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Increased cytokine levels, acute phase reactants and immune checkpoint expression changes have been described
in patients with Coronavirus Disease 2019 (COVID-19). Here, we have reported a monocyte polarization towards
a low HLA-DR and high PD-L1 expression after long exposure to proteins from SARS-CoV-2. Moreover, CD86
expression was also reduced over SARS-CoV-2 proteins exposure. Additionally, T-cells proliferation was signifi-
cantly reduced after stimulation with these proteins. Eventually, patients with long-term SARS-CoV-2 infection
also exhibited a significant blockade of T-cells proliferation.

1. Introduction

The emergence of SARS-CoV-2 is a global issue that has triggered
significant political and social changes. Structurally, SARS-CoV-2 has
four main structural proteins including spike (S) glycoprotein, small
envelope (E) glycoprotein, membrane (M) glycoprotein, and nucleo-
capsid (N) protein, and also several accessory proteins such as the
Papain-like protease (P) [1]. The infection caused by SARS-CoV-2 leads
to a primary viral pneumonia, which resembles the Severe Acute Res-
piratory Syndrome (SARS) [2] and, eventually, a sepsis figure [3, 4, 5,
6].

Some innate immune system (IIS) cells, principally monocytes and
macrophages, have been identified as key players in orchestrating the
inflammatory response by activating a number of crucial pathways
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including the nuclear factor kappa B (NF-kB) and interferon regulatory
factor (IRF) pathways in several clinical contexts [7, 8]. As previously
described for sepsis, patients with severe COVID-19 infection show
inflammation and cytokine storms. In these patients the overexpression
of interleukin (IL)-1, IL-6, and tumor necrosis factor alpha (TNFa), in the
early phase of the disease have been reported [9]. All these hallmarks of
sepsis have been explained by a monocyte/macrophage activation [10].
Numerous studies have indicated that the inflammatory phase for severe
COVID-19 patients is restricted to the initial phase of the disease [1]. The
subsequent chronic basal inflammation, which may last for several days,
leads the immune system towards a patent refractory state, as it is also
described in prolonged sepsis.

Many authors have indicated that not only the IIS but also the
adaptive system become deregulated in patients with severe COVID-19
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Figure 1. Proteins from SARS-CoV-2 polarize human monocytes towards an HLA-DR'®“PD-L1"¢" phenotype. (A) Experimental design. Peripheral blood mononuclear
cells (PBMCs) from healthy volunteers were cultured for 7 days and stimulated once or every 48 h with a cocktail of proteins from the virus including S glycoprotein
(250 ng/mL), N protein (250 ng/mL) and the Papain-like protease (P, 25 nM). (B) Viability of CD14" cells were measured by 7-AAD staining of dead cells cultured
following the experimental design (A) is shown. (C) Mean Fluorescence Intensity (MFI) expressions of HLA-DR on CD14™ cells are shown (left panel) (*, p < 0.05, one-
way ANOVA test), n = 5. A representative histogram overlay is shown, fluorescent minus one (FMO, dotted line), unstimulated control (empty), S + N + P (solid
black), S + N + P multiple stimulations (solid red), right panel. (D) MFI expressions of CD86 on CD14 " cells are shown (left panel) (*, p < 0.05, one-way ANOVA test),
n = 5. A representative overlay is shown, fluorescent minus one (FMO, dotted line), unstimulated control (empty), S + N + P (solid black), S + N + P multiple
stimulations (solid red), right panel. (E) MFI expressions of PD-L1 on CD14" cells are shown (left panel) (*, p < 0.05, one-way ANOVA test), n = 5. A representative
overlay is shown, fluorescent minus one (FMO, dotted line), unstimulated control (empty), S + N + P (solid black), S + N + P multiple stimulations (solid red), right
panel. (F and G, left panels) Expressions of PD-1 on CD4" (F) and CD8" (G) cells are shown. Viability of CD4" (F) and CD8" (G) cells are shown (right panels).

Table 1. Patient and healthy volunteers’ characteristics.

