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Abstract

Intensive care unit (ICU) admissions and mortality in severe COVID-19 patients are driven by “cytokine storms” and
acute respiratory distress syndrome (ARDS). Interim clinical trial results suggest that the corticosteroid dexamethasone
displays better 28-day survival in severe COVID-19 patients requiring ventilation or oxygen. In this study, 10 out of 16
patients (62.5%) that had an average plasma IL-6 value over 10 pg/mL post administration of corticosteroids also had
worse outcomes (i.e., ICU stay >15 days or death), compared to 8 out of 41 patients (19.5%) who did not receive
corticosteroids (p-value = 0.0024). Given this potential association between post-corticosteroid IL-6 levels and
COVID-19 severity, we hypothesized that the glucocorticoid receptor (GR or NR3C1) may be coupled to IL-6 expression
in specific cell types that govern cytokine release syndrome (CRS). Examining single-cell RNA-seq data from BALF of
severe COVID-19 patients and nearly 2 million cells from a pan-tissue scan shows that alveolar macrophages, smooth
muscle cells, and endothelial cells co-express NR3C1 and IL-6, motivating future studies on the links between the

regulation of NR3C1 function and IL-6 levels.

Introduction

Infection with SARS-CoV-2 is largely asymptomatic or
presents with mild-to-moderate symptoms in a majority of
patients', but can result in progressive respiratory illness
leading to acute respiratory distress syndrome (ARDS) in a
subset of severely ill COVID-19 patients>®. Multiple
clinical trials have been underway to investigate therapies
ranging from antivirals (e.g., Lopinavir—Remdesivir) to
corticosteroids and immunosuppressive agents (e.g., Dex-
amethasone, Tocilizumab)®. In line with previous reports
of IL-6 as a biomarker of severe disease’, some studies
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examining small patient cohorts have suggested treatment
with tocilizumab (anti-IL6 receptor) may improve out-
comes in severe COVID-19 patients®’. Consequently, the
use of plasma IL-6 testing has gained traction during the
ongoing COVID-19 pandemic.

A recent interim update from the randomized evaluation
of COVID-19 therapy (RECOVERY) trial that is examining
larger cohorts of severe COVID-19 patient outcomes
revealed the maximal reduction in mortality among patients
treated with dexamethasone over other therapies®. In this
trial, 2104 randomized patients received 6 mg of dex-
amethasone once per day for ten days, compared with 4321
patients that received standard care alone. Dexamethasone
reduced mortality by one-third in ventilated patients (rate
ratio 0.65 [95% confidence interval 0.48-0.88]; p = 0.0003)
and by one-fifth in other patients receiving oxygen only (0.80
[0.67-0.96]; p=0.0021)%. Although corticosteroids have
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long been utilized clinically for their immunosuppressive
and anti-inflammatory capacities”'> the precise mechan-
isms by which dexamethasone mediates clinical improve-
ment in severe COVID-19 patients are not well understood.
Indeed, the success of dexamethasone in treating COVID-19
was somewhat unexpected in light of an early report during
this pandemic urging clinicians to not prescribe corticos-
teroids for lung injury in COVID-19 patients, based on the
lack of efficacy as well as an elevated risk of adverse events
associated with steroid use in the previous SARS and MERS
epidemics'®. Such ostensibly contradictory evidence and
guidance underline the need for improved mechanistic
stratification of corticosteroid efficacy in different subsets of
severely ill COVID-19 patients.

Rapid advances in genomic and transcriptomic tech-
nologies over the past decade hold great potential to
characterize drug targets at unprecedented levels. We
recently released the nferX platform single-cell applica-
tion as a resource to help researchers analyze publicly
deposited single-cell RNA-sequencing datasets and
readily contextualize these expression-derived insights
using quantified literature associations'*. We and others
have harnessed this wealth of gene expression data at
single-cell resolution to profile human tissues and cells
based on their expression of ACE2, the putative entry
receptor for SARS-CoV-2'*'7. Notably, although the
primary glucocorticoid receptor (GR) (NR3C1) has been
previously reported to be ubiquitously expressed'® >’
the global expression profile of this important drug
target has not been systematically evaluated across the
hundreds of thousands of bulk RNA-seq samples and
millions of single-cell RNA-sequencing data points
which are available.

