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Abstract: The nasal microenvironment plays a crucial role in the transmission, modulation, and
clinical progression of COVID-19; however, the immune responses at the site of viral entry remain
poorly understood. We deciphered the link between nasopharyngeal (NP) immune and inflammatory
response that triggers cytokine/chemokine storms in the nasal route of COVID-19-positive patients.
We used RT-PCR, multiplex ELISA, flow cytometry, and LC-MS/MS to decipher nasopharyngeal
immune perturbations associated with severe COVID-19. In addition, we performed in vitro assays
using cultured human monocytes-derived macrophages trained both in the presence and absence of
SARS-CoV-2 trimeric spike protein(s) and co-cultured with and without autologous human peripheral
blood mononuclear cells (hPBMCs)/total T-cells/CD8 T-cells. In vitro immune perturbations were
examined by flow cytometry and LC-MS/MS assays. Our findings confirm that macrophages
orchestrate NP immune inflammatory responses and highlight the cytokine/chemokine storms
associated with the increased CD8+T-cells along with Tregs, Th1, and Th17.1 T-helper cells. We
observed a correlation between in vitro and nasal findings that trained macrophages, profoundly
M2c, differentially promote the inflammatory surfactome on CD8 T-cells, including ITGAM, LGALS3,
CD38, TKT, LRPAP1, and SSBP1. The findings of this study conclude that inflammatory lymphocyte
perturbations within the nasopharynx of COVID-19 patients may enforce immune homeostasis during
SARS-CoV-2-infection and contribute to COVID-19 pathology. This study explored the therapeutic
target proteins that could facilitate the development of new medications, which could allow for
immediate treatment of possible emerging viral infections.
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1. Introduction

Coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). The clinical presentation ranges from asymptomatic to severe
symptoms and even death [1]. Although COVID-19 vaccines and a few therapies have
been approved and shown benefits, the mechanisms of SARS-CoV-2 pathogenesis are not
fully understood. The emergence of new variants that escape vaccine-induced immunity in
addition to post-COVID conditions/long COVID among survivors is the reason why SARS-
CoV-2 continues to thread the efforts of public health [2,3]. Thus, continued research efforts
are important to understand the underlying mechanism of SARS-CoV-2–host interaction
and identify how new variants escape from either innate or adaptive immune responses.

The innate immune system is the first line of the body’s defences for fighting viruses,
bacteria, parasites and toxins, or trauma. Antiviral innate immune responses can be
triggered via pattern recognition receptors (PRRs). Activated PRRs detect the presence of
viruses through the myeloid/lymphoid cells such as plasmacytoid dendritic cells (pDCs)
and alveolar macrophages [4]. Upon engagement of PRRs, such as Toll-like receptors
and retinoic acid-inducible gene I (RIG-1)-like receptors (RLRs), RNA viral infections
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activate the interferons (IFN) regulatory factor 3 (IRF3)/IRF7-dependent transcription of
type-I and type-III IFNs as well as nuclear factor kB (NF-kB)-dependent pro-inflammatory
cytokines/chemokines [5–7]. The SARS-CoV-2 has evolved multiple strategies to avoid
host recognition by impeding the function of antiviral proteins using various viral proteins,
such as Nsp1-8, Nsp13-16, ORF3-4, ORF6, ORF7, and ORF9 [8,9]. This results in triggering
an antiviral signalling cascade to elicit the production of type-I or type-III IFN as well as
pro-inflammatory cytokine/chemokine storms which further limit the number of immune
sentinel cells in blood and lungs and impairs their antiviral function [10,11].

COVID-19 also impairs adaptive immunity, including humoral and T-cell-mediated
responses [12–14]. Immunosuppressed patients and those undergoing dialysis have been
shown to have an antibody response that further contributes to the chronic persistence of
the virus favouring the selection of variants [3]. Furthermore, severe COVID-19 causes
profound T-cell lymphopenia that affects the host’s ability to mount a robust immune
response [15].

Although much research has been conducted on the systematic human immunogenic
response to SARS-CoV-2, the nasopharyngeal (NP) mucosal immune system has been
neglected and poorly understood. There are two major types of nasal mucosal defence
responses to SARS-CoV-2: the physicochemical barrier and the immunological barrier [16].
The physicochemical barrier is composed of airway mucus, a layer formed by tightly bound
ciliated, goblet, and basal epithelial cells, and the basement membrane [17]. Mucins are the
most represented glycoproteins in the airway mucus and many cytokines (IL-1, IL-4, IL-6,
IL-9, IL-13, and IFNs) have been shown to up-regulate the expression of mucin genes due to
infection with the influenza virus. Thus, mucins might limit viral entry and inflammatory
damage [18]. Furthermore, mucins contribute to innate immunity through an interaction
with other components, such as IgA [19]. The nasal immunological barrier is made of
a network of cells of the innate (resident microfold (M) cells, macrophages (Mφ), and
innate lymphoid cells) and adaptive immune (dendritic cells (DCs), B-, and T-lymphocytes)
systems [20].

Once SARS-CoV-2 enters the human body mainly through the ACE2+TMPRSS2+

nasal epithelial cells, the initial host response to this pathogen occurs in the nasopharynx-
associated lymphoid tissue (NALT) system. Notably, the nose and NALT represent the
main components of mucosal immunity in the upper airways (UA) and play a central role
in the induction of mucosal innate and acquired immunity including the generation of
Th1- and Th2-polarized lymphocytes, B-cells, DCs, M-cells, and Mφ [16,21]. Given that
COVID-19 is an upper respiratory disease, understanding the initial host–viral interaction
in the nasal and NALT microenvironments is key to understanding and modulating the
systemic inflammatory response. Biomarker identification in the NP microenvironment
has been reported to be associated with viral clearance, vaccine implementation, potential
drug target, and monitoring of infection-induced immunity [22]. Hence, the nasal microen-
vironment plays a crucial role in the transmission, modulation, and clinical progression
of COVID-19.

In this study, we analysed the NP inflammatory immune profile of COVID-19 positive
patients and its link to “monocytic”-derived cells in disease progression and modulation.

2. Materials and Methods
2.1. Subject Details

This research was reviewed and approved by Salus IRB Review Board (protocol
number #ABS001_01_01_2022). The research involved no more than minimal risk and
the data used for the research was de-identified. The full waiver of informed consent
was approved by Salus IRB. The aim of the study was to decipher the nasopharyngeal
(NP) immune profiling of COVID-19 and explore the possible immune perturbation in
COVID-19 modulation and progression by re-using the samples of SARS-CoV-2-positive
and -negative patients collected for RT-PCR test [23]. All patient samples were collected
from Ayass Laboratory in Frisco, Texas, and all patients consented to allow their samples to
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be collected for research purposes. All NP swabs were utilized by a medical practitioner
practicing proper infection control. A sterile cotton swab was used to collect the NP
specimen and stored in a 15 mL falcon tube containing 2 mL viral transport media (VTM)
(Hank’s balanced salt solution (HBSS), 2% fetal bovine serum, 100 µg/mL of gentamicin,
and 0.5 µg/mL of amphotericin B) at room temperature. Samples were first tested by
RT-PCR and classified according to CT values. Patients were eligible for inclusion in the
COVID-19-positive group if they were diagnosed positive and in the COVID-19-negative
group if they were diagnosed negative by the SARS-CoV-2 RT-PCR test. Patients were
excluded if they were younger than 18 years old (Supplementary Tables S1–S10).

2.2. Characteristics of Patients

The patients had symptoms ranging from mild to severe, such as fever/chest pain/
shortness of breath/cough/body pain/loss of smell and taste/headache/fatigue, etc. Pa-
tient samples were pre-characterized with RT-PCR as COVID-19 positive or negative.
Pre-characterized NP samples were used to decipher the inflammatory lymphocyte pertur-
bations associated with COVID-19 by FLEXMAP-3D multiplexing platform, flow cytometry,
and LC-MS/MS analysis as shown in a schematic diagram (Figure 1).

