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ABSTRACT

A dysregulated hyperinflammatory response is a key pathogenesis of severe COVID-19, but optimal immune
modulator treatment has not been established. To evaluate the clinical effectiveness of double (glucocorticoids
and tocilizumab) and triple (plus baricitinib) immune modulator therapy for severe COVID-19, a retrospective
cohort study was conducted. For the immunologic investigation, a single-cell RNA sequencing analysis was
performed in serially collected PBMCs and neutrophil specimens. Triple immune modulator therapy was a sig-
nificant factor in a multivariable analysis for 30-day recovery. In the scRNA-seq analysis, type I and II IFN
response-related pathways were suppressed by GC, and the IL-6-associated signature was additionally down-
regulated by TOC. Adding BAR to GC and TOC distinctly downregulated the ISGF3 cluster. Adding BAR also
regulated the pathologically activated monocyte and neutrophil subpopulation induced by aberrant IFN signals.
Triple immune modulator therapy in severe COVID-19 improved 30-day recovery through additional regulation
of the aberrant hyperinflammatory immune response.

1. Introduction

hyperinflammation caused by infectious diseases (8,9). Coronavirus
disease 2019 (COVID-19) is the first viral infection for which immuno-

Numerous immune modulators have been developed to treat chronic
inflammatory diseases (1-4). Since the first approval of tumor necrosis
factor-a (TNF-a)-blocking agents for rheumatoid arthritis, targeted im-
mune modulators have revolutionized the treatment of inflammatory
arthritis, including interleukin-6 (IL-6) inhibitors and Janus kinase
(JAK) inhibitors (1-4). IL-6 inhibitors control macrophage activation
syndrome and cytokine release syndrome (5-7), and glucocorticoids
(GCs), the prototype of immune modulators, have been used to control

suppressive agents play a major role in treatment and the pathogenesis
of the illness is under investigation (10-15).

Dysregulated hyperinflammation after severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) infection is a key pathogenetic
mechanism of the tissue damage seen with severe COVID-19 (16-18).
Current guidelines recommend administration of immune modulators,
particularly GCs, IL-6 inhibitors (tocilizumab (TOC) or sarilumab), or
JAK inhibitors (baricitinib (BAR) or tofacitinib) to treat severe COVID-
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19 (10-15). The clinical recovery or survival benefits of these agents
have been demonstrated through phase 3 randomized controlled trials
(RCTs), but the 28-day mortality rate of severe COVID-19 was still high,
20-30%, even in the treatment arms (11-13). Clinicians have tried
various combinations or dose adjustments of immune modulators when
treating severe COVID-19 (19-24). Although current guidelines do not
support combined use of TOC and BAR because of a potential additive
risk of infection (10,15), robust clinical or experimental data that sup-
port or oppose combined use of immune modulators for severe COVID-
19 are scarce. Therefore, we conducted a retrospective cohort study
comparing Single (GC only), Double (GC and TOC) and Triple (GC, TOC,
and BAR) immune modulator therapy for severe COVID-19 during a
delta-dominated outbreak period. To immunologically investigate the
effects of the immune modulator therapies, a single-cell RNA sequencing
(scRNA-seq) analysis was performed in serially collected peripheral
blood mononuclear cells (PBMCs) and neutrophil specimens.

2. Methods
2.1. Study design and population

A retrospective cohort study was conducted at two tertiary care
hospitals designated for severe COVID-19 patient care between July
2021 and October 2021, the delta-dominated, 4th national outbreak
period in Republic of Korea (25). The hospitals are 5 km apart and share
a local COVID-19 outbreak situation. Severe COVID-19 patients
requiring an Oz supply >5 L per min via facial mask were referred or
admitted directly to the intensive care units (ICUs) of these centers. The
diagnosis of COVID-19 was based on real-time polymerase chain reac-
tion (RT-PCR) tests for SARS-CoV-2 using test kits approved by the
Korean Ministry of Food and Drug Safety under an emergency use
authorization (26). Patients with severe COVID-19 who required O,
support via a high flow nasal cannula (HFNC) or non-invasive ventila-
tion (WHO-Clinical Progression Scale 6) and received TOC treatment in
addition to a GC (mostly dexamethasone) were screened for this study
(27). Patients who were intubated before or on the day of admission and
those with do-not-resuscitate status were excluded from these analyses.

During the study period, Hospital A (double immune modulator
group) implemented a guideline-based treatment protocol of dexa-
methasone (6 mg iv q24hr for up to 10 days) and a single dose of TOC (8
mg/kg at admission), in addition to remdesivir for 5 days, low
molecular-weight heparin (LMWH) for deep vein thrombosis (DVT)
prophylaxis, antacid for peptic ulcer prophylaxis, and trimethoprim/
sulfamethoxazole (TMP/SMX) for Pneumocystis jirovecii pneumonia
(PJP) prophylaxis. Hospital B (triple immune modulator group) imple-
mented an aggressive severity-adjusted treatment protocol, based on
guidelines, published  studies, and  clinical experiences
(10,15,23,24,26,28). The therapy consisted of dose-adjusted dexa-
methasone (ranging from 0.1 mg/kg to 0.2 mg/kg iv q24hr), TOC (8 mg/
kg up to 2nd dose), and BAR (up to double dose), in addition to
remdesivir for up to 10 days, LMWH for DVT prophylaxis, antacid for
peptic ulcer prophylaxis, TMP/SMX for PJP prophylaxis, and itracona-
zole for COVID-19-associated pulmonary aspergillosis (CAPA) prophy-
laxis. The detailed institutional treatment protocols of each hospital are
illustrated in Supplementary Fig. 1. This retrospective cohort study was
approved by the institutional review boards (IRB) of each hospital (IRB
no. AMC 2020-0297, AMC 2020-0299, and SMC 2021-09-080), and the
requirement for informed consent was waived because de-identified
retrospective data were used for analysis.