Here, we perform longitudinal analysis of real-world
data of COVID-19 patients and triangulate our findings
with publicly available transcriptomic datasets to nomi-
nate putative mechanisms by which dexamethasone
results in reduced mortality. Our findings provide
molecular support for the known immunomodulatory
effects of corticosteroids and pinpoint the immune cell
types which are likely to be affected by systemic and
pulmonary exposure to dexamethasone. Specifically in
one study of COVID-19 alveolar immune infiltrates!, we
identify multiple populations of macrophages that co-
express NR3C1 and IL-6 genes, including one coexpres-
sing population which tends to downregulate NR3C1 in
severely ill patients compared to those with mild disease.
We also find that non-immune cells including endothelial
cells and smooth muscle cells are among the cell types
which most frequently coexpress these genes.

Results

The use of high sensitivity plasma IL-6 tests at the Mayo
Clinic has increased during the COVID-19 pandemic.
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From 2010 to 2019, 1463 tests were conducted and 274 of
these tests (18%) resulted above 10 pg/mL (normal range
between 0.31 and 5 pg/mL). In contrast, during the first
half of 2020, 377 out of 537 tests (70%) resulted above
10 pg/mL. The distribution of observed IL-6 levels during
the ongoing COVID-19 pandemic (mean = 68 pg/mL) is
thus shifted towards higher levels compared to the IL-6
levels from earlier years (mean = 11 pg/mL). For example,
pulmonary phenotypes such as ARDS are associated with
high levels of IL6 (Supplementary Fig. 1). We also
observed that IL-6 levels did not correlate with levels of
the inflammatory markers C-reactive protein and ery-
throcyte sedimentation rate in the COVID,. patients
(Fig. 1 and Supplementary Fig. 2).

Stratifying COVID-19 patients by intensive care unit (ICU)
duration highlights IL-6 levels post administration of
corticosteroids, but not non-corticosteroids, as an
indicator of COVID-19 outcomes

To understand whether or not corticosteroids benefited
inflammation-induced respiratory distress among the ICU
patients, we started by characterizing respiratory status in
patients who received corticosteroids and IL-6-testing
versus those who received IL-6-testing alone. Among
COVID19 patients that were admitted to ICU at some point
during their hospital stay and had undergone an IL-6 test,
patients that were on corticosteroids experienced longer
durations on invasive respiratory support (median=
16 days) compared to those that did not receive corticos-
teroids (median =10 days) (Mann—Whitney U =532.5,
p=0.008) (Fig. 1a).

To understand how corticosteroids either benefited or
not the inflammation-induced respiratory distress among
the ICU patients, we plotted plasma IL-6 levels versus
ICU durations for patients on corticosteroid and non-
corticosteroid therapies (antivirals, azithromycin, hydro-
xychloroquine, tocilizumab). Thresholds were set for
IL-6 level (10 pg/mL) and ICU status (15 days) to group
patients into four categories, with mortality grouped
with an ICU stay of 15 days or more. Ten out of 16
patients (62.5%) that had an average plasma IL-6 value
over 10 pg/mL post administration of corticosteroids also
had worse outcomes (i.e., ICU stay >15 days or death),
compared to 8 out of 41 patients (19.5%) who did not
receive corticosteroids (Fig. 1b, c). The Fisher’s exact test
p-value for this observation is 0.0024 (Fig. 1d). The split-
up of non-corticosteroid drugs into the specific ther-
apeutics is also shown (Fig. 1 and Supplementary Fig. 3),
with consistent observations to those summarized above.

Longitudinal comparison of plasma IL-6 levels pre- versus
post-administration of corticosteroids

