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The immune system is tightly regulated by the activity of stim-
ulatory and inhibitory immune receptors. This immune ho-
meostasis is usually disturbed during chronic viral infection.
Using publicly available transcriptomic datasets, we conducted
in silico analyses to evaluate the expression pattern of 38
selected immune inhibitory receptors (IRs) associated with
different myeloid and lymphoid immune cells during coronavi-
rus disease 2019 (COVID-19) infection. Our analyses revealed a
pattern of overall upregulation of IR mRNA during severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infec-
tion. A large number of IRs expressed on both lymphoid and
myeloid cells were upregulated in nasopharyngeal swabs
(NPSs), while lymphoid-associated IRs were specifically upre-
gulated in autopsies, reflecting severe, terminal stage
COVID-19 disease. Eight genes (BTLA, LAG3, FCGR2B,
PDCD1, CEACAM1, CTLA4, CD72, and SIGLEC7?), shared
by NPSs and autopsies, were more expressed in autopsies and
were directly correlated with viral levels. Single-cell data from
blood and bronchoalveolar samples also reflected the observed
association between IR upregulation and disease severity.
Moreover, compared to SARS-CoV-1, influenza, and respira-
tory syncytial virus infections, the number and intensities of
upregulated IRs were higher in SARS-CoV-2 infections. In
conclusion, the immunopathology and severity of COVID-19
could be attributed to dysregulation of different immune in-
hibitors. Targeting one or more of these immune inhibitors
could represent an effective therapeutic approach for the treat-
ment of COVID-19 early and late immune dysregulations.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the
virus causing coronavirus disease 2019 (COVID-19), appeared first in
Wuhan, China, in December 2019 and has since rapidly spread glob-
ally."»* The number of infected cases has exceeded 30 million, while
more than 1 million people have already died from this pandemic.”
Global presentation of this infection varied with different individuals,

different geographical regions, different sexes, age groups, and co-
morbidities, while its severity level ranged from asymptomatic infec-
tion to life-threatening disease."”” Most patients were of an older age
group (approximate age range of 30-79 years) and had mild symp-
toms, while 14% developed severe symptoms, and around 5% devel-
oped critical disease with a high mortality rate.” Severe COVID-19
disease has been associated with delayed innate immune responses,
early immunosuppression, lymphopenia, and cytokine storm.”'*

Respiratory infections such as influenza often present with a median
incubation period of 3-4 days, and the majority of intensive care
admission occurs within 24-48 h of hospitalization."” In the course
of COVID-19 disease, the median viral incubation time is 5-7 days,
and it requires an additional 3-4 days after hospitalization for disease
progression and admission to an intensive care unit. The uncon-
trolled viral replication could mostly be driven by early immunosup-
pression and delayed immune responses.™"*

During COVID-19 infection, the early phase is characterized with a
dysregulated innate immune response and upregulation of pro-in-
flammatory cytokines including interleukin (IL)-6 and IL-1B.">'°
Activation of antiviral type I interferon pathways were delayed or
muted.'”"” This dysregulation of inflammation and delayed type I
and IIT interferon production promoted further viral replication
and infection, as well as quick viral dissemination from the upper res-
piratory tract to lower airways and other body organs.”'’

Various stimulatory and inhibitory receptors (IRs) tightly control im-
mune cells activity and hence the immune response.'® The IRs have
one or more immunoreceptor tyrosine-based inhibitory motifs
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Table 1. List of immune inhibitory receptors