To immunologically investigate the effects of the immune modulator
therapies, serial blood specimens were collected from patients with se-
vere COVID-19 who were admitted to Hospital B between August 2020
and November 2021. During that period, patients were treated with GC
alone (single immune modulator), double immune modulators, or triple
immune modulators, in serial order (24). PMBCs were collected from all
three immune modulator groups, but neutrophils were separated only
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from the triple immune modulator group. Secreted cytokines were
measured in serum specimens of non-overlapping severe COVID-19
patients who were treated with single, double, and triple immune
modulators between February 2020 and April 2022. This immunologic
investigation was conducted among patients who agreed to undergo the
testing and was approved by the IRB of Samsung Medical Center (IRB no.
SMC 2020-03-113), with written informed consent obtained from each
patient.

2.2. Data collection and outcome assessment

Baseline characteristics, treatment modalities, and outcome data
were retrospectively collected from the electronic medical records. The
demographic data collected were age, sex, vaccination history, and the
interval between symptom onset and ICU admission. Initial status at the
time of ICU admission was assessed using the initial cycle threshold (Ct)
values of RT-PCR, FiO, at ICU admission, and peak FiO, within three
days of admission. Initial laboratory test results and underlying diseases
were also recorded. Information about treatment modalities, treatment
duration, cumulative dose of dexamethasone, administration interval of
tocilizumab and baricitinib, and administration of other treatment mo-
dalities was collected. The primary endpoint was clinical recovery by
hospital day (HD) 30, defined as no O requirement (WHO-CPS < 4). For
patients who used home O, at baseline, recovery to baseline Oy was
considered to be clinical recovery. Infectious complications, the slope of
FiO, until HD 15, endotracheal intubation (WHO-CPS 7 or 8), extra-
corporeal membrane oxygenation (ECMO) (WHO-CPS 9), duration of
hospital stay, and in-hospital death (WHO-CPS 10) were investigated as
secondary outcomes.

2.3. Cell isolation

PBMCs were isolated by density gradient centrifugation using
Lymphocyte Separation Medium (Corning, NY, USA). The obtained
single-cell suspensions were cryopreserved in fetal bovine serum
(Corning, NY, USA) containing 10% dimethyl sulfoxide (Sigma-Aldrich)
until use. For neutrophil analysis, fresh peripheral blood from donors
was centrifuged at 400 xg for 10 min at 4 °C. The supernatant was
removed, and the cell pellet was suspended and incubated in 10 ml1 1 x
lysis buffer (Thermo Fisher, MA, USA), for 10 min at room temperature.
After the red blood cell (RBC) lysis reaction, 20 ml of 1x phosphate-
buffered saline was added to stop the lysis reaction, followed by
centrifugation at 500 xg for 5 min at 4 °C. The isolated leukocytes were
immediately subjected to single-cell library preparation without
freezing.

2.4. scRNA-seq analysis

scRNA-seq libraries were generated using a Chromium Next GEM
Single Cell 3' GEM, Library & Gel Bead Kit v3.1 (10x Genomics, CA,
USA) and following the manufacturer's instructions. Libraries were
constructed and sequenced at a depth of approximately 15,000 reads per
cell for gene expression using the Novaseq 6000 platform (Illumina, CA,
USA). The sequenced data were de-multiplexed, aligned to the human
reference genome (GRCH38; 10x Cell Ranger reference GRCh38
v3.0.0), and counted using Cell Ranger (10x Genomics). Libraries of
whole leukocytes with neutrophil were overridden by the cell-calling
algorithm using the ‘cellranger count’ function with the ‘force-cells’
option, to capture neutrophils with a low Unique Molecular Identifier
(UMI) count. The count matrix was analyzed using the Seurat R package
during the following analysis (Seurat, v4.1.0; 31,178,118). For basic
quality control, we de-convoluted the sample identity and filtered inter-
individual multiplets using the demuxlet package (29). We filtered low-
quality cells expressing mitochondria genes >7.5% or < 0.5% of their
total gene expression or with <500 or > 4500 genes. Next, standard
normalization for the gene expression of each cell was performed based
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on the total read count and identification of highly variable genes (n =
2000). Then, the fast mutual nearest neighbors (fastMNN) method was
used to integrate and correct batch effects according to GEM origin (30).
The integrated matrix was dimensionally reduced and visualized using
uniform manifold approximation and projection (UMAP) with the top
20 MNN components for whole PBMCs and the top 30 MNN components
for whole leukocytes for neutrophil analysis. Intra-individual multiplets
were filtered out after initial unsupervised clustering. Last, the cells
underwent unsupervised clustering and annotation according to marker
gene expression.

The differentially expressed genes (DEGs) in each cluster relative to
the other clusters were calculated on the basis of the Wilcoxon rank sum
test in Seurat's implementation (FindAllMarkers function) using a >
0.25 log fold change compared with the other clusters and a Bonferroni-
adjusted p-value <0.05. To describe the characteristics of each sub-
cluster, we performed gene set enrichment analysis (GSEA) by calcu-
lating gene set module score (AddModuleScore in Seurat package),
combined score (enrichR) (31), and enrichment score (GSEA v4.2.3,
Broad Institute, CA, USA) with publicly available gene sets, including
the Gene Ontology: Biological process databases (GO.BP) (32), LINCS
L1000 data (33), and gene sets from severe COVID-19 patients (34). The
GO.BP terms related to immune responses were filtered using the
following inclusion criteria: “T_CELL”, “IMMUNE”, “INNATE”, “ADAP-
TIVE”, “INFLAM”, “INTERLEUKIN”, “INTERFERON”, “NECROSIS”,
“APOPTOSIS”, “SENESCENCE”, “NATURAL”, “LYMPHOCYTE”,
“LEUKOCYTE”, “TRANSFORMING”, “CHEMO”, “CYTOTO”, “CYTO-
KINE”, “ANTIGEN”, and “SIGNALING”.

2.5. Statistical analysis

To compare clinical variables, Student's t-test or the Mann-Whitney U
test was used for continuous variables, and the chi-square or Fisher's
exact test was used for categorical variables. The Kaplan Meier method
was used to calculate the 30-day probability of recovery, and Cox pro-
portional hazard models were used to evaluate potential effects of each
variable on clinical recovery by HD 30. All collected factors relevant to
the outcomes were evaluated in univariable analyses, and statistically
significant factors were included in multivariable analysis. For com-
parison of FiO, improvement between the two groups, a linear mixed
model including a random effect intercept was performed to consider
the variance due to repeated measurement data in the same patient.
Residual plots were considered for model diagnosis. All P-values were
two-tailed, and those <0.05 were considered to be statistically signifi-
cant. IBM SPSS Statistics version 20.0 (IBM Corporation, Armonk, NY,
USA) and R software (version 4.0.0 with packages; The R Foundation for
Statistical Computing, Vienna, Austria) were used for all statistical
analyses.