The timing of SARS-CoV-2 PCR testing, non-topical
corticosteroid administration, tocilizumab administration,
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Fig. 1 Relationship between IL-6 levels and ICU duration for COVID-19 ICU patients who had at least one plasma IL-6 measurement after
administration of either corticosteroids or other classes of drugs. a Among the COVID19 patients that were admitted to ICU at some point
during their hospital stay and had undergone an IL6 test, the patients that were on corticosteroids (n = 43) experienced longer durations on higher
levels of respiratory support compared to the patients that were not on corticosteroids (n = 56). b Relationship between ICU duration and IL-6 levels
following the administration of non-topical corticosteroids for n = 21 ICU patients who received corticosteroids. ¢ Relationship between ICU duration
and IL-6 levels following the administration of one or more of the following drugs: tocilizumab, azithromycin, hydroxychloroquine, or antivirals (n =
64 patients); these patients did not receive corticosteroids. d Summarizing the number of patients in each of the four quadrants (Q1, Q2, Q3, and Q4)
in (b) and (c) above. A Fisher exact test of proportions suggests that a higher proportion of patients who receive corticosteroids and have an IL-6
value over 10 pg/mL have poor outcomes (ICU stay >15 days or death) when compared to the equivalent proportion of those treated with non-
corticosteroid drugs including antivirals, tocilizumab, azithromycin, and hydroxychloroquine (p = 0.0006).
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A Longitudinal measurements of plasma IL-6 in hospitalized patients who received non-topical corticosteroids
at least one time at or after the diagnosis of COVID-19 via SARS-CoV-2 PCR.
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IL6 stable or Fischer’s exact test
decrease 2 5 7 p-value: 0.17
IL6 increase 3 0 3
Total 5 5 10

Fig. 2 Constraining cohort of COVID-19 ICU patients to those who had at least one plasma IL-6 measurement before and after
corticosteroid administration. A Longitudinal measurements of plasma IL-6 in hospitalized patients who received non-topical corticosteroids at
least one time at or after the diagnosis of COVID-19 via SARS-CoV-2 PCR. B Relationship between duration of ICU stay and change in plasma IL-6
levels before and after steroid administration (patient numbers are mapped onto Fig. 8a). If multiple pre/post-corticosteroid administration levels are
available, the mean is used. C Contingency table used to determine if a significant relationship exists between extended ICU stay and IL-6

and IL-6 measurements available for 63 hospitalized
COVID-19 patients are summarized in Fig. 2 and Sup-
plementary Fig. 1. Of these patients, we considered ten
critically ill COVID-19 patients who received IL-6 plasma
tests both before and after corticosteroid administration.
These patients met the following criteria: (1) hospitalized
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in the ICU for COVID-19 related illness, (2) received non-
topical corticosteroid therapy during COVID-19 related
hospitalization, and (3) underwent plasma IL-6 testing at
least one time both before and after the first administra-
tion of a corticosteroid. Of these patients, 4/10 were male
and the median age was 62 (interquartile range: 55-69).
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We found that IL-6 levels remained stable or decreased
after steroid administration in seven of ten patients, while
the remaining three patients showed large increases in
IL-6 (Fig. 2A). Nine of the ten patients began with pre-
corticosteroid IL-6 levels more than twice the upper limit
of normal (normal reference range: 0.31-5 pg/mL). Fol-
lowing corticosteroid administration, five of the ten
patients returned to mean IL-6 levels less than twice the
upper limit of normal (10 pg/mL) and four of the ten
patients had IL-6 levels less than 5 pg/mL. The was a weak
correlation between change in average plasma IL-6 levels
following corticosteroid administration and worse clinical
outcomes (Fig. 2B). However, an ICU duration of 15 days
or more was not significantly associated with post-steroid
increases in IL-6 (p-value =0.17; Fig. 2C). Admittedly,
this analysis is limited by the small number of patients. An
analysis in the future on data from a larger number of
patients can be used to explore whether longitudinal I1L6
testing can be a useful biomarker for COVID-19 severity.

The corticosteroid target NR3C1 is expressed across
immune cell types including alveolar macrophages

To better understand the mechanisms of potential
corticosteroid-induced effects on IL-6 levels, we next
systematically profiled the gene expression of NR3C1—the
highest affinity target of dexamethasone, methylpredniso-
lone, and prednisone (Fig. 3 and Supplementary Fig. 1)
from a resource of over 450,000 bulk RNA-sequencing
samples from more than 10,000 studies. Such an analysis is
timely and critical to identifying potential mechanisms of
steroid-induced immunomodulation. Indeed, the immu-
nomodulatory function of corticosteroids has long been
appreciated”'?, yet the expression profile of NR3C1 has
not been formally established across all human tissues and
cell types. The delineation of this profile in both healthy
and diseased patients may help us to better understand the
cell types which are most critical to mediate the beneficial
effects of steroids in severely ill COVID-19 patients. We
found that various immune cells—including T cells, B
cells, monocytes, natural killer cells, dendritic cells, and
macrophages—are enriched among the samples with the
highest (top 5%) of NR3C1 expression (Fig. 3A), con-
sistently with previously reported effects of glucocorticoids
on the function of each of these cells types**~>°. Interest-
ingly, we also identified one study in which alveolar
macrophages specifically showed high NR3C1 expression
(Fig. 3 and Supplementary Fig. 2; n = 20 samples from ten
individuals), and we found that NR3C1 was consistently
expressed at appreciable levels in alveolar macrophages
from two other independent studies as well (Fig. 3 and
Supplementary Fig. 2; n =25 samples).