Figure 1. Overview of the nasopharyngeal (NP) data collection and immune perturbations associated
with severe COVID-19 analysis workflow.

2.3. SARS-CoV-2 RT-PCR Assay

Total viral nucleic acid was extracted from 0.2 mL of viral transport media containing
the patient’s nasal swab sample. Automated extraction was performed on the Biomek
I5 system with the RNAdvance Viral Kit according to the standard protocol provided
by Beckman Coulter. The purified nucleic acids were reverse transcribed and amplified
using the TaqPath 1-Step RT-PCR MM, CG reagent (ThermoFisher Scientific, cat. #15299)
and StepOnePlus Real-Time PCR System from Applied Biosystems. For detection of the
viral gene-nucleocapsid protein gene (N gene) and host gene-human RNase P, we used
the CDC RUO-approved primer and probe set (from Integrated DNA Technologies, cat.#
10006713): N1 and N2 sets for the viral N gene and RP set for the human RNase P gene.
The cycle threshold (Ct) value (Ct is the number of RT-PCR cycles at which the nucleic
acid target sequence becomes detectable) was used to discriminate COVID-19-positive
or -negative patient samples. In our experiments we only used strictly positive samples;
specifically, if Ct values for two N-gene targets were less than 35, then the sample was
considered positive. If Ct values for the N1 and N2 targets were more than 40, then the
sample was considered negative. Ct at 40 cycles was recommended by CDC (document#
CDC-006-00019, Revision: 07 CDC/DDID/NCIRD/ Division of Viral Diseases Effective:
07/21/2021) as positive–negative boundary for the primer–probe sets and instrument
we used.
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2.4. Sample Collection and Processing

COVID-19-positive and -negative patient NP swabs were collected after diagnosis by
RT-PCR and included in this study. Nasal cells and cell supernatants were isolated from
NP swabs as described previously [24]. NP swabs were vigorously vortexed to dissociate
the cells and mucus and centrifuged for 10 min at 300× g. NP swabs’ supernatants were
collected separately and stored at −80 ◦C and later used for cytokines/chemokines by the
multiplex cytokine assay. Cell pellets from NP swabs were then rinsed with PBS (with
2 MM EDTA + 2% FBS), and the cell suspension was filtered through a 100 µm nylon
cell strainer (Becton Dickinson, Franklin Lakes, NJ, USA) fitted into a 50 mL tube. Cells
were washed twice prior to use for flow cytometry or surfactome analysis by LC-MS/MS
mass spectrometry.

2.5. Multiplex Cytokine Assay

Cytokine estimation for COVID-19-positive (N = 44) and COVID-19-negative (N = 40)
patients was performed using a Human XL Cytokine 44-plex Fixed Panel kit (R&D Sys-
tems) on a multiplex cytokine ELISA [25]. On the day of the assay, NP swab supernatant
samples were centrifuged again at 300× g for 10 min prior to use. A two-fold dilution
with a calibrator was used for all samples. All samples were measured in the same exper-
iment. The assay was run according to manufacturer’s instructions. The panel included
CD40 ligand, EGF, Eotaxin, FGF basic, Flt-3 ligand, G-CSF, GM-CSF, granzyme B, GROα,
GROβ, IFN-α, IFN-β, IFN-γ, IL-1α, IL-1β, IL-1rα, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8,
IL-10, IL-12p70, IL-13, IL-15, IL-17A, IL-17E, IL-33, IP-10, MCP-1, MIP-1α, MIP-1β, MIP-
3α, MIP-3β, PDGF-AA, PDGF-AB/BB, PD-L1/B7-H1, RANTES, TGF-α, TNF-α, TRAIL,
and VEGF. Multiplex cytokine assay plates were measured using a FLEXMAP 3D instru-
ment with xPONENT 4.2 (Luminex Corp, Austin, TX, USA). Data acquisition and analysis
was performed using xPONENT® software. The standard curve for each analyte has a
R2 value > 0.95. The protein content in NP swabs was quantified using the BCA protein
assay, and units were reported as pg/mL normalized against mg/mL total protein (pg/mg).

2.6. Flow Cytometric Staining of Nasal Cells

Nasal cell isolation from nasopharyngeal (NP) swabs and flow cytometric staining of
nasal cells were followed as previously described [26]. Briefly, with slight modification of
the protocol, NP swabs of COVID-19-positive and COVID-19-negative patients in 1 mL
VTM media were vigorously vortexed to dissociate the cells and mucus, and then filtered
through a 100 µm nylon cell strainer followed by centrifugation at 300× g for 10 min. Cell
pellets were resuspended and washed with cell staining buffer and centrifuged at 300× g
for 5 min. The pellets were incubated with 0.5 µg of Fc receptor binding inhibitor antibody
in 50 µL cell staining buffer (2 mM EDTA DPBS+2% FBS) at 4 ◦C in dark conditions for
20 min before a second wash with cell staining buffer followed by centrifugation (300× g,
5 min) at room temperature (RT). Cells were stained with viability exclusion dye, together
with a panel of surface antibodies (Supplementary Table S11) in cell staining buffer, and
incubated at 4 ◦C in dark conditions for 30 min. After incubation, cells were washed
with cell staining buffer followed by centrifugation. Samples were fixed with 50 µL of
FluroFixTM Buffer. For intracellular staining, after surface staining, 300 µL FluroFix was
added and incubated at 4 ◦C in dark conditions for 20 min. Cells were then permeabilized
using 300 µL of 1× intracellular staining permeabilization wash buffer at 4 ◦C in dark
conditions for 20 min, and then washed with permeabilization wash buffer followed by
centrifugation at 300× g for 5 min at RT. The cells were then stained with 50 µL of an
intracellular staining (ICS) antibody (Supplementary Table S11) cocktail mix (prepared in
permeabilization wash buffer) at 4 ◦C in dark condition for 20 min. After incubation, the
cells were washed in permeabilization wash buffer followed by centrifugation at 300× g for
5 min at RT. For transcription factor staining, the cells were stained with a surface staining
(SS) antibody (Supplementary Table S11) cocktail mix, and then fixed and permeabilized
with FOXP3/transcription factor in staining buffer set. After permeabilization, the cells
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were incubated with an intracellular staining (ICS) antibody (Supplementary Table S11)
cocktail mix (prepared in permeabilized wash buffer) at 4 ◦C in dark conditions for 20 min.
The panels for staining are provided in Table S11. The stained cells were resuspended
in cell staining buffer and acquired using the NaviosTM EX Flow Cytometer (Beckman
Coulter Inc., Pasadena, CA, USA) as previously described [27]. Flow cytometry data were
analysed using FlowJoTM v10.8.1 (Becton Dickinson Life Sciences).

2.7. PBMCs Isolation and Differentiation into Macrophages

PBMCs were isolated from healthy donors’ buffy coats (N = 8) (Carter BloodCare) by
density-gradient centrifugation using a Ficoll-Paque Plus (Cytiva Life Sciences). The pri-
mary human Mφ were cultured as described [28,29]. Briefly, monocytes were obtained from
PBMCs by the EasySepTM Human Monocyte Enrichment Kit and were cultured in complete
RPMI-1640 (cRPMI) media. cRPMI media contains RPMI-1640 media supplemented with
10% fetal bovine serum (FBS), 100 U/mL penicillin–streptomycin, 1X MEM non-essential
amino acids, 1 mM sodium pyruvate, and 25 mM HEPES. For culturing macrophages from
the monocytes, 1 × 106 cells/mL in cRPMI-1640 media were supplemented with 20 ng/mL
recombinant human M-CSF at 37 ◦C with 5% CO2 for six days followed with a media
change at day 3, which subsequently differentiated the monocytes into macrophages (M0).
On day 6, M0 macrophages were then cultured for 48 h in cRPMI-1640 media supple-
mented with 100 ng/mL lipopolysaccharides (LPS) and 100 ng/mL recombinant human
IFNγ protein, 50 ng/mL recombinant human IL-4 protein, and 50 ng/mL of recombinant
human IL-10, respectively, to differentiate the M0 macrophage into M1, M2a, and M2c
macrophages. Macrophages were collected by gentle dissociation using the StemPro Ac-
cutase Cell Disassociation Reagent and washed with fresh RPMI-1640 media followed by
centrifugation at 500× g for 5 min.