3. Results
3.1. Baseline characteristics of severe COVID-19 patients

During the study period, 126 patients with severe COVID-19
requiring HFNC support and TOC treatment were screened. After
excluding 24 patients who were intubated before or on the day of
admission, 102 patients were included in the study cohort and classified
as the double immune modulator group (Double group; n = 52) or triple
immune modulator group (Triple group; n = 50) (Supplementary Fig. 2).
The baseline characteristics of the cohort patients are presented in
Table 1. Demographics (age, sex, vaccination history, and symptom
onset to ICU admission) did not differ between the two groups. At ICU
admission, all patients required HFNC (WHO-CPS 6), and none of the
other severity variables differed between the groups. Initial laboratory
test results and underling diseases were similar between the Double and
Triple groups, except albumin (2.7 + 0.4, 3.7 + 0.4 g/dL, respectively;
P < 0.001) and C-reactive protein (CRP) (11.2 + 8.0, 7.4 £+ 6.3 mg/dL,
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Index

Table 1
Baseline characteristics of the cohort patients.
Variables Double immune Triple immune P value
modulator (n = 52) modulator (n = 50)
Demographics
Age, years 54.7 £11.1 58.2 +£125 0.144
Male sex 36 (69.2) 37 (74.0) 0.664
Vaccination within 2 10 (19.2) 10 (20.0) 1.000
weeks, any
A .

den9v1rus vectored 6(11.5) 7 (14.0) 0773

vaccine
mRNA vaccine 4(7.7) 3(6.0) 0.735
Interval from Istdoseto oo, 3 5 815 = 44.1 0.412

Sx onset, days
2nd dose finished 2(3.8) 5 (10.0) 0.219
Sx onset to ICU 7.4+38 7.9+32 0.457

admission, days

Initial presentation at ICU admission
WHO-CPS 6 52 (100.0) 50 (100.0) 1.000
Initial Ct value, LRT

(ORFlab) 25.3 +5.9 22.7 +£5.9 0.061
FiO, at ICU admission 58.0 £ 19.6 57.4 £17.2 0.870
Peak FiO, within 3 days 64.2 +18.1 64.8 +£ 19.4 0.878

Initial laboratory tests
WBC count, x10%/uL 6.7 + 3.2 7.9 +3.3 0.080
Lymphocyte count,

X10%/4L 0.8 + 0.4 0.8 + 0.4 0.972
Platelet count, x103/p.L 229.4 +140.1 226.2 +107.3 0.897
Albumin, g/dL 2.7 £0.4 3.7 +£0.4 <0.001
BUN, mg/dL 16.8 £ 9.0 17.6 +10.1 0.709
Creatinine, mg/dL 09+04 0.8 £0.3 0.348
LDH, IU/L 496.4 + 208.6 545.2 + 156.4 0.186
CRP, mg/dL 11.2 +£ 8.0 7.4+ 6.3 0.009

Underlying diseases
Ombgjlty (BMI>25kg/ ¢ (30.8) 23 (46.0) 0.154
Hypertension 15 (28.8) 13 (26.0) 0.826
Diabetes mellitus 14 (26.9) 14 (28.0) 1.000
Cardiovascular disease 5(9.6) 3 (6.0) 0.497
Pulmonary disease 1(1.9 5(10.0) 0.083
Liver disease 4(7.7) 1 (2.0) 0.183
Renal disease 0(0.0) 1(2.0) 0.305
Solid cancer 2 (3.8) 1(2.0) 0.581
Hemfitologlc 0 (0.0) 12.0) 0.305
malignancy
Charlson Comorbidity 0(0-1) 00-1) 0.969

Data are expressed as the number (%) of patients, mean =+ SD, or median (IQR)
values unless indicated otherwise.

Abbreviations: mRNA, messenger ribonucleic acid; Sx, symptom; ICU, intensive
care unit; WHO-CPS, World Health Organization Clinical Progression Scale; Ct,
cycle threshold; LRT, lower respiratory tract; ORFlab, open reading frame lab;
FiO,, fraction of inspired oxygen; WBC, white blood cell; BUN, blood urea ni-
trogen; LDH, lactate dehydrogenase; CRP, C-reactive protein; BMI, body mass
index.

respectively; P = 0.009) levels.

3.2. Clinical outcomes of the cohort patients according to treatment
strategy

The treatments and outcomes of the cohort patients are summarized
in Table 2. According to the severity-adjusted treatment protocol of
Hospital B, patients in the Triple group received a higher dose of
dexamethasone than those in Double group, in terms of both cumulative
dose (median 94.5 mg and 60.0 mg, respectively; P = 0.031) and
average dose per day (median 8.9 mg/day and 6.0 mg/day; P < 0.001).
The duration of dexamethasone treatment did not differ statistically
between the two groups. Patients in the Triple group received their first
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Table 2
Treatment and outcomes of the cohort patients.
Variables Double immune Triple immune P value
modulator (n = 52) modulator (n = 50)
Dexamethasone
Dexamethasone Tx 52 (100.0) 50 (100.0) 1.000
Duration of Tx 10.0 (8.3-20.8) 10.0 (7.0-17.3) 0.184
Cumulative dose of 60.0 (48.0-101.6)  94.5(51.5-170.3)  0.031
dexamethasone
A f
verage dose o 6.0 (5.4-6.0) 8.9 (7.4-11.4) <0.001
dexamethasone per day
Tocilizumab
Tocilizumab Tx 52 (100.0) 50 (100.0) 1.000
ICU admission to the Ist 4 5 1 g 0.0 (0.0-0.0) <0.001
dose, days
Second dose Tx 0 (0.0) 12 (24.0) <0.001
ICU admission to the 2nd NA 31412 NA
dose, days
Baricitinib
Baricitinib Tx 0 (0.0) 50 (100.0) NA
ICU admission to
baricitinib Tx, days NA 0.0 (0.0-0.0) NA
Double dose Tx 0(0.0) 27 (54.0) NA
IFIU admission to dose NA 2.0 (2.0-4.0) NA
increase, days
Other treatment modalities
Regdanvu'nap, prior to 0(0.0) 12.0) 0.305
ICU admission
Remdesivir 51 (98.1) 50 (100.0) 0.324
Antibiotics 20 (38.5) 26 (52.0) 0.232
Clinical outcomes
Recovery within 30 days
1 . .001
(WHO-CPS < 4) 38 (73.1) 49 (98.0) <0.00
Slope of FiO, until HD 15 -19+0.1 -3.1+0.1 <0.001
Duration of hospital stay 15.0 (11.0-27.5) 13.8 +£9.2 0.001
Endotracheal intubation
(WHO-CPS 7 or 8) 20 (38.5) 1(2.0) <0.001
ECMO support (WHO-
CPS 9) 3(5.8) 1(2.0) 0.327
In-hospital mortality
(WHO-CPS 10) 3(5.8) 1(2.0) 0.327
Infectious complications
Bacterial infection, 10 (19.2) 120 0.008
culture-proven
Pneumonia 10 (19.2) 0 (0.0) 0.001
Urinary tract infection 0(0.0) 1(2.0) 0.305
ID-1 i
COoV. 9 associated 2(3.8) 120 0.581

