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Purpose: Severe coronavirus disease 2019 (COVID-19) is linked to insufficient control of viral replication and excessive inflamma-
tion driven by an unbalanced immune response. Plasmacytoid dendritic cells (pDCs) are specialized in the rapid production of
interferons in response to viral infections, and can also prime and activate T-cells. Conventional DCs (cDCs) are critical for the
elimination of viral infections owing to their specialized ability to prime and activate T cells. We assessed the frequency and phenotype
of pDCs and ¢DCs in survivors and non-survivors of COVID-19.

Patients and methods: Patients with COVID-19 were enrolled, and 22 were included in this study. Peripheral whole blood was
obtained during the 2™ week of illness, stained with antibodies specific for lineage markers, human leukocyte antigen-DR isotype
(HLA-DR), CDllc, and CD123, and analyzed by flow cytometry. Patients were followed-up during hospital admission and grouped
into survivors (n=17) and non-survivors (n=5) of COVID-19.

Results: The ratio of pDCs to pre-cDCs was significantly lower (P=0.0005) in non-survivors compared to survivors. The frequency of
pDCs was significantly higher than ¢cDC2-like cells (P=0.0002) and pre-cDCs (£<0.0001) in survivors but not in non-survivors. HLA-DR
expression level on pDCs and ¢cDC2-like cells was lower in non-survivors compared to survivors (P=0.02 and P=0.058, respectively), and
HLA-DR was inversely correlated with disease severity rating (pDCs: r= —0.47, P=0.027; ¢cDC2-like cells: = —0.45, P=0.037). CD123
expression level on pDCs was significantly lower (P=0.038) in non-survivors compared to survivors, and CD123 was inversely correlated
with disease severity rating (r=0.5, P=0.016). CD11c expression level on cDC2-like cells was significantly lower (P=0.03) in non-
survivors compared to survivors, and CD11c was inversely correlated with disease severity rating (=—0.47, P=0.025).

Conclusion: A lower frequency of pDCs compared to other circulating DCs, and lower expression levels of HLA-DR, CD123 or
CDl1lc on DCs is associated with fatal COVID-19.
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Introduction

Coronavirus disease 2019 (COVID-19), caused by the novel coronavirus severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), can range in severity from asymptomatic to fatal disease.'” In the vast majority of patients, the disease is
characterized by flu-like symptoms, which resolves after elimination of the infection (first/only phase). However, some
patients progress to a second phase where the disease becomes severe; the clinical sequelae include immune dysfunction,
lymphopenia, sustained inflammation, secondary bacterial infection, acute respiratory distress syndrome (ARDS), coagulation
activation, thrombosis, myocardial injury, and hepatic and kidney injury.*'* Progression to severe/critical disease is linked to
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insufficient control of viral replication, persistent viral load, defective antiviral defense pathways, and excessive inflammation
driven by an unbalanced immune response.'*’"'? Identification of the underlying cellular and molecular mechanisms is
critical to guide the development of effective therapies.

Dendritic cells (DCs) are specialized antigen-presenting cells (APCs) that play a central role in priming and activating naive
T-cells.'* Mature DCs activate CD4 "T-cells and CD8 T-cells by presenting antigens in association with major histocompatibility
complex class II (MHC-II; also known as human leukocyte antigen-DR isotype, HLA-DR) and MHC-I molecules, respectively.
Although antigenic peptides presented by MHC-II molecules are thought to be mainly generated from extracellular sources;
intracellular antigens can also be presented by MHC-II molecules through non-classical pathways. In this regard, proteins within
APCs can endogenously access the MHC-II pathway and their epitopes presented to CD4 " T-cells.'*'®

Human peripheral blood contains two main populations of DCs: plasmacytoid DCs (pDCs) and conventional DCs
(cDCs)."” pDCs originate in the bone marrow, circulate in the blood, and migrate to secondary lymphoid organs, and sites
of inflammation. pDCs are specialized in the production of large amounts of type I interferons (IFN-I) in response to viral
infections, which exceeds those produced by any other cell type.'®'? This rapid IFN-I response is critical for antiviral
immunity, which is also the case with SARS-CoV-2 infection. Indeed, the inborn errors of IFN-I immunity have been shown to
be a major pathway involved in COVID-19 severity.?> Moreover, neutralizing autoantibodies against IFN-I is another major
pathway leading to life-threatening COVID-19 pneumonia.”' ¢DCs, which link the innate and adaptive immune response, are
also critical for the elimination of SARS-CoV-2 infection. This is primarily due to their specialized ability to prime and
activate naive T cells.”* In addition, pDCs have been suggested to function as APCs. pDCs can cross-present extracellular

