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ABSTRACT

ABSTRACT

Dysfunctional immune response and hyper-inflammation with subsequent cytokine storm were
shown to play a key role in the development of severe and fatal forms of Coronavirus disease
2019 (COVID-19). This clinical condition suggests that an overactive innate immune response
may unleash virus-dependent immune pathology. Here, we described a novel mechanism of
SARS-CoV-2-dependent activation of dendritic cells (DCs), based on the recognition of
sequences of viral genomic ssRNA (SCV2-RNA) by endosomal pattern recognition receptors,
namely TLR7 and TLR8. Importantly, SCV2-RNA recapitulated potent lung inflammation in vivo
as shown by accumulation of proinflammatory mediators and immune cell infiltration; and

induced a strong release of pro-inflammatory cytokines and Th1 polarization in vitro.

Tanimilast is a novel and selective inhaled inhibitor of phosphodiesterases 4 that is in advanced
clinical development for the treatment of chronic obstructive pulmonary disease and could prove
beneficial in severe COVID-19 pneumonia. In our experimental setting, the potent activation of
DCs by SCV2-RNA was severely blunted by Tanimilast, which decreased the release of pro-
inflammatory cytokines (TNF-a and IL-6), chemokines (CCL3, CXCL9, and CXCL10) and of
Th1-polarizing cytokines (IL-12, type | IFNs). However, Tanimilast did not impair the acquisition
of the maturation markers CD83, CD86, HLA-DR and CCRY7. Consistent with this, Tanimilast did
not reduce the capability of activated DCs to activate CD4" T cells but skewed their polarization
towards a Th2 phenotype. In addition, Tanimilast blocked the increase of HLA class | molecules
and restrained the proliferation and activation of cytotoxic CD8* T cells accordingly. The
immune-modulatory effects of Tanimilast were further demonstrated by its capacity to enhance
cAMP-dependent immunosuppressive molecules such as IDO1, TSP1, VEGFA and
Amphiregulin in LPS-stimulated DCs. These cells also strongly upregulated CD141 and

displayed increased uptake of dead cells.

Altogether, our results indicate that Tanimilast induce mature DCs to acquire
immunomodulatory properties as well as a distinct semi-mature phenotype, associated with the
prominent expression of CD141, thus proposing Tanimilast as a promising immunomodulatory
drug for the treatment in inflammatory or immune-mediated diseases, possibly including severe
COVID-19 pneumonia.
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INTRODUCTION

INTRODUCTION
1. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection

1.1 Overview of SARS-CoV-2 infection

SARS-CoV-2 is enveloped, positive-sense, ssRNA virus, belonging the subfamily Coronavirinae
in the family Coronaviridae of the order Nidovirales (1). It was first identified as the causative
pathogen of the pneumonia outbreak in Wuhan China in December 2019. World Health
Organization (WHO) designated COVID-19 as SARS-CoV-2 infection and later announced the
pandemic in March 2020. As of now, COVID-19 has spread over 200 countries with more than
200 million infected cases and 5 million deaths, making it become one of the deadliest diseases
of our time. Indeed, SARS-CoV-2 is highly contagious due to its easy and rapid modes of
transmission through fomites and droplets during a close contact with an infected person (2)
(Figure 1). Other transmission occurs via aerosols and possibly fecal-oral route, and mother to
child. The incubation period of COVID-19 is rather large ranging from 2 to 14 days. However,
longer incubation time up to 21 days was also reported (3). Much of evidence revealed that
nearly half of SARS-CoV-2 infection was alternatively caused by asymptomatic persons who
can transmit the virus for an extended period, even more than 14 days (4,5). In addition, the
high mutagenic capacity renders SARS-CoV-2 more infectious and virulent to the host and

attributes to the continual outbreaks in many countries.
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Figure 1. Proposed SARS-CoV-2 transmission routes (2)
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Clinical presentation

The clinical presentation of COVID-19 is widely varied ranging from non to life threatening
conditions (2) (Figure 2). The most common manifestations are fever, fatigue, and dry cough.
Less common symptoms comprise headache, diarrhea, anorexia, sore throat, chest pain, chills,
nausea, and vomiting. With the lung being the preferential target of the virus, the majority of
patients show bilateral pneumonia on admission to healthcare facilities. Among them, one fifth
will progress to acute lung injury (ALI) or acute respiratory distress syndrome (ARDS) which
requires critical care and ventilation support. In a subgroup of patients, COVID-19 also presents
severe extrapulmonary symptoms such as disseminated thrombosis, neurological disorders, or
multiple organ dysfunction (6). In general, all ages are susceptible to SARS-CoV-2 infection.
However, males aged above 60 with co-morbidities are prone to severe forms and worse
outcomes compared to young people and children (7). Pregnant women are classified in

moderate risk group as a precaution.
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Figure 2. Clinical Symptoms of Coronavirus Infectious Disease 2019 (COVID-19) (2)
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In the past year, myriad pharmacological candidates spanning from the known antiviral drugs to
immunomodulatory agents have been put forward into clinical trials (8). Nevertheless, there are
not yet therapies proven effective for the management of COVID-19. Therefore, preventive
measures such as active testing, containment of infected individuals, social distancing and
sanitation have been strictly implemented in the communities to restrict the spread of SARS-
CoV-2 infection (9). In parallel, immunization campaigns have been globally launched since the
approval of the first vaccine in December 2020. Today, more than 7.8 billion shots have been
given around the world and half of the population was reported to receive the first dose.
However, unequal vaccine distribution, vaccine hesitancy and refusal together with the
emergence of new variants are formidable hurdles to achieve the high coverage of COVID-19

vaccines (9,10).

1.2 Pathogenesis of SARS-CoV-2 infection
SARS-CoV-2 entry and tropism

SARS-CoV-2 invades the host cells by binding its Spike proteins to the membrane bound form
of angiotensin-converting enzyme (ACE)-2 which is abundantly expressed on nasal epithelial
cells, tracheal and bronchial epithelia and alveolar epithelia (11,12). Hence, the respiratory tract
is considered as the main viral reservoir and spread. The high expression of ACE-2 on
endothelial cells, kidney, gastrointestinal tracts, especially the brush border of intestinal
enterocyte also predispose these locations to become potential sites of infection, thus
explaining for the involvement of multiple organs reported in many cases (13). Alternative
receptors such as neuropilin (NRP)-1, dendritic cell-specific intercellular adhesion molecule-3-
grabbing non-integrin (DC-SIGN), homolog dendritic cell-specific intercellular adhesion
molecule-3-grabbing non-integrin related (L-SIGN), and macrophage galactose-type lectin
(MGL) were also found facilitating the entry of SARS-CoV-2 (14-16). To access to the cytosol,
SARS-CoV-2 employs the host serin protease TMPRSS2 to cleave the Spike proteins into two
fragments of binding domains S1 and S2, enabling the membrane fusion and host cell
penetration. Once inside the cells, SARS-CoV-2 exposes its genetic materials and starts the
replication process. Viral particles by cellular exocytosis are exported to the extracellular space
and efficiently spread along with the airway to lower part of the respiratory tract (Figure 3) (17).
Concurrently, host cells are induced to apoptosis or pyroptosis when they fail to maintain proper
cellular homeostasis. Importantly, the massive cytopathic effects induced by SARS-CoV-2

infection were shown to contribute to focal lung injuries (12,18). Additionally, the disruption of
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bradykinin degradation by SARS-CoV-2-mediated downregulation of ACE-2 in the lung may

lead to local angioedema, worsening the outcomes of COVID-19 pneumonia (19).
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Figure 3. SARS-CoV-2: mechanism of entry, replication, and dissemination (17). (A) Entry and replication of SARS-

CoV-2 inside the host cells. (B) Viremia and dissemination into body organs.
Clinical course of disease

The course of COVID-19 has been proposed to undergo three stages, corresponding to the
increasing severity of the disease (Figure 4) (20). Stage | is characterized by non-specific or
mild manifestations, occurring from the initial entry to the establishment of the viruses in the
host. Simultaneously, infected cells trigger the signal of innate immunity through various pattern
recognition receptors (PRRs) and damage-associated molecular patterns (DAMPs), promoting
the production of type | interferons (IFNs) and the activation of adaptive immunity to halt the
infection (21). At this stage, the infection is limited to the upper and conducting airway and can
be detected with nasal swab. However, around 20% of the infected cases will progress to stage
Il featuring viral pneumonia and/or hypoxia. The infection is further spread to alveolar epithelial
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cells, particularly type Il pneumonocytes, an essential component for surfactant synthesis and
secretion (22). Damaging type Il pneumocytes by SARS-CoV-2 leads to lung collapse and
irreversible long-term complications. Clinically, chest imaging presents bilateral infiltrates or
ground glass opacity. Lymphopenia, along with high level of inflammatory markers are notable
in this stage (23). Finally, the third stage is associated with the status of hyperinflammation
followed by exuberant cytokine production and excessive tissue damage. Accordingly, patients
develop detrimental conditions such as ARDS and multiple organ disorders. Histopathology in
the lung revealed three types of injuries including diffuse alveolar damage during ARDS, diffuse
thrombotic alveolar microvascular occlusion, and inflammatory mediator-associated airway
inflammation (24,25). These injuries impair alveolar gas exchange and oxygenation, respiratory

acidosis base balance, resulting in permanent lung lesions or death due to respiratory failure.
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Figure 4. Classification of COVID-19 disease states and potential therapeutic targets (20)

1.3 Immunopathology of SARS-CoV-2 infection

A growing body of evidence have suggested that the host immune responses determine the
grade as well as phenotypes of the disease. Immune dysregulations comprising aberrant type |
IFNs production, cytopenia, overactivation or exhaustion of immune cells, hypercytokinemia and

increased antibodies were extensively reported in severe and critical cases (Figure 5) (26).
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Figure 5. The immunopathology of COVID-19 (26)

Defective type | IFN production

Type | IFNs are produced after viral infection, resulting from the activation of TLR7/8 signaling,
RIG-I, and MDAS5 pathway in innate immune cells. These cytokines exhibit anti-viral properties
by stimulating various interferon stimulated genes (ISGs), thus preventing viral replication within
the cells (27). Indeed, patients with inborn errors of type | responses was associated with
unfavorable outcomes (28,29). In COVID-19, the dynamics of type | IFNs response was found
to reflect the severity of the disease. Indeed, a strong and early type | IFNs response associated
with effective viral clearance and antiviral response was observed in mild cases. (30).
Conversely, there was a lack of this type of cytokines at early phase in severe cases, but a
delayed induction in later phase which coincided with hyperinflammatory status of the disease
(31). Single-cell RNA analysis on human PBMCs of severe COVID-19 revealed that the
upregulation of type | IFNs activities together with TNF/IL-18 signaling further aggravated the
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intense inflammatory responses (32). Nonetheless, type | IFN response critically depends on
the host immune response as the level of these cytokines were also undetectable in some
cases of mild or severe presentations (32,33). It was shown that SARS-CoV-2 employed some
evasion mechanisms to antagonize the activation of IRF3 by mediating the PRR signaling,
thereby repressing the binding of this transcription factor to the promoter of IFN-B (34). In
addition, SARS-CoV-2 expresses restriction factors of type | IFN such as NPS1 and ORF3a that

can suppress IFN gene expression and BST-2 inhibition of viral release (35).
Abnormalities of immune cells

Lymphopenia is a key immunological disorder in severe COVID-19. The low proportion of
lymphocytes (T cells, B cells and NK cells) has been shown to be a reliable predictor of disease
prognosis, strongly correlated with the severity and mortality rates (23). Tan et al suggested that
patients that have the percentage of lymphocytes lower than 20% can be classified as severe
type. Lower than 5% is associated with high mortality rate and requires critical intervention. So
far, some hypotheses have been proposed according to clinical observations. The increase
level of p53, a key pro-apoptotic gene, in PBMC of COVID-19 patients implied that SARS-CoV-2
infected lymphocytes can undergo apoptotic process (36). Moreover, the elevation of the
downstream signaling of pyroptosis IL-1B can partly explain for the loss of lymphocytes after
infection (37). Many studies also confirmed that high level of pro-inflammatory cytokines could
induce lymphocyte deficiency by repressing the development of hematopoietic precursors as
well as CD4* CD8" thymocytes (38). Lastly, the infiltration of abundant immune cells into the
infected area observed in postmortem studies can account for low number of lymphocytes in the
peripheral blood. Indeed, numerous studies certified the infiltration of both CD4* and CD8* T

cells in the lung parenchyma with a predominance of CD4* T cells (39-41).

Besides lymphopenia, SARS-CoV-2 infection disturbed other components of the immune
branch. A significant reduction of eosinophils, basophils, dendritic cells, and monocytes were
also reported in severe cases. In contrast, neutrophils and especially the neutrophils to
lymphocyte ratio (NLR), an independent risk factor for severe disease and organ failure (42),
were higher in severe COVID-19 compared to mild patients or healthy donors. Altogether,
SARS-CoV-2 infection leads to major immunological perturbations which may be useful for

patient stratification and management.

Lymphocyte overactivation and dysfunction
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The patterns of lymphocyte activities are diverse depending on the course of the iliness. Indeed,
patients with severe clinical presentation display either marked lymphocyte activation or
exhaustion. Phenotyping analysis on PBMCs revealed high profile of T cell activation markers
such as HLA-DR and CD38 (43). By contrast, upregulation of PD-1 and CD244, together with
decreased serum of perforin and granzyme A, signifying an exhausted state of cytotoxic
lymphocytes were also observed in severe COVID-19 (44,45). Other than that, T cell
compartment such as effector cells during SARS-CoV-2 infection was strikingly altered.
Increasing evidence have highlighted the involvement of excessiveTh-1/Th-17 responses during
SARS-CoV-2 infection (31,46—49). Particularly, the Th-17 effector cells have emerged as a
critical factor in promoting exacerbations of the disease (47,50). On the other hand, some
studies revealed a subgroup of severe patients presented the Th-2 signature in parallel with
eosinophilia in the inflamed area of the lung (51-53). Nevertheless, several reports show that
SARS-CoV-2 specific Th cells do not express Th-2 traits (54-56). Postmortem studies reveal
that an immune profile defined by ISG expression and viral load, with limited lung damage can
precede a stage with low ISG, low viral load and abundant infiltration of activated CD8" T cells
(57). In addition, Kang and colleagues also observe a continual proliferation and overactivation
of CD8" T cells in severe cases at later stage; and such a prolonged response may contribute to
disease aggravation in COVID-19 (49). Despite the fact that cytotoxic CD8* T cells are critical in
eradicating the viruses, excessive response can induce diffuse lung damage which is more

lethal than viral replication (58-60).
Hypercytokinemia

The elevation of multiple pro-inflammatory mediators defined as cytokine storm is prominent
event in the pathology of the disease (61). In COVID-19, robust production of cytokines may
lead to endothelial dysfunction, vascular damage, metabolism disorders and consequently
multiple organ failure (62). The level of IL-18, IL-6, TNF-a, CXCL-10 is highly elevated
compared to other pro-inflammatory mediators and correlated with the severity and mortality
rate of the disease (63—65). Particularly, the increase of acute inflammatory cytokines IL-1p and
TNF-a along with chemokines retain a sustained level of IL-6. Additionally, SARS-CoV-2
mediated ACE-2 downregulation may promote IL-6 production via the accumulation of
Angiotensin Il (66). IL-6 by forming with its receptors induces the activation of cytokine mediated
JAK/STATS3 pathway following gp30 binding, thus perpetuating the inflammatory state (67). Of
note, gp30 is widely expressed both in immune and non-immune cells. IL-6 together with other

mediators recruit granulocytes and lymphocytes to the site of infection where these cells secrete
12
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their bio-active molecules, further amplifying the inflammatory response and damaging the lung
parenchyma (68). In addition, the high and continual level of IL-6 production is also involved in
the induction of pathogenic Th-17 cells and its cytokines IL-17A which can aggravate the lung
injuries via the recruitment of neutrophils (69). Taken together, targeting the amplifier IL-6 could

present therapeutic potentials to dampen the hyperinflammatory phase.
Increased antibodies

Cumulative studies proposed the titer of antibodies as a complementary marker to classify
severe and non-severe cases (70). It was shown that convalescent patients displayed a low
level of neutralizing antibodies (NABs) with delayed seroconversion whereas critically ill patients
developed high level of IgG antibodies against receptor binding domain (RBD) and spike
proteins (71). In particular, there was a shifted induction toward spike specific IgG3 antibodies, a
subclass endowed with potent pro-inflammatory and linked to disease severity (72).
Interestingly, the seroconversion in hospitalized patients was faster by 4 days in compared to
the median time (73). In some particular conditions, depending on the antibody level and spatial
proximity of cells, a subclass of antibodies against the receptor binding motif may facilitate
cellular fusion with ACE2- cells, thus enhancing the spread of infection at later stage of the
disease (16). These observations could result from the hyperinflammation by the host or

massive viral replication which trigger increased antigen presentation and humoral responses.