02(n=>5) 57 (n=5) 8-20 (n = 6) >20 (n = 9) HVs (n = 6) **
Age, years 60.75 + 16.58 46.25 + 8.95 57.71 + 19.26 56.42 + 12.89 37 + 9.55
Sex, male, n (%) 3 (50) 3 (60) 4 (66.66) 9 (100) 3 (50)
Symptoms onset, days 6.67 + 4.04 12.4 + 2.97 23.3 + 2.86 65.4 + 8.17
q-SOFA, n (%)*

0 2 (40) 2 (40) 2 (33.33) 0 (0) =

1 2 (40) 2 (40) 3 (50) 2 (22.22) -

2 1 (20) 1 (20) 1 (16.66) 6 (66.66) -

3 0(0) 0(0) 0 (0) 1(11.11) s

Data are mean =+ SD, or number (%).

qSOFA: quick Sequential Organ Failure Assessment.
* At admission.
" Healthy volunteers.

infection [4, 9]. While monocytes/macrophages appear to play a
crucial role in the early phase of SARS-CoV-2 infection, the adaptive
immune system emerges as a critical factor in the late phase of the
disease. The total number of lymphocytes is significantly reduced in
those patients with a poor prognosis [9]. In line, a multicenter retro-
spective study indicated that the lymphocyte count was an independent
high-risk factor connected with COVID-19 progression [11]. Other

studies have revealed an inverse correlation between lymphocyte count
and time to symptom reappearance in a cohort of COVID-19 patients
discharged from the hospital [12]. It should be noted that these ob-
servations have been reported only in patients who have required
hospitalization.

Likewise, lymphocytes depletion has been described during sepsis,
that which compromises the adaptive response in the latter phase of this
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Figure 2. Long exposure to SARS-CoV-2 proteins reduces the T lymphocytes proliferative ability in vitro.PBMCs from healthy volunteers were labelled with CFSE, then
cells were exposed or not (open circle) to S, N and P proteins for 5 days (solid black square) or multiple stimulations (Figure 1A) until 5 days (solid red triangle). Cells
were also stimulated or not (open triangle) with Pokeweed (PWD, 2.5 pg/mL). (A) Percentage of proliferative CD4" populations (CFSEY™), measured by flow
cytometry, are shown (left panel) (¥, p < 0.05, Mann-Whitney t-test; **, p < 0.01, one-way ANOVA test), n = 5. A representative histogram overlay is shown (right
panel). (B) Percentage of proliferative CD8" populations, measured by flow cytometry, are shown (left panel) (*, p < 0.05, Mann-Whitney t test; **, p < 0.01, one-way

ANOVA test), n = 5. A representative histogram overlay is shown (right panel).

disease [13]. We and others have studied this phenomenon, demon-
strating the implication of the immune checkpoint (IC) programmed
death-1 (PD-1) and its ligand PD-L1 [14]. Moreover, PD-1/PD-L1 axis
activation during sepsis induced a patent “lymphocyte exhaustion”. This
last effect was reverted by blocking monoclonal antibodies against either
PD-1 or PD-L1 [15,16]. Along these lines, SARS-CoV-2 induced apoptosis
of peripheral blood lymphocytes through P53 activation [17] and PD-1
was found upregulated in patients who were in the last phase of
COVID19 infection [18].

Here, we established an in vitro model using a cocktail of proteins
from SARS-CoV-2 and blood cells from healthy volunteers. S glycopro-
tein, a transmembrane protein localized in the outer portion of the virus
that facilitates binding to the host cells through angiotensin-converting
enzyme 2 (ACE2); N protein, a structural component bound to the RNA
of the virus; and the Papain-like protease (P), which is required to process
the viral polyprotein into functional subunits; were used to mimic the
presence of the virus. Our data demonstrated the induction of a specific
monocyte profile (HLA-DRPD-L1"8") due to the presence of the
cocktail of proteins from SARS-CoV-2, which in turn caused a patent T-
cells exhaustion.

2. Materials and methods
2.1. Reagents

Roswell Park Memorial Institute (RPMI) 1640 medium (Invitrogen),
supplemented with Fetal Bovine Serum (FBS) to 10% and 1% Penicillin
and Streptomycin mix (Gibco), was used for cells culture. SARS-CoV-2
proteins Spike (S) and Nucleoprotein (N) were purchased from Sino
Biological and the Papain-like protease (P) from R&D Systems. Carbox-
yfluorescein succinimidyl ester (CFSE) was purchased from

ThermoFisher Scientific, to assess T-cells proliferation using Dynabeads
® Human T-Activator CD3/CD28 (ThermoFisher Scientific) and Lectin
from Phytolacca americana (pokeweed, PWD) from Sigma-Aldrich as
stimuli. For PD-L1/PD-1 crosstalk inhibition, fully human anti-PD-L1
(pembrolizumab, Merck Sharp & Dohme) and anti-PD-1 (nivolumab,
Bristol Myers Squibb) blocking antibodies were used. Human Th1/Th2/
Th17 Cytometric Bead Array (CBA) from BD Biosciences was utilized for
cytokine quantitation.