Table 1. Continued

Inhibitory Predominant cell Inhibitory Predominant cell
receptor gene  Full name distribution References receptor gene  Full name distribution References
LAG3 lymphocyte-activation T cells, B cells, NK cells, 5,030 and long cytoplasmic tail
(CD223) gene 3 and DCs 1
T cell immunoreceptor killer cell
TIGIT with Ig and ITIM T cells, NK cells 332 immunoglobulin-like
domains KIR3DL1 receptor, three Ig NK cells, T cells 21,56
hepatitis A virus cellular domains a'nd lf)ng
receptor 2 or T cell cytoplasmic tail 1
HAVCR2 . R NK cells, T cells, 33 K K
(TIM3) immunoglobulin and monocytes. macrophages SIRPA signal regulatory protein monocytes, macrophages >~
mucin-domain ytes, phag (SIRPa) alpha ytes, Phag
containing-3 (TIM3) cluster of differentiation  neutrophils, monocytes, ¢, 43
R L. CD200R1 "
CD160 cluster of differentiation ~ NK cells, T cells, and 22,34 200r1 macrophages
160 myeloid cells monocytes, neutrophils,
B and T lymohocyte CD300A cluster of differentiation o lels ? ds p T’ 64,65
BTLA + Tlymphocyt B cells, T cells, and DCs 5% (IRp60) 300a mast cels, and some
associated and B cells
CD244 (2B4) glzlster of differentiation NK cells and T cells 2 monocy}tles)
CD300LF cluster of differentiation ;neilctl:())ih?lgsesr;ast cells 66,67
B cells, basophils, IREM-1 If ’ ’
FCGR2B cel’s, basopats (IR ) 300 and some T cells and B
Fc fragment of IgG monocytes, 37,38
(FcyRIIB, § cells
CD32B) receptor ITb macrophages,
neutrophils, mast cells leukocyte neutrophils, monocytes,
LILRB1 (ILT- L. 68-70
cytotoxic T lymphocyte- o ) immunoglobulin-like macrophages, DCs, and
CTLA4 . . T cells >3 receptor Bl NK cells
associated protein 4
leukocyte
PDCD1 (PD- 2.40.4 - i oo
CD1( programmed cell death 1 T cells, B cells, NK cells ~ *>**"' LILRB4 (ILT immunoglobulin-like neutrophils, monocytes, 1,72
1) 3) macrophages, and DCs
receptor B4
PILRA . . . monocytes,
lobulin- 243
(PILRa, ﬁ;‘eretd l:;n;lel::gtgleia macrophages, 21 LILRB2 (ILT- %eukocytel bulin-lik trophil 70,73
FDF03) yp P p neutrophils 8 immunoglobulin-like neutrophils, monocytes
receptor B2
1 f diffe iati
D72 cluster of differentiation B cells 14 leukocyte '
72 LILRB3 (ILT- | Lo neutrophils, monocytes, ;5
5) immunoglobulin-like macrophages
cD5 gluster of differentiation T cells, subset B 45 receptor B3
LILRB5 leukocyte-associated
monocytes, (ILT2,3,4,5 immunoglobulin-like neutrophils, monocytes "7’
hages,
PECAM1 platelet and endothelial macrop éges . 46,47 LIR8) receptor 5
(CD31) cell adhesion molecule 1 neutrophils, endothelial V-set and
cells, subset T cells and B VSTM1 ¢ b d . trophil s
cells (SIRL-1) ransmembrane domain  neutrophils, monocytes
containing 1
CD22 cluster of differentiation 48,49
B cell 48,49 ali id bindine Te-like B
(Siglec2) 22 cems SIGLEC5 sia 1'c acid binding Ig-like neutrophils, monocytes 7%
lectin 5
monocytes, i -
carcinoembryonic macrophages, SIGLEC6 Slal{c acid binding Ig-like B cells, cytotrophoblasts '
CEACAM1 K 50 lectin 6
(CD66a) antigen-related cell granulocytes, T cells,
adhesion molecule 1 subset, NK cells, B cells, sialic acid binding Ie-like NK cells, monocytes,
epithelial cells SIGLEC7 lectin 7 88 granulocytes, mast cells, *"%>%
CD33 cluster of differentiation monocytes, macrophages % basophils
ol 3 1 e
(Siglec3) 33 SIGLEC9 ls laltl,c e19<:1d binding Ig-like neutrophils, monocytes %
leukocyte-associated T cells. B cells ectin
LAIR1L immunoglobulin-like T 3 sialic acid binding Ig-like 84
neutrophils, monocytes SIGLEC10 . monocytes
receptor 1 lectin 10
KLRC1 killer cell lectin like N 56-58 sialic acid binding Ig-like 85
(NKG2A) receptor C1 NK cells, CD8" T cells SIGLEC11 lectin 11 macrophages
killer cell neutrophils, eosinophils,
KIR2DL1 immunoglobulin-like NK cells, T cells 2156 CLEC4A C-type lectin domain monocytes, 86
receptor, two Ig domains (DCIR) family 4 member A macrophages, DCs, B
(Continued) cells
(Continued on next page)
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Table 1. Continued

Predominant cell
distribution

Inhibitory

receptor gene  Full name References

neutrophils, eosinophils,
C-type lectin domain P P 87

5 monocytes,
family 12 b
amtly 12 mermber macrophages, DCs

CLECI2A
(MICL)

DC, dendritic cell; Ig, immunoglobulin.

(ITIMs) present in their cytoplasmic domains.'” IRs negatively regu-
late co-stimulatory and T cell receptor (TCR) signaling and adjust
their activation threshold.”>*' They are also involved in non- immu-
noreceptor tyrosine-based activation motif (ITAM)-dependent
downstream signaling, including the Toll-like receptors and cytokine
signaling.