2. Dendritic cells

2.1 Overview of dendritic cells

Dendritic cells were first discovered by Ralph Steinman in 1973 and acquired the name due to
their peculiar shape of long membranous projections which resemble the dendrites of nerve
cells (74) (Figure 6). DCs represent a specialized population of antigen presenting cells, serving
as sentinels of innate immunity and key initiators of adaptive immune responses. They reside in
blood, non-lymphoid and lymphoid tissues with a unique role in the immune system owing to
their capacity to direct T cell responses against numerous pathogens and foreign antigens (75).
In addition, they are pivotal cellular components that efficiently maintain a delicate balance

between protective immunity and self-tolerance (76).
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Figure 6. Photomicrograph of DCs stained with May-Grunwald Giemsa. DCs were found displaying typical

morphology with long cytoplasmic projections (black arrows) at magnification 400x (74).
Ontogeny of DCs

In general, DCs are a diverse group of cells originated from both myeloid and lymphoid lineage
of bone marrow-derived hematopoietic stem cells. Their development and expansion from bone
marrow precursors critically depend on a network of transcription factors that facilitate lympho-
myeloid differentiation including GATA2, PU.1, GFI1, IKZF1 and IRF8 (77,78) (Figure 7). During
early stages of DC development, progenitors express high levels of I[rf8 with equal
developmental potential towards all DC subsets. A key axis in regulating the balance of pDC
and myeloid cDC development is the antagonism between ID2, an inhibitor of DNA binding, and
the TF E2-2 (also known as Tcf4). E2-2 is a lineage-determining factor for pDC that is
negatively regulated by ID2. Several TFs have been found to impact the relative production of
pDCs and cDCs, through interaction with the E2-2 axis. The ETO family protein MTG16 and the
TF ZEB2 are reported to repress ID2, thereby increasing pDC development. NFIL3 acts to
reduce pDC in favour of cDC1 population (77). Exogenous growth factors GM-CSF (acting
through STATS5) and FIt3L (acting through STAT3) respectively inhibit or enhance pDC
development by modulating the expression of ID2 and E2-2. In humans, heterozygous mutation
or loss of E2-2 causes Pitt-Hopkins syndrome in which mature interferon-a (IFN-a)-secreting
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pDC are reduced in number (79). With respect to cDCs, cDC1 development is dependent upon
GATAZ2, PU.1, GFI1, ID2, IRF8 and BATF3. IKZ1 deficiency in humans ablates pDCs but results
in an increase of cDC1. IRF8 acts to preserve DC potential at several points in hematopoiesis
by direct or indirect competition with a series of TFs that promote other lineages. In particular,
IRF8 limits CEBPA-mediated granulocytic differentiation; with PU.1 interacts with KLF4 to
modulate the balance to monocyte differentiation; it competes with IRF4 to control cDC1/cDC2

output; a BATF3 “switch” ensures that unopposed IRF8 maintains cDC1 maturation (79,80).

: 2 s
= 1d2 ‘|'J>E2_2 @,H?atf?o NAl3 ”'_,-"' y Lz
W > | pre-cDC1 | ‘::Zhﬂ:
B __.-"" “"'--.,‘ %\_J‘L‘? .
/e (¢ GRS o )

Figure 7. Transcriptional development of DCs (77).

DC subsets

DCs are classified into two major populations including conventional DCs (cDCs) and
plasmacytoid DCs (pDCs) (81) (Table1). Based on the ontogeny, cDCs can be subdivided into
two groups comprising cDC1 and cDC2. Both subsets display similar capacity to activate CD4*
T cells and being distributed widely in lymphoid, non-lymphoid tissues and blood. However,
cDC1 cells constitute only 0.1% of peripheral blood mononuclear cells (79).

cDC1, known as CD141*/BDCA3* DCs are recognized as a subset with high expression of

TLR3, XCR1 and Clec9A denoting their superior cross-presenting capacity, which underlines
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their important role in driving anti-viral and anti-tumoral activities (82). In addition, they represent
an abundant source of IL-12, CXCL10, IFN-B and IFN-A in response to the agonist of TLR3
(Poly 1:C) (83,84). Depending on the location and stimuli, they exhibit remarkable plasticity in
orientating the development of naive CD4* T cells towards distinct phenotypes (Th1, Th2 and

regulatory T cells or Tregs) (83,85,86).

cDC2 cells expresses the canonical marker CD1c or BDCA1. They are endowed with good T
cell stimulating ability but less efficient in cross-presentation compared to cDC1 cells. They
respond to a variety of stimuli and secrete a broad panel of proinflammatory cytokines and
chemokines such as IL-1f3, IL-6, IL-12, TNF-a, CXCL8, CCL3, CCL4, CCL5 and CXCL-10
(83,84). Besides being a potent Th1 stimulator, cDC2 present higher levels of IL-23 mRNA than
¢DC1 and induce Th-17 polarization upon A. fumigatus challenge (87).

Interestingly, DCs can be generated from monocytes, a class of circulating blood leukocytes,
under inflammatory conditions (88). These cells, referred as monocyte-derived DCs (moDCs) or
inflammatory DCs, were believed to be a counterpart of cDC2 subset due to their phenotypic
and functional similarities (89). To date, the ease of in vitro moDC generation by culturing
CD14* cells with IL-4 and GM-CFS facilitates moDCs as predominant source of DCs for in vitro

studies.

pDCs are distinguished from cDCs by positive makers of CD123 and BDCA2 and especially
their prominent role in the production of type | interferons (IFNs) which is endowed with antiviral
properties. Thus pDCs play a critical role in the early phase of viral infection (90). Moreover,
they are spherical in shape in the steady state and undergo morphological changes to dendritic
form following activation. However, their T cell polarizing capacity is varying and probably

context-dependent (79).
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Unified classification Differential TFs Conventional markers Extended markers Notes
Plasmacytoid DC E2-2 CD123, FCER1 DC6 [9]
ZEB2 CD303/CLEC4C/BDCA-2 ILT3, ILT7
IRF8 CD304/NRP1/BDCA-4 DRa
IRF4
Myeloid ¢DC1 D2 CD141/BDCA-1 CLEC9A DCI [9]
IRF8 CADM1 No antibody for XCR1 in human
BATF3 XCR1
BTLA
CD26
DNAM-1/CD226
Myeloid <DC2 ID2 CD1¢/BDCA-1 CcD2 DC2/DC3 [9]
ZEB2 CD1lc FCER1 DCIR clone specific [26]
IRF4 CD11b SIRPA
Notch2/KLF4 ILT1
DCIR/CLEC4A
CLEC10A
Langerhans cell ID2 CD207 EpCAM
RUNX3 CDla TROP2
E-Cadherin
Pre-DC ZEB2 CD123, CD303 AXL DCs5 ‘AS’ DC [9]
IRF4 SIGLEC 6
KLF4 CX3CRI1

CD169 (SIGLEC 1)
CD22 (SIGLEC 2)
CD33 (SIGLEC 3)

Mo-DC MAFB CD11e SIRPA
KLF4 CD1¢/BDCA-1 S100A8/A9
CDla CD206
DC-SIGN/CD209
Non-classical monocyte CDl16 DC4 [9]
CX3CR1 SLAN DC?
+/-SLAN

<DC, conventional DC; DC, dendritic cell; Mo-DC, monocyte-derived DC; pDC, plasmacytoid DC; TF, transcription factor. IRF4 and IRF8 are
highlighted in bold.

Table 1. Human dendritic cell subset characterization (79).

2.2 Pathogen recognition

DCs detect pathogens via distinct sets of pattern recognition receptors (PRRs) such as Toll-like
receptors (TLRs), Retinoic acid inducible gene-l like receptors (RLRs), Nod-like receptors
(NLRs), and C-type lectin receptors (CLRs) (91). PRRs recognize pathogen-associated
molecular patterns (PAMPs) which are derived from invading microorganisms, and damage-
associated molecular patterns (DAMPs) released from host cell damage (91). Among PRRs,
TLRs are the family receptor being extensively investigated and well-characterized in DCs. As
of now, there are ten TLRs in human which are either bound to the cell surface membrane or
distributed in the intracellular compartments (e.g., endoplasmic reticulum, endosome, lysosome
or endolysosome). TLR1, 2, 4, 5, 6 and 10 are categorized as cell membrane TLRs responsible
for the recognition of microbial membrane components such as flagellin, liposaccharide (LPS),
etc. TLR3, 7, 8 and 9 are sensors of nucleic acid fragments, termed as intracellular TLRs (92)
(Figure 8). TLR3 and TLR7/TLRS8 respond to dsRNA and ssRNA, respectively, while TLR9 to
single-strand DNA (ssDNA). TLR7 preferentially recognizes guanosine (G) and short uridine
(U)-containing ssRNA, such as the UU motif (93), while TLR8 recognizes U and ssRNA (94).
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TLRs are type | transmembrane proteins containing an ectodomain with leucine-rich repeats
(LRRs), a transmembrane domain, and a cytoplasmic Toll/IL-1 receptor (TIR) domain involving
in the initiation of downstream signaling. The engagement of the ectodomains with respective
ligands trigger the recruitment of TIR domain-containing adaptor proteins such as MyD88, TRIF,
TIRAP/MAL, TRAM and SARM, resulting in the activation of transcriptional factors (TFs) such
as NF-kB, IRF3 or IRF7 (Figure 8). While NF-kB is known to regulate the production of pro-
inflammatory mediators, IRF3 and IRF7 promote the induction of type | IFNs (Figure 7). All
TLRs was shown to utilize MyD88 signaling except TLR3 whereas TRIF pathway is employed
by both TLR3 and TLR4. Distinct from other TLRs, TLR4 with its ligand LPS lead to the
activation of TIRAP-MyD88 and TRAM-TRIF pathways. SARM negatively regulates TRIF, thus
playing a role in controlling TLR3 and 4 signaling (95). Among TLRs, TLR7 and 8 are crucial for
the detection as well as the activation of immune responses against ssRNA virus infection such
as influenza virus and coronaviruses. MyD88 signaling cascade is essential for these two
receptors and associated with the activation of NF-«kB and MAPK and production of
inflammatory cytokines such as TNF-a, IL-6 and IL-12 at one side, and activation of IRFs
(especially IRF5 and IRF7) and type | IFNs at the other (70).

Within DC subsets, cDC1 possess high transcript levels of TLR1, 2, 3, 6, 8, and 10 but lacked
expression of TLR4, 5, 7, and 9. cDC2 share similar profile but also express TLR 4, 5 and 7.
While TLR repertoire of moDCs resembles that of cDC2 with lesser expression in TLR3, 6 and
10, pDCs predominantly express TLR7 and 9 (92). The preferential expression of TLRs in
distinct DC subsets may reflect their differential functions. For example, TLR7 expression by
pDCs is crucial to mount a rapid and effective antiviral immune response, as recently
demonstrated by severe COVID-19 in patients with loss-of-function TLR7 variants (96). By
contrast, TLR8 sustains the production of proinflammatory cytokines. Indeed, recent studies
highlighted that TLR7 and TLR8 may activate different downstream pathways in different cell
types.
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Figure 8. Mammalian TLR localization and signaling pathways (97).

2.3 Dendritic cell activation and functions

Upon receiving activating signals from a variety of inputs (PAMPs, DAMPs, inflammatory
cytokines, etc.), DCs undergo a maturation process characterized by major phenotypic and
functional alterations, as shown by the upregulation of antigen presentation (MHCI and Il) and
costimulatory molecules (CD80, CD83 and CD86), the release of pro-inflammatory
cytokines/chemokines as well as the loss of endocytic and phagocytic abilities (98). Along with
these changes, DCs migrate to secondary lymphoid organs where they present processed
antigens to T cells and subsequently induce T cell responses against specific pathogens. Of
note, the mobilization of DCs is mediated by the chemokine receptor CCR7 which is highly
upregulated during maturation. At the lymph nodes, DCs present short peptides derived from
antigens to CD4" and CD8" T cells via MHC-II and | molecules, respectively (99) (Figure 9). Of
note, MHC-II binds to peptides originated from exogenous antigens whereas MHC-| makes a

complex with endogenous peptides. Besides the prominent role in priming T cells, DCs also
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amplify the inflammation though the secretion of pro-inflammatory products such as TNF-q, IL-
1B, IL-6, IL-8, IL-12, etc.
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Figure 9. Dendritic cell activation of T cells (99).
Role of DCs in CD4* T cell activation

The activation of naive CD4* T cells is initiated via the engagement of T cell receptor (TCR) with
antigen-MHCII complexes presented by DCs, resulting in an immune response specific to
particular antigens. In addition to antigen recognition, T cells require second signal from
costimulatory molecules CD80/CD6 of DCs to switch on the cascades of signaling essential for
T cell proliferation and differentiation. The lack of co-stimulation was shown to induce T cells
into a prolonged hyporesponsive state called anergy (100). Thus, this signal is prerequisite to
determine the fate of T cells whether being in activation or anergy following antigen encounter.
Finally, DCs-derived cytokines represent the third signal responsible for the orientation of T cell
development towards distinct effector lineages such as Th1, Th2 and Th17 (101) (Figure 10). IL-
12 is well-known for the differentiation of IFN-y producing T cells or Th1 cells, a subset that
confers protection against intracellular pathogens and tumors. T cells activated in the presence
of IL-4 develop into Th2 cells which release type 2 cytokines (IL-4, IL-5 and IL-13) to mediate
parasite expulsion and tissue repair. IL-1, IL-6 and IL-23 together with TGF-3 are essential for
Th17 polarization. Th17 cells and their related cytokines (IL-17, IL-21 and IL-22) are known to
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combat extracellular agents and also implicated in many autoimmune diseases and chronic

inflammation (102).

(A) Bacteria and viruses (B) Helminth () Bacteria and fungi (D) Bacteria and parasites
e.g., Candida albicans e.g., Bordetella pertussis
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Figure 10. Pathogens direct the induction of Th cell subtypes via distinct effects on innate immune cells (102).

Role of DCs in CD8* T cell activation

CD8" T cells, when activated, differentiate into cytotoxic T cells (CTLs) and acquire potent lytic
machinery containing cytotoxic granules (perforin and granzymes) to kill target cells. In addition,
CTLs also produce IFN-y and utilize Fas/Fasl pathway as additional mechanisms to control
target cells (103). The activation and expansion of CD8* T cells also require two signals
including the antigen recognition via MHC class | presentation and the ligation of costimulatory
molecules. In addition, IL-12 as the third signal is critical to the acquisition of effector functions
both in vitro and in vivo studies (104,105). Indeed, the absence of IL-12 was shown to render
CD8* T cells either tolerogenic or noncytolytic. Interestingly, some DCs such as cDC1 are able
to phagocytose dead cells and present processed antigen derived from these cells to naive
CD8* T cells via MHC | (83). This mechanism, known as cross-presentation, is crucial for naive
CD8* T cell activation, particularly in the case of viral infections. It was shown that CD4* T cells
may be needed in multiple stages of CD8" T cell response (106) as they can provide essential
cytokines such as IL-2, IL-12 and IL-21 which play a role in the generation of CTLs and memory
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cells. In addition, DCs activated by CD4* T cells through CD40-CD40L ligation transfer help
signals to CD8" T cells via CD70-CD27 pathway, thus enhancing CD8" T cell differentiation and
secondary expansion upon re-stimulation (107). However, various in vivo studies have revealed
that CD8" T cells require little or no assistance from CD4" T cells (108,109), especially in the
case of potent infectious pathogens which can elicit strongly activated DCs, consequently
bypass the need of CD4* T cells (110). It is likely that CD4* T cells are important in the induction

of memory cells rather than that of effector cells.

2.4 Dendritic cells in immune tolerance

DCs represent a paramount checkpoint of the immune system, being immunogenic to activate
adaptive immunity upon pathogen encounter while serving as an active inducer of tolerance in
peripheral tissue at steady state (76). DCs promote immune tolerance by mainly targeting T
lymphocyte population via clonal deletion of reactive T cells in the thymus (central tolerance)
(111), generation of regulatory T cells (Tregs) and induction of T cell anergy or deletion in the
periphery (peripheral tolerance) (112), thus maintaining proper homeostasis as well as
preventing autoimmune response and transplantation rejection. In the periphery, DCs actively
search and capture self-antigen or non-infectious proteins from the environment. Of note, the
source of antigens in the absence of inflammation is mostly apoptotic cells as a consequence of
physiologic tissue turnover (113). These DCs spontaneously migrate to the lymph nodes where
they perform antigen presentation and induce T cell apoptosis and anergy or convert naive T

cells into Treg phenotype (Figure 11).
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Figure 11. Induction of immune tolerance by DCs under steady-state conditions (114).
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Tolerogenic DCs (TolDCs) or Regulatory DCs (DCregs)

TolDCs or DCregs consist of immature DCs (iDCs) and those at different stages of maturation
state. Because iDCs themselves are tolerant inducers in the steady state, the suppression of
maturation can be considered as a strategy to render DCs tolerogenic (115). However, DCs with
phenotypic maturation but lacking the production of pro-inflammatory cytokines, referred as
semi-mature DCs, also fail to induce competent T cell immunity (116). Indeed, some subsets of
tissue resident DCs display immature phenotype under homeostatic conditions while the others
acquire semi-mature state under the influence of environmental cues (114,116,117). For
example, the tissue environment in the liver conditions DCs to express high levels of IDO, IL-27,
resulting in induction of Tregs or T cell anergy (118). Additionally, CCR9* pDCs as a resident
population in resting secondary lymphoid are inherently tolerogenic as they were shown to favor
Tregs differentiation and capable of suppressing acute graft-versus-host disease (119). Given
the important role of DCs in prevention of autoimmunity, DCs that can induce tolerance have
been actively investigated for their use in the treatment of immune dysregulation (114). Indeed,
the tolerogenic properties of DCs can be modulated by exposure to immunomodulatory agents
such as corticosteroids, calcineurin inhibitors, aspirin and so on, thereby lowering the
immunogenic capacity of activated DCs. These agents appear to fully suppress phenotypical
and functional DC maturation. Concomitantly, they are capable of promoting a tolerogenic
profile characterized by the upregulation of regulatory markers (e.g., PD-L1, ILT3, etc.) and
mediators (e.g., IL-10 and TGF-B), the induction of tryptophan metabolism known to suppress T
cell activation (IDO) as well as Tregs induced signaling pathway (ERK-RALDH, Wnt-B-catenin,
etc.) (120).