Data are expressed as the number (%) of patients, mean =+ SD, or median (IQR)
values unless indicated otherwise.

Abbreviations: Tx, treatment; ICU, intensive care unit; NA, not applicable; FiO,,
fraction of inspired oxygen; HD, hospital day; WHO-CPS, World Health Orga-
nization Clinical Progression Scale; ECMO, extracorporeal membrane
oxygenation.

dose of TOC earlier than those in the Double group (median 0.0 days
from ICU admission and 1.0 days; P < 0.001). Twenty-four percent of
patients in the Triple group received a second dose of TOC, with a me-
dian interval of 3.1 days from ICU admission.

Significantly more patients in the Triple group (98.0%) than the
Double group (73.1%; P < 0.001) experienced clinical recovery within
30 days. This difference was also found using the Kaplan Meier method
with the log rank test (P < 0.001; Fig. 1A). In all patients, the oxygen
requirement decreased over to time (P for time effect <0.001), and there
was a significant group-by-time interaction between the two groups over
time (P < 0.001; Fig. 1B). The observed decrease in oxygen requirement
with drug usage also indicates that the patient's clinical improvement is
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likely attributable to a positive response to the medication. The
decreasing slope of FiOy until HD 15 was steeper in the Triple group
(—3.1 £ 0.1) than the Double group (—1.9 + 0.1; P < 0.001). Signifi-
cantly fewer patients in the Triple group (2.0%) than the Double group
(38.5%; P < 0.001) received endotracheal intubation. Duration of hos-
pital stay was significantly shorter in the Triple group, and significantly
fewer patients in the Triple group (2.0%) than the Double group (19.2%;
P = 0.008) experienced culture-proven bacterial infections. The inci-
dence of CAPA did not differ statistically between the groups. Next, we
analyzed the serum levels of various inflammatory cytokines, encom-
passing pro-inflammatory cytokines such as IL-1RA (an inhibitor of IL-
1B), IL-6, and TNF-a, chemokines such as CCL3, CCL4, and CCL5, and
effector cytokines primarily secreted by T cells, including IFN-y, IL-4,
and IL-10, following the administration of treatment with another
COVID-19 cohort. The levels of the majority of the inflammatory cyto-
kines exhibited a gradual decrease after immunosuppressant treatment,
with a more pronounced reduction observed in the Double or Triple
group (Supplementary Fig. 3).

To identify potential confounding factors for the probability of 30-
day recovery, we conducted a univariable analysis for each variable
(Supplementary Table 1). FiOy at ICU admission (HR 0.966, 95% CI
0.954-0.979; P < 0.001), albumin level (HR 2.046, 95% CI 1.468-2.851;
P < 0.001), underlying pulmonary disease (HR 2.579, 95% CI
1.113-5.976; P = 0.027), underling solid cancer (HR 3.332, 95% CI
1.018-10.905; P = 0.047), and triple immune modulator therapy (HR
2.332, 95% CI 1.506-3.609; P < 0.001) were all statistically significant
in the univariable analysis. In the multivariable analysis considering all
these variables, FiO5 at ICU admission (HR 0.963, 95% CI 0.949-0.9789;
P < 0.001) and triple immune modulator therapy (HR 2.772, 95% CI
1.251-6.147; P = 0.012) remained statistically significant factors in 30-
day recovery (Table 3).

3.3. Transcriptome changes in blood immune cells before and after GC
treatment

To investigate the underlying immunologic mechanism of better
clinical outcomes by triple immune modulator therapy, we analyzed
PBMCs serially obtained from patients with severe COVID-19 (n = 24)
before and after they received Single (n = 6), Double (n = 6), or Triple (n
= 12) immune modulator therapy. We subjected the 89,382 filtered
PBMCs to the uniform manifold approximation and projection (UMAP)
algorithm (Fig. 2A) (35), and annotated 13 cell types based on the
expression of canonical marker genes (Fig. 2B, Supplementary Fig. 4A).

First, we focused on transcriptomic changes in whole PBMCs before
and after GC treatment to evaluate the cellular response to GC treat-
ment. DEGs between the pre-GC and post-GC day 1 PBMCs showed that
interferon (IFN)-stimulated genes (ISGs) were notably downregulated
by GC (Fig. 2C, left) and these downregulated gene were significantly
enriched with steroid responsive gene set (Supplementary Fig. 4B), so
we defined those downregulated DEGs as the ‘steroid responsive gene set’.
DEGs between pre-steroid and post-steroid day 3 contained similarly
downregulated ISGs (Fig. 2C, right). In the steroid responsive gene set,
protein-protein interactions among the 50 most downregulated genes
were evaluated using a STRING analysis (Fig. 2D) (36). The clustering
result of those top 50 DEGs shows that a group of ISGs with dense in-
teractions (cluster 2) and a group with cytotoxic molecules and activa-
tion markers (cluster 1; CD69, GZMB, and NKG7) were downregulated
by GC. In GO analysis, the steroid responsive gene set was significantly
enriched in both type I IFN and type II IFN response-related pathways
(Fig. 2E). We performed a GSEA using a ligand-stimulated gene set
(LINCS L1000) to compare cytokine signatures enrichment. Type I IFN -
and type II IFN-stimulated genes were strongly associated with both the
steroid responsive gene set and the severe COVID-19 gene set in PBMCs
from patients with severe COVID-19 (Fig. 2F) (34). Intriguingly, IL-6-,
TNF-a-, and IL-1-stimulated genes were enriched in the severe COVID-
19 gene set, in additional to the type I and II IFN signatures, but they
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A