Lymphoid IRs such as programmed cell death protein 1 (PD-1) and
cytotoxic T lymphocyte-associated protein 4 (CTLA4) have been
extensively studied and targeted in the context of the tumor microen-
vironment and chronic viral infections.”> Common myeloid associated
IRs, however, have been investigated more in the context of bacterial
infection. These IRs include sialic acid-binding immunoglobulin-type
lectins (SIGLECs),”” signal regulatory protein alpha (SIRPA), and the
leukocyte immunoglobulin-like receptor subfamily B (LILRB). During
regular immune responses, activation of immune cells triggers a paral-
lel upregulation of inhibitory immune receptors as a feedback mecha-
nism to prevent immune overactivation.”*

Through effective viral evasion mechanisms, pathogen such as SARS-
CoV-2 may escape the immune surveillance, resulting in long-term
infection. Persistent exposure to virus and chronic antigen presentation
to immune cells result in the exhaustion of immune cells, leading to the
suppression of their effector functions and proliferative potential.*”
During chronic infections, such as HIV and hepatitis B virus (HBV),
IRs are upregulated, leading to a state of cellular deactivation or exhaus-
tion, both of which result in delayed viral clearance and exaggerate in-
fections.”® Likewise, SARS-CoV-2 infection may result in immunosup-
pression and dysregulation of inflammatory cells through upregulation
of inhibitory immune receptors, leading to the observed delayed inter-
feron response and inefficient viral clearance.

Recently, several studies have reported a decrease in the level of T cell,
B cell, and natural killer (NK) cells during COVID-19 infection, with
enhanced suppression of
severity.'"'>*"*® Although the concept of immune exhaustion had
been studied in cancer and chronic viral infection,>**
to COVID-19 respiratory infection deserves more attention and could
potentially provide avenues for effective therapeutic targets.

these cells relative to disease

its relevance

RESULTS

Higher expression of immune IR genes in lung autopsies
compared to nasopharyngeal swabs

Using publicly available transcriptomic datasets, we have determined
the association between the expression of 38 immune inhibitors, known

to be expressed on lymphoid and myeloid lineages, and COVID-19
severity (Table 1). The datasets used in this study are presented in Table
2. Expression levels of IRs were determined in nasopharyngeal swabs
(NPSs) and lung autopsies (Figure 1). For NPSs, RNA sequencing
(RNA-seq) data were obtained from 430 PCR-confirmed COVID-19
patients and 54 negative controls (GEO: GSE152075). For lung au-
topsies, RNA-seq data were extracted from 16 lung autopsies derived
from five COVID-19 patients and five controls as presented in Figure 1B
(GEO: GSE150316). Here, lung autopsies represented a late severe stage
of COVID-19 infection. In NPSs, 31 IRs, known to be expressed on both
cell lineages, were upregulated (Figure 1A). However, out of 38 IRs, only
nine genes were upregulated in lung autopsies, and were mainly ex-
pressed on lymphoid immune cells (Figure 1B). Interestingly, eight
out of the nine upregulated IRs were shared between lung autopsies
and NPSs (BTLA, lymphocyte activation gene-3 [LAG3], FCGR2B,
PDCD1, CEACAMI, CTLA4, CD72, and SIGLEC?). Out of the eight
common IRs, seven genes (BTLA, LAG3, FCGR2B, PDCD1, CTLA4,
CD?72, and SIGLEC7) were more expressed in autopsies compared to
NPSs (Figure 1C). We also looked at the immune activation markers
comprised of two T cells (CD25 and CD69) and two macrophage
markers (CD86 and HLA-DRA). All four immune activation markers
were upregulated in the NPSs (Figure S1A).

The expression of immune IRs is regulated by SARS-CoV-2 viral
levels

The expression of IRs is known to be enhanced upon persistent exposure
to viral antigens. To investigate that in the context of SARS-CoV-2, we
associated the expression of these receptors with the expression of SARS-
CoV-2 N viral protein. COVID-19 infection was confirmed by quanti-
tative PCR for the SARS-CoV-2 N protein.*®* We have associated the
expression of the eight common IRs between autopsies and NPSs with
SARS-CoV-2 N reported viral protein levels. As expected, higher viral
level was associated with higher expression of immune IRs (Figure 2).

Upregulation of IRs on lung inflammatory cells during COVID-19
infection

After establishing an overall upregulation of IRs in autopsies of
COVID-19 patients, we next determined whether the observed in-
crease in IRs is reflected on the main inflammatory cells regulating
COVID-19 severity. Single-cell datasets of monocytes/macrophages
and CD8" cells isolated from bronchoalveolar fluid (BALF) (GEO:
GSE145926) and peripheral blood mononuclear cells (PBMCs)
(GEO: GSE149689) of COVID-19 severe patients were used.'"!?
Overall, the number of upregulated IRs and their level of expression
were higher in BALF-isolated inflammatory cells compared to
PBMCs. In the first study using BALF samples, macrophages were
clustered into M1-like and M2-like macrophages. Both M1 and M2
macrophages were higher in severe compared to moderate COVID-
19 patients and healthy donors.'> Immune IRs were expressed by
both macrophage subsets as shown in Figure 3A. Furthermore, spe-
cific upregulation of KLRC1, CD244 (2B4), and PECAM was
observed in BALF CD8" T cells isolated from moderate COVID-19
patients, while CTLA4, HAVCR2 (TIM3), and TIGIT were upregu-
lated in CD8" T cells of severe COVID-19 patients (Figure 3B).
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Table 2. Gene expression datasets used in this study

GEO Accession No. Platform Sample Condition 1 Condition 2

Microarray data

GSE1739'" GPL201 PBMCs controls (n = 4) SARS-CoV-1 (n = 10)