2.5 Role of DCs in SARS-CoV-2 infection.
DCs as targets of SARS-CoV-2

DCs are distributed throughout the lung parenchyma as well as in the epithelium of conducting
airways where they act as key sentinel cells (121). Given that DCs express a number of PRRs,
they can recognize viral components and subsequently mount adequate innate and adaptive
immunity to clear the infection. However, the role of DCs in SARS-CoV-2 infection remains to be
elucidated. Interstitial lung DCs and moDCs express a relative level of ACE2 (122,123), thus
allowing the penetration of SARS-CoV-2 into the cytosol of the cells (Figure 12) . Recent study
has uncovered the transmembrane protein CD147 as a novel receptor that facilitate viral entry
in DCs (124). Upon SARS-CoV-2 infections, moDCs upregulate the expression of Furin and
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DC-SIGN, more than 20 times in comparison to Calu-3 cells (123). Of note, the lectin receptor
DC-SIGN is associated with enhancement of SARS-CoV-1 and -2 infection while Furin is a host
protease essential for protein fusion. More interestingly, DCs may transmit the viruses to
permissive ACE2* cells via DC-SIGN or L-SIGN receptors (15,16). Yang et al showed that DCs
were susceptible to SARS-CoV-2 infection but did not support viral replication and generation,
therefore DCs can carry the viruses to the lymph nodes and infect the neighboring cells (123).
These proofs indicate that DCs may be not only target cells of SARS-CoV-2 but also play a role

in potentiating viral spreading.
The involvement of DCs in SARS-COV-2 infection

As mentioned in previous part, SARS-CoV-2 infection is characterized by pronounced reduction
of a broad range of immune cells in peripheral blood. Particularly, all subsets of circulating DCs
were shown significantly decreased in numbers, accompanied with functional impairments (125)
(Figure 12). However, there was a redistribution of circulating CD1c* DCs to the lung during
disease progression (126). On the contrary, CD141* DCs and pDCs were constantly low in both
compartments regardless of clinical status, even months after disease recovery (127). In
addition to this, the ratio between cDCs and pDCs (cDCs/pDCs) was largely increased in severe
cases compared to those with mild symptoms (128). Even though type | IFNs can be produced
by other cell types, human pDCs are well-known major source of this cytokine family due to their
constitutively high level of IRF7. Therefore, the loss of pDCs by SARS-CoV2 may account for
the diminution of type | IFN response as well as the defective innate immunity during early
phase of the infection. Indeed, the first round of type | IFN production that conferred protection
against coronavirus infection in murine was derived from pDCs (129). It was noted that one fifth
of COVID-19 patients with life-threatening conditions were deficient in type | IFN production.
Increasing pro-apoptotic cascade and decreasing viral sensing (DEAH-Box Helicase (DHX) 36
and TLR7, respectively) were presumably attributed to the suppression of pDC activation (130).
On the other hand, Yang et al suggested that SARS-CoV-2 may modulate DCs’ immunogenicity
by antagonizing the phosphorylation of STAT1. Moreover, these DCs expressed low levels of
maturation markers such as CD80, CD86 and HLA-DR thereby impairing antigen presentation,
as a consequence, decreasing T cell proliferation rate (123). Additionally, SARS-CoV-2
mediated TRAIL expression may partly contribute to the diminution of T cell subsets (51). It is
likely that DC dysfunctions is an important evasion mechanism of SARS-CoV-2 to restrain the
transition from innate to adaptive immune response, thus amplifying viral infection and

spreading. However, several postmortem studies revealed the infiltration of both CD4* and
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CD8* T cells in the lung parenchyma with a predominance of CD4" T cells (39-41). Importantly,
excessive Th1/Th17 responses together with continual CD8* T cell overactivation are
characteristics of severity in a subgroup of COVID-19 patients (31,46—49). Given that DCs
dictate the outcomes of T cell responses, these findings highlight the active role of DCs in
disease progression and intensity. In non-severe case with fast recovery, there was a numeric
reduction of CD16* CD14* monocytes from day 7 to 9, which may indicate the reflux of these
cells to the site of infection (131). Under inflammatory conditions, CD16" CD14" monocytes are
known to differentiate into inflammatory DC subset, a potent stimulator of T cell response.
Hence, these observations reinforce the involvement of DCs against SARS-CoV-2 infection

through different stages of the disease as well as their determinant role in disease outcomes.
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Figure 12. Overview of dendritic cell involvement in SARS-CoV-2 infection (130)

3. Phosphodiesterase (PDE) enzymes and inhibitors

3.1 Overview of PDE family and PDE4 enzymes
CAMP pathway

Cyclic adenosine monophosphate (cCAMP) is a ubiquitous second messenger that regulates a
plethora of cellular functions such as memory, metabolism, gene transcription, immune

responses and others (132). In the immune system, cAMP is a well-known regulator of both
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innate and adaptive immunity. The elevation of cAMP level was shown to have potent anti-
inflammatory effects as well as to facilitate the resolution of inflammation (132,133). Within the
cells, the concentration of cAMP is strictly regulated by two enzymes including adenyl cyclase
(AC) and phosphodiesterase (PDE) (Figure 13). While the generation of CAMP is induced by
AC, cAMP degradation is promoted by PDEs. Basal level of intracellular cAMP is rather low in
microliter range as cAMP s restricted in discrete microdomains containing AC and PDE (134).
Particularly, the activation of AC can elicit, at most, a transient increase of cAMP level due to a
compensatory degradation of PDE activity. Thus, the combination of cyclase activation and PDE
inhibition can produce synergistic effects to sustain a steady level of cAMP inside the cytosol
(135).

PDE inhibitors

\/ (e.g. apremilast)

ATP ———»» cAMP ——» AMP

'

Anti-inflammatory Gene Pro-inflammatory
pathways expression pathways

Figure 13. Homeostasis and downstream effects of cAMP signaling in immune cells (132).

PDE family

PDEs are a superfamily comprising 11 different iso-enzymes responsible for the hydrolysis of
cyclic nucleotides (cCAMP and cGMP) (Table 1), thereby preventing the diffusion of these cyclic
nucleotides to other compartments, and consequently compartmentalizing their signals to a
defined location (136,137). Indeed, each PDE isoform contains a conserved catalytic domain
associated with a regulatory N-terminus that direct single PDE to specific cellular and
subcellular localization. Conventionally, PDEs are divided into three groups according to the
substrate specificity: the cAMP-specific PDEs (PDE4, PDE7 and PDES8), the cGMP-specific
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PDEs (PDE5, PDE6 and PDE9) and dual cAMP/cGMP specific PDEs (PDE1, PDE2, PDES,
PDE10 and PDE11) (138). Interestingly, some dual-specific PDEs are involved in the crosstalk
between cAMP and cGMP signaling. It has been shown that the binding of cGMP to PDE2
increases the hydrolysis rate of cAMP by 10 times whereas cGMP restrains cAMP degradation
through the competitive interaction with PDE3 (139,140).

Family Km (umol/L): Primary tissue Examples of
(no. of genes) Characteristics cAMP; cGMP distribution inhibitors
PDEI (3) Ca?t/calmodulin-stimulated 1-30; 3 Heart, brain, lung, smooth muscle KS-505a

Vinpocetine
PDE2 (1) cGMP-stimulated 50; 50 Adrenal gland, heart, lung, liver, platelets EHNA (MEP-1)
PDE3 (2) ¢GMP-inhibited, cAMP-selective 0.2;: 0.3 Heart, lung, liver, platelets, adipose tissue, Cilostamide
immunocytes Enoxamone
Milrinone
Siguazodan
PDE4 (4) cAMP-specific, cGMP-insensitive  4; >3000 Sertoli cells, kidney, brain, liver, lung, CDP&40
immunocytes Rolipram
SB 207499
Tibenelast
PDES (1) cGMP-specific 150; 1 Lung, platelets, smooth muscle Dipyridamole
MY-5445
Sildenafil
Zaprinast
PDES6 (3) cGMP-specific 2000; 60 Photoreceptors Dipyridamole
Zaprinast
PDE7 (2) cAMP-specific, high-affinity 0.2; >1000  Skeletal muscle, heart, kidney, brain, Several in development
pancreas, T lymphocytes
PDES (2) cAMP-selective, IBMX insensitive  0.06; N/A  Testes, eye, liver, skeletal muscle, heart,  None selective
kidney, ovary, brain, T lymphocytes
PDE9 (1) cGMP-specific, IBMX insensitive  N/A; 0.17  Kidney, liver, lung, brain None selective
PDEI1O (1) cGMP-sensitive, cAMP-selective 0.05: 3.0 Testes, brain None selective
PDEL1 (1) cGMP-sensitive, dual specificity 0.7: 0.5 Skeletal muscle, prostate, kidney, liver, None selective

pituitary and salivary glands, testes

IBMX, 3-isobutyl-1-methylxanthine.
Table 2. Human cyclic nucleotide phosphodiesterase isozymes (135).
Type 4 PDE

Among eleven PDE iso-enzymes, PDE4 family is recognized as predominant cAMP-hydrolyzing
enzymes in the inflammatory and immune cells where they promotes the pro-inflammatory
activities by inducing cytokine and chemokines production, antibody IgE release and generation
of lipid mediators (141). In general, the PDE4 family consists of four subtypes which are
encoded by four paralog genes including PDE4A, PDE4B, PDE4C and PDE4D. Surprisingly,
PDEA4C is the only isoform being absent in inflammatory cells (138). The other three PDE4
isoforms are also detected in various tissues and particularly endowed with specific and
nonredundant roles in regulating different pro-inflammatory cellular functions. For instance,

studies in PDE4B or PDE4D knockout mice revealed distinct roles of these two isoforms in
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inducing cytokine production by LPS-stimulated monocytes and macrophages (142,143).
Additionally, in vitro experiments further confirmed the complementary but not redundant effects

of PDE4B and D on the recruitment of neutrophils to the site of infection in the lung (144).

With the broad immunomodulatory effects on a wide range of inflammatory cells and the high
levels of PDE4 detected in patients suffering from inflammatory diseases, targeting PDE4 by
specific inhibitors has been extensively studied and verified as an effective therapy in a number
of pathological conditions such as chronic obstructive pulmonary disease (COPD), psoriasis,

atopic dermatitis (AD), inflammatory bowel diseases (IBD) and rheumatic arthritis (RA) (145).

3.2 PDEA4 inhibition in inflammatory cells

Mode of action

The accumulation of intracellular cAMP following PDE4 inhibition leads to the activation of
multiple downstream pathways that are involved in the regulation of inflammatory process (145)
(Figure 14). Most prominent, protein kinase A (PKA) activation by cAMP induces the
phosphorylation of cAMP-responsive element binding protein (CREB) and activates the
activating transcription factor-1 (ATF-1), resulting in the production of anti-inflammatory
mediators. Moreover, PKA activation can interfere in the activity of nuclear factor kappa B (NF-
kB) by disrupting its interaction with CREB binding protein (CBP) or p300, consequently
repressing the expression of numerous pro-inflammatory cytokines. The inflammatory
responses were also lessened through the inhibition of B-cell lymphoma 6 protein (Bcl-6).
Alternatively, cAMP directly activate Epac1/2 signaling pathway, added to the mechanism of

cAMP-elevating effects on the regulation of inflammation and cell proliferation (146).
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Figure 14. Mode of PDE4 inhibition in the regulation of inflammatory responses (145).
Anti-inflammatory properties

Blocking PDE4 was shown to restrain the release of essential cytokines by most of the
inflammatory cells (Figure 15). PDE4 inhibition diminished the secretion of interleukin-8 (IL-8)
and neutrophil elastase into the sputum of COPD patients (147). In addition, neutrophil
chemotaxis in rat models of LPS-induced lung inflammation was attenuated by the PDE4
inhibitor Roflumilast (148). Resident macrophages, monocytes and human DCs also display
defects in TNF-a and chemokine production (149-151). In vivo studies revealed an abrogation
of eosinophil infiltration into the lung by PDE4 inhibitor (152). Strikingly, PDE4 inhibition exerted
broad inhibitory effects on the three main subsets of CD4" T cells (Th1, Th2 and Th17) but
showed minor impact on B cell function and phenotype (153,154). Silencing PDE4D or PDE4B
in CD4* T cells culminates in IL-2 production, subsequently repressing T cell proliferation
(155,156). The lack of PDE4, especially PDE4D, was shown to subdue type 1 cytokine (IFN-y)
and partly type 2 cytokines (IL-4 and IL-5) (156,157) while Th17 cells were dramatically

decreased in arthritis mouse models treated with PDE4 inhibitor (158). The anti-inflammatory
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properties of PDE4 inhibition are also extended to other cell types in the respiratory tract. For
instance, reduction of PDE4 activities was shown to efficiently restrain cytokine secretion by
rhinovirus-infected human bronchial epithelial cells (159). PDE4 inhibition also decrease the
level of Poly I:C induced IL-8 production by human airway smooth muscle cells, thereby

curtailing the recruitment of neutrophils to the lung (160).
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Figure 15. PDE4 inhibition reduces the release of a variety of pro-inflammatory mediators from key inflammatory
cells (138).

3.3 PDEA4 inhibition as a therapeutic intervention in respiratory diseases.

The prominent immuno-modulatory properties of PDE4 inhibition in various inflammatory cells
and structural cells in the airway present therapeutic potentials for inflammatory lung diseases
such as chronic obstructive pulmonary disease (COPD), asthma and acute lung injury/acute

respiratory distress syndrome (ALI/ARDS).
COPD models

COPD is characterized by chronic lung inflammation, airway obstruction and remodeling with
smoking being the most important risk factor of the disease. The administration of PDE4
inhibitors was shown to efficiently reduce the reflux of neutrophils to the murine lung acutely
exposed to cigarette smoking (CS) and prevented the progression to emphysema in mice with
chronic CS exposure (161,162). Pivotal study with cilomilast was the first report that revealed

the decrease of CD8" T cells and CD68" macrophages, two critical components associated with

30



INTRODUCTION

COPD pathogenesis, in the bronchial specimens of COPD patients (163). In a later study,
Roflumilast was shown to induce a decrease of soluble mediators in sputum neutrophils and
eosinophils, thus partly contribute to the amelioration of lung functions (147). The promising
effects of Roflumilast on the treatment of COPD were further confirmed through different clinical
trials. Patients treated with Roflumilast displayed better lung functions in comparison with
placebos by showing the improved post-bronchodilator Forced expiratory vial 1 (FEV1) (164).
Additionally, the continual use of Roflumilast significantly lowered the frequency of mild to
severe exacerbations (165). As of now, Roflumilast is the only PDE4 inhibitor approved by FDA
for the treatment of COPD.

Asthmatic models

Asthma is a chronic inflammatory condition that causes reversible airway obstruction, resulting
in occasional breathing difficulties and wheezing. In ovalbumin-sensitized animal models, PDE4
inhibitors not only counteracted the increase of eosinophils in the blood and bronchoalveolar
lavage fluid (BAL) but also relieved the symptoms of airway hypersensitivity (166,167). In
addition to this, the production of IL-4, IL-5, TNF-a and NF-kB were appreciably decreased.
Recently, Jin et al demonstrated that PDE4B was the main player in driving Th2 development in
allergic asthma (168). Knockout of PDE4B reduced the number of Th2 cells and their related
cytokines (IL-4, IL-5 and IL-13) in BAL which in turn switch off the airway hyperresponsiveness
(AHR) upon allergen challenge. Asthmatic patients on the PDE4 inhibition therapy displayed
attenuated allergen-induced airway inflammation, along with lower accumulation of inflammatory
cells and cytokines (169). These evidence provide rationales for the utilization of PDE4

inhibitors for the treatment of allergic asthma.
ALI/ARDS models

ALI/ARDS are clinical presentations of an acute systemic inflammation featured by bilateral
pulmonary infiltrates and severe hypoxemia. Numerous studies have been conducted to
investigate the preventive and therapeutic potentials of PDE4 inhibition for these pathological
conditions (Table 3). For example, lung edema and pulmonary functions of rabbits induced to
ALI by saline were significantly improved by Roflumilast (170). Interestingly, Roflumilast but not
steroids mitigated the lung fibrotic remodeling in bleomycin-induced lung injury models (171).
PDE4 inhibition by other PDE4 inhibitors also present similar effects in chemicals and bacteria

induced ALI models (172-174). In mice infected with lethal dose of Influenza A H1N1 virus,
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rolipram in combination with the antiviral therapy significantly reduced lung injuries and

increased the survival rates up to 80 — 100% (175).

Animal model Findings References
Saline-induced ALI | PDE4i reduced lung edema and improved pulmonary functions (170)
in rabbits
Bleomycin-induced PDE4i reduced lung inflammation and fibrosis (171)

lung injuries in mice

Carfilzomib-induced | PDE4i reduced lung inflammation and reversed toxic effects of carfilzomib. (173)
ALl in rats

PDE4i reduced lung inflammation, neutrophil accumulation and prevent (172)
Murine LPS models
alveolar collapse

Neonatal murine | PDE4i reduced lung inflammation and apoptosis (174)
LPS models
Mice infected with | PDE4i in combination with antiviral drugs reduced lung inflammation and (175)

influenza H1N1 virus | mortality rates.

Table 3. Pulmonary animal models with PDE4 inhbitors (PDE4i).

3.4 The novel PDE4 inhibitor Tanimilast

Tanimilast (international non-proprietary name of CHF6001) is a novel and potent selective
PDE4 inhibitor that has been developed for the management of COPD. This agent inhibits all of
four isoforms with equal potency and especially being 10-fold more potent than Roflumilast
(176,177). Tanimilast was designed as an extra fine formulation with the mass median
aerodynamic diameter < 2 ym for optimal administration through inhalation (178). This allows the
drug to be highly retained in the lung along with low systemic exposure, thus reducing systemic
adverse events frequently reported with known oral PDE4 inhibitors. The level of Tanimilast in

the lung was found 2000-fold higher than those administered through oral route (179).

When tested in in vitro and in vivo models, Tanimilast presented promising anti-inflammatory
effects on the pathogenesis of COPD which is characterized by a continuous inflammation,
neutrophils and macrophage infiltration, CD8* T cell activation and a Th1/Th17 skewed T-cell
response (180). In particular, the high levels of TNF-a play critical role in amplifying the innate
immune responses in COPD exacerbations (181). In vitro models showed that Tanimilast
exhibited potent inhibitory effects on the release of TNF-a by different macrophage cell lines,
alveolar macrophage and lung tissue of COPD patients as well as human DCs (150,182).