1.00 7
B Double immune modulator
= Triple immune modulator
20757 e —
=
[
Qo
g P < 0.001
> 0.50
[
>
Q
(5]
i
0.25 7
0.00
T T T T T T T
0 5 10 15 20 25 30
Days from ICU admission
Numbers at risk
Double 52 52 38 27 18 15 14
Triple 50 46 21 11 3 2 1

Fig. 1. Clinical outcomes of the Double and Triple immune modulator groups.
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901 Slope of FiO, until HD15
80 B Double immune modulator  -1.92 + 0.10
= Triple immune modulator -3.11 £ 0.10
70
£607 =~ | [ 1 ‘ P <0.001
s | S
ir 50
40
30
201 ‘ | I
T T T T T T T T T T T T T T T

3 4 5 6 7 8 9 10 M1
Days from ICU admission

12 13 14 15

A. Graph showing 30-day recovery probability of each treatment group, as calculated by the Kaplan Meier method. B. Graph showing changes in oxygen requirements

by hospital day in each treatment group using a linear mixed model.

Abbreviations: FiO,, fraction of inspired oxygen; HD, hospital day; ICU, intensive care unit.

Table 3
Univariable and adjusted analyses for 30-day recovery.

Variables Univariable analysis Adjusted analysis
HR (95% CI) P value HR (95% CI) P value
FiO, at ICU 0.966 0.963
admission 09540979 1 (oo49.0078) <0001
. 2.046 0.829
Albumin level (1.468-2.851) <0.001 (0.439-1.563) 0.562
Underlying
2.579 2.094
1 .02 1131
puimonary (1.113-5.976) 0.027 0.802-5.466) 13
disease
Underlying solid 3.332 1.819
. .382
cancer (1.018-10.905) 0.047 (0.475-6.960) 0.38
Triple immune
2.332 2.772
modulator 1.506-3.609) <001 (19516147 0012
treatment

Univariable analyses for 30-day recovery were conducted for each variable, and
statistically significant variables were included in the adjusted analysis.
Abbreviations: HR, hazard ratio; CI, confidence interval; FiO,, fraction of
inspired oxygen; ICU, intensive care unit.

were not enriched in the steroid responsive gene set. A GSEA based on
the ranked steroid responsive gene set also demonstrated significant
associations with the severe COVID-19 gene set and IFN-a-responsive
gene set, but not with the IL-6-responsive gene set (Fig. 2G). Collec-
tively, we found that the downregulating effects of GC were mostly
associated with IFN responses, which play a critical part in the patho-
genesis of severe COVID-19.

3.4. Additive down-modulation of aberrant cytokine responses by the
Double and Triple imnmune modulating strategies

Next, we analyzed scRNA-seq data of PBMCs longitudinally collected
from patients with severe COVID-19 in the Single, Double, and Triple
groups to evaluate the cellular response to multiple immune modulator
treatments added to GC treatment. The gene set module scores for the
inflammatory cytokine signaling pathway and severe COVID-19 gene set
were additionally downregulated in the post treatment status of Double
and Triple groups (Fig. 3A). To identify specific responsive gene sets for
each immunomodulation strategy, we produced Venn diagrams to show
the similarities and differences among genes significantly down-
regulated in three treatment groups (Fig. 3B). Genes commonly

downregulated among the three treatment groups (n = 30) had signifi-
cantly enriched IFN-y- and IFN-o-stimulated transcriptome signatures
(Fig. 3C). Most of the GC-responsive genes (n = 247) from the Single
group were GC-specifically downregulated genes (n = 188) with a highly
enriched with IFN-a-stimulated signature. The genes specifically
downregulated in the Double group (n = 112) prominently affected the
IL-6-associated transcriptome signature, which reflects the use of TOC,
as expected. Interestingly, the genes specifically downregulated in the
Triple group (n = 47) were enriched to IFN-y-, IFN-a-, TNF-, and IL-6-
stimulated signatures, which suggests that adding BAR produced addi-
tional downregulation of type I and II IFN signatures beyond that pro-
vided by GC- and TOC- treatment. The protein—protein interaction
analysis using STRING showed that genes commonly downregulated in
all three treatment groups (n = 30) contained a cluster of IFN-responsive
genes with dense interactions (STAT1, IRF7, MX1, IFITM1, and EPSTI1)
known to be related to unphosphorylated IFN-stimulated gene factor 3
(ISGF3), which is associated with delayed and pathologic IFN-
stimulated responses (Fig. 3D, left) (37).

For the specific pathway analysis, MSigDB Hallmark including the
gene sets of IFN-y response, IFN-a response, TNF-a signaling via NF-«B,
and IL-6/JAK/STATS3 signaling were used (Supplementary Fig. 5A). For
the IFN responses, the Triple group were more enriched than GC-specific
or the Double group specific ones, indicating that JAK inhibitor had
additional down-regulating effect on IFN pathways. However, for the
TNF-a signaling via NF-«kB pathway, GC-specific and the Double specific
downregulated genes were more enriched than the Triple group. As
expected, the Double group specific down-regulated genes mainly
reflecting the effect of TOC had strongest enrichment on IL-6/JAK/
STAT3 signaling pathways. Moreover, we additionally evaluated tran-
scription factor (TF) analysis. Triple group specific down-regulated
genes were highly enriched to the RFX-associated pathways mainly
associated with significant downregulation of HLA molecules (Supple-
mentary Fig. 5B). In addition, IRF1 and STAT3 pathways were specif-
ically downregulated by the Triple regimen. Therefore, the BAR and
TOC contributed differentially to down-regulate inflammation in
COVID-19 patients who received the Triple regimen.