2.8. SARS-CoV-2 Spike (S) Protein Induces the Production of Cytokines from Human PBMCs

PBMCs from healthy donors (N = 8) in cRPMI media were stimulated in the presence
or absence of trimer S proteins from wild-type strain, Delta-, and Omicron-variants of
SARS-CoV-2, and haemagglutinin/HA antigen protein from H1N1 and H3N2 influenza
A, 5nM, respectively, for 24 h as previously described [29]. Cell supernatant was collected
by centrifugation at 200× g for 5 min and cytokine levels were assessed using the LEG-
ENDplex Human Anti-Virus Response Panel according to the manufacturer’s protocol.
Soluble analytes were acquired using NaviousTM EX flow cytometry [27] and analysed
with BioLegend’s LEGENDplexTM.

2.9. Role of Macrophages Upon SARS-CoV-2 Infection

Macrophages (Mφ) M0, M1, M2a, and M2c were stimulated with 5nM trimer S proteins
from wild-type strain, Delta-, Lambda-, Alpha-, and Delta plus-variants of SARS-CoV-2,
and 5nM with haemagglutinin/HA antigen protein from H1N1 and H3N2 influenza A,
respectively, for 24 h as a previously used stimulant for hPBMCs stimulation [29,30]. After
incubation, the cells were studied for the expression of surface receptors using antibody
markers against the cluster of differentiation (CD) CD11c, CD14, CD16, CD40, CD68,
CD206, CD163, CD80, CD86, CD38, CD252 (OX40L), MARCO and PD-L1 (Supplementary
Table S11). After staining, the cells were acquired using NaviosTM EX Flow cytometry
(Beckman Coulter Inc.). Flow cytometry data were analysed using FlowJoTM v10.8.1 (Becton
Dickinson Life Sciences).

2.10. In Vitro Analysis of T-Cell Inflammatory Responses

Total T cells and CD8 T cells were enriched from healthy donors’ PBMCs using
EasySepTM human T cell kit and EasySepTM human CD8 T-cell Enrichment kit, respec-
tively, according to the manufacturer’s instructions. The Mφ M0, M1, M2a, and M2c were
stimulated with trimer S proteins of wild-type strain, Lambda-, Delta-, Delta plus-, and
Mu-variant; H1N1 and H3N2 for 24 h [29,30]. Mφ were then co-cultured with autologous
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PBMCs, enriched total T-cells, and CD8 T cells at the ratio of 4:1 (CD8 T cells: Mφ) at
37 ◦C with 5% CO2 for 3 days. T-cell cytokine expression was assessed by intracellular
cytokine staining (Supplementary Table S11). The cells were acquired using NaviosTM EX
Flow Cytometer (Beckman Coulter Inc.) [27]. Flow cytometry data were analyzed using
FlowJoTM v10.8.1 (Becton Dickinson Life Sciences).

2.11. The Proliferation of Lymphocyte Subsets in the Presence of Distinct Macrophages Co-Culture

Macrophages ( Mφ) M0, M1, M2a, and M2c were stimulated with trimer S proteins of
Wild type, Lambda-, Delta-, Delta plus-, and Mu-variant; H1N1 and H3N2, respectively,
for 24 h [29,30]. Next, PBMCs, enriched total T-cells, and enriched CD8 T-cells were
stained with the CellTraceTM CFSE Cell Proliferation Kit as per the manufacturer’s protocol.
Briefly, 1 × 106 cells/mL in PBS, were stained with 5 µM of CFSE for 20 min at 4 ◦C in the
dark. After staining, the cells were washed with DPBS containing 2 mM EDTA+2% FBS.
Stimulated Mφ were then co-cultured with CFSE-stained PBMCs, enriched total T-cells,
and CD8 T-cells at the ratio of 4:1 (CD8 T-cells/macrophages) at 37 ◦C in 5% CO2 for three
days. The proliferation of the lymphocyte subsets was determined by surface staining
including a viability exclusion dye with the antibody panel CD3, CD20, CD56, CD4, and
CD8. The cells were acquired using the NaviosTM EX Flow Cytometer (Beckman Coulter
Inc.) [27]. Flow cytometry data were analysed using FlowJoTM v10.8.1 (Becton Dickinson
Life Sciences).

2.12. Identification of SARS-CoV-2-Induced Nasopharyngeal (NP) Surfactome in CD8 T-Cells
from Patient NP Samples

Nasopharyngeal samples from SARS-CoV-2-positive (N = 705) and -negative (N = 1018)
patients were collected and pooled separately (Supplementary Table S10). CD8 T-cells from
the pooled positive and pooled negative patient samples were enriched using the EasySepTM

human CD8 T-Cell Enrichment Kit (StemCell). CD8 T -cells (approximately 4 × 106 from each
group) were processed for sample preparation for surfactome analysis by mass spectrometry.

2.13. Identification of a Surfactome in CD8 T-Cells in the Presence of SARS-CoV-2 Trimer S
Protein-Induced Macrophage Subsets

Human monocyte-derived macrophages (M0, M1, M2a, and M2c) were cultured from
fresh healthy donors’ PBMCs (N = 8) and stimulated in the presence or absence of SARS-
CoV-2 trimer S protein from wild-type strain or H1N1 at 37 ◦C for 24 h. CD8 T-cells were
enriched from the autologous PBMCs using the EasySepTM human CD8 T-Cell Enrichment
Kit (StemCell). CD8 T-cells were then co-cultured with macrophage subsets at a ratio of
4:1 (CD8 T cells/macrophages) for three days at 37 ◦C with 5% CO2. After co-culturing, the
CD8 T-cells were collected and washed with sterile DPBS. CD8 T-cells of approximately
4 × 106 from each macrophage subset co-culture were processed for sample preparation
for surfactome analysis by mass spectrometry [31].

2.14. Sample Preparation for Surfactome Analysis by Mass Spectrometry

The surface proteins of the CD8 T-cells were isolated using the Pierce cell surface
biotinylation and isolation kit and then processed with the EasyPep Mini MS sample prep
kit as per the ThermoFisher Scientific kits (A44390 and A40006) manual for DDA MS
analysis on a nanoelectrospray Q Exactive Mass Spectrometry. Samples were processed in
duplicates and injected in duplicate as well (N = 4 in total).

2.15. LC-MS/MS Analysis and Data Processing

Surfactome analysis was performed as described previously [23]. Briefly, for each
sample, 1.5 µL of reconstituted peptide mixture was separated on a Thermo Scientific
UltiMateTM 3000 RSLCnano system using a Thermo Scientific PepMapTM RSLC C18 col-
umn (2 µM, 100 Å, 75 µM × 25 cm) at a flow rate of 300 nL/min. Peptides were separated
using a linear gradient with 2–32% solvent A over 90 min and 32–95% solvent B for 15 min
(solvent A: 0.1% FA in H2O, solvent B: 0.1% FA in ACN). A TOP 10 data-dependent acqui-
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sition method was conducted on a Thermo Scientific Q Exactive Mass Spectrometry with
the following parameters: full scan: 70,000 resolution, 375–1500 m/z scan range, 3 × 106

automatic gain control target, 100 ms maximum injection times; MS2: 17,500 resolution,
1 × 105 automatic gain control target, 60 ms maximum injection times, 2.0 m/z isolation
window, normalized collision energy of 27, minimum AGC target at 8 × 103 for an intensity
threshold at 1.3 × 105. Data were processed as described previously [23]. Raw MS files and
protein identification files in this study have been uploaded to PRIDE (PXD039699).