Neutrophil accumulation was efficiently subdued through direct inhibition of oxidative burst and
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chemotaxis (177). Moreover, Tanimilast was capable of decreasing human DC-derived
cytokines which are essential for the development of Th1/Th17 cells as well as effector CD8" T
cells (150). Interestingly, Tanimilast reduced the neutrophil infiltration in CS models, even in

mice resistant to steroids (183).

Tanimilast has completed phase Il of development program by showing promising
pharmacodynamic results with a safety profile (178). In the study, patients on the treatment with
Tanimilast displayed a lower range of pro-inflammatory cytokines in the sputum in comparison
to placebos after 32 days. Both high and low doses of Tanimilast diminished all the important
mediators in the pathogenesis of COPD such as leukotriene B4 (LTB4), IL-8, macrophage
inflammatory protein 18 (MIP1B or CCL4), matrix metalloproteinase 9 (MMP9), monocyte
chemotactic protein 1 (MCP-1 or CCL2) and TNFa. In parallel, the number of sputum
eosinophils, lymphocytes and macrophages were also decreased by 10% to 30%. More
importantly, Tanimilast was highly tolerated with low frequency of gastrointestinal adverse
events and weight loss. Furthermore, a post hoc study underlined the promising effects of
Tanimilast on reducing exacerbation rate in a subgroup of COPD patients. A phase Il clinical
trial has started to evaluate this aspect of Tanimilast in COPD patients with chronic bronchitis

and a history of exacerbations.
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METHODS

1. Identification of potential TLR7/8-triggering ssRNA PAMPs

The reference SARS-CoV-2 genome (NC_045512, positive strand) was scanned for GU-rich
ssRNA fragments with the SequenceSearcher tool in the Fuzzy mode (184). We defined “GU-
enriched sequences” short strings with a maximal length of 20 bp, that were composed for more
than 40% of the length by “GU” and/or “UG” pairs. The identified 491 GU-rich sequences were
further selected based on the content of at least one “UGUGU” Interferon Induction Motif
(IIM)(21) (see Suppl. Table 1). Within this list, the following were selected and synthesized by
Integrated DNA  Technologies (IDT) for subsequent studies: SCV2-RNA1 5'-
UGCUGUUGUGUGUUU-3 (genome position: 15692-15706); SCV2-RNA2 5-
GUGUGUGUGUUCUGUUAUUG-3’ (genome position: 20456-20475). These sequences were
checked for uniqueness with BLAST in the database RefSeq Genome Database
(refseq_genomes) within the RNA viruses (taxid: 2559587). Two additional sequences were
synthesized, in which “U” was substituted with “A”, in order to impair TRL7/8 stimulation (SCV2-
RNA1A and SCV2-RNA2A).

2. Cell preparation and culture

Buffy coats from blood donations of anonymous healthy donors were obtained and preserved by
the Centro Trasfusionale, Spedali Civili of Brescia according to the italian law concerning blood
component preparation and analysis. Peripheral blood mononuclear cells (PBMC) were
obtained by density gradient centrifugation and monocytes were subsequently purified by
immunomagnetic separation using anti CD14-conjugated magnetic microbeads (Miltenyi Biotec)
according to the manufacture’s protocol and as previously published (185). Briefly, monocytes
were cultured for 6 days in tissue culture plates in complete medium (RPMI 1640 supplemented
with 10% heat-inactivated, endotoxin free FBS, 2 mM L-Glutamine, penicillin and streptomycin
(all from Gibco, Thermo Fisher Scientific) in the presence of 50 ng/ml GM-CSF and 20 ng/ml IL-
4 (Miltenyi Biotec). Untouched peripheral blood ¢cDC1 and cDC2 (cDCs) and pDCs were
obtained from PBMC after negative immunomagnetic separation with the Myeloid Dendritic Cell
Isolation kit (Miltenyi Biotec) and the Plasmacytoid Dendritic Cell Isolation kit Il (Miltenyi Biotec),
respectively. pDCs were cultured in completed RPMI medium with 20 ng/ml IL-3 (Miltenyi
Biotec). RAW264.7 cells were purchased from American Type Culture Collection and cultured in
DMEM complemented with 10% FBS.
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3. Cell stimulation

Complexation of RNA with DOTAP Liposomal Transfection Reagent (Roche) was performed as
previously described (21). Briefly, 5 uyg RNA in 50 pl HBS buffer (20 mM HEPES, 150 mM NaCl,
pH 7.4) was combined with 100 ul DOTAP solution (30 ul DOTAP plus 70 pyl HBS buffer) and
incubated for 15 minutes at RT. In some experiments, cells were stimulated with TLR agonists:
LPS (100 ng/ml) and R848 (1 pg/ml) (all from Invivogen). Where indicated, cells were pretreated
for 1 hour with Chloroquine or CU-CPT9a (from Invivogen); Tanimilast or B-methasone or
Budesonide (from Chiesi Pharmaceuticals). In some experiments, the maturation process was
conducted in RPMI containing 2% FBS and supplemented with 0.01% DMSO in the presence of

Tanimilast to avoid the sequestration of the drug by serum proteins.

4. siRNA silencing

Differentiating monocytes at day 2 of culture were transfected with two different MyD88 Silencer
Select Validated siRNA or with a control siRNA (all at 50 nM final concentration; Ambion,
Thermo Fisher Scientific) using Opti-MEM | reduced serum medium and Lipofectamine
RNAIMAX transfection reagent (Thermo Fisher Scientific) as previously described (186).
Transfected cells were incubated for 72 hours and then stimulated for 24 hours with TLR
agonists as indicated. The effects of mMRNA silencing by siRNA was investigated by real-time

PCR using specific QuantiTect primer Assay (Qiagen).

5. Cytokine detection
TNF-q, IL-1B, CXCL10IL-6, IL-12p70, CXCL8, CXCL9, CCL3, CCL17 and mouse TNF-a were

measured by ELISA assay (R&D Systems). Human IFN-a was detected using specific Module
Set ELISA kit (eBioscience) and human IFN-B by was measured by a bioluminescence kit
(InvivoGen). Mouse IFN-a was measured by a bioluminescence kit (InvivoGen). All assays were

performed on cell free supernatants according to the manufacturer’s protocol.

6. Flow cytometry

Human and mouse DCs were stained with the following antibodies from Miltenyi Biotec or as
specified: Vioblue-conjugated anti-human CD86 (clone FM95, Miltenyi Biotec), PE-conjugated
anti-human CD83 (clone REA714), FITC-conjugated anti-human BDCAZ2 (clone AC144), APC-
conjugated anti-human CCR7 (clone REA546), VioGreen-conjugated anti-mouse CD45 (clone
REA737), VioBlue or FITC-conjugated anti-mouse MHCII (clone REA564), PerCP-Vio 700-

conjugated anti-mouse CD11c (clone REA754), PE-conjugated anti-mouse SiglecH (clone
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551.3D3), PE-Vio 615-conjugated anti-mouse CD11b (clone REA592), VioBlue-conjugated anti-
mouse CD8a (cloneREA601), PE-Vio 770-conjugated anti-mouse B220 (clone RA3-6B2), PE-
conjugated anti-mouse CD40 (clone REA965), FITC-conjugated anti-mouse CD40 (clone
HM40-3, Biolegend) and APC-CY7-conjugated anti-mouse CD86 (clone GL-1, Biolegend).
Samples were read on a MACSQuant Analyzer (Miltenyi Biotec) and analysed with FlowJo
(Tree Star Inc.). For intracellular detection of Granzyme B, cells were fixed and permeabilized
using the Inside Stain kit (Miltenyi Biotec) and stained with APC-conjugated anti-Granzyme B
(clone REA226, Miltenyi Biotec). Cell viability was assessed by LIVE/DEAD staining according
to the manufacturer’s instruction (Molecular Probes, Thermo Fisher Scientific). Response

definition criteria were defined post-hoc.

7. NF-kB luciferase reporter assay

TLR-specific activation assays were performed using human HEK293 cells expressing
luciferase under control of the NF-kB promoter and stably transfected with human TLR7 and
TLR8 as previously described (187). Briefly, 25000 cells were seeded in complete DMEM
without antibiotics in 96-well plates for 24 hours and then stimulated with 10 ug/ml SCV2-RNA
for additional 24 hours. After stimulation, cells were lysed using ONE-Glo EX Luciferase Assay
System (Promega) according to the manufacturer's recommendations and assayed for
luciferase activity using the EnSightMultimode Plate Reader (PerkinElmer). HEK293-transfected
cells were maintained in DMEM supplemented with 10% FBS and specific antibiotics were
added.

8. SDS-PAGE and Western Blot

Following the indicated stimulations, moDCs were washed twice with PBS and lysed in L1 buffer
(50mM Tris-HCI, pH 8.0; 2 mM EDTA; 0.1% NP-40 and 10% glycerol) supplemented with
inhibitors (1mM NasOVs4, 2 mM DTT, 1 mM NaF, 1 mM PMSF, and protease inhibitor cocktail; all
form MilliporeSigma) to separate cytoplasmic proteins. Nuclear pellets were washed twice with
L1 buffer with inhibitors and then lysed in NP-40 Lysis buffer (50 mM Tris-HCI, pH 8.0; 250 mM
NaCl; 1 mM EDTA; 0.1% NP-40; and 10% glycerol) with inhibitors. For the analysis of TLR
expression, moDCs and HEK293-transfected cells were lysed in NP-40/Triton lysis buffer (10
mM Tris-HCI, pH 7.9; 150mM NaCl; 0.6% NP-40; and 0.5% Triton X-100) supplemented with
inhibitors. Equal amounts of extracts were analyzed through SDS-PAGE followed by Western
blotting with antibodies against NF-kB p65 (rabbit polyclonal, C-20 cat. sc-372, Santa Cruz
Biotechnology inc.), Lamin B (goat polyclonal, C-20 cat. 6216, Santa Cruz Biotechnology inc.),
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TLRY (rabbit monoclonal, cat. 5632, Cell Signaling Technologies), TLR8 (rabbit monoclonal, cat.
11886, Cell Signaling Technologies) and b-actin (mouse monoclonal, C4, cat. sc-47778, Santa
Cruz Biotechnology inc.). Protein bands were detected with SuperSignal West Pico
Chemiluminescent Substrate (Pierce) and quantified by computerized image analysis using

Image LabTM software (Bio-Rad). Data were normalized based on b-actin or Lamin B content.

9. Immunofluorescence

moDCs were incubated with Atto-488-tagged SCV2-RNA1 (synthesized by Bio-Fab research)
for 15 minutes, fixed with 4% paraformaldehyde (Pierce) for 10 minutes and then seeded on
glass slides by cytospin. After permeabilization with 100% cold methanol for 5 minutes, cells
were labelled with a rabbit monoclonal anti-human TLR8 (cat. 11886, Cell Signaling
Technologies). A conjugate Alexa Fluor 594 anti-rabbit (A-11072, Thermo Fisher Scientific) was
used as a secondary antibody. Glass slides were mounted using Prolong antifade with DAPI
(Thermo Fisher Scientific). Cells were analyzed under a Zeiss Observer Z1 epifluorescence
microscope equipped with a Plan-Apochromat 100x/ 1.4 numerical aperture oil objective and
ApoTome2 imaging system for optical sectioning. Z-stack images were elaborated through

AxioVision 3D and extended focus modules.

10. T cell proliferation assay

Allogenic naive CD4* T cells and CD8" T cells were isolated from buffycoats using the naive
CD4" T cell Isolation kit Il (Miltenyi Biotec) and CD8" T cell Isolation kit (Miltenyi Biotec),
respectively. Purified T cells were counted by flow cytometry and labeled with CellTrace-CFSE
(Molecular Probes, Thermo Fisher Scientific) at a final concentration of 5 uyM. Subsequently, T
cells (1x10° cells/well) were cocultured with graded numbers of allogeneic moDCs in 96-well
round-bottom culture plates in complete RPMI medium. After 6 days, alloreactive T cell
proliferation was assessed by measuring the loss of the dye CellTrace-CFSE upon cell division
using flow cytometry. Positive controls of T cell proliferations were routinely performed using IL-
2 plus PHA. Response definition criteria were defined post-hoc. Dead cells were excluded by
LIVE/DEAD staining according to the manufacturer's instruction. These experiments were

performed using general research investigative assays.

11. Analysis of T cell cytokine production

After 6 days of coculture, helper T cells were restimulated with 200 nM PMA (Sigma-Aldrich)
plus 1 ug/ml of ionomycin (Sigma) for 5 hours. Brefeldin A (5 pg/ml, Sigma) was added during
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the last 2 hours. For intracellular cytokine production, cells were fixed and permeabilized with
Inside Stain kit (Miltenyi Biotec) and stained with FITC-conjugated anti-IFN-y (clone 45-15,
Miltenyi Biotec) and PE-conjugated anti-IL-4 (clone 7A3-3, Miltenyi Biotec) following the
manufacturer’'s recommendations. For CD8* T cells, after 6 days of coculture, IFN-y production
was assessed in the culture supernatants by ELISA (R&D system). Response definition criteria
were defined post-hoc. These experiments were performed using general research investigative

assays.

12. In vivo experiments

Sex and age matched C57BI6/J mice were obtained by Charles River Laboratories and housed
in the specific pathogen-free animal facility of the Department of Medicine, University of Verona.
MyD88"- mice were kindly provided by S. Akira (Osaka University, Osaka, Japan). Mice were
anesthetized with isoflurane and injected i.v. in the retro-orbital vein with 300 yl DOTAP/SCV2-
RNA mixture (20 pg/mouse) or with DOTAP alone. After 6 hours, mice were sacrificed and
lungs, spleen and blood were harvested. Briefly, lungs were collected upon intracardiac
perfusion with cold PBS. Left lung lobes were formalin fixed for 24 hours, dehydrated, and
paraffin embedded for histological analysis. Right lungs were immediately frozen at -80°C and
used for real-time PCR. Spleens were mechanically and enzymatically treated to obtain a
single-cell suspension for cytofluorimetric and real-time PCR analysis. All mouse experiments
were carried out in accordance with guidelines prescribed by the Ethics Committee for the use
of laboratory animals for research purposes at the University of Verona and by the ltalian
Ministry of Health. All efforts were made to minimize the number of animals used and their

suffering.

13. Lung histological analysis

Histology was performed on three longitudinal serial sections (150 ym apart, 4 um in thickness)
from each left lung, stained with hematoxylin and eosin (H&E), and scanned by VS120 Dot-

Slide BX61 virtual slide microscope (Olympus Optical) as previously described (188).

14. Quantitative PCR (qPCR)

RNA was extracted using TRIzol reagent, treated with DNAse according to the manufacturer’s
instructions and reverse transcription performed using random hexamers and MMLV RT (all
from Thermo Fisher Scientific). The SsoAdvanced Universal SYBR Green Supermix (Bio-Rad

Laboratories) was used according to the manufacturer’s instructions. Reactions were run in
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triplicate on a StepOne Plus Real-Time PCR System (Applied Biosystems) and analyzed by the
StepOne Plus Software (Version 2.3, Applied Biosystems). Sequences of gene-specific primers
are available upon request. Gene expression was normalized based on RPL32 or HPRT mRNA

content.

15. Dead cell uptake
Cryopreserved autologous PBMCs were thawed, labeled with CFSE and then heat-killed (90°C

for 30 min) as previously described (189). Dead cells were added to moDCs at a 1:1 ratio for 2 h
at 37°C. For flow cytometric analysis, the moDCs were stained for HLA-DR, and the percentage

of dead cell uptake defined as HLA-DR*CFSE" cells was measured.

16. Statistical analysis
Statistical significance among the experimental groups was determined using paired or unpaired

Student’s t test or one-way ANOVA with Dunnet’s post-hoc test (GraphPad Prism 7, GraphPad

Software) as indicated in each figure legend. P< 0.05 was considered significant.

17. Study approval

Procedures involving animal handling and care conformed to protocols approved by the
University of Verona in compliance with national (D.L. N.116, G.U., suppl. 40, 18-2-1992 and N.
26, G.U. March 4, 2014) and international law and policies (EEC Council Directive 2010/63/EU,
OJ L 276/33, 22-09-2010; National Institutes of Health Guide for the Care and Use of
Laboratory Animals, U.S. National Research Council, 2011). The study was approved by the
Italian Ministry of Health (approval number 339/2015-PR).
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AIM OF THE THESIS
The ongoing pandemic COVID-19, caused by SARS-CoV-2, presents diverse clinical

manifestations ranging from non- to severe life-threatening conditions with the lung being the
preferential target of the virus. In a subgroup of patients, immune dysregulation and hyper-
inflammation associated with excessive production of pro-inflammatory mediators were shown
to contribute to the severity of the disease (61). This condition suggests that an overactive
innate immune response may indeed unleash virus-dependent immune pathology (190).
Dendritic cells (DCs) are innate immune cells that, by expressing several nucleic acid sensors,
play a crucial role in recognizing viral pathogens and mounting protective inflammatory
responses (191). Given the central role of DCs in the regulation of the immune response,

excessive activation of these cells may induce overt immunity and tissue damage.

Within DC heterogeneity, pDCs play an important role as the major source of type | IFNs in
response to viral infection, while cDCs respond to a vast array of pathogens by producing pro-
inflammatory cytokines and are the main responsible for T cell activation (27). pDCs sense
ssRNA viruses through TLR7 while cDCs express the closely related TLR8 (92). Despite the
fact that TLR7 and TLR8 display high structural and functional homology, similar ligand
specificity (93) and recruit the same signaling intracellular adaptor molecule, MyD88 (101), the
signaling pathways of these two TLRs diverge in the functional significance, with TLR7 more
involved in the antiviral immune response and TLR8 mastering the production of pro-
inflammatory cytokines. During the progression of SARS-CoV-2 infection, both DCs and CD4*
and CD8* T cell are recruited to the lung (41,126), with Th1/Th17 effectors reported to play a
pivotal role in severe COVID-19 pneumonia (31,47). Thus, DCs represent an interesting
pharmacological target to modulate detrimental immune responses, possibly including those
observed in severe forms of COVID-19. However, the mechanisms of SARS-CoV-2 recognition

and activation by DCs remained to be elucidated.