2.2. PBMCs isolation and SARS-CoV-2 infection in vitro model

Peripheral blood mononuclear cells (PBMCs) from healthy volunteers
and COVID-19 patients from La Paz University Hospital were isolated by
Ficoll-Plus (GE Healthcare Bio-Sciences) gradient. PBMCs were cultured
in RPMI 1640 medium, supplemented with FBS to 10% and 1% Penicillin
and Streptomycin mix. For the in vitro model, we performed 3 conditions:
i)PBMCs were treated once with S, N and P proteins of SARS-CoV-2 (250
ng/mL for S and N and 25 nM for P protein) simulating an acute infection
(dark square). ii) PBMCs treated every 48 h with S, N and P proteins (250
ng/mL for S and N and 25 nM for P protein) simulating a steady infection
without resolution (red triangle); and iii) PBMCs treated with PBS as
negative control stimulus (empty circle).

A scheme is shown in Figure 1A. After for each condition, supernatants
were collected and stored at -80 °C until cytokine measurement, and cells
were labelled with proper antibodies for flow cytometry analysis.

2.3. Flow cytometry analysis

Fluorescence-activated cell sorting (FACS) analysis were developed
using specific human antibodies (Abs) to the following surface molecules:
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Figure 3. T-cells proliferation is recovered by PD-L1/PD-1 axis blockage.
PBMCs from healthy volunteers were labelled with CFSE, then cells were
exposed or not (open circle) to S, N and P proteins for 5 days (solid black
square). Anti-PD-L1 (solid black triangle) or anti-PD-1 (solid grey inverted tri-
angle) were added. All cultures were also stimulated with Pokeweed (PWD, 2.5
ug/mL). Percentage of proliferative (CFSEY™) CD4" (A) and CD8" (B) pop-
ulations, measured by flow cytometry, are shown (*, p < 0.05, paired t-test), n =
5. (C) An array analysis is shown for indicated cytokines, that were analyzed in
the supernatant by Cytometric Bead Array (CBA) after stimulation with S, N and
P proteins from SARS-CoV-2 (S + N + P) or not (control) of PBMCs from healthy
volunteers for 5 days; n = 5.

CD8-Allophycocianin  (APC), CD4-Peridinin-chlorophyll-A  protein
(PerCP) and HLA-DR-Fluorescein-isothiocyanate (FITC) (all three from
ImmunoStep), 7-Amino-Actinomycin D (7-AAD), CD8-BV510, CD86-
BUV737, CD14-BV395, PD-L1-Phycoerythrin (PE) and PD-1 FITC (all five
from BD Biosciences). Cells were stained with proper antibodies for 30
min at 4 °C in the dark and washed once with Phosphate Buffer Saline
(PBS). Not stained cells were used as negative controls. For all assays,
samples were run in FACS Calibur or FACS Celesta (BD Biosciences) flow
cytometers and data were analyzed with FlowJo (TreeStar) v. 10.6.2
software or BD Diva v10.

2.4. T cell proliferation assay

PBMCs were labelled with CFSE according to the manufacturer's
protocol and seeded into round bottom 96-wells plates (2x10° cells per
well) in RPMI 1640 medium supplemented with FBS to 10% and 1%
Penicillin and Streptomycin. CFSE-labelled PBMCs were exposed to S, N
and P proteins at the above-mentioned concentrations. Immediately
after, they were stimulated or not with the PWD (2.5 pg/mL) mitogen or
Dynabeads Human T-activator CD3/CD28 (0.5 pL/well) and treated or
not with fully human anti-PD-L1 antibody or fully human anti-PD-1
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antibody (both at 50 pg/mL) for 5 days. PBS was used as negative con-
trol stimulus.

2.5. Cytokine measurement

The cytokine levels in the culture supernatants were determined
using the Human Th1/Th2/Th17 Cytometric Bead Array (CBA),
following the manufacturer's protocol. Briefly, culture supernatants were
labelled by incubating them with specific beads, washed, acquired using
a FACS Calibur flow cytometer and finally analyzed with FCAP Array
v3.0 Software (both from BD Biosciences).