GSE17156'* GPL571 PBMCs controls (n = 17) influenza H3N2 (n = 17)

GSE17156'"® GPL571 PBMCs controls (n = 20) respiratory syncytial virus (n = 20)

RNA-seq data

GSE150316 GPL18573 lung autopsies controls (n = 5) lung autopsies (n = 16)

GSE152075% GPL18573 nasopharyngeal swabs negative controls (n = 54) COVID-19 (n = 430)

EGAS00001004503'"” GPL24676 whole blood controls (n = 10) COVID-19 (n = 39)

Single-cell RNA-seq data

GSE145926'% GPL23227 bronchoalveolar lavage fluid healthy (n = 6) moderate (n = 3) and severe (n = 6) COVID-19
severe influenza (n = 5),

GSE149689"" GPL24676 PBMCs healthy (n = 4) severe COVID-19 (n = 4), and mild COVID-19

(n=4)

SARS-CoV, severe acute respiratory syndrome coronavirus.

Lung autopsies presented in Figure 1B included upregulation of
LAG3 and CD72 that were also upregulated in BALF macrophages.
Additionally, CTLA4 was upregulated in both lung autopsy and
BALF CD8" T cells. We then determined the differential expression
of IRs on PBMCs of COVID-19 patients during different stages of
the disease using single-cell data (GEO: GSE149689)."' On mono-
cytes, the expression of LILRB1 was increased during the mild stage
of the disease, while two immune inhibitors, CLECLT12A and
PILRA, were upregulated during the severe stage (Figure 3C). Inter-
estingly, LILRB1 was upregulated on macrophages of BALFs and
monocytes of PBMCs, but its expression was 3-fold higher in lung
compared to blood (Figures 3A and 3C). Furthermore, CTLA4 and
HAVCR2 (TIM3) expression levels were higher in CD8" cells of
BALFs compared to CD8" cells of PBMCs (Figures 3B and 3D). In
this same study (GEO: GSE149689), the levels of expression of IRs
on PBMCs from COVID-19 to those of influenza A virus (IAV)-in-
fected patients were compared. Interestingly, the expression of IRs
was not increased in IAV-specific groups, while two of the receptors
(CTLA4 and HAVCR2) were significantly upregulated in the
COVID-19-specific population. Next, we used the BALF study
(GEO: GSE145926) to determine the expression of two T cell activa-
tion markers (CD25 and CD69) and two macrophage activation
markers (histocompatibility leukocyte antigen [HLA]-DRA and
CD86). Interestingly, T cell activation markers were not upregulated
in CD8" T cells isolated from BALF. Furthermore, HLA-DRA was not
upregulated, while CD86 was slightly upregulated in the M2-like
macrophage cluster enriched more in BALF from severe COVID-19
patients (Figure S2).

Prominent IR upregulation in SARS-CoV-2 infection relative to
other viral infections, with SIGLECs identified as COVID-19-
specific IR markers

To compare the profile of IR upregulation during SARS-CoV-2 rela-
tive to other respiratory viral infection, we used transcriptomic mi-

112

croarrays and RNA-seq data from PBMCs of SARS-CoV-1-, IAV-,
and respiratory syncytial virus (RSV)-infected patients at the peak
of disease. For each condition, differential expression and fold change
were obtained by comparing the normalized gene expression of the
infected group versus healthy donors (Figure 4A). We then inter-
sected the differentially expressed genes in all four respiratory infec-
tions to obtain the shared signatures (Figure 4B). Overall, we observed
the appearance of either myeloid-specific IRs or receptors such as
CEACAM]1 and LAIRI that are expressed broadly in both myeloid
and lymphoid immune cells. The result of this analysis revealed
that in SARS-CoV-2, the number of immune receptors and the extent
of upregulation were higher compared to those other groups (Figures
4A-4C). One gene, CEACAMI1, was upregulated in all four infections
(Figure 4B); however, its expression was higher in SARS-CoV-2
compared to SARS-CoV-1, IAV, and RSV (Figure 4C). Two genes
(SIRPA and LILRB2) were upregulated only during SARS infections,
but their expression was higher in SARS-CoV-2. Similarly, LILRB4
was upregulated during both SARS-CoV-2 and IAV infections, but
its expression was higher during SARS-CoV-2 compared to IAV
(fold change of 1.47 versus 0.74). Six genes, that is, LILRB3, LILRB5,
SIGLECS, SIGLECY, SIGLEC11, and CLEC12A, were specifically up-
regulated during SARS-CoV-2 infection (Figure 4B) and were hence
COVID-19-specific. Next, we looked at the PBMC expression levels
of immune stimulatory genes (CD25, CD69, HLA-DRA, and
CD86) during different respiratory infections. Compared to other in-
fections, SARS-CoV-2 has a significant decrease in CD25 and HLA-
DRA, while other respiratory infections induced upregulation of these
receptors (Figure S3).