Several immunomodulatory therapies targeting the inflammation-driven damaging stages were
proposed for the treatment of severe COVID-19 (192). Among these, inhibitors of PDEs have
been put forward based on the analogy between the clinical features of COVID-19 and other
pathologies, associated with inflammation, for which these drugs are already approved (193).
Inhibition of PDE4 was shown to increase intracellular cAMP, consequently lead to a shift of the
anti-inflammatory/pro-inflammatory  balance (141). Such upstream anti-inflammatory

mechanism, makes these agents particularly interesting to master critical conditions

40



AIM OF THE THESIS

characterized by overt release of multiple cytokines, as compared to other single downstream
anti-cytokine drugs (194). Tanimilast is an inhaled, selective inhibitor of PDE4 isoforms A-D
endowed with anti-inflammatory properties in several in vitro and in vivo models (159,183). In
particular, published data by our group highlighted that Tanimilast can reduce the secretion of
inflammatory and Th1/Th17 polarizing cytokines by fine tuning the activity of the master
inflammatory transcription factor NF-kB, which could be useful to control Th-1 and Th-17 driven
pathologies without inducing a global repression of the inflammatory and immune responses
(150).

Aims of this thesis were (1) to characterize the SARS-CoV-2-associated molecular patterns
(SAMPs) and the potential pathway in the activation of human pDCs and ¢cDCs and (2) to
uncover the potential immunomodulatory effects of PDE4 inhibition in inflammatory and

immune-mediated conditions, especially in the context of SARS-CoV-2 infection.

41



RESULTS

RESULTS
A. SARS-COV-2 mRNA ACTIVATE INFLAMMATION AND IMMUNITY VIA TLR7/8

1. Results

1.1 Identification of potential ssRNA SAMPs

Based on previous work identifying RNA40, a ssRNA rich in guanine and uracil (GU-rich) from
the U5 region of HIV-1, as the first natural agonist of TLR7 and TLR8 (195) and on known
features of TLR7/8 ligands (93,187), we searched for putative immunostimulatory sequences
within the SARS-CoV-2 ssRNA genome. Our bioinformatic scan revealed 491 GU-rich
sequences, among which more than 250 also bearing at least one “UGUGU” Interferon
Induction Motif (IIM) (93,187,195).

We hypothesized that these sequences may represent so far unidentified SAMPs responsible
for viral recognition and immune activation via endosomal TLR triggering. The elevated number
of sequences detected suggests that, upon endosomal engulfment, the fragmentation of the
SARS-CoV-2 genome may generate many TLR7/8-triggering sequences, thus displaying high
chances to contact and activate the IFN and inflammatory responses downstream these

receptors.

To validate the stimulatory potential on innate immune cells, two representative sequences,
SCV2-RNA1 and SCV2-RNA2, were chosen within the previous list, synthesized and tested in

in vitro and in vivo models of inflammation.

1.2 ssRNA SAMPs activate human monocyte-derived DCs (moDCs)

moDCs, a model of inflammatory cDCs expressing a wide variety of TLRs (89,92), were treated
with increasing concentrations of SCV2-RNA1 and SCV2-RNA2 along with HIV-1-derived
RNA40 (195), used as a positive control. U/A alternated control sequences SCV2-RNA1A and
SCV2-RNA2A were used as negative controls (see materials and methods). Figure 16A shows
that both fragments efficiently activated cytokine secretion by moDCs. In particular, we
observed potent induction of pro-inflammatory cytokines (TNF-a, IL-6), of the Th1-polarizing
cytokine IL-12 and chemokines recruiting polymorphonuclear neutrophils (CXCL8),
myelomonocytic cells (CCL3) and Th1- and cytotoxic effectors cells (CXCL9). Especially at low
concentrations, SCV2-RNA1 and SCV2-RNA2 were more efficient than HIV-1-derived RNA40.
In all experimental conditions, U/A alternated SCV2-RNA1A and SCV2-RNA2A did not induce
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cytokine secretion. SCV2-RNA1 and SCV2-RNA2 also induced moDCs phenotypical maturation
in terms of CD83, CD86 and CCR7 expression (Figure 16B). Similar to cytokine secretion,
upregulation of maturation markers by RNA40 was less effective. These results demonstrated
that both SCV2-RNA1 and SCV2-RNA2 behave as SAMPs endowed with potent DC stimulatory
capacity. Because of their similar potency, further experiments were carried out using a mixture
of the two SAMPs (indicated as SCV2-RNA), a condition that may also better mimic a
physiological stimulation by multiple sequences derived from SARS-CoV-2 genome endosomal

fragmentation.
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Figure 16. SAMPs activate cytokine secretion and phenotypical maturation of moDCs. (A) moDCs (2x108/ml) were
stimulated with increasing concentrations of the indicated viral RNAs or with vehicle alone (-) for 24 hours. The
production of TNF-qa, IL-6, IL-12p70, CXCL8, CCL3 and CXCL9 was evaluated by ELISA in cellfree supernatants.
Data are expressed as mean + SEM (n=3). Results of SCV2-RNA1A and SCV2-RNA2A are superimposed in all
graphs. (B) moDCs were stimulated as described in (A) and the surface expression of CD83, CD86 and CCR7
evaluated by FACS analysis. Data are expressed as representative cytofluorimetric profiles (upper panels) or as the
mean + SEM (n=3) of the Median of Fluorescence Intensity (MFI) (lower panels). (A-B) *P< 0.05 versus (-) by one-
way ANOVA with Dunnett's post-hoc test; #P< 0.05 versus RNA40 by paired Student's t test.
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1.3 ssRNA SAMPs activate T cell responses

The impact of SAMPs on the ability of DCs to stimulate T cell functions was investigated in co-
culture experiments of SAMP-activated DCs with allogeneic naive CD4* and CD8" T cells.
Figure 17A shows that SAMP-activated DCs induced proliferation of both naive CD4" (left) and
CD8* (right) T cells. Activated CD4* T cells produced IFN-g but no IL-4, a typical Th1-effector
phenotype (Figure 17B). Functional activation of CD8* T cells was similarly demonstrated by the
detection of secreted IFN-g (Figure 17C, left panel) and the intracellular accumulation of
Granzyme B (GrB, right panel), a marker of a cytotoxic phenotype. None of these effects were

observed when DCs were activated with U/A alternated SAMPs.

These experiments demonstrated that phenotypical DC maturation induced by SAMPs (Figure
16B) is paralleled by the acquisition of T-cell activating capabilities. Thus, SAMPs have the

ability to induce a Th1-oriented immune response.
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Figure 17. SAMP-activated DCs trigger T cell proliferation and functional activation. (A) mouus weie suinuiarcu wiui
vehicle (-) or with SCV2-RNA or the A-to-U-replaced SCV2-RNA-A (both at 5 ug/ml) for 24 hours. Activated moDCs
were co-cultured for 6 days with CFSE-stained allogenic naive CD4* T cells or CD8+ T cells at the indicated DC:T
cell ratio. Alloreactive T cell proliferation was assessed by measuring CellTraceCFSE dye loss by flow cytometry.
Data are expressed as mean + SEM (n=3) of the percentage of proliferating T cells. (B) moDCs stimulated as in (A)
were cocultured for 6 days with allogenic naive CD4* T (DC:T cell ratio 1:20). Intracellular IFN-y and IL-4 were
evaluated by FACS analysis. Left, dot plots from one representative experiment out of four is shown. Right, bar
graphs from four independent experiments. Data are expressed as mean + SEM of the percentage of IFN-y-
producing cells. (C) moDCs activated as in (A) were cocultured for 6 days with allogenic CD8+ T (DC:T cell ratio
1:10). IFN-y production was evaluated by ELISA in cell-free supernatants and intracellular Granzyme B (GrB) by
FACS analysis. Data are expressed as mean + SEM (n=3). (A-C) *P< 0.05 versus (-) by one-way ANOVA with
Dunnett’s post-hoc test.
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1.4 ssRNA SAMPs activate human primary DCs

The ability of SCV2-RNAs to activate DCs was further investigated using primary circulating
cDCs (comprising CD141* ¢cDC1 and CD1c* ¢cDC2) and BDCA2*" pDCs. SCV2-RNA efficiently
induced the secretion of TNF-a and IL-6 (Figure 18A) and the expression of maturation markers,
such as CD86 and CCRY7 (Figure 18B) in cDCs. Similarly, SAMPs stimulated the release of IFN-
a and TNF-a by pDCs (Figure 18C), as well as their maturation in terms of CD86 upregulation
and BDCAZ2 reduction (Figure 18D). Similar to previous results, U/A alternated control

sequences did not activate cytokine production or maturation in either pDCs or cDCs (not

shown).
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Figure 18. SAMPs activate cytokine secretion and phenotypical maturation in primary circulating DC subsets. cDCs
(2x10%/ml) and pDCs (1x108/ml) were stimulated with 5 ug/ml SCV2-RNA for 24 hours. (A-C) Cytokine secretion was
evaluated by ELISA. Data are expressed as mean + SEM (n=3-4); *P< 0.05 versus (-) by paired Student’s t test. (B-
D) Surface expression of CD86, CCR7 and BDCA2 was evaluated by FACS analysis. Data are expressed as mean +
SEM of the median fluorescence intensity (MFI) (left y axis), as well as the mean + SEM of the percentage of positive
cells (right y axis) (n=3-4); *P< 0.05 versus (-) by paired Student’s t test.
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1.5 ssRNA SAMPs activate the TLR8/MyD88/NF-kB axis in moDCs

The cellular sensors responsible for SARS-CoV-2 detection by immune cells remain ill defined.
To formally demonstrate the ability of SAMPs to functionally activate TLRs, experiments were
performed in HEK293 cells stably transfected with human TLR7 and TLR8 together with a NF-
KB reporter gene. Figure 19A depicts the SAMP-dependent activation of NF-kB and luciferase
production in both TLR7- and TLR8-expressing cells. NF-kB activation was also detected in
SCV2-RNA-stimulated moDCs (Figure 19B). Since both TLR7 and TLR8 signal through the
common adaptor MyD88, siRNA interference was performed in moDCs. Figure 19C (left panel)
shows that MyD88-specific siRNA could decrease by about 50% the levels of MyD88 mRNA,
while the expression of the TLR3-related adaptor TRIF and RLR-related MAVS was not
affected. Consistent with this result, IL-6 production by SCV2-RNA was also decreased,
supporting a role for MyD88 in moDC activation by SCV2-RNA (Figure 19C, right panel).
Because SAMPs, despite designed to activate TLR7/8, may also engage other PRRs expressed
by moDCs, we also performed TRIF and MAVS siRNA interference. While siRNAs efficiently
and specifically inhibited the expression of target genes (Figure 19C, left panel), they failed to
reduce IL-6 production by SCV2-RNA (Figure 19C, right panel). The predominant role of the
MyD88/NF-kB pathway as compared with that of TRIF/MAVS/IRF-3 was also supported by the
lack of SCV2-RNA-dependent induction of nuclear translocation of IRF-3, a transcription factor
downstream TLR3 and RLRs (not shown).

moDCs are known to respond mainly to TLR8 ligands and to express negligible levels of TLR7
mRNA (92). mRNA and protein expression analysis of TLR7 and TLR8 confirmed selective
expression of TLR8 in our experimental setting (data not shown). Based on this, we performed
TLR8 siRNA in moDCs, showing a reduction in SCV2-RNA-dependent activation correlating to
the levels of MRNA reduction (Figure 19D).

Next, moDCs were stimulated in the presence of CU-CPT9a, a specific TLR8 inhibitor (26). CU-
CPT9a inhibited both NF-kB nuclear translocation (Figure 19E) and IL-6 production when cells
were stimulated with SCV2-RNA or R848 (TLR7/8 ligand) (Figure 19F). On the other hand, the
TLRS8 inhibitor did not affect the stimulation by LPS, a TLR4 ligand (Figure 19E and F). Finally,
we found that SCV2-RNA colocalizes with TLR8 within moDCs (data not shown).
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Figure 19. SAMPs activate the TLR8/MyD88/NF-kB axis in moDCs. (A) HEK-293 cells stably transfected with human
TLR7, TLRS8 or luciferase alone (-) were stimulated with SCV2-RNA for 24 hours. NF-kB activation was evaluated as
luciferase activity. Data are expressed ad mean + SEM (n=3); *P< 0.05 versus (-) by one-way ANOVA with Dunnett’s
post-hoc test. (B-E) moDCs were stimulated with SCV2-RNA as indicated (B) or pretreated with CU-CPT9a (1 uM)
and then stimulated with SCV2-RNA or LPS for 1 hour (E). Nuclear extracts were blotted against NF-kB p65 and
Lamin B. One representative donor and densitometry of three donors are shown. *P< 0.05 versus untreated by one-
way ANOVA with Dunnett’s post-hoc test; #P< 0.05 versus “SCV2-RNA” by paired Student’s t test. (C, left panel)
moDCs were transfected with indicated siRNAs and target gene expression evaluated by qPCR. Results depict
percentage of target gene expression (mean + SEM n=4). (C, right panel) moDCs transfected with indicated siRNAs
were stimulated with SCV2-RNA for 24 hours and IL-6 production evaluated by ELISA. Data are expressed as
percentage of production (n=4); *P< 0.05 versus “ctr siRNA” by one-way ANOVA with Dunnett's post-hoc test. (D)
moDCs were transfected with indicated siRNAs and the expression of TLR8 was evaluated by qPCR (left y axis,
white bars). IL-6 production upon SCV2-RNA stimulation was evaluated by ELISA (right y axis, grey bars). Data
(percentage of expression/production) represent the mean + SEM (n=3); *P< 0.05 versus respective “ctr’ by paired
Student’s t test. (F) moDCs were pre-treated with CU-CPT9a, then stimulated as indicated for 24 hours and IL-6
production evaluated by ELISA. Data are expressed as percentage of production for each individual stimulation
(n=3); *P< 0.05 versus respective “0” by one-way ANOVA with Dunnett’s post-hoc test.
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1.6 ssRNA SAMPs act as TLR7/8 ligands in primary DCs

TLR7 and TLR8 display a mutual exclusive expression in primary DCs. Indeed, cDCs express
TLR8 as their unique endosomal ssRNA receptor, while pDCs express TLR7 (92). Consistent
with this, CU-CPT9a blocked the production of pro-inflammatory cytokines in cDCs (Figure
20A), but not in TLR7-expressing pDCs (Figure 20B). Our effort to block TLR7 signaling using
commercially available receptor antagonists was unsuccessful since none of these inhibitors
blocked TLR7 activation in pDCs stimulated with R848 or Imiquimod (data not shown). As an
alternative strategy to demonstrate the involvement of TLR7 in SCV2-RNA sensing we
performed TLR desensitization (187). pDCs were stimulated withSCV2-RNA or R848 or left
untreated, washed, and then re-stimulated with R848. Figure 20C shows that, upon re-
stimulation, only untreated cells could respond to R848 in terms of IFN-a and TNF-a production
as a result of TLR7 desensitization by its ligand R848 as well as by SCV2-RNA. The limited
yield following blood DC purification hampered the use of siRNAs. However, the involvement of
endosomal TLRs as SCV2-RNA receptors was further supported by the blocking of cytokine
release in both cDCs (Figure 20D) and pDCs (Figure 20E) by chloroquine (CQ), a drug known

to block endosomal TLR triggering by interfering with endosomal acidification (196).

48



RESULTS

A B
_ 12514 125 1 125 §
s = e
S 100 4 S 100 4 % 100 |
== o 3
8 2 g
5 7594 6 754 e 753
= o
9 50 g 50 B 50
) 1 % 2 1 = 2 4
P oo @ 25 § 25
Z 7] . 42 9 * 7
= =
0 0 0 T T T
0 0.3 1 0 0.3 1 0 0.3 1
CU-CPT9a (uM) CU-CPT9a (uM) CU-CPT9a (uM)
C D E
oOh 24h 48h <DCs pDCs
200 A Ad [ 12 3 125 5 125
pre-treat. wash R848 harvest v s
= = 5 Z 100 5 =Z 100
= 150 S £ S £
E £ 8 5] °
2 e = M s 3 | RE
3 100 2 5 50 5 % 50
£ z 4 5 ¢ 5 g
= 50 = R = 25 & s R T 25 2
* * (] O *
0 0 0 0
Oh (-} SCV2-RNA R848 Oh (-} SCV2-RNA R848 ) caQ ) cQ
24h +R848 24h +R848 SCV2-RNA SCV2-RNA

Figure 20. TLR7 and TLR8 are responsible for primary DC activation by SAMPs. cDCs (A) and pDCs (B) were pre-
treated with increasing concentration of CU-CPT9a and then stimulated with SCV2-RNA (5 pg/ml) for 24 hours.
Secreted TNF-q, IL-6 and IFN-a were quantified by ELISA. Data are expressed as percentage of production (n=3);
*P< 0.05 versus “0” by one-way ANOVA with Dunnett’s post-hoc test. (C) pDCs were pretreated (Oh) with SCV2-RNA
(5 pg/ml) or R848 (1 pg/ml) or left untreated for 24 hours, washed and restimulated with R848 for additional 24 hours.
Secreted IFN-a and TNF-a were quantified by ELISA. Data are expressed as mean + SEM (n=3); *P< 0.05 versus “(-
)’ by one-way ANOVA with Dunnett's post-hoc test. (D) cDCs were pre-treated for 1 hour with Chloroquine (CQ, 10
pMM) and then stimulated with SCV2-RNA (5 ug/ml) for 24 hours. Secreted IL-6 (white bars) and TNF-a (grey bars)
were evaluated by ELISA. Data are expressed as percentage of production (n=3); *P< 0.05 versus respective “(-)
SCV2-RNA” by paired Student’s t test. (E) pDCs were pre-treated for 1 hour with CQ (10 uM) and then stimulated
with SCV2-RNA (5 pg/ml) for 24 hours. Secreted IFN-a (white bars) and TNF-a (grey bars) were quantified by ELISA.
Data are expressed as percentage of production (n=3); *P< 0.05 versus respective “(-) SCV2-RNA” by paired

Student’s t test.