2.16. Statistical Analysis

Significance was determined in Prism 9.4.0 (GraphPad Software) using a non-parametric
(Mann–Whitney) test or unpaired Student’s t test for two-group comparisons. Data are
expressed as mean ± SD. p values ≤ 0.05 were considered statistically significant. * denotes
p ≤ 0.05, ** denotes p ≤ 0.01, *** denotes p ≤ 0.001. All data analyses of LC-MS/MS were
performed using R statistical software (v4.2.1; R core Team 2022). Proteins between samples
were classified as significantly changed if Log2 FC >1.3 and the p value < 0.05.

3. Results
3.1. SARS-CoV-2 Infection in Humans is Associated with an NP Cytokine Storm

To understand how the perturbations of cytokines in UA are widely associated with
COVID-19, we analysed a panel of 44 cytokines in NP swabs (Figure 2 and Supplementary
Table S1). A total of 28 cytokines (IL-1α, IL-1β, IL-1rα, IL-2, IL-6, IL-7, IL-8, IL-10, IL-13, IL-
17A, IL-33, TNFα, Granzyme-B, G-CSF, GM-CSF, MCP-1, MIP-1α, MIP-1β, MIP-3α, MIP-3β,
IP-10, PDGF-AA/BB, TRAIL, GROα, GROβ, IFNα, Eotaxin, and Flt-3L) were significantly
high in COVID-19-positive patients compared to COVID-19-negative patients (Figure 2A,B).
In addition, by using the Cytoscape network [32], we found a correlated network response
in the cytokines (Figure 2C, Supplementary Figure S1A–K) which demonstrates an uncon-
trolled generalized immune response in the nasopharynx. Several investigative groups
studied the higher level of nasal cytokine production in adults during the “common cold”
with an underlying viral infection such as rhinoviruses, Coxsackie, influenza, parainfluenza,
respiratory syncytial virus (RSV), and adenovirus. These studies support IL-6, IL-33, and
TNFα as predictive markers of nasal symptoms/signs for influenza A infection, and IL-6,
IL-17A, IL-29, IFNγ and IP-10 for influenza B infection, but not for symptoms/signs during
coronavirus (IL-1β, IFNγ), RSV (IL-8), and rhinovirus (IL-6 or IL-8) infections [33–37]. Thus,
our study supports the findings of the cytokine storm is associated with the development
of SARS-CoV-2 infection in the upper respiratory NP tract [38,39]. To seek underlying
unobservable factors that may contribute to COVID-19 development, an exploratory factor
analysis was conducted on the whole panel of 44 cytokines. As a result, a five-factor model
was identified (eigenvalue > 1) (Supplementary Figure S2). The figure depicts how each
cytokine contributes to each factor and identifies significant factor-cytokine loading pairs.
For example, factor 1 had greater loading for MIP-1β, FGF basic, MIP-1α, RANTES, eotaxin,
IFNβ, IL-13, IL-1rα, TGFα, IL-5, IL-12p70, IL-17A, IL-17E, PDGF-AB/BB, IL-1α, IL-15, and
IL-4. Factor 2 had greater loading for IL-6, IL-10, IP-10, IL-1β, G-CSF, TRAIL, MCP-1,
MIP-3β, GM-CSF, and granzyme B (loading value > 0.5).
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Figure 2. SARS-CoV-2 infection in humans is associated with increased cytokine/chemokine storms
in the nasopharyngeal microenvironment. (A) A cytokine storm in the nasal swabs of RT-PCR
COVID-19-positive (N = 44) and -negative (N = 40) patients was measured by a bead-based multiplex
assay and analysed by FLEXMAP 3D. (B) A heatmap of cytokines between COVID-19-positive and
-negative patients. Mean difference for each cytokine was calculated after z-score normalization and
was used as a basis for hierarchical clustering analysis. (C) Cytoscape network displays cytokine
storm responses in COVID-19-positive and -negative patients, represented as hubs (squares). Each
dot represents an individual. * denotes p ≤0.05, ** denotes p ≤ 0.01, *** denotes p ≤ 0.001, **** denotes
p ≤ 0.0001.

Next, we investigated if gender differences affect the cytokine storm in NP samples
(Supplementary Table S1 and Figure S3). Our data show that COVID-19-positive male
patients had an elevated fold-change of PD-L1, MIP-3β, MCP-1, MIP-3α, GROα, IP-10, IL-8,
G-CSF, GM-CSF, granzyme B, IFNα, IFNγ, IL-10, IL-1β, IL-6, and TRAIL. Our findings
agree with Qi et al. [40] who showed that males with severe disease had significantly higher
levels of pro-inflammatory cytokines (IL-6, IL-8, and MCP-1) than females. Thus, our
findings are consistent with other studies [41,42] showing that males are more susceptible
to develop severe symptoms than females upon SARS-CoV-2 infection.

3.2. Effects of SARS-CoV-2 Infection on Lymphocytes in the Nasal Mucosa

Next, we evaluated lymphocyte populations in nasal swabs of COVID-19-positive and
-negative patients (Supplementary Tables S2 and S3 and Figure S4). We observed that nasal
CD45+ immune cells were significantly elevated in nasal swabs of COVID-19-positive
patients compared to negative patients. Upon further gating of nasal CD45+ cell lin-
eages, CD3+ (T-cells), CD3+CD4+CD8− (CD4+ T-cells), CD3+CD4−CD8+ (CD8+ T-cells),
CD3+CD56+ (NKT cells), CD3−CD56+ (NK cells), and CD3−CD20+ (B-cells) immune
cells, we noticed that only CD8+ T-cells were significantly augmented compared to B-cells,
NK, and NKT cells, which did not show a significant increase in positive patients. We did
not observe a significant increase in CD4+ T-cells in negative patients, and B-cell frequency
was not significantly noticeable in both groups (Figure 3A and Supplementary Table S2).
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Figure 3. SARS-CoV-2 infection affects major immune subsets belonging to the nasopharynx-associated
lymphoid tissue (NALT) and potential links to lymphocyte-driven cytokines. (A) Frequencies of major
immune subsets in nasal swabs of RT-PCR COVID-19-positive (N = 64) and -negative (N = 74) patients.
(B) Intracellular cytokine expression by the nasopharyngeal lymphocytes (CD45+) in nasal swabs of
COVID-19-positive (N = 140) and -negative (N = 148) patients. (C) Spearman correlations of nasopharyn-
geal lymphocytes (CD45+) with various intracellular cytokines between COVID-19-positive (N = 140)
versus -negative (N = 148) patients. Each dot represents an individual. * denotes p ≤ 0.05, ** denotes
p ≤ 0.01.

To assess whether the nasal immune cells are correlated with their inflammatory prop-
erties during COVID-19, the release of intracellular cytokines by CD45+ immune cells was
studied. Frequencies of CD45+IFNγ+, CD45+IL-6+, CD45+TNFα+, and CD45+TGFβ1+

cells were significantly high in COVID-19-positive patients, whereas that of CD45+IL-2+

and CD45+IL-10+ were not statistically different between COVID-19-positive and -negative
patients (Figure 3B and Supplementary Table S3). Spearman correlation analysis between
the frequency of NP CD45+ immune cells and intracellular cytokines showed a significant
correlation with COVID-19-positive patients (Figure 3C and Supplementary Table S3),
supporting that nasal CD45+ cytokines+ cell frequencies are associated with SARS-CoV-
2 infection. Thus, our findings in NP swabs agree with previous reports belonging to
nasopharynx and blood observations, and suggest that nasal lymphocytes+ cytokine+

(IL-10, IL-6, TNFα, TGFβ1, and IL-2) may play important roles in the development of Th
imbalance [43].