2.6. Patients and healthy volunteers

This study was conducted in accordance with the ethical guidelines of
the 1975 Declaration of Helsinki and was approved by the Committee for
Human Subjects of La Paz University Hospital. All the participants pro-
vided written consent for the study. Patients older than 18 years old who
fulfilled the diagnostic criteria for COVID-19 (Symptoms of acute respi-
ratory infection and positive RT-PCR for SARS-CoV-2 by nasopharyngeal
or oropharyngeal swab) were included in the study. These were classified
into three groups according to the length of hospital stay at the time of
sample collection as group 1 (from 0 to 2 days), group 2 (from 5-7 days),
group 3 (8-20 days) and group 4 (more than 20 days). Note that patients
included in the last group were SARS-CoV-2 RT-PCR positive at admis-
sion, but at the time of sample collections they were SARS-CoV-2 nega-
tive by the same technique. Healthy volunteers were subjects without
relevant pathologies and with a negative RT-Q-PCR for SARS-CoV-2 (see
Table 1 for details).

2.7. Statistical analysis

The number of experiments analyzed is indicated in each figure. The
statistical significance was calculated using a one-way ANOVA or paired
t-test, depending on the specific assay. The statistical significance was set
at p < 0.05, and the statistical analyses were conducted using GraphPad
Prism 8.0 software.

3. Results

3.1. Proteins from SARS-CoV-2 polarize human monocytes toward a
profile with low HLA-DR and high PD-L1 expression

To evaluate the potential impact of SARS-CoV-2 on monocytes and its
interaction with lymphocytes, we followed the experimental approach
showed in Figure 1A. PBMCs were cultured for 7 days and stimulated
once or every 48 h with a cocktail of S, N and P proteins from the virus.
Note that multiple stimulation with the cocktail simulated a steady viral
presence without resolution, while the single stimulation mimicked an
acute infection.

The major histocompatibility complex (MHC) class II cell surface
receptor HLA-DR and the IC ligand PD-L1 were evaluated on CD14" cells.
Both single and multiple stimulations with the SARS-CoV-2 proteins did
not affected viability of monocytes (Figure 1B) but reduced HLA-DR
expression on monocytes in a time dependent manner (Figure 1C). In
the same line, the antigen presentation co-stimulatory molecule CD86,
showed a decreased expression in monocytes when these become stim-
ulated with the viral proteins (Figure 1D). In contrast, PD-L1 was up-
regulated by the cocktail (Figure 1E). On the other hand, no differ-
ences of PD-1 expression on lymphocytes were found between the con-
ditions tested (Figure 1 F and G, left panels). Additionally, viability
changes on CD4" and CD8" were not statistically significant when
associated with the presence of the virus proteins cocktail (Figure 1 F and
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Figure 4. SARS-CoV-2 proteins induce cytokine production. Peripheral blood mononuclear cells (PBMCs) from healthy volunteers were stimulated with SARS-CoV-2
proteins S glycoprotein (250 ng/mL), N protein (250 ng/mL) and the Papain-like protease (P, 25 nM). Levels of IL-2, IL-6, IL-10, IL-17, TNFa and INFy in cell culture

supernatants after 24, 72, 120 and 168 h are shown, n = 5.

G, right panels). For all experiments, no differences between single and
multiple stimulations were found.

3.2. Long exposure to SARS-CoV-2 proteins reduces the T lymphocytes
proliferative ability in vitro

Induction of an HLA-DR!°"CD86'°*PD-L1"8" phenotype in monocytes
stimulated with S, N and P proteins prompted us to study the proliferative
ability of T lymphocytes in this context.

According to our data, after 5 days of challenge with the protein
cocktail, monocytes achieved the lowest HLA-DR and highest PD-L1
expression. Therefore, we decided to test the T lymphocytes prolifera-
tion in this experimental point. As Figure 2 shows, presence of the SARS-
CoV-2 proteins impaired both CD4 and CD8 proliferation when cultures
were treated with the classical mitogen PWD. Next, we evaluated the
potential role of the PD-L1/PD-1 axis in this phenomenon. A slight but
significant proliferative recovery was observed in both CD4 and CD8
populations when blocking anti-PD-L1 or anti-PD-1 antibodies were
added independently (Figure 3 A and B). Interestingly, high levels of
proinflammatory cytokines as IL-6 and TNFo were detected in the su-
pernatants of cultures in the early response (24 h post-stimulation) and

were maintained after 5 days of stimulation with the proteins cocktail
(Figure 3C and Figure 4). Other cytokines, such as IL-10 and IFNy were
increased over time.