1.7 ssRNA SAMPs induce DC activation and lung inflammation in vivo

To address the capacity of SAMPs to induce inflammation and immune activation in vivo, we
first investigated if SAMPs can also trigger murine TLR7, the only GU-rich ssRNA-sensing TLR
in mouse (195). Murine TLR7 activation by SAMPs could be hypothesized based on previous
works demonstrating that activation of human TLR7/8 and murine TLR7 by common GU-rich
ssRNA ligands (195,197). In support of this, we show that TLR7-expressing RAW264.7 cells
(Figure 21A) responded to SAMP stimulation by producing TNF-a, an effect that was reduced
by CQ pretreatment (Figure 21B) confirming that SCV2-RNA activate murine cells, presumably
via TLR7. In addition, splenocytes from MyD88-- mice did not respond to SCV2-RNA stimulation

either in terms of pro-inflammatory cytokine production (Figure 21D) and of TLR modulation
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(data not shown) despite expressing similar levels of TLRs as compared to WT mice (Figure
21C).

Based on these results, C57BI6/J WT and MyD88" mice were injected i.v. with SAMPs or
vehicle and sacrificed 6 hours later. A significant increase of type | IFN was detected in the sera
of WT SAMP-treated mice indicating systemic immune activation (Figure 21E). Consistent with
this, SAMPs induced the upregulation of CD40 and CD86 on splenic pDCs (CD11cintMHC-
1I"B220*SiglecH™) (Figure 21F). Activation of splenic cDC1s (CD11¢c*MHC-II"CD8a*CD11b") and
cDC2s (CD11c*MHC-II*CD8aCD11b*) was also detected (Figure 6G and H). Figure 22A shows
that SAMP treatment induced the expression of pro-inflammatory cytokines TNF-a, IL-13, IL-6
and of IFN-a and IFN-y in the lung. In addition, a marked increase in the expression of
chemokines active on myeloid and Th1 effector cells (i.e. CCL3, CCL4 and CXCL10) was also
detected. Conversely, CCL20 and CCL22, two chemokines active in Th17 and Th2 T cell
recruitment, were not increased (Figure 22B). We could also detect the accumulation of
molecules involved in cytotoxic tissue damage such as GrB and TRAIL (Figure 22C) that, given
the short kinetics of stimulation, may reflect the recruitment of NK cells to the lungs. The
increase of CD45 and MHC-II levels (data not shown) further suggested immune cell infiltration,
which was confirmed by histological analysis. Lung histology revealed a marked infiltration of
inflammatory cells into peri-bronchial and peri-vascular connective tissue and alveolar septal
thickening in SAMP-treated mice (Figure 22D). On the contrary, SAMP administration to
MyD88-/- mice did not induce any inflammatory response, including the increase of circulating
levels of type | IFN, DC maturation and the generation of a lung infiltrate (Fig. 21 D-H and
Figure 22). These data extend to the in vivo condition the observation that SAMPs use a
TLR/MyD88-dependent pathway to trigger a type | IFN/pro-inflammatory activation program and
highlight lung as a primary target organ.
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Figure 21. SAMPs activate murine cells in vitro and in vivo. (A) Expression of TLR mRNAs in RAW264.7 cells. Data
are expressed as 2-ACt relative to RPL32 of one representative experiment out of three. (B) RAW264.7 (1x108/ml)
were pre-treated for 1 hour with CQ (12.5 yM), then stimulated with 5 ug/ml SCV2-RNA or vehicle (-) for 24 hours.
Secreted TNF-a was evaluated by ELISA. Data are expressed as mean + SEM (n=3); *P< 0.05 versus (-); ¥P<0.05
versus “(-) SCV2-RNA” by paired Student’s t test. (C) Expression of TLR mRNAs in splenocytes from WT (white
circle) or MyD88"- mice (black circle). Data are expressed as mean * SEM (n=3) of 2-2¢ relative to RPL32 of one
representative experiment out of three. (D) Splenocytes (3x108/ml) from WT (white circle) or MyD88"- mice (black
circle) were stimulated with 5 pg/ml SCV2-RNA or vehicle (-) for 24 hours. Secreted TNF-a was evaluated by ELISA.
Data are expressed as mean + SEM (n=3); *P< 0.05 versus (-) or *P < 0.05 versus “SCV2-RNA MyD88"" by paired
Student’s t test. (E) Circulating IFN-a in WT (white circle) or MyD88-- mice (black circle) treated with SCV2-RNA or
vehicle (-) for 6 hours. Data are expressed as mean + SEM ((-) n=4, SCV2-RNA n=7); *P< 0.05 versus (-) or P <
0.05 versus “SCV2-RNA MyD88"" by unpaired Student’s t test of one representative experiment out of three. (F-H)
Activation of splenic pDCs (CD11cintMHCII*B220*SiglecH*) (F), cDC1s (CD11¢*MHC-II*CD8a*CD11b") (G) or cDC2s
(CD11c*MHC-II*CD8a-CD11b*) (H) from WT (white circle) or MyD88-- mice (black circle), treated with SCV2-RNA or
vehicle (-) for 6 hours evaluated in terms of CD40 and CD86 expression. Data are expressed as mean + SEM of the
median fluorescence intensity (MFI) ((-) n=4, SCV2-RNA n=7); *P< 0.05 versus (-) or #P < 0.05 versus “SCV2-RNA
MyD887" by unpaired Student's t test.
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Figure 22. SAMPs induce inflammation in vivo. (A-C) Real-time PCR for cytokines, chemokines and effector proteins
in lungs of WT (white circle) or MyD88~- (black circle) treated or not with SCV2-RNA for 6 hours. Data are expressed
as mean + SEM ((-) n=4, SCV2-RNA n=7) of 2-2Ct relative to housekeeping mMRNA (RPL32); *P< 0.05 versus (-) or #P
< 0.05 versus “SCV2-RNA MyD88"-" by unpaired Student’s t test of one representative experiment out of three. (D)
Histological evaluation of lungs from WT or MyD88 mice treated or not with SCV2-RNA for 6 hours. Image shows
one section out of the three longitudinal serial sections performed of one representative left lung out of 7. Scale bars
=100 um.

2. Discussion

Here, we report that two short sequences within the ssRNA genome of SARS-CoV-2 activate
the production of type | IFNs and the T cell-activating ability of human DCs by triggering

endosomal TLR7 and TLR8. Of note, these sequences represent prototypical examples of the
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several hundreds of potential TLR ligands identified by SARS-CoV-2 genome scan. This finding
is in line with previous work demonstrating a twenty-fold higher density of GU-rich fragments in
the closely related SARS-CoV as compared to HIV-1 (198) and with a recent bioinformatic study
showing that SARS-CoV-2 encodes a number of such fragments even larger than SARS-CoV
(199). Thus, endosomal processing of SARS-CoV-2 nucleic acids may give rise to multiple

fragments endowed with the property to trigger innate immune activation.

TLR7/8 are sensors of ssRNA viruses including coronaviruses. In the past, TLR7-dependent
recognition of MERS-CoV and human and murine pDC activation was demonstrated (200). In
addition, murine coronavirus activated protective type-lI IFN production by TLR7-expressing
murine pDC (201) and ssRNA SARS-CoV genome was shown to induce TLR7/8 dependent
cytokine secretion by human PBMCs and RAW264.7 murine cells (198). By contrast, the
involvement of TLR7/8 in the immune response against SARS-CoV-2, as well as their role in
COVID-19 pathogenesis and therapeutic potential has been only hypothesized (202). Notably,
very rare loss-of-function variants of TLR7 in two independent families were associated with
severe COVID-19 in males (203). Thus, our report on the ability of SAMPs to activate the
TLR7/8 and MyD88 pathways provides the missing link between clinical evidence and molecular
knowledge on the cellular sensors for SARS-CoV-2 detection. Viral recognition by endosomal
TLRs takes place before and independently of infection, as a consequence of pathogen
endocytosis (92). Indeed, pDCs were reported to be resistant to infection, although they were
activated by SARS-CoV-2 (204). This is an important process that gives innate immune cells the
opportunity to activate early antiviral response. One limitation of our experimental approach is
that it does not shed light on the actual triggering of endosomal TLRs during active SARS-CoV-
2 infection. However, this is a likely event based on the reported SARS-CoV-2-dependent pDC
activation, which use TLR7 as the main ssRNA receptor (92,204). In addition, endosomal TLRs
expressed by innate immune cells were shown to be activated by viral RNAs packaged within
extracellular vesicles by infected tissue cells (205), a mechanisms that is mimicked by SCV2-
RNA-delivery by liposomal particles. Indeed, in another experimental setting, liposome-delivered
ssRNA40 from HIV-1 activated human macrophages via TLR8 in a way that recapitulated intact
HIV-1 administration (206). It remains to be elucidated if SARS-CoV-2 uptake for endosomal
processing is a direct process or mediated by receptors, such as ACE2 or CD147 (124).

DCs are heterogeneous cells that master activation of inflammation and antiviral responses,
adaptive immune responses and tolerance as well (76). These functions are largely shared

among different phenotypical and functional DC subsets (79). Indeed, pDCs are the major
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producers of type | IFNs in response to viral infections (27), while cDCs, and cDC2s in
particular, sustain inflammation via cytokine secretion and activate naive T cells (79). Notably,
this specialization mirrors the respective expression and function of TLR7 and TLR8 (92). The
protective role of TLR7 and type | IFNs in life-threatening COVID-19 has been documented
based on the clinical outcome of patients with inborn errors in type | IFN immunity, producing
blocking auto-Abs against different types of type | IFNs (28,29) or expressing loss-of-function
variants of TLR7 (203). Therefore, SAMPs may represent one of the essential signals in the
activation of an IFN response and Th1-oriented adaptive immunity (207,208). In this regards it is
of note that SARS-CoV-2 infection affected the number of pDCs in vivo (125) and primary virus
isolates induced the activation of pDCs, in vitro (204). By contrast, an aggravated inflammatory
response causes damage to the host and frequently advances to ARDS in severe COVID-19
patients. Here, we show that the activation program induced by SAMPs is not restricted to type |
IFNs but encompassed the production of pro-inflammatory cytokines and the generation of Th1-
oriented responses, which may contribute to the exuberant pro-inflammatory response observed
in life-threatening COVID-19 (209). Whether TLR8 or cDC overactivation or genetic variants are
involved in this process is difficult to speculate, and more studies on selected patient cohorts
are needed. However, TLR7 and TLR8 selective agonists or antagonists, inducing antiviral
interferon response and/or controlling inflammation, deserve consideration and have entered
Phase Il clinical trial as interesting therapeutic options to control the different manifestations of
COVID-19 (https://clinicaltrials.gov/ct2/show/NCT04448756). ssRNA-sensing TLRs are
expressed also by cells other than DCs such as macrophages, as well as by peripheral tissues
such as lung, bronchus, rectum, and cerebral cortex (124). Thus, other cells may contribute to
the complex balance of protective versus detrimental immune activation (210). Finally, since the
magnitude of TLR activation differs in individuals, such as elderly people, differences in TLR
activation may help explain differences in the quality of the antiviral immune response
independently of SAMP potency (79).

By all means, other SAMPs and DAMPs as well as the simultaneous engagement of different
PRRs are likely to contribute to COVID-19-associated protective response and cytokine storm,
including cytosolic sensors, such as retinoid-inducible gene-l (RIG-I)-like receptors (188),
Interferon Induced proteins with tetratricopeptide repeats, or members of a large group of RNA-
binding molecules with poorly defined ligand specificity (188). A search for specific candidate
ligands of cytosolic RNA-sensors was hampered because the scarce definition of their ligand

consensus sequences. However, the finding that SARS-CoV-2 can evade innate immune
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restriction provided by intracellular RNA-sensors via methylation the 5-end of its cellular
mRNAs (211) further reinforces the role for TLRs as crucial sentinels and regulators of immune
response to SARS-CoV-2 infection. SARS-CoV-2 is known to induce inflammasome assembly
despite the exact mechanism still need to be characterized (212). Since intracellular nucleic acid
sensors are known to activate inflammasomes (213), and TLR activation is intimately connected
with inflammasome functions (214), it is possible that SCV2-RNAs used in this study may also

contribute to activate this pathway.

In conclusion, this work describes that SARS-CoV-2 is as a potential powerful source of
immunostimulatory nucleic acid fragments and identifies the first SARS-CoV-2-specific PAMPs
endowed with the ability to promote inflammation and immunity triggering TLR7 and TLRS.
Based on previous works demonstrating a) the crucial protective role of type | IFNs against
COVID-19 (207,208); b) the crucial protective role of TLR7 against life-threatening SARS-CoV-2
infection (203) and c) pDC activation in vitro by SARS-CoV-2 (204), we believe that our findings
fill a gap in the understanding of SARS-CoV-2 host-pathogen interaction.
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B. TANIMILAST SKEWS DENDRITIC CELL ACTIVATION BY SARS-COV2 ssRNA
TOWARDS AN IMMUNOMODULATORY PHENOTYPE

1. Results

1.1 Tanimilast selectively reduces the secretion of cytokines and chemokines by moDCs
stimulated with SCV2-RNA (SCV2-moDCs)

The effects of Tanimilast on the pro-inflammatory properties of SCV2-moDCs were assessed in
terms of cytokine and chemokine regulation. moDCs were pre-treated with Tanimilast (10", 10
9,107 M) for 1 hour and then stimulated with an optimal concentration of SCV2-RNA (215). B-
methasone (10”7 M), a glucocorticoid anti-inflammatory drug commonly used to treat overactive
inflammation (216), was used as a comparison. Figure 23A shows that Tanimilast dose-
dependently decreased the production of the pro-inflammatory cytokines TNF-a and IL-6 and of
the Th1-polarizing cytokines IL-12 and IFN-B, although with different efficacy. Similarly, also the
myelomonocyte-attracting chemokine CCL3 and the Th1-attracting chemokines CXCL9 and
CXCL10 were dose-dependently reduced, while the secretion of the neutrophil-attracting
chemokine CXCL8 was not affected (Figure 23B). In most cases, 3-methasone showed a
similar inhibition pattern, but was more effective on IL-6 secretion (60% versus 30% reduction)
and reduced CXCLS8 by half. B-methasone, however, unlike Tanimilast, could not counteract the
induction of CXCL9 and CXCL10.

These results indicate that both Tanimilast and B-methasone reduce the overall pro-
inflammatory potential of SCV2-moDCs. However, the modulatory pattern of target cytokines

differs between the two drugs.
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Figure 23. Effect of Tanimilast on cytokine and chemokine secretion by moDCs challenged with SCV2-RNA. (A-B)
moDCs (2x108/ml) were pre-treated or not (-) with the indicated doses of Tanimilast (Tan) or B-methasone (3-meth)
for 1 hour and then stimulated with SCV2-RNA (5 ug/ml) for 24 hours. Cytokine (A) and chemokine (B) production
was evaluated by ELISA in cell-free supernatants. Cytokine/chemokine expression was normalized to SCV2-RNA
condition (represented as 100%) to control donor-dependent variation. Absolute levels of SCV2-RNA induced
cytokines (ng/ml) were: TNF-0=154.79 + 26.37; IL-6=131.66 + 16.8; IL-12=62.53 * 21.5; IFN-$=0.38 + 0.2;
CCL3=42.21 £9.79; CXCL9=76.1 + 22.7; CXCL10=33 + 5.8 and CXCL8=94.1 + 10.6. Data are expressed as mean *
SEM (n=3); *P< 0.05 versus SCV2-RNA by one-way ANOVA with Dunnett’s post-hoc test.