3.3. SARS-CoV-2 Infection in Humans Results in Changes in NP Th Lymphocytes

We examined different CD45+ CD4+ T-cell subsets (Th2, Th22, Th17, Th17.1, Th9,
and Th1) (Figure 4) by using a gating strategy based on chemokine receptor expression as
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previously described [44] (Supplementary Tables S4–S6 and Figure S5). The chemokine
receptor expression profile indicated Th cell subsets: CD45+CD4+CCR6−CCR4+CCR10−

CXCR3− phenotype (Th2 cells), CD45+CD4+CCR6+CCR4+CCR10+ phenotype (Th22
cells), CD45+CD4+CCR6+CCR4+CXCR3−CCR10− phenotype (Th17 cells), CD45+CD4+

CCR6+CCR4−CCR10−CXCR3+ phenotype (Th17.1 cells), CD45+CD4+CCR6+CCR4−

phenotype (Th9 cells), CD45+CD4+CCR6−CCR4−CCR10−CXCR3+ phenotype (Th1 cells).
Our data shows that COVID-19-positive patients had significantly higher frequencies of
Th1 and Th17.1 subsets, whereas COVID-19-negative patients had significantly higher
frequencies of the Th9 subset. No significant differences were observed in Th2, Th22, and
Th17 cell distributions between COVID-19-positive and -negative patients (Figure 4A).
Our results indicated that increased frequencies of Th1 and Th17.1 subsets of Th cells in
COVID-19-positive patients may play an important role in disease progression.

Figure 4. SARS-CoV-2 infection in humans results in broad changes in the nasopha-
ryngeal T lymphocyte subsets. (A) RT-PCR COVID-19-positive patients showed higher
Th1 (CD45+CD4+CCR6−CCR4−CCR10−CXCR3+) and Th17.1 (CD45+CD4+CCR6+

CCR4−CCR10+CXCR3+) T-cell subpopulation frequencies and lower Th2 (CD45+CD4+CCR6−

CCR4+CCR10−CXCR3−), Th22 (CD45+CD4+CCR6+CCR4+CCR10+), Th17 (CD45+CD4+CCR6+

CCR4+CXCR3−CCR10−), and Th9 (CD45+CD4+CCR6+CCR4−) cell subpopulation frequencies
(COVID-19-positive, N = 108, and -negative, N = 109, patients) as well as (B) higher Tregs
(COVID-19-positive, N = 105, and -negative, N = 112, patients). (C,D) Spearman correlations of
indicated subsets with Ct value (viral load). (E) COVID-19-positive patients showed higher IFNγ+,
IL-17+, IL-21+, and IL-10+ T-cell frequencies and lower IL-4+ T-cell frequencies (COVID-19-positive,
N = 45, and -negative, N = 47, patients). Each dot represents an individual. * denotes p ≤0.05,
** denotes p ≤ 0.01, *** denotes p ≤ 0.001.
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In addition, the significantly increased frequency of Tregs (CD3+CD4+CTLA4+CD127low

CD25+FoxP3+ as shown in Supplementary Figure S6), were detected in COVID-19-positive
patients (Supplementary Table S6 and Figure 3B). These data agree with profound circulating
blood Tregs across confirmed COVID-19 patients [45], suggesting that Tregs may enforce
immune homeostasis during SARS-CoV-2 infection and contribute to COVID-19 pathology.
Th17 and Th1 showed a significant Spearman correlation with the viral load, as determined
by the Ct value of the PCR, while Th2, Th22, Th17.1, and Tregs did not show a significant
correlation with viral load (Figure 4C,D). Next, we assessed if Th cell subsets are involved in
the secretion of distinct cytokines specific to cell subsets and exert immunological functions. We
observed a statistically significant increased frequency of CD45RO+CD3+IFNγ+ (Th1 trait),
CD45RO+CD3+IL-17+ (Th17 traits), and CD45RO+CD3+IL-21+ (Th17/Th21 trait), while
a not significantly high frequency of CD45RO+CD3+IL-10+ (Tregs traits) was observed in
COVID-19-positive patients. Furthermore, a statistically significant decreased frequency of
CD45RO+CD3+IL-4+ (Th2 trait) was found in COVID-19-positive patients (Figure 4E and
Supplementary Table S6). Thus, increased Th1, Th17.1, and Tregs and decreased Th22, Th17,
and Th9 in the nasal route of COVID-19-positive patients confirm the profound association of
inflammatory Th lymphocytes during SARS-CoV-2 infection.

3.4. NP T-Cell Activation or Dysfunctional State is Associated with SARS-CoV-2 Infection

Next, we examined the expression of co-stimulatory molecules on CD45+CD8+ T-
cells and CD45+CD4+ T-cells from NP swabs of COVID-19 patients (Supplementary
Tables S7–S9 and Figure 5). Notably, COVID-19-positive patients showed a statistically
significant decrease in the expression of CD28 and CD137 on CD8+ T-cells; however,
the expression of OX40, Ki-67, and CCR7 was unaffected. CD8+ T-cells showed a non-
significant increase in the expression of CD5 and CD130 in COVID-19-positive patients
(Figure 5A). Further, we compared the expression of co-stimulatory molecules with the
fold-change to negative. The expression of CD28, CD137, OX40, Ki-67, and CCR7 on CD8+

T-cells was less than 1 (Figure 5B), correlating with increased susceptibility of CD8 T-cells
to SARS-CoV-2 infection, supporting the findings of CD8 T-cell apoptosis due to loss of
CD28 [46–49]. On the other hand, the expression of CD137, OX40, CCR7, CD69, CD40L, and
CD130 on CD4+ T-cells was not significantly decreased while the expression of CD28, Ki-67,
and CD5 was slightly increased (Figure 5C). Moreover, we investigated the expression
of co-stimulatory molecules on CD4+ and CD8+ T-cells and how they change with age
by Spearman correlation in COVID-19-positive and -negative patients. We observed no
(in the expression of CD28, CD137, OX40, Ki-67, CD69, CD40L, CD5, and CD130) or
very weak (CCR7) correlation for CD4+ T-cells with age. Similarly, we observed no (in the
expression of CD28, CD137, OX40, CCR7, CD40L, and CD5) or very weak (Ki-67, CD69, and
CD130) correlation with age on CD8+ T-cells (Figure 5E). Together these findings suggest
that T-cell co-stimulatory molecules in the NP airway are down-regulated in COVID-19-
positive patients and may lead to T-cell replicative senescence and immune exhaustion,
independent of age.
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Figure 5. SARS-CoV-2 infection is associated with a decreased expression of CD28 and CD137
on CD8+ T-cells in nasal swab samples. Activation phenotypes of nasopharyngeal T-cell subset,
(A) CD8+ T-cells, and (B) the fold-change of activation markers on CD8+ T-cells. (C) Activation phe-
notypes of CD4+ T-cells and (D) the fold-change of activation markers on CD4+ T-cells. (E) Spearman
correlations between the activation markers on CD4+ and CD8+ T-cells with the age of COVID-19-
positive and -negative patients. (Activation markers, CD5, CCR7, Ki67 and OX40 were studied in
COVID-19-positive (N = 38) and -negative (N = 45) patients); (Activation markers, CD130, CD40L,
and CD69, were studied in COVID-19-positive (N = 32) and -negative (N = 33) patients) and (Activa-
tion markers, CD137 and CD28 were studied in COVID-19-positive (N = 46) and -negative (N = 55)
patients). Each dot represents an individual. * denotes p ≤0.05, ** denotes p ≤ 0.01.

