are less activated. Collectively,
these findings suggest that fostamatinib modulates emergency gran-
ulopoiesis and improves neutrophil homeostasis.

Another feature of emergency granulopoiesis is the release of
MDSCs, which are defined by their ability to inhibit the prolifera-
tion and activation of lymphocytes (35). MDSCs have been de-
scribed in various infections and are classified into two categories:
PMN-MDSC and monocytic MDSC (M-MDSC) (36-38). Both
PMN-MDSC and M-MDSC have been phenotypically identified
in COVID-19 and functionally shown to suppress lymphocyte acti-
vation and proliferation (17, 24, 39, 40). Furthermore, levels of
MDSC have been associated with disease severity (41). Another
cell type not found during normal myeloid homeostasis is LDGs,
which are neutrophils found in PBMC fraction of cell isolation
and express many genes associated with neutrophil activation, de-
granulation, and NET formation. They have been described in
various infectious and inflammatory diseases and have been associ-
ated with disease severity and coagulation in COVID-19 (42, 43).
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We found that fostamatinib treatment was associated with a de-
crease in the number of LDGs on day 8 of treatment. Furthermore,
within the LDG fraction, we were able to identify a population of
cells consistent with PMN-MDSC (CD11b*CD33") that decreased
from day 1 to day 8 in the fostamatinib arm. Given that these PMN-
MDSC have been shown to be immunosuppressive, the decrease in
frequency of PMN-MDSC in the fostamatinib arm may explain the
concomitant recovery in lymphocyte counts. Moreover, using
scRNA-seq from two patients not treated with fostamatinib, we
were able to demonstrate two populations (populations 0 and 3)
that are transcriptionally immature neutrophils in the LDG fraction
that expressed high levels of genes associated with MDSC, including
ARG-1 (35). Arginase-1 can sequester arginine and is one mecha-
nism used by PMN-MDSC to inhibit proliferation of lymphocyte.

Wigerblad et al., Sci. Adv. 9, eade8272 (2023) 4 January 2023

On further analysis, these populations cluster within the normal
density granulocyte fraction and we found that fostamatinib treat-
ment was associated with a lower proportion of MDSCP8h neutro-
phils. Note that dexamethasone is hypothesized to expand an
ARGI™" neutrophil population in COVID-109, raising the potential
of fostamatinib as added benefit to steroids (44).

In addition to neutrophil dysregulation, severe COVID-19 is as-
sociated with abnormalities in the monocyte compartment, includ-
ing the emergence of HLA-DR! immunosuppressive monocytes
(40, 45, 46). In contrast, mild COVID-19 is associated with HLA-
DRM monocytes and a robust IFN response. Moreover, severe
COVID-19 is associated with a decrease in the number of
CD14°CD16M nonclassical monocytes (less than 4% of mono-
cytes), which are thought to have anti-inflammatory and antiviral
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properties (47-49). We found that fostamatinib treatment resulted
in a shift in the classical monocyte population from HLA-DRY to
HLA-DR"Y, a finding that may be associated with improved out-
comes (50-52). HLA-DR is a major histocompatibility complex
(MHC) class II glycoprotein expressed on antigen-presenting cells
and presents peptides from antigens to T cell receptors (53). As a
result of decreased HLA-DR expression in severe COVID-19,
monocytes may be less effective at presenting viral antigens, result-
ing in decreased T cell activation (54). Furthermore, M-MDSCs iso-
lated from patients with COVID-19 have been characterized as
CD14"HLA-DR™ and functionally demonstrated to inhibit T cell
proliferation and IFN-y production (40). Hence, the increase in
the HLA-DR" monocytes following fostamatinib treatment may at-
tenuate the immunosuppression that has been associated with
COVID-19 (40). By analyzing the kinetics of the monocyte popula-
tions, we found that at day 8 of fostamatinib treatment, there was an
increase in nonclassical monocytes nearing 4% of all monocytes, a
finding consistent with mild COVID-19 (11I). Notably, we also
found a subpopulation of monocytes in patients treated with fosta-
matinib that displayed higher levels of ISGs, indicative of functional
antiviral responses. In addition, consistent with the scRNA-seq and
CITE-seq data, fostamatinib resulted in a decrease in many soluble
biomarkers associated with monocyte activation such as TNF-RI,
TNE-RII, and IL-6. IL-6 has been shown to be an important
driver of emergency granulopoiesis in sepsis and COVID-19 (55).
These data across monocyte populations are supported by prior
findings that fostamatinib can inhibit the release of cytokines
from macrophages stimulated by SARS-CoV-2-specific spike
antigen/antibody complexes (2, 18, 20, 21). Together, our data
suggest that fostamatinib treatment is associated with a decrease
in monocyte activation.