1.2 Tanimilast does not impair the acquisition of maturation markers by SCV2-moDCs

Consistent with our previous findings in LPS-treated moDCs (150), Tanimilast pre-treatment (10
7 M) did not restrain the upregulation of the costimulatory molecules CD83 and CD86 and of the
lymph-node-homing receptor CCR7 induced by SCV2-RNA (Figure 24A, left panels). Indeed,
the expression of these markers showed the tendency to be even higher on a per-cell-basis in
the presence of Tanimilast as demonstrated by higher MFI, although no statistical significance
was reached (Figure 24A, right panels). Similarly, Tanimilast pretreatment did not block the
upregulation of HLA-DR, while consistently reverting that of HLA-ABC (Figure 24B). By contrast,
B-methasone counteracted the SCV2-RNA-dependent upregulation of all these markers. Both

drugs did not modify the phenotype of unstimulated moDCs (Figure 24A-B, white bars).
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Thus, unlike B-methasone, Tanimilast does not grossly impair the phenotypical maturation of
moDCs. However, it selectively targets the upregulation of HLA class |, which may result in the

modulation of antigen presentation to CD8" T cells.
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Figure 24. Effect of Tanimilast on moDC phenotypic maturation induced by SCV2-RNA. (A-B) moDCs were pre-
treated or not (-) with either Tanimilast or B-methasone (both at 10-"M) for 1 hour and subsequently stimulated or not
with SCV2-RNA for 24 hours. The surface expression of activating markers CD83, CD86, CCR7 (A) and of antigen
presenting molecules HLA-ABC, HLA-DR (B) were evaluated by FACS analysis. Data are expressed as
representative cytofluorimetric profiles (left panels) and as the mean + SEM (n=3-4) of the Median Fluorescence
Intensity (MF1) (right panels). #P< 0.05 versus (-) and *P< 0.05 versus SCV2-RNA by one-way ANOVA with Dunnett's
post-hoc test.
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1.3 Tanimilast restrains CD8* T cell activation by SCV2-moDCs

Based on findings described above, we set up allogeneic co-colture experiments to characterize
the CD8* T-cell activating properties of SCV2-moDCs in the presence of Tanimilast. Figure 25
shows that, consistent with the observed HLA-ABC reduction, both Tanimilast and B-methasone
impaired CD8" T cell proliferation induced by stimulation with SCV2-moDCs, as assessed by
CFSE staining. In addition, both drugs also reduced the percentage of cells producing IFN-y and

Granzyme B, two key effector molecules of activated CD8* T cells (Figure 25B).
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Figure 25. Effect of Tanimilast on CD8* T cell activation by SCV2-moDCs. (A) moDCs were treated or not (-) with
either Tanimilast or B-methasone (both at 10"M) for 1 hour and then stimulated with SCV2-RNA. After 24 hours,
moDCs were collected and co-cultured with graded numbers of CFSE-stained allogenic CD8* T cells for 6 days.
Alloreactive T cell proliferation was assessed by measuring CellTrace-CFSE dye loss by flow cytometry. Left, dot plot
from one representative experiment (1:40 ratio). Right, line graphs from three independent experiments with different
DC:T cell ratio. Data are expressed as mean + SEM (n=3) of the percentage of proliferating CD8* T cells. (B) moDCs
treated as described in (A) were co-cultured with graded numbers of CD8* T cells for 6 days. Intracellular IFN-y and
Granzyme B (GrB) were evaluated by FACS analysis. Left, dot plot from one representative experiment. Right, bar
graphs from four independent experiments. Data are expressed as mean + SEM (n=4) of the percentage of double
positive T cells. (A-B) #P versus (-) and *P< 0.05 versus SCV2-RNA by one-way ANOVA with Dunnett’s post-hoc test.
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1.4 SCV2-moDCs induce a Th2-skewed CD4+ T cell response in the presence of Tanimilast

The same experiments were performed using naive CD4* T cells as responders. As expected,
based on the lack of HLA class Il and costimulatory molecule modulation, Tanimilast did not
affect the proliferative response of CD4" T cells induced by SCV2-moDCs (Figure 26A). By
contrast, B-methasone reverted T cell proliferation almost to basal levels, in accordance with
HLA-DR downregulation. Next, the effects of Tanimilast on the polarizing properties of SCV2-
moDC were assessed by measuring the levels of intracellular cytokines in activated CD4* T
cells. We have previously shown that SCV2-RNA induces a prominent Th-1 response (215),
which was consistently blocked by both Tanimilast and B-methasone (Figure 26B). However,
pre-treatment with Tanimilast, but not with B-methasone, enhanced the development of T cells
producing IL-4 and IL-13, which characterize Th2-skewed CD4* effectors (Figure 26B). Of note,
Tanimilast alone did not induce either IL-4" or IL-13* T cells (data not shown). We also stained

for IL-17 production, but this was undetectable in our experimental conditions (data not shown).

Taken together, these results indicate that DCs matured in the presence of Tanimilast fully
retain the stimulatory capacity to induce CD4* T cell proliferation while skewing the T helper
response toward a Th2 profile. By contrast, the effect of B-methasone results in a general

inhibition of CD4* T cell activation, resembling the inhibition observed on CD8* T cells.
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Figure 26. Effect of Tanimilast on CD4* T cell activation by moDCs. (A) moDCs were treated or not (-) with Tanimilast
or B-methasone (both at 10-”M) for 1 hour before stimulation with SCV2-RNA. After 24 hours, moDCs were collected
and co-cultured with graded numbers of CFSE-stained allogenic CD4* T cells for 6 days. Alloreactive T cell
proliferation was assessed by measuring CellTrace-CFSE dye loss by flow cytometry. Left, dot plot from one
representative experiment (1:40 ratio). Right, line graphs from four independent experiments with different DC:T cell
ratio. Data are expressed as mean + SEM (n=4) of the percentage of proliferating CD4* T cells. (B) Activated moDCs
were incubated with graded numbers of T cells for 6 days. Intracellular IFN-y, IL-4 and IL-13 were evaluated by FACS
analysis. Left, dot plot from one representative experiment. Right, bar graphs from four independent experiments.
Data are expressed as mean + SEM (n=3-4) of single IFN- y- (upper right panel) or single IL-4- (right Y axis) and IL-
13- (left Y axis) (lower right panel) producing T cells. (A-B) #P< 0.05 versus (-) and *P< 0.05 versus SCV2-RNA by
one-way ANOVA with Dunnett’s post-hoc test.

1.5 Primary DC subsets recapitulate the effects of Tanimilast pre-treatment of moDCs

To confirm the results obtained in moDCs also in primary DCs, we immunomagnetically sorted
the two main subsets of circulating DCs, namely cDCs and pDCs. Because of the rarity of these
cells, only a fixed concentration of Tanimilast was used (10’M). In cDCs, a substantial lack of
CD86 and CCR7 modulation by Tanimilast was confirmed, both in terms of percentage of
positive cells and of mean fluorescence intensity of the population (Figure 27A). By contrast, the
production of TNF-a was significantly decreased (Figure 27B). Regarding pDCs, though

Tanimilast did not interfere with the acquisition of a mature phenotype characterized by the
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upregulation of CD86 and downregulation of BDCA2 (Figure 27C), it decreased IFN-a secretion
to 40% (Figure 27D).

A cDCs C pDCs
— [—] | =
2 100+ - 30000 & 100 " - 15000
= = # L
Q []
© # » * © L
0>J (] = o » —
= 3, 20000 i© = 110000 @
3 . = 8 =3
2 50 # © Q 50 ©
ks @ ks <}
2 . -10000 5 < L5000 S
¢ |[a -
O od 0 () 0._.‘_. 0
% 100 r 4500 @ 100~ - 1500
= ] e IS
3 i e © [
@ o e ° i 4 f =
= L3000 = 1000 &
3 = o =
= Y
S 50 N =[50 # N
"5 L] o [=] 5]
8 1500 8 ) L500 &
< m
M~ [ ] o
<
x 1)
Q )
(S 0 @ 04 Lo
) 0 c a 3 &
e s
- SCV2-RNA
B SCV2-RNA D
# #
—~ 1007 100+
S 5
5 ]
=} =3
g E
(=%
5 501 * o 50 *
N x
¥ . 3
z &
Foo 0
T T & T T 5
2 2
SCV2-RNA SCV2-RNA

Figure 27. Effect of Tanimilast on primary DC activation by SCV2-RNA. cDCs (2x10%/ml) and pDCs (1x108/ml) were
pre-treated with Tanimilast (107M) and then stimulated with SCV2-RNA for 24 hours. (A, C) The surface expression
of CD86, CCR7 and BDCA2 was evaluated by FACS analysis. Data are expressed as the mean + SEM (n=3) of the
percentage of positive cells (left y axis) and of the Median Fluorescence Intensity (MFI) (right y axis). (B, D) The
production of TNF-a and IFN-a was evaluated by ELISA in cell-free supernatants. Cytokine expression is normalized
to SCV2-RNA condition (represented as 100%). Absolute levels of SCV2-RNA induced cytokines (ng/ml) were: TNF-
a=20.92 + 0.55; IFN-a= 169.36 + 23.39. Data are expressed as mean = SEM (n=3). (A-D) #*P< 0.05 versus (-) and
*P< 0.05 versus SCV2-RNA by one-way ANOVA with Dunnett’s post-hoc test.

2. Discussion

Tanimilast is currently undergoing phase Il clinical development as a novel inhaled anti-
inflammatory agent for COPD by showing promising pharmacodynamic results associated with
a good tolerability and safety profile (178). Tanimilast was previously shown to act as a potent

anti-inflammatory agent in several cell-based models (177), including leukocytes derived from
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asthma (217) and COPD patients (218) and rhinovirus-infected human bronchial epithelial cells
(159), as well as in experimental rodent models of pulmonary inflammation (183). In this study,
Tanimilast is investigated as an agent capable of modulating the strong inflammatory activation
induced by SCV2-RNA in human DCs. Consistent with previous work of our group (150),
Tanimilast reduced the secretion of selected, but not all cytokines without affecting the
acquisition of a mature phenotype. This is a condition previously defined as “semi-mature DCs”,
suited to prevent excessive responses in peripheral tissues (116). Our analysis was conducted
in parallel with B-methasone, since corticosteroids are established drugs in the treatment of
overactive immune conditions, also undergoing clinical trials for the treatment of COVID-19
(192). Unlike Tanimilast, B-methasone induced a widespread and clear-cut shift from competent

to suppressive moDCs.

Tanimilast decreased the expression of TNF-a, IL-6 and CXCL10, which are cytokines highly
correlated with severity and mortality rate of Covid-19 (63,64). Additionally, Tanimilast induced a
marked reduction in the release of chemokines that amplify the inflammatory and immune
response via the recruitment of innate cells (e.g. CCL3) or Th1 effector cells (e.g. CXCL9/10).
To date, the many ongoing trials to test the efficacy of anti-TNF-a or anti-IL-6 drugs in severe
COVID-19 have provided conflicting results (219,220). It is tempting to speculate that Tanimilast
may prove beneficial because of its broad modulatory effect on several cytokines, as compared

to drugs selectively targeting one particular cytokine.

We observed that Tanimilast, unlike B-methasone, did not inhibit the SCV2-RNA-dependent
release of the neutrophil attracting CXCL8, another prognostic marker in COVID-19 (221).
However, CXCL8 is produced by many cell types in addition to DCs and was shown to be
efficiently blocked by Tanimilast in other experimental settings (150,222). Thus, our
experimental model, by focusing on DCs, may not fully recapitulate the modulation of CXCL8
occurring in vivo upon administration of Tanimilast. By contrast, DCs are by far the principal
producers of type | IFN, which was decreased by Tanimilast. Because both type | IFNs and
pDCs play crucial protective roles in the early phases of SARS-CoV-2 infection (204), the
administration of Tanimilast may need to be timely targeted during SARS-CoV-2 infections,
especially when tissue damage mostly depends on overwhelming immune activation rather than
to viral replication per se. This holds true and has been clearly assessed also for corticosteroids,
where early addition impairs viral eradication, while late-stage usage reduces symptoms and

immune-dysregulation (223).
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In the in vitro experimental setting utilized in this study, the combined reduction of selected
cytokines elicited by Tanimilast, together with the conserved expression of co-stimulatory
molecules and HLA class Il, skewed the predominantly Th1 polarization of CD4* naive T cells
induced by SCV2-activated DCs (215) towards a Th2-oriented activation, without affecting T cell
proliferation. This apparent Th-2 skewing effect of Tanimilast appears to be related to the
presence of the SCV2 stimulus. Indeed, we observed that Tanimilast alone induced neither IL-4-
nor IL-13-producing T cells. Additionally, Tanimilast is very effective in inhibiting allergen-
induced eosinophilia in rats which is Th-2 driven (183). A further evidence of the modulatory
effects of tanimilast on Th-2 driven pulmonary inflammation comes from its ability in reducing
the allergen challenge response in asthmatic patients (178). In this regard, the effect of [3-
methasone was a clear-cut inhibition of phenotypical maturation, CD4*T cell proliferation and
Th1 blockade, with no observed skewing towards Th2 polarization. We could not evaluate the
effects of Tanimilast on Th17 polarization because it was not induced in our experimental
setting. However, we demonstrate a reduction in the secretion of crucial Th17-polarizing
cytokines such as IL-6 and TNF-a. This is of particular importance, since Th1/Th17 responses
have been associated to COVID-19 immunopathogenesis and exacerbation (31,47). SARS-
CoV-2-specific CD4" effector cells generally do not express Th2 traits (56), which could play a
protective role as shown by the lower susceptibility and less severe outcomes of COVID-19 in
asthmatic and atopic patients (224,225). Accordingly, IL-13 was shown to reduce viral burden,
possibly by downregulating the expression of angiotensin-converting enzyme 2 (ACE2) in
airway epithelial cells (226). In addition, M2 macrophage polarization induced by IL-4 and IL-13
fostered tissue repair and resolution of inflammation in ARDS (227). Finally, Th2 cytokines
rescue the anti-thrombotic properties of endothelial cells by inhibiting the expression of pyrogen-
induced tissue factor (228), which is highly expressed in the lungs of severe COVID-19 patients
(229). A number of reports, however, described Th2 signature and eosinophilia in the inflamed
areas of lungs in subgroups of severe COVID-19 patients (52). This complex picture reinforces
the hypothesis that Tanimilast administration may prove beneficial in blunting the excessive
inflammatory response that can occur in severe COVID-19, provided careful patient evaluation

and stratification is performed.

Tanimilast reduced the expression of HLA class | molecules. This effect may depend on
increased levels of cAMP, reproducing the activation of the cAMP/PKA/ICER pathway
previously described to repress HLA class | transcription (230). In addition, PDE4 inhibition by

Rolipram was shown to reduce antigen production (and therefore HLA class | expression) by

64



RESULTS

decreasing the activity of the ubiquitin proteasome system in rodent skeletal muscle cells (231).
Further research is granted to elucidate if these mechanisms are involved in the block of MHC-I
upregulation in Tanimilast-treated moDCs. HLA class | reduction, together with IL-12 blockade,
are likely responsible for the observed curtailing of CD8" T cell proliferation and activation,
characterized by a decrease of both IFN-y and Granzyme-B levels. This effect is shared by both
Tanimilast and B-methasone. Activated CD8* effector cells play a dual role in SARS-CoV-2
infection, being critical for virus eradication as well as detrimental, when excessive cytotoxic
activation results in lung damage, even more lethal than viral replication itself (58). Both
hyperactive and exhausted cytotoxic T cells were described in COVID-19 patients, possibly
correlating with the course of the illness (232,233). Indeed, an early immune profile
characterized by high expression of interferon stimulated gene and viral load with limited lung
damage was shown to precede a later stage with low interferon stimulated gene levels, low viral
load and abundant infiltration of activated cytotoxic cells (57). In addition, continual proliferation
and overactivation of CD8" T cells observed in severe, late stage COVID-19 were correlated to
disease aggravation (49). Thus, the inhibition of CD8" T cells proliferation and activation
observed upon Tanimilast treatment may be beneficial to alleviate cytotoxic hyperactivation but
might be not relevant, if not contraindicated, in COVID-19 cases displaying an exhausted CD8*

T cell phenotype.

In addition to immunomodulation, Tanimilast may interfere with SARS-CoV-2 infection via other
mechanisms. For example, Rolipram and Roflumilast were both shown to inhibit viral replication
(234,235). In addition, compounds with properties of PDE4 inhibition were suggested to bind to
N-terminal RNA-binding domain of SARS-CoV-2 N-protein, a critical component of the viral
replication and genome packaging machinery that may affect viral replication (236,237). By
analogy with other PDE4 inhibitors, it is tempting to speculate that Tanimilast may be helpful in
COVID-19 pneumonia not only by regulating the inflammatory balance but also by directly
reducing viral replication and load. However, this aspect could not be investigated using our
system of moDCs stimulation by SCV2-RNA.

Overall, the data presented in this study suggest that the PDE4 inhibitor Tanimilast could be a
promising immunomodulator in the scenario of COVID-19. Nevertheless, further studies are
needed to evaluate the benefits of this agent in clinical settings. In particular, it will be important
to determine the optimal disease stage at which starting such treatment, with a particular focus
on the identification of subgroups of patients (clinical phenotypes) with increased chances of

therapeutic success.
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C. TANIMILAST INDUCES AN IMMUNOMODULATORY PHENOTYPE ASSOCIATED
WITH CD141 UPREGULATION IN HUMAN DENDRITIC CELLS

1. Results

1.1 Tanimilast impairs the Th1-promoting capacity of moDCs activated by LPS (LPS-moDCs)

We previously demonstrated that Tanimilast diminishes the Th1/Th17 polarizing potential of
LPS-moDCs by decreasing the secretion of cytokines such as IL-12, IL-23 and IL-183, while
increasing the Th2-recruiting chemokine CCL22 (150). Here, we set up allogeneic co-culture
experiments to investigate the functional outcome of these modulations in terms of T cell
stimulatory and polarizing capacity. Budesonide, an inhaled corticosteroid commonly prescribed
in asthma and COPD, was used as a comparison (238). moDCs matured by LPS exposure in
the presence of Tanimilast (Tan-LPS-moDCs) or Budesonide (Bude-LPS-moDCs) were co-
cultured with naive CD4* T cells for 6 days. The proliferative capacity of naive CD4" T cells was
not affected by Tanimilast, whereas Budesonide significantly reduced the percentage of
proliferating cells (Figure 28A). By contrast, both drugs blunted the prominent Th-1 response
elicited by LPS-moDCs, as evaluated in terms of decreased percentage of IFN-y producing T
cells by intracellular staining (Figure 28B, left panel). However, Tan-LPS-moDCs, but not Bude-
LPS-moDCs, enhanced the development of T cells producing IL-13, which characterizes a Th2
response (Figure 28B, right panel). In the present experimental conditions, both CD25*Fox3p*™ T
cells and IL-17* cells were barely detectable and not modulated by the drugs (data not shown).
Control experiments demonstrated that Tanimilast did not induce IL-13* T cells when

administered to immature moDCs (data not shown).
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Figure 28. Effect of Tanimilast on CD4* T cell activation by LPS-moDCs. (A) moDCs were treated or not (-) with
Tanimilast (Tan) or Budesonide (BUD) (both at 10"M) for 1 hour before stimulation with LPS. After 24 hours, moDCs
were collected and co-cultured with graded numbers of CFSE-stained allogenic CD4* T cells for 6 days. Alloreactive
T cell proliferation was assessed by measuring CellTrace-CFSE dye loss by flow cytometry. Left, dot plot from one
representative experiment (1:20 ratio). Right, line graphs from four independent experiments with different DC:T cell
ratio. Data are expressed as mean + SEM (n=3) of the percentage of proliferating CD4* T cells. (B) Activated moDCs
were incubated with graded numbers of T cells for 6 days. Intracellular IFN-y and IL-13 were evaluated by FACS
analysis. Left, dot plot from one representative experiment. Right, bar graphs from four independent experiments.
Data are expressed as mean + SEM (n=4) of single IFN-y-(right Y axis) and IL-13- (left Y axis) producing T cells. (A-
B)#P< 0.05 versus (-) and *P< 0.05 versus LPS by one-way ANOVA with Dunnett’s post-hoc test.

