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Neutrophils mediate Th17 promotion in COVID-19 patients
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1 | INTRODUCTION

Marketa Bloomfield*2 | Adam Klocperk! | AnnaSediva?l

Abstract

From the beginning of 2020, an urgent need to understand the pathophysiology of SARS-CoV-2
disease (COVID-19), much of which is due to dysbalanced immune responses, resonates across
the world. COVID-19-associated neutrophilia, increased neutrophil-to-lymphocyte ratio, aber-
rant neutrophil activation, and infiltration of neutrophils into lungs suggest that neutrophils are
important players in the disease immunopathology. The main objective of this study was to assess
the phenotypic and functional characteristics of neutrophils in COVID-19 patients, with partic-
ular focus on the interaction between neutrophils and T cells. We hypothesize that the altered
functional characteristics of COVID-19 patient-derived neutrophils result in skewed Th1/Th17
adaptive immune response, thus contributing to disease pathology. The expansion of G-MDSC
and immature forms of neutrophils was shown in the COVID-19 patients. In the COVID-19 neu-
trophil/T cell cocultures, neutrophils caused a strong polarity shift toward Th17, and, conversely,
a reduction of IFNy-producing Th1 cells. The Th17 promotion was NOS dependent. Neutrophils,
the known modulators of adaptive immunity, skew the polarization of T cells toward the Th17 pro-
motion and Th1 suppression in COVID-19 patients, contributing to the discoordinated orchestra-
tion of immune response against SARS-CoV-2. As IL-17 and other Th17-related cytokines have
previously been shown to correlate with the disease severity, we suggest that targeting neu-
trophils and/or Th17 represents a potentially beneficial therapeutic strategy for severe COVID-
19 patients.
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neutrophils have been implicated in the immune-related damage asso-
ciated with COVID-194 In fact, the clinical severity of the disease

The current global research efforts concerning the newly emerged
human coronavirus SARS-CoV-2 are harvesting data on various
aspects of the host-pathogen interaction at a historically unprece-
dented pace. Disbalanced immune responses to the virus have been
documented to underlie much of the “COVID-19” pathophysiology,
although the specific mechanisms are not yet fully understood. Ini-
tially, the attention was focused mainly on the role of CD4+ and
CD8+ T cells and NKs, followed by the phenomenon of uncontrolled
hypercytokineamia.1-3 Most recently, both the Th17 lymphocytes and

Abbreviations: Arg-1, arginase-1; COVID-19, coronavirus disease 2019; GCN2, general
control nondepressible 2; G-MDSC, granulocytic myeloid-derived suppressor cells; HD,
healthy donor; IFNy, interferon y; IL-17, interleukine 17; MERS, Middle East respiratory
syndrome coronavirus; mTOR, the mammalian target of rapamycin; NET, neutrophil
extracellular traps; Neu, neutrophil; NO, nitric oxide; NOS, NO synthase; PMA, phorbol
myristate acetate; ROS, reactive oxygen species; RT-PCR, reverse transcription polymerase
chain reaction; SARS-CoV-2, Severe acute respiratory syndrome virus 2; Th17, T helper
lymphocytes 17.
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was shown to correlate with excessive serum levels of IL-17 and
other cytokines involved in Th17 promotion and maintenance,?>¢ sim-
ilar to infections with other coronaviruses, for example, MERS-CoV
and SARS-CoV.” Neutrophils, particularly their immature forms with
strong proinflammatory properties, have been shown to be expanded
in SARS-CoV-2,% exhibiting augmented production of various inflam-
matory cytokines, enhanced NETosis® 1 and infiltrating lungs. As a
distinct cross-talk between Th17 and neutrophils exists,11 we set out

to analyze the nature of their interaction in SARS-CoV-2.

2 | RESULTS AND DISCUSSION

In our previous study, we showed that peripheral neutrophils of
severe SARS-CoV-2 patients (CoV2-Neu) are expanded, display