Moreover, the genes specifically downregulated in the Triple group
(n = 47) also had a distinct cluster of ISGF3, including OAS1, and OASL
(Fig. 3D, right). Based on the recent report that heterozygous OAS1 gain-
of-function (GOF) variants cause autoinflammation (38), we tested
similarities between gene sets from OAS1 GOF patients with aberrant
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Fig. 2. scRNA-seq analysis of PBMCs from patients with severe COVID-19 treated with GC and biologics.

A. UMAP plot of 89,382 PBMCs from patients with severe COVID-19 sampled pre- and post-medication, colored to show the annotated cell types (COVID-19 patients,
n = 24). B. Dot plot showing the average marker gene expression in each cluster. C. Volcano plot showing differentially expressed genes between pre- and post-GC
treatment at day 1 and day 3. D. Network plot of protein—protein interactions among the top 50 steroid-responsive genes, evaluated using a STRING analysis. E-F. Bar
plots showing the -log P-value from a GSEA of steroid-responsive genes and the immune-related GO.BP gene sets (E) and the -log P-value from a GSEA of steroid-
responsive genes and the severe COVID-19 gene set (GSE149689) with the LINC L1000 gene sets (F). G. Plots showing a GSEA of the steroid-responsive gene sets with
the severe COVID-19 gene set and gene sets related to the inflammatory cytokine signaling pathways.

Abbreviations: COVID-19, coronavirus disease 2019; GC, glucocorticoid; GO.BP, Gene Ontology, Biological Process; GSEA, gene set enrichment analysis; PBMC,
peripheral blood mononuclear cell; scRNA-seq, single-cell RNA sequencing; UMAP, uniform manifold approximation and projection.
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Fig. 3. Additive down-modulation of aberrant IFN responses with the double and triple immune modulating strategies.

A. Dot plot showing the average gene set module score for gene sets related to severe COVID-19 and the inflammatory cytokine signaling pathways according to
immunosuppressive treatment. B. Venn diagram of genes responsive to each medication, as calculated by post-medication to pre-medication DEGs. C. Bar plot
showing the -log P-value from a GSEA of genes responsive to each medication with the LINC L1000 gene sets. D. Network plot of protein—-protein interactions among
the “Common” and “Triple specific” genes, evaluated using a STRING analysis. E. Plots showing the average gene set module score associated with the aberrant
immune signature of OAS1 GOF patients according to immunosuppressive treatment. F. Dot plot showing the average gene set module score of gene sets related to

severe COVID-19 and the inflammatory cytokine signaling pathways according to immune subset and steroid treatment.
Abbreviations: DEG, differentially expressed gene; GOF, gain-of-function; GSEA, gene set enrichment analysis.
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immune signatures and our gene sets from the different treatment status.
The gene set score of aberrant immune signatures from OAS1 GOF pa-
tients was significantly downregulated by GC and TOC and even more
highly downregulated by BAR (Fig. 3E). In summary, downregulation of
the OAS1-associated IFN-responsive signature in the Triple group could
be an important mechanism behind the additional clinical efficacy of
JAK inhibitors against aberrant cytokine signals.

We next tried to discover whether a specific subpopulation had more
cytokine-stimulated and severe COVID-19-associated features by
examining transcriptomic changes in the overall blood immune cell
populations (Fig. 3F, left). We found that the myelophagocyte (MP) and
neutrophil subclusters had higher module scores before GC treatment
than others. After GC treatment, those elevated module scores were not
evidently downregulated in the MP or neutrophil subclusters (Fig. 3F,
right). We further analyzed the cellular response of pathologic MP and
neutrophil subclusters upon treatment with multiple immune
modulators.

3.5. Triple immune modulator treatment regulates pathologic monocyte
differentiation

Among the 7918 MP cells, we identified six subpopulations based on
marker gene expression (Fig. 4A, Supplementary Fig. 6A, and Supple-
mentary Table 2). We focused on monocytes and identified three clas-
sical CD14 monocyte subpopulations and two intermediate or non-
classical CD16 monocyte subpopulations (Supplementary Fig. 6B).
Next, we analyzed the differential marker gene expression representing
the differentiation and functional status of the monocytes in each sub-
population. The CD14 monocyte_1 subpopulation was characterized by
early activation markers such as SI00A8 and S100A9, and the expres-
sion level of S100A8 and S100A9 gradually decreased across the other
monocyte subpopulations (Fig. 4B). The CD16 monocyte_2 subpopula-
tion exhibited high expression of genes related to differentiated mono-
cytes, including the CD74 and HLA genes, and interferon responsiveness,
including RGS2 and APOBEC3A. When we compared the proportions of
monocyte subpopulations in patients exposed to each immune modu-
lator treatment strategy, we found that the CD16 monocyte_2 subpop-
ulation tended to decrease in all treatment groups, especially the post-
triple group (Fig. 4C). Furthermore, the CD16 monocyte_2 subpopula-
tion was most highly enriched in gene sets associated with severe
COVID-19 and inflammatory cytokine signals, indicating that the CD16
monocyte_2 subpopulation is pathologic in severe COVID-19 (Fig. 4D).

Next, we delineated the driving force for differentiating of the
pathologic CD16 monocyte 2 subpopulation from the early activated
classical CD14 monocyte_1 subpopulation. We performed a semi-
supervised pseudotime trajectory analysis by ordering the cells using
DEGs from each monocyte subpopulation and identified a pseudotime
trajectory pathway across monocyte subpopulations (Fig. 4E) (39). We
calculated DEGs according to kinetic trends of the pseudotime trajectory
pathway and defined three distinctive clusters with modular gene
expression changes (Fig. 4F). Cluster 3 contained genes related to
monocyte-to-tissue macrophage differentiation such as MARCO
(40-42), and DEGs of pathologic alveolar macrophages common in
macrophage activation syndrome, such as C1QB, CIQC, KLF2, and
FABP5 (43). When we performed a GSEA with DEGs from CD16
monocyte_ 2 and the genes responsive to each immune modulator
treatment strategy, we found that only the Triple responsive genes
significantly correlated with the DEGs of CD16 monocyte 2 (Fig. 4G).
Taken together, these results suggest that adding BAR treatment to GC
and TOC regulates the pathologically activated monocyte subpopulation
induced by aberrant IFN signals.