1.2 Tanimilast suppresses activation of CD8* T cells by LPS-moDCs

Co-culture experiments were also performed using CD8" T cells as responders. At difference
with CD4" T effectors, both Tanimilast and Budesonide similarly attenuated the proliferation of
CD8" T cells induced by LPS-moDCs (Figure 29A). Also, both drugs substantially decreased the
percentage of cells producing IFN-y and Granzyme B, two key effector molecules of activated
CD8" T cells (Fig 29B).

Taken together, these results indicate that both Tanimilast and Budesonide modulate the T
activating potential of LPS-moDCs resulting in impaired Th1 induction and reduced cytotoxic
potential of CD8" T cells. Unlike Budesonide, Tanimilast did not affect the capacity of LPS-
moDCs to stimulate CD4* T cell proloferation and favored the developments of a Th2-oriented

immune profile.
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Figure 29. Effect of Tanimilast on CD8* T cell activation by LPS-moDCs. (A) moDCs were treated or not (-) with
either Tanimilast or Budesonide (both at 10-7M) for 1 hour and then stimulated with LPS. After 24 hours, moDCs were
collected and co-cultured with graded numbers of CFSE-stained allogenic CD8* T cells for 6 days. Alloreactive T cell
proliferation was assessed by measuring CellTrace-CFSE dye loss by flow cytometry. Left, dot plot from one
representative experiment (1:40 ratio). Right, line graphs from three independent experiments with different DC:T cell
ratio. Data are expressed as mean + SEM (n=3) of the percentage of proliferating CD8* T cells. (B) moDCs treated as
described in (A) were co-cultured with graded numbers of CD8* T cells for 6 days. Intracellular IFN-y and Granzyme
B (GrB) were evaluated by FACS analysis. Left, dot plot from one representative experiment. Right, bar graphs from
four independent experiments. Data are expressed as mean + SEM (n=4) of the percentage of double positive T
cells. (A-B) #P versus (-) and *P< 0.05 versus LPS by one-way ANOVA with Dunnett’s post-hoc test.

1.3 Tanimilast regulates a broad panel of genes involved in T cell immunosuppression

Based on the findings above, we set out to better characterize the immunomodulatory potential
of Tan-LPS-moDCs. To this extent, immature and mature moDCs in the presence or absence of
the two drugs were analysed for the levels of steady-state mRNAs encoding for proteins
associated with tolerance induction (Figure 30). In line with the marked reduction of the protein
levels described in our previous work (150), IL-12 mRNA was considerably downregulated in
response to both drugs. Both Tanimilast and Budesonide also remarkably inhibited the
expression of IRF-8, a transcription factor involved in IL-12 production (239,240). In accordance
with this functional relationship, the regulation of IRF-8 shows a faster kinetic as compared to its
target IL-12. By contrast, Tanimilast upregulated the levels of IDO and TSP-1, two potent
negative regulators of T cell activation (241,242) and of VEGF-A and Amphiregulin (AREG), two
immunosuppressive molecules linked to angiogenesis (243,244). Bude-LPS-moDCs displayed a
delayed IDO upregulation and low or no induction of the other mRNAs. This difference may be
partially explained by the sensitivity to CAMP elevating agents (such as Tanimilast), previously
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described to play a role in the upregulation of these genes in the context of inflammation

(245,246).

These data show that multiple immunosuppressive molecules are upregulated in Tan-LPS-

moDCs but not in Bude-LPS-moDCs, consistent with the view of Budesonide as a direct and

rapid-acting suppressor of pro-inflammatory signals.
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Figure 30. Effect of Tanimilast on genes involved in regulation of inflammation. moDCs pre-treated or not with
Tanimilast or Budesonide and subsequently stimulated with LPS for various periods of time (Oh, 4h, 8h and 24h).
SYBR Green real-time PCR was used to measure mRNA level of 6 genes IL-12, IRF8, IDO, TSP-1, VDGF-A, AREG.
Data are expressed as mean + SEM (n = 3) of 2-ACt relative to housekeeping mRNA (HPRT); #P < 0.05 versus (-) or
*P < 0.05 versus LPS by one-way ANOVA with Dunnett’s post-hoc test.
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1.4 Tanimilast modulates the phenotype of LPS-moDCs
Next, we investigated if Tan-LPS-moDCs differ from LPS-moDCs in terms of phenotypic

markers, with a particular focus on surface molecules that play a role in T cell activation and
immunoregulation. Figure 4A shows the analysis of the regulatory molecules PD-L1, which
restrains the functions of activated T cells (247) and ILT3/CD85k (Figure 31A. right panel), a
molecule that negatively regulates the activation of DCs in an autologous manner (248). We
also investigated the expression of Ox40L, a positive signal for Th2 differentiation (249), but this
was undetectable in our system in all conditions (data not shown). PD-L1 (Figure 31A, left
panel) was constitutively expressed at low levels in resting moDCs and potently increased by
LPS stimulation. Both Tanimilast and Budesonide decreased its mean fluorescence intensity
(MFI) without modifying the maximal percentage of PD-L1* cells. A very similar scenario is
observed for ILT3/CD85k (Figure 31A, right panel). Because the observed upregulation by LPS
is often interpreted as a feedback loop to prevent excessive T cell responses, Tanimilast may
counteract this effect via the suppression of TNF-a and IL-10 (150,250,251). However,
ILT3/CD85k is also negatively regulated by the increase of COX2 that characterize moDCs in

the presence of cAMP-elevating agents (data not shown and (185)).

When checking the regulation of classical maturation markers, we found that Tan-LPS-moDCs
showed reduced expression of HLA-ABC and CD80 as compared to LPS-moDCs, at striking
difference with CD86 (Figure 31B and C) and HLA-DR (150) that were not affected. Of note,
HLA-ABC and CD80 expression are both known to be regulated by intracellular cAMP levels
(230,252). The reduction of HLA-ABC well correlates with decreased proliferation of CD8" T
cells (Figure 29), while untouched HLA-DR is consistent with unaffected CD4 T cell proliferation
when Tan-LPS-moDCs were used as activators (Figure 28). Budesonide behaved similarly to
Tanimilast, with the notable exception of a significant decrease of CD86 (Figure 33B and C).
The counter regulation of CD80 and CD86 determined a higher CD86/CD80 ratio in Tan-LPS-
moDCs as compared to Bude-LPS-moDCs, which correlated with the higher induction of IL-13*
T cells (Figure 31D). This is in line with the previously reported association between high CD86

levels and increased Type 2 immune responses (253—-255).

We also investigated the expression of CCR2 and CCR6, two chemokine receptors responsible
for DC accumulation into the lung (256), which remained unaltered and undetectable,
respectively, in all our experimental conditions (data not shown). When administered to
immature moDCs, both Tanimilast and Budesonide did not modify the basal levels of any of the

analyzed markers (data not shown).
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Figure 31. Effect of Tanimilast on LPS-moDCs’ phenotype. moDCs were pre-treated or not (-) with either Tanimilast
or Budesonide (both at 107M) for 1 hour and subsequently stimulated or not with LPS for 24 hours. The surface
expression of regulatory markers PD-L1, ILT3/CD85k (A) and of maturation markers HLA-ABC (B), CD80, CD86 (C)
were evaluated by FACS analysis. Data are expressed as the mean + SEM (n=3) of the percentage of positive cells
(left y axis) and of the Median Fluorescence Intensity (MFI) (right y axis). (A-C) #*P< 0.05 versus (-) and *P< 0.05
versus LPS by one-way ANOVA with Dunnett’'s post-hoc test. (C) Correlation between CD86/CD80 ratios and % of
single IL-13* T cells induced by moDCs stimulated with LPS in the absence or presence of Tanimilast or Budesonide
(3 donors) (y = 0.03615*x + 0.1299, R? = 0.7325; Spearman r = 0.8559, *P = 0.0008).

1.5 CD141 expression marks DCs matured in the presence of Tanimilast

In the search for markers of Tan-LPS-moDCs, we serendipitously observed that these cells
expressed high levels of CD141, also known as Thrombomodulin or BDCA-3. CD141, together
with Clec9A and XCRH1, is the distinctive marker of conventional DCs type 1 (cDC1s) (79), a
subpopulation of primary DCs specialized in antigen cross-presentation following dead cell
uptake (83) and also known to induce T cells that preferentially produce type 2 cytokines (85).
Thus, we asked if moDCs in the presence of Tanimilast may acquire features of cDC1s.
Immature moDCs expressed very low CD141 and no Clec9A nor XCR1. Tan-LPS-moDCs
upregulated the surface levels of CD141 both in terms of percentage of positive cells and MFI,
while Bude-LPS-moDCs did not (Figure 32A). In both cell types, Clec9A and XCR1 remained
undetectable (data not shown). Additionally, Tanimilast (but not Budesonide) potentiated the
capacity of LPS-moDCs to uptake dead cells and this effect positively correlated with the
percentage of CD141" cells in the different populations (Figure 32B). The upregulation of

CD141 was not restricted to Tan-LPS-moDCs, since it could be reproduced by Tanimilast
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pretreatment of moDCs matured in the presence of several proinflammatory agonists such as E.
coli, R848, SCV2-RNA and B-glucan. (Figure 32C). Finally, we investigated the ability of
Tanimilast to upregulate the expression of CD141 in primary DCs. Circulating conventional DC
subsets comprise cDC1s (CD141" DCs) and cDC2s (CD1c* DCs). Because of the already
maximal expression of CD141, this could not be further increased by Tanimilast in activated
cDC1s (data not shown) but was upregulated in LPS-cDC2s (Figure 32D). Thus, CD141
expression clearly differentiate DCs matured in the presence of Tanimilast and Budesonide and

may represent a marker of immunomodulatory DCs induced by Tanimilast.
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Figure 32. Tanimilast induce the upregulation of CD141 (Thrombomodulin/BDCA3) in DCs. (A, C) moDCs or CD1c* DCs
(D) were pre-treated or not (-) with either Tanimilast or Budesonide (both at 107M) for 1 hour and subsequently stimulated or
not with LPS (A, D) or with E.coli, R848, SCV2-RNA, B-glucan (C) for 24 hours. The surface expression of CD141 were
evaluated by FACS analysis. Data are expressed as the mean + SEM (n=1/3) of the percentage of positive cells (left y axis)
and of the Median Fluorescence Intensity (MFI) (right y axis). (B) moDCs treated as described in (A) were labeled with HLA-
DR and then co-cultured with heat-killed autologous CFSE* PBMC at ratio 1:1 for 2 hours. The dead cells uptake was
defined as the percentage of HLA-DR*CFSE® cells. Data are expressed as the mean + SEM (n=3) of the fold increase in
percentage of dead cell uptake over LPS condition (left panel) and correlation between the percentage of CD141* cells with
the fold increase [(3 donors), (right panel)] (y = 23.03*x + 3.696, R? = 0.82; Spearman r = 0.9055, *P = 0.0008). (A, C, D)
#P< 0.05 versus (-) and *P< 0.05 versus LPS by one-way ANOVA with Dunnett’s post-hoc test.

72



2. Discussion

Tanimilast displays prominent anti-inflammatory properties in several cell-based models
(177,217) as well as in experimental rodent models of pulmonary inflammation (183). However,
we have previously demonstrated that it also finely tunes, rather than suppressing, the cytokine
network resulting from DC maturation, thus potentially modulating T cell polarization and
adaptive effector functions (150). Here, we characterized Tan-LPS-moDCs as compared to
Bude-LPS-moDCs as activators of CD4" and CD8" T cells. Both Tanimilast and Budesonide
reduced the secretion of IFN-y by activated T cells and inhibited CD8" T cell proliferation and
acquisition of the cytotoxic protease Granzyme B. However, only Tan-LPS-moDCs also induced
the differentiation of IL-13* CD4* T cells, which indicate a type 2 oriented skewing of the

immune response (Figure 33).

Type 2 immunity was initially linked to host defence against helminths and, when occurring in
response to environmental proteins, to allergy and anaphylaxis. According to a more current
view, however, type 2 responses may play a broader role in immune surveillance at tissue
barrier sites, repair responses, and finally in the restoration of tissue homeostasis (257). Thus,
our finding may uncover one so far overlooked property of Tanimilast that further support its
application to pathological conditions characterized by inflammation- and immune-mediated
tissue damage such as COPD. Although the link between cAMP-elevating agents (such as
Tanimilast) and type 2 responses is well established (258-261), our work details a number of
mechanisms underlying the Th2-promoting properties of Tanimilast. Of paramount importance is
possibly the reduction of IL-12 (150), the master Th1-promoting and Th-2 suppressing cytokine.
This reduction may partly depend on the decrease of IRF8, a transcription factor known to
positively regulate the mRNA levels of IL12 p40 (239,240). Of note, IRF8 also support other
functions such as antigen presentation and pro-inflammatory cytokine production; indeed, it can
foster chronic inflammatory diseases characterized by excessive Th1/Th17 response (262,263).
In this view, its reduction may impact on the immunomodulatory properties of DCs well beyond
IL-12 inhibition. Tanimilast also upregulated the expression of IDO, a marker of regulatory DCs
involved in the suppression of Th1/Th17 mediated pathologic conditions (241,264), as well as
that of TSP1, VEGF-A and AREG that play roles both in inhibiting the activity of T cells (242—
244) and in resolving inflammation (265-267). IDO and VEGF-A were also shown to act as
direct Th2-orienting mediators in some conditions (268,269) and VEGF protects against
progression and severity of COPD, where its deficiency induced by cigarette smoke impairs the

alveolar structure (270). Of note, human DCs are a well-known source of these factors,
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especially in inflammatory context characterized by elevated intracellular levels of cAMP, such
as in the presence of PDE4 inhibitors (185,245,246,271,272). Finally, we also postulate a role
for the differentially regulated co-stimulatory molecules CD80 and CD86. Indeed, Th1
polarization may be hampered by lowering CD80 expression without affecting the upregulation
of the Th2-associated molecule CD86 (253-255), leading to a higher CD86/CD80 ratio which
strongly correlated with the number of IL-13" cells (262,263).

CD141 (Thrombomodulin/BDCA-3) is a transmembrane protein that is abundantly expressed by
endothelial cells, where it is regulated by the levels of intracellular cAMPs (273,274). In this cell
type, CD141 exerts various and well-characterized anti-coagulant and anti-inflammatory
activities such as LPS and HMGB1 sequestration and degradation and inhibition of complement
deposition (275,276). CD141 is also a marker of cDC1 cells, a subpopulation of human DCs
known for their superior antigen cross-presenting capacity (83). However, the function of CD141
in DCs remains unknown. Recently, the lectin domain of this molecule was suggested to play a
role in DC-mediated immune-stimulation in the lung (277). Consistent with this view, CD141*
DCs within peripheral tissues were shown to display a tolerant phenotype (278), to preferentially
induce type 2 immunomodulatory responses (85) and even potent regulatory T cells (86). In
addition, CD141* DCs reduced the severity of asthma in murine models via the lectin domain
(277) and CD141* monocytes and DCs were associated with low-risk features in
myelodysplastic syndromes and were proposed to dampen excessive immune activation
(279,280). In the present study, CD141 expression correlated with increased uptake of dead
cells, a function that is pivotal in the resolution phase of inflammation and maintenance of tissue
homeostasis, especially in autoimmunity or acute injury (281). Finally, CD141* DCs antagonized
the pro-inflammatory effects of HMGB1 and enhanced fibrinolysis (282,283), an activity
reminiscent of the functional role of CD141 on endothelial cells. It is thus tempting to
hypothesize that CD141 expression on Tan-LPS-moDCs may help dampen the inflammatory
milieu enriched in HMGB1 and Thrombin associated with lung tissue damage and acute
exacerbation in COPD (284,285).

Taken together, our data depicts Tan-LPS-moDCs as immunomodulatory cells with a distinct
phenotype, characterized by the upregulation of CD141. In particular, we propose these cells as
pro-resolving mediators that, by skewing strong Th1/Th17 immune activation towards a type 2
response, may help restore homeostasis at the site of injury (286). In this scenario, Tanimilast

may display a therapeutic potential also in the treatment of acute diseases associated with
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devastating tissue damage due to hyperinflammation such as severe COVID-19 and its

sequelae.
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CONCLUDING REMARKS

CONCLUDING REMARKS

PDE4 inhibitors have been actively investigated for their therapeutic potential in inflammatory or
immune-mediated conditions because of prominent anti-inflammatory properties. This thesis
adds further elements supporting not only anti-inflammatory but also more complex
immunomodulatory properties of PDE4 inhibitors, with a particular focus on DC modulation by
the novel selective PDE4 inhibitor Tanimilast. When DCs were activated with both a SARS-
CoV-2-derived PAMP, that we define as a novel TLRY ligand, or with the classical pro-
inflammatory PAMP LPS, Tanimilast skewed immunogenic DCs toward regulatory DCs
associated with distinguishable upregulation of CD141 molecules. Importantly, Tanimilast-
conditioned DCs displayed defective Th1 and cytotoxic T cell-promoting capacity, and more
interestingly skewed CD4* T cells toward a Th2-oriented profile. Thus, Tanimilast is not only
capable of blunting the inflammatory properties of innate cells but also shape the outcoming

adaptive immune response.

Altogether, our findings provide rationale for considering PDE4 inhibition in pathological

conditions associated with excessive T cell-mediated immune responses.
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