Our study has some limitations. First, we had a small sample size
for our transcriptional analysis, but our findings were robust and
reproducible across all assays applied in this study. Second, we
were unable to confirm that the populations we defined as MDSC
functionally have this role; however, the functional ability of these
populations has been described by others (24, 40). Third, although
our findings were robust and consistent, the sequencing data did
not include patients on mechanical ventilation; thus, we were
unable to test whether changes in the myeloid cells are associated
with critical disease. Fourth, we do not have any direct evidence
that SYK phosphorylation and downstream signaling were inhibited
in this study, and therefore, our findings are inferred from the tran-
scriptional and phenotypic changes found between arms. Last, this
phase 2 clinical trial was not intended to provide definitive evidence
of efficacy. Note that two phase 3 randomized clinical trials
(NCT04629703 and NCT04924660) are ongoing to assess the effi-
cacy of fostamatinib in hospitalized patients with COVID-19, and
our observations may help support the use of specific biomarkers
in defining likelihood of response to treatment.

Overall, our findings suggest that SYK inhibition is a potential
therapeutic target that might improve clinical outcomes in severe
COVID-19 by mitigating immunopathogenesis mediated by neu-
trophils and monocytes. We hypothesize that SYK inhibition de-
creases emergency granulopoiesis and restores myeloid
homeostasis in severe COVID-19 by inhibiting neutrophil and
monocyte activation in peripheral blood, inhibiting signals that
promote the release of immature immunosuppressive myeloid
cells from the bone marrow.

Wigerblad et al., Sci. Adv. 9, eade8272 (2023) 4 January 2023

MATERIALS AND METHODS

Study cohort

Patients in the current study were part of a larger cohort described
in detail in a previous publication (22). They were enrolled in a
phase 2 randomized, double-blinded, placebo-controlled study
evaluating the safety and efficacy of fostamatinib in hospitalized pa-
tients with COVID-19 who required oxygen [NCT04579393, Na-
tional Institutes of Health (NIH) IRB# 000110]. Patients who
were ordinal scale 5, 6, or 7 were randomized 1:1 to receive 14
days of fostamatinib (150 mg twice a day) or placebo in addition
to standard of care (remdesivir and steroids) (22). Patients with
moderate disease [ordinal scale 5 (oxygen via nasal canula)] ac-
counted for 39% of the subjects enrolled in the study, while those
with severe/critical disease [ordinal scale 6 (oxygen via high-flow
oxygen or noninvasive ventilation) or 7 (mechanical ventilation)]
accounted for the remaining 61% of the subjects enrolled in the
study. Patients on study had research blood drawn on days 1, 5, 8,
and 15, in either serum separator tubes (red top) or EDTA (lavender
top). ANC and ALC were measured as part of routine clinical tests.
One patient who had scRNA-seq performed on LDG fraction of
PBMC was enrolled in a COVID-19 natural history study
(NCT04401449).