3.6. Landscape of cellular immune responses in neutrophils exposed to
multiple immune modulators

Next, we analyzed the cellular response of immune cells other than
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monocyte. First, we focused on the NK and T cell population, and we
identified 6 subpoulations, including, NK cell/yd T cell, Naive CD4 T
cell, Naive CD8 T cell, Effector/Memory CD4 T cell, Effector/Memory
CD8 T cell (including MAIT cell), and Tggg cell (Supplementary Fig. 7A
and 7B). Pearson correlation coefficient (PCC) analysis revealed less
differentiated subpopulations, such as Naive CD4 T cell, Naive CD8 T
cell, and Effector/Memory CD4 T cell, had more distant gene expression
profiles between pre- and post-treatment with GC (Supplementary
Fig. 7C and 7D), indicating significant transcriptomic reprogramming in
these subpopulations during treatment. Moreover, through Gene Set
Enrichment Analysis (GSEA) using GC responsive gene sets for each
subpopulation, we identified that the cellular response to type I IFN was
primarily regulated by GC treatment (Supplementary Fig. 7E).

Then, we analyzed the cellular responses of neutrophils to immune
modulator treatments. Because of difficulties with isolating poly-
morphonuclear cells and the instability of neutrophils during cryopres-
ervation, we constructed scRNA-seq libraries of whole leukocytes from
RBC-lysed, unfrozen, fresh whole blood. We profiled and clustered
60,000 leukocytes from three patients with severe COVID-19 pre- and
post-medication. These clusters were assigned to six major immune cell
types, including neutrophils, and were characterized by MA4A3 and
CEBPE expression (Fig. 5A and B). The neutrophil subcluster was most
highly enriched with gene sets related to severe COVID-19 and those
severe COVID-19 gene set enrichments decreased after immunomodu-
lator treatment, especially in the post-TOC/BAR treatment group
(Fig. 5C). We further analyzed the heterogeneity of the neutrophil
subcluster and identified four neutrophil subpopulations (Fig. 5D).
When we plotted the UMAP embedding of neutrophils according to
immune modulator treatment status, we found that neutrophils from the
pre-GC group were mainly clustered in the Neutrophil 1 subpopulation
(Fig. 5E). Neutrophils from the post-GC group were mainly clustered in
Neutrophil_2 and Neturophil_3 and neutrophils from the post-TOC/BAR
group were mainly clustered in Neutrophil 4. When we calculated the
gene set module score associated with severe COVID-19, Neutrophil_1
was more highly enriched with gene sets related to severe COVID-19
than the other subpopulations (Fig. 5F). We assumed Neutrophil 1 to
be a pathologic neutrophil subpopulation in patients with severe COVID-
19, so we characterized it using a GSEA with GO database (Fig. 5G). The
Neutrophil 1 subpopulation was enriched with gene sets related to
neutrophil activation, such as neutrophil degranulation, neutrophil
activation, and the neutrophil-mediated immune response. In summary,
we landscaped and delineated the cellular immune response of leuko-
cytes in the presence of multiple immune modulators and identified
pathologic monocyte and neutrophil subpopulations that could be
regulated by adding BAR to GC and TOC treatment.

4. Discussion

Traditionally, immune modulating treatments, especially GC, failed
to improve the clinical outcomes of severe respiratory viral infections
(44,45). However, severe COVID-19 presents delayed worsening of
pneumonia despite decreasing viral load, suggesting that it has a unique
pathophysiology (46-48). In July 2020, the RECOVERY trial reported
that dexamethasone treatment conferred a survival benefit in severe
COVID-19 (11). However, initial RCTs to evaluate the effects of TOC on
COVID-19 failed to show its clinical benefits (49-52). Interestingly, later
studies that allowed co-administration of GC and TOC exhibited survival
benefits (12,53). In the ACTT-2 trial, adding BAR treatment to remde-
sivir showed recovery superior to that with remdesivir alone (54), and a
later trial that allowed co-administration of GC and BAR found that BAR
treatment conferred a survival benefit (13,55). Given the results of those
clinical trials and the different target molecules and mechanisms of ac-
tion of the different immune modulators, combinations of immune
modulator treatments seem likely to show synergistic effects against
severe COVID-19.

In terms of clinical recovery, decrease in slope of required FiO2, and
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Fig. 4. Cellular response of the monocyte population against multiple immune modulator treatments.

A. UMAP plot of 7198 monocyte subpopulations, colored to show cluster information. B. Violin plots showing normalized expression of marker genes in the five
monocyte clusters. C. Bar plot showing the proportion of each monocyte subcluster pre-steroid (n = 5), post-steroid (n = 16), post-double treatment (n = 3), and post-
triple treatment (n = 3). D. Dot plot showing the average gene set module score of gene sets related to severe COVID-19 and the inflammatory cytokine signaling
pathways of the monocyte subclusters. E. Plots showing the pseudotime trajectory of the monocyte subpopulations. F. Heatmap showing the relative expression
patterns of representative genes along the pseudotime trajectory. G. Plots showing a GSEA of the pathologic CD16 monocyte_2 subpopulation using gene sets

responsive to each medication.

Abbreviations: GSEA, gene set enrichment analysis; UMAP, uniform manifold approximation and projection.

duration of hospitalization, triple immune modulator therapy was more
effective than double immune modulator therapy. Contrary to general
concerns about combining immune modulator therapies (10), the inci-
dence of infections was lower in the Triple group than in the Double
group, probably because patients in the Triple group had shorter hos-
pital stays and a lower rate of mechanical ventilation. Through the single
cell transcriptome analysis, we identified a GC responsive gene set that
was associated with various immune-suppressive responses, as previ-
ously reported. Among them, IFN signals were most affected by GC
treatment, and IL-6, TNF, and IL-1 signals, which were also enriched in
the severe COVID-19 gene set, were less affected. When we analyzed the
cellular immune responses to multiple immune modulators, we found
that TOC and BAR treatment additionally regulated the aberrant cyto-
kine response of patients with severe COVID-19, especially in terms of
IL-6 and IFN, respectively. Furthermore, we identified pathologic
monocyte and neutrophil subpopulations with highly enriched patho-
logic cytokine signatures. The DEGs of those pathologic subpopulations
correlated significantly with the BAR/TOC responsive gene sets, indi-
cating that additional BAR/TOC treatment could regulate these patho-
logic subpopulations. In summary, we showed that adding BAR and TOC
treatment to GC conferred a clinical benefit to patients with severe
COVID-19, and we elucidated the detailed cellular immune response of
each immune modulator treatment.