antigens coupled with MHC-I molecules to CD8 " T-cells,****

and can also upregulate MHC-II molecules, acquire a mature
dendritic phenotype, and present antigens to CD4 T-cells.'>'%?>¢ Although the initial maturation of pDCs is induced through
pathogen-derived signals,””*® later in the immune response, antigen-specific T-cells (among other cell types) expedite the
maturation of pDCs in their vicinity through secretion of interleukin (IL)-3. Interaction of IL-3 with its receptor CD123 on the
surface of pDCs induces the cells to acquire a mature dendritic phenotype, and thus, an ability to present antigens to T-cells.?’

In this study, we analyzed the frequency and phenotype of circulating DCs in survivors and non-survivors of COVID-
19. We show previously unrecognized low expression levels of HLA-DR, CD123 or CD11c¢ on circulating DCs, as well

as reduced frequency of pDCs compared to other circulating DCs, in patients with fatal COVID-19.

Methods

Study Participants

The study was approved by the Ethical Review Committee of the Ministry of Health, Kuwait (1578/2020), and conducted
in accordance with the ethical principles of the Declaration of Helsinki. The inclusion criteria included adults aged >21
years, a polymerase chain reaction (PCR)-confirmed diagnosis of COVID-19, and an ability to understand and give
consent. The exclusion criteria included pre-existing autoimmune disease (except for type 1 diabetes), organ
transplantation, use of steroids/immunosuppressants for longer than 1 month, vaccination against SARS-CoV-2, and
any kind of acute infection/recent vaccination. Patients who fulfilled these criteria were enrolled at Jaber Al-Ahmad
Hospital, Kuwait, and a total of 22 patients were included for this study. All patients were informed about the purpose of
the study and consented to participate. COVID-19 severity was judged according to the Clinical Guidance of the Ministry
of Health for the Management of Patients with Confirmed COVID-19. Peripheral blood was obtained during the 2nd
week of illness, and patients were given a score based on their disease severity as shown in Table 1. The patients were
followed-up during hospital admission and grouped into survivors (n = 17) and non-survivors (n = 5) of COVID-19.
Comorbidities, COVID-19-related treatments, and clinical parameters/biomarkers of the study groups are shown in
Table 2. Fatal cases were associated with acute respiratory distress syndrome, respiratory failure, and septic shock.

Clinical and Laboratory Measurements

The participant’s body weight (kg) and height (m) were measured, and the body mass index was calculated as weight/
height® (kg/m?). Peripheral blood samples were obtained, and plasma glucose, serum total cholesterol, triglycerides,
high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, alanine aminotransferase, alkaline phosphatase,
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Table | Disease Severity Judgement According to Clinical Guideline

Disease Severity | Description Study
Score

Asymptomatic Positive test for SARS-CoV-2 with no symptoms |

disease

Mild disease Have any of the various signs and symptoms of COVID-19 (such as fever, cough, sore throat, malaise, headache, 2

muscle pain, nausea, vomiting, diarrhea, loss of taste and smell, but no dyspnea or abnormal chest imaging

Moderate Evidence of lower respiratory disease during clinical assessment or imaging (lung interstitial infiltrates < 50%) 3
disease and an oxygen saturation (SpO2) 295% on room air
Severe disease An SpO2 £94% on room air, a ratio of arterial partial pressure of oxygen to fraction of inspired oxygen (PaO2/ 4

FiO2) <300 mm Hg, a respiratory rate >30 breaths/min, lung infiltrates >50% or severe pneumonia (PSI >130)

Critical disease Have respiratory failure, septic shock, and/or multiple organ dysfunction (SIRS 22) 5

aspartate aminotransferase, lactate dehydrogenase, and magnesium were measured using the AU5800 Clinical Chemistry
Analyser (Beckman Coulter, USA). C-reactive protein was measured using IMMAGE. Vitamin D was measured using
the Cobas 6000 Analyser (Roche Diagnostics, Switzerland). D-dimer was measured using the Stago Coagulation
Analyzer (Sysmex, Japan). Troponin was measured using the DxI platform (Beckman Coulter, USA). Hemoglobin
Alc was measured using the D-100 System (Bio-Rad Laboratories, USA). The white blood cell count and differentials
were measured using the XN-1000 Haematology Analyser (Sysmex, USA). The erythrocyte sedimentation rate was
measured using the VES-MATIC Analyser (Table 2).