DISCUSSION

In this study, we used in silico transcriptomic datasets of NPSs, lung
autopsies, BALF, and blood from SARS-CoV-2-infected individuals
to explore the expression of various immune IRs during COVID-19
viral infection. Thirty-eight immune IRs that were reported to be
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Figure 1. Gene expression of immune inhibitory receptors in nasopharyngeal swabs and lung autopsies of COVID-19 patients

(A) Enhanced expression of 31 immune inhibitory receptors known to be associated with lymphoid and myeloid immune cells in nasopharyngeal swabs (n = 431 COVID-19
versus n = 54 controls, GEO: GSE152075). (B) Upregulation of nine immune inhibitors associated mostly with lymphoid immune cells in lung autopsies (n = 16 COVID-19
versus n = 5 control lung autopsies, GEO: GSE150316). (C) Genes that are shared between nasopharyngeal swabs and lung autopsies. Seven of the eight genes were more
expressed in lung autopsies compared to swabs. Results are presented as fold change of gene expression between cases and controls.

commonly expressed in different lymphoid and myeloid immune
cells were tested. Analyses of COVID-19 whole transcriptomic data
revealed an upregulation of a wide range of IRs in the upper airways,
while a more selective increase of lymphoid IRs was observed in lung
autopsies. The observed increase in the IR levels in NPSs could mostly
be due to a normal negative feedback mechanism to immune activa-
tion,”"* and hence these levels are expected to go back to normal
following control of viral replication. However, the significantly
higher levels of lymphoid IRs in lung tissue, compared to upper air-
ways, could mostly be due to prolonged exposure to viral antigens
(Figure 1).%

Although compared to lung autopsies NPSs had a higher number of
upregulated IRs, the intensity of seven out of eight shared signatures
were higher in lung autopsies. Further analyses of NPS data revealed
an expected direct association between expression levels of IRs and
SARS-CoV-2 viral load. This could possibly explain the enhanced
expression of the lymphoid IRs observed in lung autopsies. The upre-
gulation of IRs could also be an outcome of inflammation, viral
persistence, and drug use. Anti-inflammatory medication such as
glucocorticoid suppresses immune cells, resulting in impaired viral
clearance, which could further enhance expression of IRs.!5%0

Beside the IRs, we also examined the expression levels of T cell (CD25
and CD69) and macrophage (CD86 and HLA-DRA) activation
markers. All four immune activation markers were upregulated in
the NPSs. The observed upregulation of the immune IRs could hence
be due to a feedback mechanism to suppress the immune response,
although a SARS-CoV-2 evasion mechanism regulating that should
not be excluded. Interestingly, T cell activation markers were not up-
regulated in CD8" T cells isolated from BALF. This may indicate that
these cells could be leaning more toward an exhaustion state. Further-
more, HLA-DRA was not upregulated, while the expression of CD86
was slightly enhanced in the M2-like macrophage cluster, enriched
during severe COVID-19 infection. This inactivation of the M1 and
M2 macrophage subsets during severe disease could also be the result
of treatment with extensive immune-suppressive medications.

CEACAM-1 expression was noticeably increased in samples from
NPSs, autopsies, and blood of COVID-19 patients. This receptor is
expressed on a wide range of cells comprising epithelial, myeloid,
lymphoid, and tumor cells. It binds to receptors within the CEACAM
family, to other immune receptors such as the NKGD2 stimulatory
receptor expressed on NK cells,”" or to TIM3 receptors expressed
mostly on CD8" T cells. Infection of lung epithelial cells with the
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Figure 2. Association between SARS-CoV-2 viral levels and gene expression of immune inhibitory receptors
Gene expression of immune inhibitory receptors was positively correlated with viral load as shown in (A)~(H) (n = 431 COVID-19 versus n = 54 controls, GEO: GSE152075). An
unpaired Student’s t test was used to compare between the independent groups (MRNA expression between different viral load groups). Results are presented as mean

(£SEM) of mRNA expression. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

pathogenic H5N1 strain enhanced the expression of CEACAMLI to a
much higher level compared to infection with the HINI strain.
Silencing of CEACAML in epithelial cells, however, was associated
with reduction in viral replication.92 Likewise, in our results, CEA-
CAM1 was the single signature upregulated in all viral respiratory in-
fections. Interestingly, its expression level mirrored the pathogenicity
of the associated viral infections, with the highest levels observed dur-
ing SARS-CoV-2, followed by SARS-CoV-1, IAV, and RSV. Treat-
ment of exhausted T cells with anti-hCEACAM1 antibody restored
their effector activity. This suggest that during chronic infection,
CEACAMI overexpression in CD8" T cells could exert inhibitory ef-
fect through acting as a ligand for TIM3 IRs.”