3.5. Differential Effects of Macrophage (Mφ) Subtypes on SARS-CoV-2 Infection

Notably, in vitro SARS-CoV-2 infection of whole PBMCs from healthy donors allowed
viral replication and revealed that monocytes, as well as B- and T-lymphocytes, are suscep-
tible to SARS-CoV-2 active infection and viral replication [50]. Thus, we sought to observe
the cytokines released from PBMCs from healthy donors cultured in the presence of pu-
rified trimer S protein of the SARS-CoV-2 wild-type strain, Delta-, and Omicron-variants
(Supplementary Figure S7). We noticed that the fold-change of IFN-λ1 was significantly
elevated upon stimulation with the trimer S protein (from wild-type, Delta-, and Omicron-
variants), IL-6 (from wild-type and Delta-variant), IL-1β (from Delta-variant) and GM-CSF
(from Delta- and Omicron-variants). None of the S protein variants induced the production
of IFNβ and/or were below the limit of detection (IFNγ2/3, IFNα, IL-10, IL-8, and IL-12p70)
from PBMCs. Our findings agree with Hsu RJ et al. [51] that a hyperactive host immune
response to SARS-CoV-2-infection leads to an exaggerated inflammatory reaction.

SARS-CoV-2-infected patients demonstrated similarities to those observed in cytokine
release syndromes, such as macrophage activation syndrome, with increased production
of inflammatory cytokines/chemokines, which suggested a dysregulated activation of the
mononuclear phagocyte compartment that contributes to COVID-19-associated hyper inflam-
mation [52–55]. Immunohistochemistry of post-mortem tissue from patients who had died from
COVID-19 revealed that the SARS-CoV-2 entry receptor ACE2 is expressed on tissue-resident
CD169+macrophages in the spleen and lymph nodes and contained SARS-CoV-2 nucleoprotein
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also observed in ACE2+ cells, but not in CD3+ T-cells or B220+ B-cells in the spleen and
LNs [56]. Though SARS-CoV-2 nucleoprotein was observed in secondary lymphoid tissue Mφ,
it is still unknown if the virus productively infected Mφ or if recruited Mφ interact with the
virus through the binding of surface receptors, transmitting the virus to more susceptible cells.
Therefore, to understand the role of Mφ, we polarized human monocyte-derived Mφ (MDMs)
into M1/M2a/M2c phenotypes and stimulated the cells in the presence or absence of the
SARS-CoV-2 trimer S proteins or the haemagglutinin/HA antigen protein from H1N1/H3N2
influenza A (Figure 6A). The expression of Mφ activation markers including CD11c, OX40L,
CD163, CD206, CD16, CD80, CD86, CD38, PD-L1, MARCO, CD68, CD40, and CD14 [57–71]
was analysed (Figure 6A,B and Supplementary Figure S8A–M). The expression of Mφ surface
markers on stimulated (with the trimer S protein of SARS-CoV-2 variants or with H1N1/H3N2)
Mφ was normalized to unstimulated (none)-Mφ and data are presented as the fold-change
shown by the heatmap (Figure 6B) and on the gMFI (Supplementary Figure S8A–M). We
observed that Mφ-subtypes, in the presence of different variants of the SARS-CoV-2 trimer S
protein, differentially increased the expression of CD11c, CD16, MARCO, CD163, CD80, CD206,
OX40L, and PD-L1, whereas the expression of CD14, CD68, CD86, and CD38 had noticeable up-
and down-regulation depending on the condition of Mφ-subtypes, and the expression of CD40
was unaffected by any conditions of Mφ-subtypes. Expression of Mφ surface receptors by the
stimulation of trimer S proteins of SARS-CoV-2 was comparable to the stimulation of HA
antigen from H1N1/H3N2.

We next measured CD4/CD8 T-cell cytokines from the co-cultured PBMCs/enriched
T-cells/enriched CD8 T-cells in the presence of distinct Mφ-subtypes stimulated by vari-
ous stimuli, as shown in Figure 6. We noticed that Mφ-subtypes, upon various trimer
S protein stimuli in co-culture with PBMCs, affect the production of CD4/CD8 T-cell
cytokines. We detected a distinct increase in the fold-change of CD4+ T-cell cytokines
by M0 (IL-4, IL-10, IL-21, TGFα, and TNFα), M1 (IL-4, IL-6, IL-10, IL-21, and TNFα),
M2a (IL-6 and TNFα) and M2c (IL-4, IL-10, IL-21, and TNFα); however, there was no dif-
ference in the fold-change of CD8+ T-cell cytokines by M0 (IFNα, IL-6, IL-10, IL-21, and
TGFα), M1 (IL-6, IL-21, TGFα, and TNFα), M2a (IL-4, IL-10, IL-21, and TGFα) and M2c
(IL-4, IL-6, IL-10, IL-21, TGFα and TNFα). The co-culture of M2a Mφ with PBMC CD8+

T-cells demonstrated an increased fold-change in IL-4 and IL-10 production mainly
in the presence of all stimuli (Figure 6C, upper and lower left panel; Supplementary
Figure S9A,B). We analysed the fold-change of CD4 and CD8 T-cell cytokines co-cultured
with Mφ-subtypes with enriched T-cells. T-cell (CD4 and CD8) cytokine fold-change in
the presence of stimulated Mφ-subtypes normalized to unstimulated (none) Mφ were
distinctly affected by Mφ-subtypes upon trimer S protein stimulation. We noticed the
increased fold-change of CD4+ T-cell cytokines by M0 (IL-4 and IL-10), M1 (IL-6 and
IL-10), M2a (TGFα and TNFα), and M2c (TGFα); moreover, an increased fold-change of
CD8+ T-cell cytokines by M0 (IL-6 and IL-10), M1 (IL-4, IL-6, IL-10, and TNFα), M2a
(IL-6, IL-10,TGFα, and TNFα) and M2c (IL-4,IL-6, IL-10, and TGFα) were observed. We
observed that the co-cultures of M2a Mφ with enriched T-cells, and/or CD8+ T-cells
demonstrated an increased fold-change in IL-6, IL-10, TGFα, and TNFα production
mainly in the presence of each stimulus of trimer S protein as well as H1N1 and H3N2
(Figure 6, upper and lower middle panel; Supplementary Figure S10A,B). Mφ-subtypes
stimulated with trimer S proteins and co-cultured with enriched CD8 T-cells had an
increased fold-change of CD8+ T-cell cytokines IFNγ (by M0 and M1), IFNλ and IL-10
(by M2a), and TGFα (M2c) (Figure 6C, lower right panel; Supplementary Figure S11).
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Figure 6. The trimer S protein of SARS-CoV-2 variant-stimulated macrophages in vitro induce T-cell
inflammatory responses, and B-cell and CD8 T-cell proliferation in distinct co-cultures. (A) The schematic
diagram represents an in vitro model of human macrophage (Mφ) cell co-culture and stimulation conditions.
(B) The heatmap demonstrates the fold-change of co-stimulatory surface molecules expressed on polarized
human Mφ (N = 8) in the presence of the trimer S proteins of SARS-CoV-2 variants and haemagglutinin/HA
antigen protein from H1N1/H3N2 influenza A normalized to none (unstimulated) conditions of distinct
Mφ. (C) The heatmap demonstrates the fold-change of cytokines under stimulated conditions, the trimer S
proteins of SARS-CoV-2 variants, and haemagglutinin/HA antigen protein from H1N1/H3N2 influenza A
normalized to none (unstimulated) conditions of distinct Mφ with respective cytokine conditions. (D) The
proliferation of lymphocyte subsets is represented by the heatmap of the fold-change normalized to the
unstimulated conditions in the presence of distinct Mφ cell co-cultures with and without stimulations of the
trimer S proteins of SARS-CoV-2 variants, and haemagglutinin/HA antigen protein from H1N1/H3N2
influenza A. Data in each experiment condition represents a co-culture of eight individual donors (Mφ

co-cultured with PBMCs/T-cells/CD8 T-cells).