Luminex biomarker

We measured soluble biomarkers from days 1 (before study drug
initiation), 5, 8, and 15 in 57 patients (29 randomized to fostamati-
nib and 28 to placebo). Plasma samples were analyzed for IL-16, IL-
8, lactoferrin, LCN2/NGAL, S100A9, S100A8, IL-18, L-selectin
(CD62L), CCL-2 (MCP-1), IL-12, IL-15, CCL-4 (MIP-1p), u-plas-
minogen activator (uPA), CCL-3 (MIP-1a), CD163, CX3CL-1
(fractalkine), CCL-7 (MCP-3), CCL-8 (MCP-2), GM-CSF, IL-6,
TNF-RI, TNF-RIIL, TNF-q, IL-18, IL-1a, IL-1pB, and IL-1ra (R&D
Systems, Minneapolis, MN). All assays were performed according
to the instructions provided by the manufacturer. Briefly, median
fluorescence intensities were collected on a Luminex-200 instru-
ment (Bio-Rad) using Bio-Plex Manager software version 6.2
(Bio-Rad). Standard curves for each cytokine were generated
using the premixed lyophilized standards provided in the Kkits,
and cytokine concentrations were determined from the standard
curve using a five-point regression to transform the median fluores-
cence intensity values into concentrations. Each sample was run in
duplicate, and the average of the duplicates was used as the mea-
sured concentration. Any value that was below detection level was
replaced by the limit of detection (LOD) as reported using the
Luminex kit. Analyses were performed using Data Pro Manager
1.02 (Bio-Rad). In this study, we report the findings of markers as-
sociated with neutrophil activation and monocyte activation, which
appeared to have the strongest association with fostamatinib
treatment.

Phenotyping of LDGs and monocytes by flow cytometry

PBMC:s were isolated by Ficoll density gradient centrifugation from
whole blood collected in EDTA tubes. A 24-color panel was devel-
oped to phenotype LDGs by spectral flow cytometry (see table S2
for the list and source of antibodies). A total of 10° freshly isolated
PBMCs were incubated in sequence with an Fc receptor blocker
(TrueStain FcX, BioLegend) for 15 min at 4°C, the Zombie NIR
Fixable Viability Dye (BioLegend) for 10 min at room temperature,
and a cocktail containing the panel of antibodies in staining buffer
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[2% fetal bovine serum/phosphate-buffered saline (PBS)] supple-
mented with Brilliant Stain Buffer Plus (BD Biosciences) at 4°C
for 15 min. The stained cells were acquired on an Aurora spectral
cytometer using SpectroFlo Software v2.2.0 (Cytek Biosciences) and
analyzed using Flow]Jo v10.7.1 (BD Biosciences). Gating strategy to
determine LDGs and monocytes is shown in fig. S7.

UMAP embedding and FlowSOM clustering of spectral flow
cytometry data

UMAP embedding and FlowSOM clustering were performed on
FCS files generated from spectral flow cytometry using the OMIQ
platform (omigq.ai). Live, CD66B™ single cells were selected for
downstream analysis. Markers CD66B, CD14, CD15, CD11b,
CD10, CDl1lc, CD16, CD32, CD33, CD62L, CD63, CD107a,
CD73, PDL1, PDL2, Lox-1, HLA-DR, CXCR2, CXCR4, CD35,
and CD54 were used to perform UMAP embedding and
FlowSOM clustering with the number of metaclusters set to 20.