marked hyperresponsiveness, as well as enhanced degranulation and
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FIGURE 1 T cell polarization by neutrophils. (A) Increased frequencies of G-MDSC (CD3-CD19-CD20-CD56-HLA-DR+CD14-
CD15+CD11b+CD33+cells) in 18 COVID-19 patients detected in whole blood and compared to 29 healthy donors (HDs) by flow cytometry. (B)
Increased percentage of CD10- immature neutrophils (CD15+CD66b+CD10-) in 6 COVID-19 patients with severe symptoms and 4 COVID-19
patients with moderate or mild symptoms detected in the whole blood and compared with 29 HDs detected by flow cytometry. (C) Augmented
Th17 (IL-174+CD4+CD3+ T cells upon PMA and ionomycin stimulation) in COVID-19 patients (n = 6 with severe and n = 4 with moderate or mild
symptoms) and compared with 7 HDs detected by flow cytometry. (D) Percentage of IFNy+CD3+, Th1 (IFNy+CD4+) and IFNy+CD8+ T cells
detected by flow cytometry after overnight autologous cocultivation of isolated CD3+ T cells with neutrophils at various ratios. Proliferating
Ki67+CD4+ were detected by flow cytometry after 5 days of cocultivation in DynaBeads presence. (E) Effect of Arg-1 (5 ug/ml), NOS (5 ug/ml),
and ROS (superoxide dismutase 400 U/ml and catalase 2000 U/ml) inhibitors on Th1 frequencies in Tcell/neutrophils cocultures (ratio 1:2)
detected by flow cytometry after overnight incubation. (F) Th17 (IL-17+CD4+) frequencies after overnight cocultivation of CD3+ T cells with
neutrophils at various ratios detected by flow cytometry in COVID-19 (n = 8) and HD (n = 7). (G) Induced Th17 frequencies were diversified
according to the severity of the disease (patients with severe symptoms n = 4, moderate and mild symptoms n = 3). (H) Th17 frequencies in
Tcell/neutrophils cocultures (ratio 1:2) in the presence of inhibitors of Arg-1 (5 ug/ml), NOS (5 ug/ml), and ROS (superoxide dismutase 400 U/ml
and catalase 2000 U/ml) were detected by flow cytometry after overnight incubation. Statistical analysis was performed using the Wilcoxon paired
or Mann-Whitney unpaired t-test. Values of P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and P < 0.0001 (****) were considered statistically significant

proinflammatory cytokine production.* Here, we analyzed the com-
position of SARS-CoV-2 neutrophils (CoV2-Neu) pool in detail and
found it to be enriched with granulocyte myeloid-derived suppressor
cells (G-MDSCs, defined as HLA-DR+CD14-CD15+CD11b+CD33+)
(Fig. 1A and Supplementary Fig. S1) and immature forms of CD10-
neutrophils (Fig. 1B). Both of these cell subpopulations possess
immunomodulatory properties. The expansion of both G-MDSCs and
immature neutrophils was more pronounced in the severe COVID-19
cases than in healthy donors (HDs). Also, we determined the overall
peripheral blood frequencies of Th17 cells (CD4+ T cells producing
IL-17A) (Fig. 1C and Supplementary Figs. S2 and S3) and found them
to be expanded in patients with severe COVID-19.

Neutrophils have been shown to exert versatile functions in adap-
tive immune responses, therefore we explored the role of CoV2-Neu

and their products in T cell induction in autologous cocultures. First,

we examined IFNy production by COVID-19 T cells (CoV2-T) in the
absence or presence of neutrophils. The presence of CoV2-Neu sig-
nificantly reduced the production of IFNy by autologous CD3+ lym-
phocytes, compared with the HDs neutrophils (Fig. 1D). This reduc-
tion was more profound in CD8+CD3+ than in CD4+CD3+ T lympho-
cytes (Fig. 1D) and was markedly stronger in cocultures with patient-
derived neutrophils compared with the HDs. CoV2-Neu also dimin-
ished the CoV2-T cell proliferation rate (Fig. 1D). Thus, we demon-
strate that the CoV2-Neu exert a suppressive effect on IFNy+ T lym-
phocytes. Performing the same experiments in the presence of neu-
trophil inhibitory compounds, we found that arginase-1 inhibitor and
NOS inhibitor failed to rescue the IFNy production (Fig. 1E). The inhi-
bition of reactive oxygen species (ROS) induction led to partial restora-
tion of IFNy production, however the effect was statistically insignifi-
cant.
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FIGURE 2 Mechanisms of Th17 polarization. (A) Elevated NOS activity in COVID-19 patients (n = 8) determined in T cell/neutrophils cocul-
tures in 1:2 ratio after overnight cocultivation and compared with 6 healthy donors (HDs). Patients were diversified according to the severity of
the disease. NOS activity was also analyzed in cultures with or without neutrophils and in presence of NOS inhibitor (5 pg/ml). (B) Increased NOS
activity determined in COVID-19 patients (n = 17) serum and compared with HD (n = 12). Patients were diversified according to the severity of
the disease. (C) Arginase-1 (Arg-1) activity analyzed in T cell/neutrophils cocultures in 1:2 ratio after overnight cocultivation in COVID-19 patients
(n=8) and 6 HDs. Patients were diversified according to the severity of the disease. Arg-1 activity was also investigated in cultures with or without
neutrophils and in presence of Arg-1 inhibitor (5 ug/ml). (D) Diminished Arg-1 activity determined in COVID-19 patients (n = 16) serum and com-
pared to HD (n = 14). Patients were diversified according to the severity of the disease. (E) Arg-I expression in 9 COVID-19 and 7 HD neutrophils
analyzed by RT-PCR. The expression was normalized to GADPH. Statistical analysis was performed using the Wilcoxon paired or Mann-Whitney
unpaired t-test. Values of P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and P < 0.0001 (****) were considered statistically significant