Furthermore, we investigated the role of Mφ-subtypes on lymphocyte proliferation
upon stimulation with the trimer S protein, as shown in Figure 6A. The Mφ-subtype
M2a showed a decreased fold-change in lymphocyte proliferation, including CD3−CD20+

(B-cells), CD3−CD56+ (NK-cells), CD3+CD4+ T-cells, and CD3+CD8+ T-cells when stim-
ulated by the trimer S protein compared to H1N1 or H3N2, while M1 mostly showed an
increased fold-change in B-cell proliferation when stimulated compared to M2a (Figure 6D,
left panel). These data show that B-cells are more susceptible in the presence of the M1
Mφ-subtype upon trimer S protein or H1N1/H3N2 stimulation, agreeing with the findings
of Pontelli et al. [50] reporting that B-lymphocytes are susceptible to active SARS-CoV-2
infections. However, CD3+CD4+ T-cells were unaffected by the presence of Mφ-subtypes
stimulated by trimer S proteins, H1N1 or H3N2 (Figure 6D, middle panel). In contrast to
CD3+CD4+ T-cells, CD3+CD8+ T-cells co-cultured with trimer S protein-stimulated M2a
Mφ with enriched T-cells or CD8 T-cells had a decreased fold-change in proliferation, while
Mφ-subtypes, M0, M1, and M2c, in the co-culture conditions showed a similar fold-change
in CD3+CD8+ T-cell proliferation compared to none at the indicated stimulation. Moreover,
compared to H1N1/H3N2, trimer S protein-stimulated M2a Mφ showed decreased CD8+
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T-cell proliferation (Figure 6D, middle and right panel). Our data suggests that Mφ, upon
SARS-CoV-2-infection, may play distinct roles in the sequelae of COVID-19 progression.

3.6. Differential Surfactome Expression on NP CD8 T-Lymphocytes

We examined the surfactome signatures on T-lymphocytes from NP samples of COVID-19
patients, using similar approaches to our recent findings [23]. We identified up- and down-
regulated surfactomes on enriched T-cells from NP samples of COVID-19 patients. We showed
several differentially expressed proteins on T-cells from SARS-CoV-2-positive patients com-
pared to negative patients. Proteins identified on T-cells (Figure 7A) are representative COVID-
19 biomarkers and targets for the treatment of COVID-19, and its progression [72–90,90–101].
Further, we analysed all the identified proteins in COVID-19-positive and -negative patients by
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways analysis [102] (Figure 7B). The
significantly changed pathways in COVID-19-positive patients compared to negative patients
were glycolysis/gluconeogenesis [103], pyruvate metabolism [104], antigen processing and
presentation [105], carbon metabolism [103], Staphylococcus aureus infection [106], oestrogen
signalling pathway [107], tyrosine metabolism [108], drug metabolism cytochrome P450 [109],
diabetic cardiomyopathy [110], biosynthesis of amino acids [108], and amoebiasis [111]. We
observed that glycolysis/gluconeogenesis [103], pyruvate metabolism [104], and antigen pro-
cessing and presentation [105] cascades were significantly enriched and showed the highest
enrichment ratio scores.

In vitro assessment of the Mφ–CD8 T-cells co-culture (Figure 7C) identified several
differentially expressed proteins on CD8 T-cells in the presence of the SARS-CoV-2 spike
(S) protein or H1N1-stimulated Mφ-subtypes (Supplementary Figure S12). Interestingly,
we noticed that CD8 T-cells co-cultured with trimer S protein-stimulated Mφ-subtype
(M2c) differentially down-regulated 105 proteins and up-regulated 32 proteins, such as
PFN1, H4C9, KRT6A, KRT6B, KRT16, WDR1, PHB1, PPLA, DECRA, TAGLN2, PHB2,
HNRNPC, RPL6, PRKDC, DHX9, HNRNPU, HNRNPL, XRCC5, CCT3, H2BC11, H1-5,
H1-3, HP1BP3, RPS23, HNRNPF, RPL8, AGK, RPS2, TMPO, RPS4X, CNN2, and IQGAP2,
with important immunoregulatory roles in SARS-CoV-2 infection. Of note, CD8 T-cells
co-cultured with Mφ (M1/M2a)-subtypes (stimulated with the trimer S protein or H1N1)
showed comparable differentially up- and down-regulated protein expression (Supple-
mentary Figure S12). Moreover, KEGG pathway analysis revealed the significant role
of Mφ-subtypes (Figure 7D–F), especially Mφ-subset M2c (Figure 7F), in orchestrating
immune-related protein interactions in COVID-19 progression and modulation. To confirm
the biological functional enrichment analysis of KEGG, we next conducted gene ontology
(GO) analysis [112] to further identify biological processes impacted in different CD8 T-cell
and Mφ-subtype co-cultures stimulated in the presence or absence of the trimer S protein
or H1N1 (Supplementary Figures S13–S16). We noticed that CD8 T-cells in the presence
of trimer S protein-stimulated M2c compared to H1N1-stimulated M2c (Supplementary
Figure S16) showed high protein interactions with biological processes belonging to the
cellular/molecular and immunoregulatory mechanisms, important in the pathogenesis of
COVID-19. Importantly, we observed that CD8 T-cells co-cultured with trimer S protein-
stimulated M2c differentially expressed the up-regulation of 241 proteins, while NP CD8
T-cells from COVID-19-positive patients up-regulated 101 proteins, from which we ob-
served six proteins, including (macrophage-1 antigen, mac-1) ITGAM [113,114], LGALS3
(mac-2) [115], CD38 [114], TKT [116], LRPAP1 [117], and SSBP1 [118], were commonly
up-regulated and known for regulating macrophage proliferation, cell cycle, adhesion, mi-
gration, chemotaxis, polarization, viability, apoptosis, and metabolic flux. These might be
notable biomarkers to highlight the possible role of macrophages in COVID-19 (Figure 7G).
Thus, our in vitro observations of KEGG and GO-BP pathway analysis demonstrate the
immune-related protein interactions in COVID-19 patients and highlight the possible role
of Mφ-subtypes, especially M2c, in the initiation and progression of COVID-19.
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Figure 7. SARS-CoV-2 infection is exacerbated in the presence of M2c-type macrophages (Mφ), which lead
to the activation or exhaustion of CD8 T-cells in COVID-19 patients. (A) Expression of cell membrane
proteins on CD8 T-cells enriched from COVID-19-positive and -negative patients. (B) Proteomic
alteration-associated pathways and diseases were studied based on KEGG pathway enrichment
using the clusterprofiler package in R. Analysis was conducted on differentially expressed membrane
proteins on CD8 T-cells enriched from COVID-19-positive versus -negative patients, after which
significantly enriched KEGG pathways were identified. (C) The schematic diagram represents an
in vitro model of macrophage (Mφ) cells co-cultures and stimulation conditions. Data in each
experimental condition represents a co-culture of eight individual donors (Mφ co-cultured with
PBMCs/T-cells/CD8 T-cells). (D–F) KEGG pathway analysis shows significantly enriched pathways
associated with differentially up- and down-regulated proteins on CD8 T-cells in the presence of
(D) M1 macrophage conditions with the SARS-CoV-2 S protein, (E) M2a macrophage conditions
with the SARS-CoV-2 S protein, and (F) M2c macrophage conditions with the SARS-CoV-2 S protein.
KEGG-based enrichment analysis of DEPs (two-sided hypergeometric test; p < 0.05) and the number
of counts (count > 2). KEGG terms were sorted by adjusted p values using the Benjamini–Hochberg
method. (G) Comprehensive comparative protein analysis of in vitro CD8 T-cells co-cultured with
trimer S protein-stimulated Mφ subset, M2c, and CD8 T-cells from NP samples of COVID-19-positive
patients. Venn diagram shows the shared proteins among differentially expressed proteins.
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4. Discussion

In this study, we aimed to comprehensively characterize immune cells and cytokines
from human nasal mucosa, assess how the human immune system responds to SARS-CoV-2 at
the primary site of infection, and how it may differ from the host systemic immune response.
Using flow cytometry, mass spectrometry, and multiplex ELISA, we analysed NP swabs
collected from patients with COVID-19 disease and compared them to negative patients. Our
study revealed several striking observations such as (a) SARS-CoV-2 infection in humans
is associated with an increased NP inflammatory immune profile; (b) SARS-CoV-2 induces
a cytokine storm in the NP route due to an increased acute inflammatory response of Th1,
Th17.1, and Tregs and decreased Th2, Th22, Th9 and Th17 responses; (c) SARS-CoV-2 infection
is associated with decreased expression markers, especially CD28 and CD137 on CD8+ T-cells;
(d) stimulated Mφ by the trimer S protein of SARS-CoV-2 variants induces T-cell inflammatory
responses and affects B-cell and CD8+ T-cell proliferation in distinct co-culture of cells; and
(e) the Mφ-subset M2c orchestrates an immune-related protein interaction networks. Our data
correlates with COVID-19 initiation, modulation, and progression in NALT.