Reagents

Mouse anti-human lineage cocktail (containing CD3 [FITC, clone SK7, IgG;], CD14 [FITC, clone MP9, IgG,;], CD16 [FITC,
clone 3G8, IgG,], CD19 [FITC, clone SJ25C1, 1gG,], CD20 [FITC, clone L27, IgG,], and CD56 [FITC, clone NCAM16.2,
IgGsy]; RUO (GMP); Cat. No. 340546), CD123 (IL-3Ra; PE, clone BALB/c, IgG; RUO (GMP); Cat. No. 340545), HLA-DR
(PerCP, clone L.243, IgG,,; CE_IVD; Cat. No. 347402), HLA-DR (APC-H7, clone L243, IgG,,; CE_IVD; Cat. No. 641411), and
CDllc (APC, clone SHCL-3, IgG,,; CE_IVD; Cat. No. 333144) were purchased from BD Biosciences. BD FACS™ Lysing
Solution (10X; CE_IVD; Cat. No. 349202) and BD CellFIX™ (10X; CE IVD; Cat. No. 340181) were purchased from BD
Biosciences. Dulbecco’s phosphate-buffered saline (DPBS; Cat. No. 14190250) (1X) was purchased from ThermoFisher
Scientific.

Immunofluorescence Staining of pDCs in Whole Blood

pDCs were stained in whole blood using clinical-grade fluorochrome-conjugated antibodies, as per manufacturer’s instruc-
tions. Briefly, 100uL of whole blood was added to 12x75-mm Falcon™ polystyrene test tubes, and then antibodies specific
for lineage markers (CD3, CD14, CD16, CD19, CD20, CD56, FITC), HLA-DR (PerCP or APC-H7), CDl1l1c (APC), and
CD123 (PE) were added. Samples were incubated at room temperature in the dark for 15 minutes. After staining, whole
blood was lysed in 1X BD FACS lysing solution at room temperature in the dark for 10 minutes, and then centrifuged at 300
X g for 5 minutes. Cells were washed in Dulbecco’s phosphate-buffered saline containing 0.1% sodium azide, fixed in 1X
BD CellFix, and analyzed by flow cytometry within 18 hours.