Next, we demonstrated a strong polarity shift toward Th17 in
the patients’ CoV2-T cell-granulocyte autologous cocultures, com-
pared with the HDs (Fig. 1F and Supplementary Fig. S1A). The
induction of Th17 cells was stronger with CoV2-Neu from severe
COVID-19 patients compared with the CoV2-Neu from mild cases
(Fig. 1G). To elucidate the possible underlying mechanism of the pref-
erential Th17 promotion, we added inhibitors of arginase-1 (Arg-1),
NOS, and ROS into the cell cultures. Arg-1is a T cell immunosuppres-
sive enzyme that converts L-arginine to L-ornithine and NOS is another
prototypic pleiotropic enzyme with suppressive effect on T cells. Arg-
1, NOS, and ROS-dependant induction of Th17 has been demonstrated
in several immunopathologies, even though the exact mechanisms are
elusive. In systemic lupus erythematosus, elevated Arg activity was
shown and Arg-mediated up-regulation of mTOR and GCN2 kinase
(general control nondepressible 2), the signaling pathways involved in
Th17 induction, was suggested.12 NO enhances the in vitro cytokine-
driven Th17 induction and, in cancer patients, NO signaling is required
for Th17 stability.23 Mitochondrial ROS might induce Th17 through
TGF g production.1415 |n our experiments, we observed that each Arg-
1, NOS, and ROS inhibitor was able to independently reduce Th17
counts (Fig. 1H and Supplementary Fig. S1A). We then established
that the activity of NOS was significantly elevated in CoV2-T cell-
granulocytes cocultures compared with the HDs, and the NOS eleva-
tion positively correlated with the disease severity (Fig. 2A). Corre-

spondingly, NOS activity was increased in patients’ sera compared with
the HDs (Fig. 2B); however, no correlation with the disease severity
was detectable. Next, we analyzed the activity of Arg-1 in our experi-
ment settings. COV2-Neu presence in the cell coculture increased Arg-
1 activity in a positive correlation with the disease severity (Fig. 2C).
Moreover, when Arg-1 inhibitor was added, Arg-1 activity diminished
as expected (Fig. 2C) and the Th17 frequencies decreased correspond-
ingly (Fig. 1E). Unexpectedly, Arg-1 activity was diminished in the
patients’ sera compared with the HDs (Fig. 2D). Although the Arg-1
activity in the supernatants and in sera varied, Arg-1 gene expression
was similar in patients’ neutrophils and in HDs (Fig. 2E).

G-MDSC have been shown to promote Th17 differentiation via
NOS and arginase-dependent mechanisms!213; thus, the increased
frequencies of both populations in SARS-CoV-2 are suggestive of
their mutual interaction. While NOS activity is induced mainly by Th1
cytokines, Arg-1 is induced predominantly by Th2 cytokines.1é Hypo-
thetically, this dichotomous regulation may underlie the increased
NOS activity and diminished Arg-1 activity in the sera of the SARS-
CoV-2 patients, as viral infections are likely to induce predominantly
Th1-biased environments.

IL-17A was demonstrated to augment the destruction of the lung
parenchyma resulting in acute respiratory distress syndrome via the
alteration of neutrophil recruitment, apoptosis, and functions. Con-
versely, IL-17 inhibition, operating upstream of IL-1 and IL-6, has been
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successfully used in treatment of inflammatory autoimmune diseases,
such as psoriasis and psoriatic arthritis (secukinumab, ixekizumab, bro-
dalumab), likely as a result of reduced neutrophil recruitment.®

To our knowledge, this is the first study utilizing functional tests
to elucidate the role of neutrophils in impaired T cell responses in
COVID-19 and as such it provides background for future research.
However, this study is not without limitations. The sample size is
relatively small and not all patients were involved in all experiments
due to the limited amount of blood available per sampling. The
study cohorts were highly heterogeneous in age, comorbidities, and
COVID-19-related risk factors. Moreover, due to the autologous
experiment setting, it is not strictly definitive whether the observed
Th17 promotion in COVID-19 patients was caused by the properties
of patients’ neutrophils or by altered functions of T cells.

In summary, we provide evidence that neutrophils promote the
induction of Th17 in COVID-19 patients. As both cell populations are
involved in the immune-mediated damage, we suggest that targeting
either neutrophils or Th17, directly and/or via their products, may be
therapeutically advantageous in COVID-19.
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