Unexpectedly, we found a significantly increased acute inflammatory Th1 and Th17.1
cytokine/chemokine response, consistent with Broos’s findings that Th17.1 cell migra-
tion is attracted to high local co-expression of IP-10 and MIP-3α [119]. Notably, Ramstein
et al. [120] reported the pathogenic role of Th17.1 cells which is more prevalent than Th1
in lung sarcoidosis. An increased frequency of both Th1 and Th17.1 in this study clarifies
our understanding of the functional repertoire in COVID-19 progression and highlights
the value of Th1 and Th17.1 cells as potential diagnostic/prognostic markers as well as
therapeutic targets for COVID-19. An intriguing observation of our study was the iden-
tification of increased Tregs in the NP swabs of COVID-19-positive patients. This agrees
with the findings of Galván-Peña et al. [45] that found Treg perturbations correlated with
COVID-19 severity. Furthermore, we observed that in vitro stimulated Mφ by different
variants of the SARS-CoV-2 trimer S protein induced T-cell inflammatory responses in dis-
tinct co-cultures (PBMCs/T-cells/CD8 T-cells). In summary, our study reveals a previously
unknown biological pathway and cytokine storm modality in the link of human T-cells
with Mφ that clarifies the overall functionality of the T-cell population in the NP route of
COVID-19 initiation, progression, and modulation (Figure 8, graphic summary).

Figure 8. Illustration of the proposed mechanism of disease progression and modulation: Graphical
summary. The graph was created with a commercial license from Shutterstock.

The nasal airway is the initial site for viral replication and shedding [121]. During SARS-
CoV-2 infection, NALT is the first lymphoepithelial barrier to provide a “gate control” over
airborne antigen and an inductive site to regulate local immune responses, especially the
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mucosal innate immune system [122]. Once SARS-CoV-2 enters into NALT, it induces a highly
inflammatory form of programmed cell death and increased secretion of IL-6, IFNγ, MCP-1,
and IP-10, which rapidly activates cells of the innate immunity. An intriguing observation
of our study was the loss of CD28 and CD137 expression on CD8 T-lymphocytes, marker of
replicative senescence, retention, and innate-like function [46–49]. Moreover, TLRs associated
with the mucosal compartment were shown to recognize the pathogen-associated molecular
patterns of a variety of pathogenic and commensal microorganisms [123]. Unlike blood,
no general lymphopenia was observed in the nasal mucosa and the depleted lymphocyte
population in blood did not show a concurrent increase in the nasal mucosa. SARS-CoV-
2-specific CD8 T-cells persist 2 months after viral clearance in the nasal mucosa [21]. It
seems that the activation of the innate immunity by NALT regulated the early site of viral
replication and modulation of the systemic immune response [124]. Nasal infectivity may be
affected by different concentrations of environmental agents, resulting in a more variable host
immune response and COVID-19 clinical syndrome [125,126]. Thus, generating a UA mucosal
response, preventing viral shedding and transmission, and inducing a more potent mucosal
immunity is key to stopping disease progression. This evokes the idea that the danger signal
can be part of a T-cell-associated cytokine/chemokine memory that is re-excitable on cognate
antigen recognition. Therefore, we performed a comprehensive comparative surfactome
analysis of CD8 T-cells co-cultured with the trimer S protein-stimulated Mφ subset M2c,
and CD8 T-cells from NP samples of COVID-19-positive patients. Our study identified a
differentially promoted inflammatory surfactome on CD8 T-cells, including ITGAM, LGALS3,
CD38, TKT, LRPAP1, and SSBP1. This study clarifies our understanding of inflammatory
lymphocyte perturbations within the nasopharynx of COVID-19 patients that may enforce
immune homeostasis during SARS-CoV-2-infection and contribute to COVID-19 pathology.
Recently, Smith et al. [127] compared systemic and NP cytokine responses between healthy
donors and COVID-19 patients. They observed that 13 out of 46 cytokines in plasma and
7 out of 46 cytokines in the NP were significant different between healthy donors and
COVID-19 patients. Interestingly, out of the 46 cytokines, only IL-10 and CCL2 (MCP-1)
were increased in plasma and the NP during the COVID-19 infection, showing that the NP
cytokine response is regulated in a distinct fashion. Moreover, in our study, we noticed
that out of the 10 cytokines in factor 2 of the factor analysis (Supplementary Figure S2),
IL-10, MCP-1/CCL2, IL-1β, and GM-CSF showed greater loading (loading value >0.8)
indicating the importance of NP cytokines in COVID-19 modulation and progression.
Correlation studies between peripheral blood and NP samples from the tested patients
are still to be explored in the future to understand the immunological dynamics of NALT
during the SARS-CoV-2 infection. Notably, we observed (a) no significant increase in
or immunomodulation of CD4+ T-cells, suggesting that COVID-19 impairs the natural
immune response in the UA by self modulating cytokine/chemokine induction by CD8+

T-cells through monocytic cells. (b) The naturally low levels of CD19+ B-cells/CD4 T-cells
makes the viral port of entry an almost ideal primary site to induce a cytokine storm
but also avoid a future memory response (no sufficient helper T-cells and no plasma cell-
induced immunoglobulin production) in subsequent infections. (c) CD28 down-regulation
in CD8-positive T-cells might be associated with the virus avoiding the activation of helper
follicular T-cells, and subsequent proliferation, survival, and maintenance of a type-I IFN
viral response by the host.

To accelerate our understanding of the host–pathogen response to respiratory viruses,
we studied the effect of H1N1 and H3N2 haemagglutinin/HA antigen proteins (as positive
controls) on inflammatory immune responses to viral infection. We observed a similar
mechanistic approach of Mφ triggering CD8 Th-type inflammatory reactions. Meanwhile,
in the nose/UA microenvironment and its impact factors are complex. The UA is exposed
to different environmental agents (e.g., bacterial, fungal, and/or viral pathogens) and the
NP microbial communities are believed to be partly mediated by the immune response
to SARS-COV-2 symptoms and severity [127,128]. Additionally, host and environmental
factors may influence individual human cytokine responses, such as age, gender, health
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condition, smoking, mental health, or medications such as antibodies or anti-inflammatory
drugs [129,130]. Therefore, more studies will be needed in the future.

5. Conclusions

In conclusion, our findings reveal that COVID-19 progression correlates with Mφ,
especially the M2c-subtype, that induces exhaustion of CD8+ T-cells and modulates inflam-
matory Th1/Th17 responses. Our findings also highlight the importance of the cytokine
storm in COVID-19 initiation, modulation, and progression, and thus demonstrated the
association of inflammatory Th-lymphocytes during SARS-CoV-2 infection. We identified
potential therapeutic target protein receptors, such as MAC-1(ITGAM), MAC-2(IGALS3),
TKT, CD38, LRPAP1, and SSBP1 in COVID-19. Our study has laid a decisive foundation
for the discovery of the pathomechanism of the SARS-CoV-2 virus, which could facilitate
the development of targeted therapies against COVID-19.
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