We then further characterized NR3C1 expression by
single-cell RNA-sequencing across 1.9 million human
cells using the nferX single-cell platform’*. Consistent
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with our findings from bulk RNA-seq, we found that
various hematopoietic lineages were enriched among the
cells with the highest expression of NR3C1 (Fig. 3B).
Several T cell populations showed particularly strong
enrichment among NR3CI1-high samples, but we also
found evidence for high expression in macrophages,
dendritic cells, B cells, and innate lymphoid cells (Fig. 3B).
Similarly, in a study of peripheral blood samples from
healthy donors (n =6) and COVID-19 patients between
days 2 and 16 of symptom onset (n=7), NR3C1 was
appreciably expressed in diverse immune cell types
including T cells, B cells, dendritic cells, monocytes, and
plasmacytoid dendritic cells (Fig. 4). In bronchoalveolar
lavage fluid (BALF) of COVID-19 patients, both macro-
phages and T cells strongly expressed NR3C1, while
plasma cells, neutrophils, and the recovered epithelial
populations showed lower levels of NR3C1 expression
(Fig. 5; nferX platform single cell app).

NR3C1 and IL-6 are co-expressed in alveolar macrophages
of COVID-19 patients and systemically in endothelial cells
and smooth muscle cells

To connect this expression profile to our clinical
observation of reduced plasma IL-6 in a subset of patients
following corticosteroid administration, we specifically
evaluated co-expression of NR3C1 and IL-6 across these
same 1.9 million human single cells. We found that two
populations of alveolar macrophages from a study of
healthy controls (n =3) and COVID-19 patients (n=29)
were among the most strongly enriched cell types for this
co-expression, with both genes detected in 20 and 5% of
these two populations (“Macrophages 4” and “Macro-
phages 1”7, respectively; Fig. 6A). Interestingly, in contrast
to the immune-centric expression profile of NR3C1 alone,
we found that several other non-immune cell types
showed notable co-expression with IL6 in both respira-
tory (Fig. 6B) and non-respiratory (Fig. 6C, D) tissues
including fibroblasts, epithelial cells, endothelial cells, and
smooth muscle cells. This observation of co-expression in
both endothelial cells and smooth muscle cells is parti-
cularly interesting given the reports of systemic vascular
inflammation in the context of COVID-19>""%°, Given the
well-established mechanisms of glucocorticoid-mediated
suppression of IL-6 transcription®’, we propose that
agonism of NR3C1 in these various co-expressing cell
types may serve to dampen IL-6 production both in the
lungs and systemically.

In severe COVID-19 patients, NR3C1 is downregulated in
macrophages that co-express IL-6 and NR3C1

Given that dexamethasone appears to reduce mortality
among only severe cases of COVID-19, we finally asked how
NR3C1 and IL-6 co-expression varies between mild and
severe disease. To answer this, we assessed NR3C1 and IL-6
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expression levels in each recovered BALF cell population
between cases of mild COVID-19 (n=3) and severe
COVID-19 (n=6), along with healthy controls (n=3).
Interestingly we found that expression of IL-6 and NR3C1 is
positively correlated in the strongest co-expressing popula-
tion (“Macrophages 4” identified above), and further that
NR3C1 expression in this cell population was significantly
lower in patients with severe compared to mild disease
(Fig. 7A, B). We hypothesize that this overall direct corre-
lation may reflect a cell-intrinsic mechanism wherein
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activated inflammatory macrophages are simultaneously
primed for homeostatic steroid-mediated immunosuppres-
sion. Indeed, such programmed feedback loops are well-
established to dampen immune responses, including most
notably the immune checkpoint pathways (e.g., PD-1/PD-
L1) which restrain excessive T-cell activation upon antigen
recognition®. Accordingly, our observation that NR3C1
expression is decreased in severe COVID-19 patients com-
pared to mild COVID-19 patients may reflect a pathologic
downregulation of this endogenous immunomodulatory
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system which can be restored pharmacologically via
corticosteroid-mediated agonism of NR3C1. Together with
potential broader effects exerted through the various other
previously identified NR3C1/IL-6 co-expressing cell types
(see Fig. 7), corticosteroid therapy may thereby dampen both
local pulmonary and systemic inflammation to reduce the
likelihood of patient progression to outright cytokine storm.