Little is known about the expression of IRs in immune cells other than
T cells and NK cells. In this study, we show an increase in myeloid-
related signatures, particularly in NPSs, PBMCs, and BALF cells.
The overexpression of IRs could, at least partially, explain the delayed
innate immune response and muted type I and IIl interferon signaling
during SARS-CoV-2 infection.®”>?*"> A large number of IRs were
upregulated on BALF macrophages compared to blood monocytes

(Figure 3). This includes LILRBs, SIGLECs, and SIRPA. LILRBI
was shared between both cell types but was 3-fold higher in BALF
compared to blood. This could reflect the expected higher viral levels
in BALF compared to blood. In fact, LILRBs were also broadly upre-
gulated in NPSs and whole blood cells. Interestingly, dengue virus, an
RNA virus, opposed the FcyR-dependent expression of type I inter-
feron in macrophages and dendritic cells by activating the LILRB1.”®
Moreover, RNA viruses induced SIGLEC10 (or SIGLEC-G in mice)
and inhibited innate immune responses by promoting RIG-1 degra-
dation.”” Therefore, the enhanced expression of LILRBs and SI-
GLEC10, observed in NPSs and BALF macrophages, could contribute
to the delayed interferon production and the resulting viral
persistence.

The myeloid SIRPA IR was also upregulated in NPSs, BALF macro-
phages, and blood cells. Among other viral infections, only SARS-
CoV-1 also induced the expression of this receptor. SIRPA induction
decreases macrophage phagocytic activity and cytokine secretion in
an IRF3-dependent manner.”®'*° Moreover, hepatitis E virus protein
ORF3 was shown to activate SIRPA expression, which in turn
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Figure 3. Single-cell expression of bronchoalveolar lavage and PBMC immune cells in patients with COVID-19

(A) and (B) present the bronchoalveolar lavage data (GEO: GSE145926), while (C) and (D) present the data from PBMCs (GEO: GSE149689). Single-cell RNA sequencing was
performed on bronchoalveolar lavage fluid (BALF) from 6 severe and 3 moderate COVID-19 patients and 3 healthy controls, and on PBMCs from 5 flu patients, 11 COVID-19
patients, and 4 healthy controls. (A) Expression of immune inhibitors in M1- and M2-like macrophage groups, which are enriched in severe COVID-19 patients. Fold changes
were generated for each group of macrophages relative to total macrophages. (B) Specific upregulation of KLRC1, CD244 (2B4), and PECAM in moderate CD8+ T cells,
while CTLA4, HAVCR2 (TIM3), and TIGIT were enhanced in CD8" T cells from severe COVID-19 patients. The fold change compares expression of IRs in CD8" T cells
between moderate and severe groups. (C) Differential expression of IRs on monocytes during severe and mild course of COVID-19 disease within the same patients (n = 1,
GEO: GSE149689). (D) Upregulation of HAVCR2 (TIM3) and CTLA4 in COVID-19-specific CD8* T cell cluster. None of the immune inhibitors appeared in IAV-specific

clusters.
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suppressed both IRF3 phosphorylation and type I IFN production.
Blockade of SIRPA restored phagocytosis in monocytes of critically ill
patients.'’” This suggests that SIRPA could constitute a potential
treatment target for severe respiratory infections such as COVID-19.

Blood expression levels of these myeloid-associated inhibitors were
also enhanced following infections with SARS-CoV1, IAV, and
RSV (Figure 4). Interestingly, the number and intensity of upregu-
lated IRs were higher in blood following SARS-CoV-2 infection
compared to other viral infections. Upregulation of SIGLEC IRs,
that is, SIGLEC5, SIGLECY, and SIGLEC11, was specific to SARS-
CoV-2 infection, hinting at a distinct interaction between this virus
and immune cells. Glycosylation mappings have revealed that unlike
SARS-CoV-1, SARS-CoV-2 has a sialic acid residue in its spike
glycans.'” Sialic acid recognizes CD33-related SIGLECs (hCD33rSi-
glecs), including SIGLEC3 and SIGLEC5-SIGLEC11, and it has intra-
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cellular domains with an inhibitory ITIM or ITIM-like motif. Further
investigations are needed to determine how the increase in expression
of these myeloid IRs could affect the course of SARS-CoV-2 viral
infection.

The increase in lymphoid immune IRs may contribute to the
observed lymphopenia and delayed immune response.”'**"'% The
upregulation of PD-1, CTLA4, BTLA, and LAG3 IRs observed in au-
topsies was also reflected in macrophages and CD8" T cells, the main
inflammatory cells isolated from BALF of severe COVID-19 patients.
LAGS3 is an immune checkpoint receptor expressed on T cells. Major
histocompatibility complex (MHC) class II is its main ligand to which
it binds with high affinity.'”” Similar to CTLA4 and PD-1, LAG3
negatively regulates cellular proliferation, activation, and homeostasis
of T cells.'”® % However, LAG3 is also considered as an activation
marker.''" It is upregulated transiently during both CD4 and CD$
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Figure 4. Expression of IRs during COVID-19 and other viral infections