3.3. Patients exposed to SARS-CoV-2 exhibit a low rate of T-cells
proliferation

To corroborate our in vitro data, we analyzed the HLA-DR and PD-L1
expression on monocytes and the proliferative ability of circulating T-
cells from COVID-19 patients. Blood samples were obtained from four
groups of patients. The first group had been hospitalized for 0-2 days, the
second group for 5-7 days, the third group for 8-20 days, and the fourth
one, for more than 20 days (Table 1). Note that the latter patient group,
after being found RT-PCR positive for SARS-CoV-2 on admission, had
already cleared the virus when sampled since they were RT-PCR negative
at this point, but nonetheless, their clinical condition persisted.

In line with the data obtained in the in vitro model, we found an HLA-
DR'°“PD-L1"#" phenotype in COVID-19 patients monocytes compared
with HVs (Figure 5). Next, cells were labelled and cultured under two
different proliferation induction conditions using either anti-CD3,/CD28
beads or PWD for 5 days. Both CD4 and CD8 cells exhibited a
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significant proliferation reduction after long exposure to the virus
(Figure 6). Interestingly, the third group maintained low T-cells prolif-
eration, even though the virus was yet undetectable by RT-PCR.

4. Discussion

Data generated denote that SARS-CoV-2 infection is a complex dis-
ease that might show two potentially overlapping phases. Whereas, the
first phase is described by a lopsided innate response with a huge cyto-
kine storm, the second stage generates both a significant damage to the
body and an acute lymphopenia, a condition also observed during sepsis.

We and others have described a T-cell exhaustion in septic patients
associated with poor prognosis [13, 14, 15, 19, 20, 21, 22]. This phe-
nomenon was governed by an activation of the PD-L1/PD-1 axis in these
patients [16]. Here we demonstrate that blood cells from healthy

volunteers, incubated with a SARS-CoV-2 protein cocktail, develop a
phenotype that mimic the COVID-19 condition. While monocytes show a
negative regulation of HLA-DR, an important component of the antigen
presentation pathway, together with high levels of the IC ligand PD-L1,
lymphocytes experience an exhaustion. Remarkably, T-cell exhaustion
is partially but significantly reverted by either anti-PD-L1 or anti-PD-1.
These data suggest a potential role of the PD-L1/PD-1 axis in this clin-
ical situation and support the use of antibodies against ICs in patients
with COVID-19. Along these lines, camrelizumab (a PD-1 monoclonal
antibody) and thymosin have been included in a clinical trial
(NCT04268537) for COVID-19 treatment [23].

We highlight that the observed effects have taken place using viral
recombinant proteins rather than the virus itself. We have selected spike
(S) glycoprotein, nucleocapsid (N) protein and papain-like protease (P)
because they are described as essential players in the structure and
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Figure 6. Patients exposed to SARS-CoV-2 exhibit a low rate of T-cells prolif-
eration. Four groups of COVID-19 patients were recruited according to their
length of hospital stay: 0-2 days (n = 5), 5-7 days (n = 5), 8-19 days (n = 6), or
more than 20 days (n = 9). PBMCs were isolated from these and from healthy
volunteers (HVs, n = 6), labelled with CFSE and stimulated with Pokeweed
(PWD, 2.5 pg/ml, solid black circle) or anti CD3/CD28 beads (0.5 pL/well, open
black circle) for 5 days. Percentage of proliferative CD4" (A) and CD8" (B)
populations, measured by flow cytometry, are shown (*, p < 0.05; **, p < 0.01
Mann-Whitney t-test). The RT-PCR status for SARS-CoV-2 infection at moment
of blood recruitment for each group of patients are also shown.

pathogenicity of SARS-CoV-2 [24, 25, 26]. Therefore, the data indicate
that with the sole presence of some viral proteins, a response can be
triggered in such a way that compromises the health of patients. Hence,
therapeutic decisions in patients with negative RT-PCR for SARS-CoV-2
should be considered on this basis.

Our data herein though from a limited cohort of patients with COVID-
19 have eventually revealed an acute T-cells exhaustion effect associated
to the time of hospitalization. While patients in the first days of the
disease showed a discrete T-cells proliferation, an acute down-regulation
of the proliferation was observed in those within 5-7 days, 8-19 days and
more than 20 days of hospitalization. Interestingly, those long-term pa-
tients who cleared the virus kept the low T-cells proliferation profile.
Accordingly, a painstaking study of the interaction between the virus and
the immune system is necessary in order to identify suitable pharma-
ceutical targets. We have to reach a precise balance between regulating
the first wave of cytokines and reactivating an appropriate adaptive
response; a fine balance struck between simultaneously blocking and
unblocking the host's immune response. Therefore, biomarkers that
plainly show the proper approach must be identified.
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