Flow Cytometric Analysis

Data acquisition was performed on a FACSCanto II flow cytometer. A total of 150,000 cellular events were acquired from
0.1 mL of whole blood, and data were analysed using FlowJo software (Version 10.8.0). Gating strategy was as follows:
Apoptotic cells and duplicates were excluded based on forward scatter and side scatter characteristics. The first gate was set on
the lymphocyte and monocyte area, and the second gate was set on lineage  and HLA-DR " cells. The pDCs were identified as
Lineage HLA-DR'CD123"CD11c™ (Q3); the cDC2-like cells were identified as Lineage HLA-DR'CDI123"CD11c" (Q2);
the pre-cDCs were identified as Lineage HLA-DR'CD123 CDl11c" (Q1) (Figure 1; and Supplementary Figure 1). Unstained
cells and fluorescence minus one (FMO) controls were used to identify and gate positive populations.
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Table 2 Comorbidities, COVID-19-related Treatments, and Clinical Parameters/Biomarkers of the Study
Groups
Group (Total n=22) Survivors (n=17) Non-Survivors (n=5) P value*
Comorbidities HTN, DLP, T2D, HTN, T2D, DLP, TID, CHF, -
ANM IHD
Percent with comorbidities 53% 60% -
Vitamin D 53% 0 -
Vitamin C 65% 0 -
Dexamethasone 41% 60% -
Hydrocortisone 0 20% -
Tocilizumab 0 40% -
Remdesivir 24% 60% -
Antibiotics 65% 100% -
Anticoagulant (Clexane) 88% 80% -
Other medications for comorbidities 41% 80% -
Sex 9 Females, 8 Males 3 Females, 2 Males -
Age (years) S51.11 (35, 67); n=17 | 63 (46, 71); n=5 0.19
Body mass index (kg/m?) 33.2 (21, 46); n=17 37.2 (36.9, 39); n=5 0.03
Glucose (4.1-5.9 mmol/L) 7.1 (4.8,30.6); n=17 | |1 (6.5, 32.2); n=4 0.2
Hemoglobin Alc (<5.7%) 8.15 (5.2, 11.7); n=4 | 15.2; n=I -
Alanine transaminase (10-50 IU/L) 41 (16, 210); n=17 32.5 (17, 42); n=4 0.4
Aspartate aminotransferase (10-50 1U/L) 58 (16, 163); n=17 49 (21, 106); n=4 0.8
Alkaline Phosphatase (53—141 IU/L) 65 (38, 93); n=17 81 (67, I51); n=4 0.04
Total cholesterol (3.1-5.2 mmol/L) 3.7 (2.1, 5.8); n=13 4 (3.5, 4.6); n=4 0.89
High-density lipoprotein cholesterol (1.04—-1.55 0.84 (0.54, 1.45); 0.855 (0.8, 1.02); n=4 0.53
mmol/L) n=13
Low-density lipoprotein cholesterol (0-3.4 mmol/L) | 2.03 (0.38, 3.22); 2.42 (2.07, 2.79); n=4 0.35
n=13
Triglycerides (0—1.7 mmol/L) 1.7 (1.1, 4.1); n=13 1.45 (1.2, 2.2); n=4 0.53
Lactate Dehydrogenase (125-247 IU/L) 348.5 (199, 643); 427.5 (312, 528); n=4 0.62
n=16
Vitamin D (Suff.: 50-125 nmol/L) 42 (3.7, 79); n=9 40.5 (26, 72); n=4 0.9
Magnesium (0.77—-1.03 mmol/L) 0.82 (0.65, 0.98); 0.77 (0.58, 0.81); n=3 0.19
n=13
C-reactive protein (0-8 mg/L) 43 (7, 185); n=17 119.5 (63, 129); n=4 0.12
D-dimer (0250 ng/mL) 397 (207, 724); n=6 | 351.5 (266, 446); n=4 0.6
White blood cell count (3.9-11.1 10°/L) 5.3 (34, 103); n=I5 | 4.7 (3.07, 8.1); n=4 0.58
Neutrophils (39.9-73%) 70.4 (42.4, 89); n=15 | 75.95 (56.3, 83); n=4 0.6
Lymphocytes (18.8-50.8%) 20.3 (7.5, 42.2); 18.8 (12.9, 35.2); n=4 0.7
n=15
Monocytes (0-12.2%) 5.4 (2.3, 9.3); n=15 4.5 (3.1, 5.5); n=4 0.45
Eosinophiles (0-6%) 0 (0, 6.8); =15 I (0, 2.3); n=4 0.73
Basophiles (0—1.8%) 0.2 (0, 0.9); n=15 0.2 (0.1, 0.7); n=4 0.43
Erythrocyte sedimentation rate (0-20 mm/h) 37 (1, 102); n=12 39.5 (10, 67); n=4 0.97
Troponin (0-11.6 ng/L) 9.5 (6, 38); n=6 6.5 (6, 285); n=4 0.42

Notes: Data shown represent the median (min, max). *Non-parametric Mann—Whitney test of the medians.
Abbreviations: HTN, hypertension; ANM, anemia; DLP, dyslipidemia; TID, type | diabetes; T2D, type 2 diabetes; CHF, congestive heart failure;

IHD, ischemic heart disease.

Statistical Analysis

Statistical analysis was conducted using the GraphPad Prism software (Version 9.2.0; San Diego, CA, USA). To test
whether data come from a “Gaussian Distribution”, the Shapiro—Wilk normality test was performed. Since some of the
group data were not normally distributed, and given the small number of patients in each group, the non-parametric
Mann—Whitney test or the Wilcoxon matched-pairs signed rank test was applied to compare between medians. The
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Figure | A representative gating strategy for the DC assay. A total of 150,000 cellular events were acquired from 0.1 mL of whole blood. (A) Apoptotic cells and duplicates
were excluded based on forward scatter and side scatter characteristics. (B) The first gate was set on the lymphocyte and monocyte area. (C) The second gate was set on
lineage” and HLA-DR" cells. (D) The pDCs were identified as Lineage HLA-DR*CDI23"CDIlIc” (Q3); the cDC2-like cells were identified as Lineage HLA-DR™
CDI123"CDI Ic* (Q2); the pre-cDCs were identified as Lineage HLA-DR*CDI123°CDI Ic" (QI).

matched-pairs non-parametric Friedman test was applied for 3 group comparisons. Correlation analysis was conducted

using the non-parametric Spearman’s r test. A P-value <0.05 was considered statistically significant.