Single-cell RNA sequencing

The following procedures were previously described. For single-cell
sequencing, white blood cells were isolated with the Erythroclear
Red Blood Cell Depletion Reagent Kit (STEMCELL Technologies,
catalog no. 01738), according to the manufacturer’s protocol. Cells
were washed with PBS with 0.02% bovine serum albumin. To obtain
single-cell gel beads in emulsion (GEMs), we resuspended cells at a
concentration of 1000 cells/ul and loaded the mix on the Chromium
Comptroller Instrument (10x Genomics). Single-cell cDNAs and
libraries were prepared with Chromium Single-Cell 3’ Library and
Gel Bead Kit v3.1 (10x Genomics, catalog no. 1000121). Briefly,
GEM-RT incubation was performed in a C1000 Touch thermal
cycler with 96-deep well reaction module (Bio-Rad, catalog no.
1851197). Single-strand cDNAs were purified with DynaBeads
MyOne Silane Beads (Thermo Fisher Scientific, catalog no.
37002D) and amplified with the C1000 cycler. Amplified cDNA
products were cleaned with 0.6X DynaBeads MyOne Silane Beads
(Thermo Fisher Scientific, catalog no. 37002D). Quality and quan-
tity of the cDNAs were assessed on 4200 TapeStation (Agilent Tech-
nologies) with High Sensitivity D5000 DNA ScreenTape (Agilent,
catalog no. 5067-5592). Libraries were diluted to the same molarity
and pooled for sequencing on NovaSeq6000 (Illumina) sequenc-
ers (23).

Cellular indexing of transcriptomes and epitopes by
sequencing

TotalSeq-B oligonucleotide-conjugated antibodies (BioLegend),
compatible with the 10x Genomics 3' scRNA-seq chemistry, were
used according to the manufacturer’'s protocol. The panel for
common markers of circulating neutrophils included antibodies
targeting CD45, CD14, CD33, CDl11¢, CD10, CD16, CD107a,
HLA-DR, CD11b, CD66b, CD35, CD24, CD184, and CD15 (23).

Processing and analysis of scRNA-seq data and CITE-seq
Mlumina run folders were demultiplexed and converted to FASTQ
format with Cell Ranger mkfastq version 4.0.0 and Illumina
bcl2fastq version 2.20. Reads were further counted and analyzed
with Cell Ranger count version 4.0.0 and the refdata-gex-
GRCh38-2020-A reference to generate raw and filtered matrix files.
Matrix files were imported into R package Seurat version 4.0.1
for downstream processing. From the raw matrices, cells with a
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gene number between 100 and 2500 and a mitochondrial gene pro-
portion of <0.1 were selected for downstream analysis. The matrices
were then normalized by the LogNormalize method. The FindVar-
iableFeatures() function was used to select the top 2000 variable
genes, with the vst selection method. Scaling was performed by
the function ScaleData() regressing out the mitochondrial gene
content. Principal components analysis and clustering were then
performed on the scaled data. UMAP (version 0.2.7.0) was used
for visualization. After cell types were identified using marker
genes in the dataset corresponding to each sample, they were inte-
grated. Genes that were shared among all datasets were identified for
downstream integration. Anchors were identified with the FindIn-
tegrationAnchors() function, and these anchors were used to inte-
grate the cells together with the function IntegrateData(). To study
neutrophil cell-state trajectories, we used the analysis toolkit
Monocle3, which is implemented as an R package (version
0.2.3.0). A principal graph was learned on the UMAP projection
of the cells with the learn_graph() function. To generate a pseudo-
time axis, the cells were then ordered with the order_cells() func-
tion. To generate gene scores, the function AddModuleScore was
used with the indicated gene list and five random control genes
per feature used (23).

Statistical analysis

Biomarker data were summarized by means + SEM or median and
compared by the Wilcoxon rank sum test and analysis of variance
(ANOVA) between the two treatment groups at each time point.
The rate of change for the biomarker over time was compared
between treatment groups using the linear mixed model. Cox pro-
portional hazards regression models were used to assess the inter-
action effect between the treatment arm and the baseline level of
biomarkers on the clinical outcomes (improvement by 1 or more
points on ordinal scale and requirement for supplemental
oxygen), adjusted for the baseline diseases severity. The event
rates for clinical outcomes were estimated by the Kaplan-Meier
method and compared by the log-rank test. Because of the explor-
atory nature of the data, no adjustment was made for multiple com-
parisons. All tests were two sided, and a P value of <0.05 was
considered statistically significant. Analysis was performed using
the R statistical software, version 4.1.0 (R Foundation for Statistical
Computing, Vienna, Austria).

Supplementary Materials
This PDF file includes:

Figs. S1to S7

Table S1 and S2
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