In this study, we found that combining immune modulator treat-
ments mainly regulates the aberrant type I and II IFN response. The
double-edged features of the IFN response in myeloid cells have been
reported since early studies of the immune landscape in COVID-19 (56).
In the early stages of viral infection, IFNs play a key role in activating the
innate immune system. Type I IFN signaling potentiates inflammatory
monocytes to activate other innate immune cells, including NK cells and
innate lymphoid cells (57,58). Defective type I IFN responses due to a
genetic cause or the presence of autoantibodies against IFN were asso-
ciated with life-threatening COVID-19 (59,60). On the other hand, IFN
can contribute to aberrant activation of innate immune cells and drive
pathologic tissue damage. The pro-inflammatory functions of type I IFNs
have been reported in a SARS-CoV-2-infected animal model and patients
with severe COVID-19 (34,61,62). In particular, it has been suggested
that delayed IFN response after initial SARS-CoV-2 infection induces
progression to severe disease through crosstalk with hyperinflammatory
cytokines such as TNF and IL-1 (34). Therefore, timely and appropriate
regulation of an aberrant type I IFN response is required to prevent
progression to severe COVID-19.

Therapeutic GCs have been widely used to treat immune-
dysregulation disorders, such as post-infectious inflammation and
rheumatic disease. Despite the widespread use of GCs, only a small
portion of their immunoregulatory mechanisms is understood. A pre-
vious study delineating the diversity of cellular targets for GC in an
allergic dermatitis model showed that the monocyte-macrophage or
neutrophil lineages seem to be essential to the immune regulatory
functions of GCs (63). However, few studies have evaluated the cellular
response of neutrophils to GC stimulation due to the difficulty of
neutrophil isolation. In this study, we landscaped the detailed cellular
response of immune cells to GC stimulation, including neutrophils, using
fresh, serially collected, whole blood specimens. In that way, we iden-
tified the heterogeneity and pathologic subpopulations of monocytes
and neutrophils and elucidated the regulatory role of GCs in those
pathologic subpopulations. Furthermore, we found that TOC and BAR
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affect those pathologic subpopulations by regulating specific aberrant
cytokine signals, IL-6 and IFN, respectively. Collectively, the results of
this study shed light on a tailored immune modulatory treatment that
could minimize the adverse effects of excessive GC treatment.

The present study has several limitations. First, our retrospective
cohort was limited to 102 patients, which is not sufficient to compare in-
hospital mortality. Nevertheless, the baseline characteristics were rela-
tively balanced between the groups, and clinical outcomes clearly
favored triple immune modulator treatment. Although the baseline CRP
level was higher in the Double group than in the Triple group, the dif-
ference was not sufficient to affect 30-day recovery in the survival
analysis using Cox proportional hazard model. As the albumin level was
lower in the Double group than in the Triple group and was significantly
associated with 30-day recovery in the univariable analysis, it was
included in the multivariable analysis to adjust potential effect to the
clinical outcome. In the multivariable analysis, triple immune modu-
lator treatment was significantly associated with 30-day recovery with
the highest HR among the included variables. Second, we excluded
patients intubated before or on the day of admission to ensure the ho-
mogeneity of the cohort population. Because the risk of secondary res-
piratory tract infection can increase among patients with an artificial
airway (64), combination immune modulator therapies should be
considered carefully for intubated patients. The incidence of infections
was higher in the Double group (10/52, 19.2%) than in the Triple group
(1/50, 2.0%; P = 0.008), most of which (72.7%) were ventilator-
associated pneumonia, occurred five days after endotracheal intuba-
tion on average. A subgroup analysis of the Double group exhibited
significant association between bacterial infection and intubation (P =
0.004). Only one death was attributable to bacterial infection, and the
association between infection and death was not significant. Third, our
ex vivo analysis used blood specimens collected at Hospital B between
August 2020 and November 2021. During that period, the circulating
SARS-CoV-2 strains changed, and the triple immune modulator therapy
was used only after the delta-dominated outbreak started. However, we
exclusively investigated blood specimens from patients with severe
COVID-19 who met the criteria for the retrospective cohort (WHO-CPS
6), and the baseline immunologic profiles did not differ depending on
time of enrollment. Despite those limitations, this study suggests that
triple immune modulator therapy has benefits for clinical recovery and
illustrates the in vitro mechanism by which that therapy controls aber-
rant hyperinflammation in severe COVID-19.

In conclusion, the use of triple immune modulator therapy in pa-
tients with severe COVID-19 was associated with improved 30-day re-
covery by means of additional regulation of an aberrant,
hyperinflammatory immune response. The optimal dose and duration of
the therapy need to be validated through clinical trials.
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Fig. 5. scRNA-seq analysis of leukocytes from patients with severe COVID-19 treated with multiple immune modulators.

A. UMAP plot of 60,000 leukocytes from patients with severe COVID-19 sampled pre- and post-medication, colored to show the annotated cell types (n = 3). B. Six
clusters and their specific marker gene expression levels. C. Dot plot showing the average gene set module scores related to severe COVID-19 and the inflammatory
cytokine signaling pathways of immune cell subclusters according to treatment with a steroid, tocilizumab, and baricitinib. D. UMAP plot of 36,601 neutrophils and
their subpopulations, colored to show cluster information. E. Dot plots and contour plots showing UMAP embedding of neutrophils, separated according to medi-
cation status. F. Dot plot showing the average gene set module score related to severe COVID-19 and the inflammatory cytokine signaling pathways of neutrophil
subclusters. G. Bar plot showing the -log P-value from a GSEA of DEGs between the pathologic neutrophil 4 subpopulation and the immune related GO.BP gene sets.
Abbreviations: scRNA-seq, single-cell RNA sequencing; COVID-19, coronavirus disease 2019; UMAP, uniform manifold approximation and projection; GO.BP, Gene
Ontology, Biological Process; GSEA, gene set enrichment analysis; DEG, differentially expressed gene.
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