Results
Analysis of Circulating DC Subsets Among Lin HLA-DR" DCs of Patients with

COVID-19

The frequency and phenotype of circulating DCs was analysed in patients with COVID-19. Three main subsets of DCs were
identified, these included CD123"CD11¢” pDCs, CD123 CDI11c" pre-cDCs, and CD123°CD11c¢" DCs. The latter expressed
significantly (P = 0.0005, n = 21) higher levels of surface CD11c compared to CD123 CD11c" pre-cDCs but similar (although
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slightly higher, P = 0.055 after removal of 3 outliers, ROUT (Q = 1%)) levels of surface CD123 to that expressed by
CD123"CD11¢” pDCs (Supplementary Figure 2A and B). Therefore, and since CD123"CD11c" DCs expressed significantly
(P<0.0001) higher levels of CD11c compared to CD123 (Supplementary Figure 2C), these cells were referred to as cDC2-like
cells (Supplementary Figure 2C). There was no significant difference in the level of surface HLA-DR expression between
CD123°CD11c pDCs and CD123"CD11c" cDC2-like cells; however, both cell types expressed significantly (P = 0.0005 and
P =0.0004, respectively, n = 21) higher levels of surface HLA-DR compared to pre-cDCs (Supplementary Figure 2D).

Fatal COVID-19 is Associated with Lower Frequency of pDCs During the 2nd Week

of lliness

Individuals with COVID-19 were given a score based on disease severity as described in Table 1, and were as follows:
asymptomatic disease (1), mild disease (2), moderate disease (3), severe disease (4), and fatal disease (5). The frequency of
pDCs (among total Lineage HLA-DR" DC population) was lower in non-survivors (n=5) compared to survivors (n=17)
(Figure 2A). After the removal of “likely outliers” (n=1 in the non-survivors group; ROUT, Q=5%), this difference reached
statistical significance (P=0.0127). The ratio of pDCs to pre-cDCs was significantly (P=0.0005) lower in non-survivors

Among Lineage- HLA-DR" DC population
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Abbreviations: HLA-DR, human leukocyte antigen-DR isotype; pDCs, plasmacytoid dendritic cells; cDCs, conventional dendritic cells.
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compared to survivors (Figure 2B). In addition, the frequency of pDCs was significantly higher than cDC2-like cells
(P=0.0002) and pre-cDCs (P<0.0001) in survivors; however, this was not the case in non-survivors (Figure 2C and D).

Fatal COVID-19 is Associated with Lower Expression Levels of HLA-DR on pDCs and
cDC2-Like Cells During the 2nd Week of lliness

Upregulation of surface HLA-DR (as well as co-stimulatory molecules) expression by DCs is a sign of maturation, which

15:16.25.26 yye assessed the expression level of HLA-DR on circulating DCs in survivors and

is critical for DC function.
non-survivors. Our data showed that the expression level of HLA-DR on CD123'CDIllc pDCs was significantly
(P=0.02) lower in non-survivors (n=5) compared to survivors (n=17). Similarly, the expression level of HLA-DR on
CDI123"CDl11c” ¢DC2-like cells was lower in non-survivors compared to survivors;, however, this did not reach
statistical significance (P=0.058) (Figure 3A and B). These findings were corroborated by data showing an inverse
correlation between the level of HLA-DR expression on pDCs (=0.47, P=0.027, n=22), as well as ¢cDC2-like cells (r—

0.45, P=0.037, n=22), and disease severity rating (Figure 3C and D).
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Figure 3 Association between the expression level of HLA-DR on pDCs, as well as cDC2-like cells, and disease severity. (A) pDCs from non-survivors expressed
significantly lower levels of surface HLA-DR compared to pDCs from survivors. (B) cDC2-like cells from non-survivors expressed lower levels of surface HLA-DR
compared to survivors. (C) The expression level of HLA-DR on pDCs was inversely correlated with disease severity rating. (D) The expression level of HLA-DR on ¢cDC2-
like cells was inversely correlated with disease severity rating.