Molecular Therapy: Methods & Clinical Development

B SARS-CoV-1
&
<,
e
Cél»
6 ey SIRPA
LILRB2
0 “| ures
% LILRBS
annnn® 1 s
LILRB4 H SIGLECS
: IGLE
3 SIGLECY
P— SIGLEC11
CLEC12A
SARS-CoV-2
SARS-CoV-1
1AV
RSV

0.0 0.5 1.0 1.5 2.0 25
Fold change

The number and intensity of IR upregulation is higher during COVID-19 compared to other respiratory viral infection. (A) Upregulation of immune inhibitory genes during
different respiratory infections. The difference in gene expression of IRs of case and controls is provided as fold change. (B) Intersection of upregulated immune inhibitory
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T cell activation, reaching the peak expression level at 48 h post-infec-
tion.'!! Therefore, the observed upregulation of LAG3 in NPSs could
be a negative feedback mechanism in response to immune activation,
while its enhanced expression in lung autopsies and macrophages
could most likely be due to terminal differentiation of these cells. Un-
derstanding the mechanism regulating these receptors, however, re-
quires further investigation.

Interestingly, the number and intensities of lymphoid IRs expressed
on viral-specific CD8 T cells were higher during COVID-19 disease
than other respiratory infections. TIM3 and CTLA4 were significantly
upregulated in COVID-19-specific, but not influenza-specific, CD8"
T cell (Figure 3D). This may explain the inefficient control of viral
replication during late stages of the disease. It also suggests that the
enhanced expression of lymphoid IRs observed in lung autopsies
could in part be attributed to the infiltrated T cells.

The enhanced expression of myeloid and lymphoid IRs could also be
induced directly by SARS-CoV-2 virus as an evasion mechanism.
Epigenetic modulation of immune regulatory genes has been reported
for other viral infections,''> and may constitute a mechanism of

SARS-CoV-2 immune evasion. Collective activation of these IRs
could suppress innate and adaptive immune responses, resulting in
a defect in viral clearance. Prolonged inflammation and viral antigen
presentation results in T cell exhaustion, which may shift the disease
toward the refractory phase.

Currently, three immune checkpoint inhibitors are approved for
treating different malignancies: CTLA4 (ipilimumab), PD-1 (pem-
brolizumab, nivolumab, cemiplimab), and programmed cell death
protein ligand-1 (PD-L1) (durvalumab, atezolizumab, avelumab) in-
hibitors.""” Less evidence is available about the safety and effective-
ness of these inhibitors for the treatment of infectious disorders.
Blocking LAG-3 and PD-1, which were upregulated during lympho-
cytic choriomeningitis virus (LCMV) infection, synergistically
improved T cell immune response and decreased viral load.” In addi-
tion, in two clinical trials of HIV-infected patients, inhibition of
CTLA4 (ipilimumab)'"* and PD-1 (nivolumab)''® enhanced HIV-
specific immunity. At present, there are no clinical data on the use
of checkpoint inhibitors for respiratory viral infections. However,
treatment with anti-PD-1 antibodies was shown to suppress the
elevated PD-1 high immune cells in the lungs of IAV-infected

116 Molecular Therapy: Methods & Clinical Development Vol. 20 March 2021



www.moleculartherapy.org

mice."'® Given that, reversing the activity one or more of these im-
mune inhibitors during the early and late phase of SARS-CoV-2
infection may constitute an effective therapeutic approach for the
treatment of COVID-19 viral infection.

Our study is limited in the fact that it is based on transcriptomic data
and mRNA levels of IRs and thus may or may not reflect changes in
protein expression. Therefore, confirmatory experiments are needed
to support our findings. Publicly available datasets have limited clin-
ical information as well, which limited our ability to normalize for
confounders. In addition, the clinical relevance of the observed differ-
ential gene expression levels requires further studies to confirm.

MATERIALS AND METHODS

For the purpose of this study we first established a list of 38 immune
IRs that are known to be expressed in different innate and adaptive
immune cells (Table 1). The receptors were broadly classified into
myeloid (monocytes, macrophages, granulocytes, and dendritic cells)
and lymphocyte (B cells, T cells, and NK cells) IRs, depending on the
cell type on which they are mostly expressed. The expression of these
receptors in the lungs and whole blood of COVID-19 patients was
then determined in silico using publicly available datasets. Transcrip-
tomic and single-cell datasets of NPSs, BALF (sorted macrophages
and CD8 T cells), lung autopsies, and whole blood of COVID-19 pa-
tients with different disease severity were used (Table 2). These data-
sets were publicly available at the National Center for Biotechnology
Information Gene Expression Omnibus (NCIB GEO, https://www.
ncbinlm.nih.gov/geo) and the European Bioinformatics Institute
(EMBL-EBI, https://www.ebi.ac.uk). Moreover, the expression of
IRs on PBMCs following COVID-19 infection was compared to
that following infection with three respiratory viruses: SARS-CoV-
1, IAV, and RSV. In addition, the levels of two T cell (CD25 and
CD69) and two macrophage immune activation markers (CD86
and HLA-DRA) were assessed within the same tissues.