Abbreviations: HLA-DR, human leukocyte antigen-DR isotype; pDCs, plasmacytoid dendritic cells; cDCs, conventional dendritic cells; MFI, median fluorescence intensity.
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Fatal COVID-19 is Associated with Lower Expression Levels of CD 123 on pDCs and

CDIlc on cDC2-Like Cells During the 2nd Week of lliness
CD123 interaction with IL-3 is central to pDC biology.”” We evaluated the expression level of CD123 on pDCs and cDC2-
like cells in survivors and non-survivors. Our data showed that the expression level of CD123 on pDCs was significantly

(P=0.038) lower in non-survivors compared to survivors. However, this was not the case with cDC2-like cells (Figure 4A
and B). These findings were corroborated by data showing an inverse correlation (=0.5, P=0.016, n=22) between the level
of CD123 expression on pDCs, but not cDC2-like cells, and disease severity rating (Figure 4C and D). Interestingly, the
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Figure 4 Association between the expression level of CD123 on pDCs, as well as cDC2-like cells, and disease severity. (A) pDCs from non-survivors expressed significantly
lower levels of surface CD123 compared to survivors. (B) There was no difference in the expression level of CD123 on c¢cDC2-like cells between survivors and non-
survivors. (C) The expression level of CD123 on pDCs was inversely correlated with disease severity rating. (D) There was no correlation between the expression level of
CD123 on cDC2-like cells and disease severity rating.

Abbreviations: pDCs, plasmacytoid dendritic cells; cDCs, conventional dendritic cells; MFI, median fluorescence intensity.
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Figure 5 Association between the expression level of CD 1 Ic on cDC2-like cells and disease severity. (A) The expression level of CDI Ic on cDC2-like cells was significantly
lower in non-survivors compared to survivors. (B) The expression level of CDIlc on cDC2-like cells was inversely correlated with disease severity rating.
Abbreviations: cDCs, conventional dendritic cells; MFl, median fluorescence intensity.

expression level of CD11c¢ on ¢cDC2-like cells was significantly lower (P=0.03) in non-survivors compared to survivors.
This was corroborated by data showing an inverse correlation (=—0.47, P=0.025) between CD11c expression on cDC2-like
cells and disease severity rating (Figure 5A and B).

Discussion
pDCs are specialized in the rapid production of large quantities of IFN-I in response to viral infections, which puts them

at the forefront of antiviral immunity.'®!”

pDCs can also upregulate MHC-II molecules, acquire a mature dendritic
phenotype, and present antigens to naive T-cells leading to their activation and proliferation.'>'®*72¢ Although initial
2728 at a later stage, IL-3 (the ligand for CD123) is required

to expedite the maturation of neighbouring pDCs in the microenvironment.?’ Given the importance of pDCs in antiviral

pDC maturation is induced through pathogen-derived signals,

immunity, we investigated whether there are any differences in the frequency of circulating pDCs (and cDCs), as well as
the expression level of HLA-DR (critical for antigen presentation to T-cells) and CD123 (IL-3 receptor that is central to
pDC biology) on pDCs (as well as HLA-DR and CDllc expression on cDCs) among survivors and non-
survivors of COVID-19.

Initially, the focus of our analysis was aimed at the two main DC subsets in whole blood, namely CD123'CD11c"
pDCs and CD123 CD11c" pre-cDCs/cDCs. However, we identified a double positive DC subset which expressed both
CDI123 and CDllc, with the latter molecule being very highly expressed. In fact, the CD123"CDI1lc” DC subset
expressed higher levels of CD11c and HLA-DR compared to CD123 CD11c¢" pre-cDCs. Hence, the CD123"CD11c¢" DC
subset was referred to as ¢cDC2-like cells thereafter. Our data showed that the frequency of pDCs was highest, followed
by cDC2-like cells, and lastly, pre-cDCs in survivors of COVID-19; however, there was no such difference among
circulating DCs in non-survivors.

Our data also showed that there was no difference in the frequency of pDCs in non-survivors compared to survivors;
however, this was likely due to the low number of patients analyzed. Indeed, pDCs/pre-cDC ratio was lower in non-
survivors compared to survivors; of note, this might have been a consequence of severe disease rather than the cause.
Although reduced pDC frequency could be attributed to increased pDCs migration to the site of inflammation in the lung,
this was unlikely since a recent study reported similar frequencies of pDCs in the circulation and lungs of patients with
COVID-19.*

Furthermore, we found reduced expression levels of HLA-DR and CD123 on pDCs, as well as HLA-DR, CD123
(although both non-significant) and CD11c on ¢cDC2-like cells, in non-survivors when compared to survivors. Similarly,
correlation analysis showed that the expression levels of HLA-DR and CD123 on pDCs, as well as HLA-DR and CD11c¢
on cDC2-like cells, were inversely correlated with disease severity rating. There could be several explanations for our
findings. First, pDCs from non-survivors may inherently express lower levels of HLA-DR and CD123, thereby hindering
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pDC function. Second, pDCs (and potentially cDC2-like cells) may have failed to upregulate HLA-DR and acquire
a mature phenotype, perhaps as a result of reduced IL-3/CD123 interaction. A reduction in CD123 expression would
render pDCs less responsive to the biological effects of IL-3, and thus, less able to acquire a mature phenotype (as
evidenced by the lower HLA-DR expression). This would ultimately hinder the ability of pDCs to prime and activate
T-cells. Similarly, a reduction in IL-3, perhaps as a result of T-cell exhaustion, would have an even greater impact on
these already compromised pDCs. In support of our findings, a recent study reported reduced IL-3 levels in patients with
fatal COVID-19.*" This reduced IL-3 level could be due to lymphopenia, which is known to be associated with severe
COVID-19."* Moreover, since IL-3 is critical for pDC survival,”’ the reduced frequency of pDCs (although non
significant) and pDC/pre-cDC ratio in non-survivors could be due to suboptimal IL-3/CD123 interaction leading to
increased pDC apoptosis.

Third, lower expression levels of HLA-DR (and possibly CD123) in non-survivors may suggest dampening of the
immune response, which could be mediated by IL-10 (already shown to be high in severe COVID-19) and cortisol
(stress response). In fact, IL-10 has been reported to downregulate HLA-DR on monocytes during systemic
inflammation.®' In other words, downregulation of HLA-DR and CD123 on pDCs may have occurred as part of
a compensatory anti-inflammatory response syndrome (CARS). CARS can act as a protective mechanism; however,
when it is prolonged/extensive, it can become detrimental. In fact, a decrease in HLA-DR expression by monocytes
has been reported to be indicative of CARS.** Similarly, reduced HLA-DR expression on pDCs from non-survivors
may suggest the development of CARS. Indeed, an unrelenting/prolonged inflammatory burst/cytokine storm may
eventually result in downregulation of the immune system as a protective mechanism against overwhelming systemic
inflammation. As such, it would be imperative to monitor HLA-DR expression on circulating DCs (as well as
monocytes), particularly in patients treated with immunosuppressants (such as corticosteroids), which might exacer-
bate CARS and immunoparalysis. In our study, patients with moderate or severe disease accompanied by pneumonia
were treated with glucocorticoid (dexamethasone), which included patients in both the survivors (41%) and non-
survivors (60%) groups (1 patient in the non-survivors group was treated with hydrocortisol bringing the total
percentage to 80%). Our findings are unlikely to have been due to glucocorticoid exacerbation of CARS; however,
since the patients’ number was very small, further studies are required to assess this possibility. Monitoring HLA-DR
and CD123 expression may help identify patients most at risk of CARS, and help inform/guide medical management.

Overall, our data show that having a lower pDCs/pre-cDCs ratio, as well as lower levels of HLA-DR and CD123 on
pDCs, and HLA-DR and CDI11c on cDC2-like cells, is associated with disease severity and outcome. Accordingly, we
propose the use of these biomarkers to identify patients most at risk of CARS, and thus the use of corticosteroids with
extra caution in such patients.

In further research, we intend to measure the levels of IL-3 and other inflammatory and anti-inflammatory
cytokines, as well as explore the expression levels of specific markers of DC maturation (such as CD80, CD86, and
CD83) using peripheral blood mononuclear cell (PBMC) samples from the same individuals. Further research may
also be aimed at assessing the phenotype of the three DC subsets in more detail using more specific markers, such as
AXL receptor tyrosine kinase, CD2, CD5, CD33, CD45RA, BDCA-2, BDCA-4, CC-chemokine receptor 7, and Sialic
acid-binding Ig-like lectin 6. Critically, future research is required to elucidate whether immunosuppressant drugs used
in the treatment of COVID-19 are associated with reduced HLA-DR, CD123, or CDIllc expression on circulat-
ing DCs.
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