RNA-seq platforms were used for COVID-19 studies, while micro-
array platforms were used for older datasets of SARS-CoV-1, IAV,
and RSV (Table 2). For the COVID-19 lung autopsies dataset
(GEO: GSE150316), the authors have extracted RNA from
formalin-fixed, paraffin-embedded (FFPE) tissues devoid of inflam-
mation area. A total of 16 lung autopsies were obtained from five
diseased COVID-19 patients, and 5 lung autopsies from five healthy
controls. For the NPSs dataset (GEO: GSE152075), Lieberman
et al.*® extracted the total RNA from 3 mL of swab transport me-
dium and then performed whole transcriptomic analysis. Quantita-
tive PCR for the SARS-CoV2 N protein was also performed. Based
on the threshold cycle (Ct) cutoff provided by the authors, we
grouped COVID-19 patients into high (N Ct < 19), middle (N Ct
19-24), and low (N Ct > 24) viral load. For the COVID-19
whole-blood transcriptomic dataset, we used processed sequencing
data deposited under project number EGAS00001004503."" In
this study, Aschenbrenner et al.''” extracted the RNA from whole
blood of 39 COVID-19 patients and 10 healthy controls and
analyzed it using NovaSeq 6000.

Transcriptomic datasets of PBMCs isolated from RSV- and IAV-in-
fected patients (GEO: GSE17156)"'® and from SARS-CoV-1-infected
patients (GEO: GSE17156)"" were analyzed. In both studies, PBMCs
were obtained during the peak of patients’ symptoms and processed
by the authors for RNA extraction and hybridization following the
Affymetrix protocol. After a quality check, we normalized and log
transformed the raw Affymetrix data. Microarray data (CEL files)
were pre-processed in our study with the robust multi-array average
(RMA) technique using R software.'*” The probe set with the largest
interquartile range (IQR) of expression values were selected to repre-
sent the gene. For RNA-seq studies, we processed the data using the
Bioconductor package limma-voom'”" and presented the results as
log, counts per million (log CPM). Log-transformed normalized in-
tensities were also used in linear models for microarray data (limma)
analyses to identify differentially expressed genes between diseased
and control groups.

Raw data from different studies were never mixed or combined. For
each study, the fold change was obtained separately by analyzing data
of diseased and controls. An unpaired Student’s t test'*” was used to
compare between the independent groups. Statistical analyses were
performed using R software (v3.0.2) and Prism (v8; GraphPad). For
all analyses, p values <0.05 were considered significant.

Single-cell RNA sequencing datasets were obtained from two studies.
The first was performed by Lee et al.'' on PBMCs from five flu pa-
tients, eight COVID-19 patients, and four healthy controls, and the
second was performed by Liao et al.'> on BALF from six severe
COVID-19 patients, three moderate COVID-19 patients, and three
healthy controls. The details of sample isolation, sequencing, and
data processing are available at NCBI GEO, and the studies protocols
have been published.'"'* Briefly, PBMCs (GEO: GSE149689) were
isolated from blood via standard Ficoll-Paque density gradient centri-
fugation. Single-cell RNA-seq libraries were generated by the investi-
gators using the Chromium Single Cell 3’ Library & Gel Bead Kit v3
(10x Genomics, Pleasanton, CA, USA). Libraries were constructed
and sequenced on the NovaSeq 6000 platform (Illumina, San Diego,
CA, USA). The investigators then compared the differential gene
expression of monocytes at early and late stages of the disease.
They also clustered CD8" T cells into different groups using a Seurat
graph-based algorithm. They identified the COVID-19- or IAV-spe-
cific CD8" T cluster based on its gene enrichment profile. We have
compared the differential expression of the IRs between these two
groups. For the BALF study (GEO: GSE145926), the investigators
passed the samples through a 100-um nylon strainer, the supernatant
was centrifuged, and the cells were re-suspended in cooled RPMI
1640 complete medium. Similarly, single-cell RNA-seq libraries
were generated using the Chromium Single Cell 5" Library & Gel
Bead Kit v3 (10x Genomics ). Samples were sequenced on a BGI MGI-
SEQ-2000 or Illumina platform. CellRanger (10x Genomics ) was
used to generate fastq files from the sequenced data, and the reads
were aligned to the human reference genome (GRCh38; 10x Cell-
Ranger reference GRCh38 v3.0.0). Further filtering and normaliza-
tion were performed using the Seurat R package.'>’ The investigators
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then used the model-based analysis of single-cell transcriptomics
(MAST) algorithm in Seurat v3 to identify differentially expressed
genes (DEGs) and to determine the fold changes. The investigators
clustered macrophages into four groups based on the expression of
the differentiation markers. Group one and two represented MI-
like macrophages, while group three represented M2-like macro-
phages. Fold changes were generated for each group of macrophages
relative to the total macrophage population. In addition, the differen-
tial gene expression of CD8™ T cells was compared between moderate
and severe groups.

SUPPLEMENTAL INFORMATION
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