Discussion

The COVID-19 pandemic is unquestionably one of the
most urgent global health crises of the modern era. Its
rapid spread around the world has sparked clinical and
basic research in efforts to discover interventions that can
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effectively eliminate infection or at least mitigate disease
severity. While antiviral drugs, antibiotics, and anti-
malarial have shown little to no clinical benefit in
COVID-19 patients**~**, modulation of host inflamma-
tory responses with drugs that inhibit IL-6 signaling
(tocilizumab) or stimulate GR activity (dexamethasone)
have been suggested to improve clinical outcomes in
critically ill patients®** negative results have also been
reported®. There are also suggestions for using IL-6 as a
biomarker for COVID-19 severity”.

The present work has several limitations. Firstly, the
analysis of the relationship between IL-6 levels and duration
of ICU stay is based on a small number of patients. Due to
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the small size of the groups being compared, propensity
matching for factors such as age, gender, ethnicity, etc. was
not performed. Secondly, the clinical rationale underlying
the selection and dosage of the corticosteroids administered
was not taken into account. Thirdly, the causality of the
association between the plasma IL6 levels and ICU length of
stay cannot be established in a retrospective observational
study. The limitations of a retrospective study aside, this
study motivates prospective pre-clinical and clinical research
to compare the efficacy of corticosteroids and other drugs
on disease severity.

In this study, we performed an integrated analysis of
publicly available molecular data and curated EHR data as
well as associated lab test results to study mechanisms of
corticosteroid mitigation of COVID-19 cytokine storms
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and ARDS. Strikingly, despite the long history of corti-
costeroid use in the clinic, expression of the glucocorticoid
receptor (NR3C1) has never been systematically profiled at
single-cell resolution in the modern genomic era. Such
profiling will help understand the tissues and cell types that
are most likely to be directly targeted by systemic steroid
therapies. Consistent with the well-established and clini-
cally utilized anti-inflammatory effects of corticosteroids,
our analysis of gene expression by bulk and single-cell
RNA-sequencing strongly suggests that hematopoietic cells
could be impacted by the corticosteroid dexamethasone via
its NR3C1 agonism. Specifically, we find that T cells are the
most strongly enriched human cell type for high NR3C1
expression, but other adaptive and innate immune cells are
also notably strong expression.



Awasthi et al. Cell Death Discovery (2021)7:55

Page 9 of 15

a Expression of NR3C1°IL6° In Individual Cell Populations
1 Tissue, 13 Cell Populations , 129.1K Cells

Ie
-

C Expression of NR3C1°IL6° In Individual Cell Populations
1 Tissue, 12 Cell Populations , 19.8K Cells

16
&
1
i
<

respiratory tract, lungs.

\

Fig. 6 IL-6/NR3C1 co-expression by single-cell RNA-sequencing. A Bronchoalveolar lavage fluid of COVID-19 patients; and (B)—(D) nasal cavity,

b Expression of NR3C1°IL6° In Individual Cell Populations
1 Tissue, 11 Cell Populations , 13.6K Cells

I
&
<

d Expression of NR3C1°IL6 In Individual Cell Populations
1 Tissue , 24 Cell Populations , 57K Cells

N
&

After NR3C1, the second-highest affinity target known
for the corticosteroid dexamethasone is NR3C2, which
was not explored in this study. Primarily, the intersection
between IL6 and NR3C2 appears to be limited to the
ovaries (Fig. 3 and Supplementary Fig. 3). The NR3C2
activity of corticosteroids, and indeed the other targets
including progesterone receptors, may well be beneficial
for other aspects of COVID-19 severity mitigation beyond
the IL-6 cytokine nexus that was explored in this study via
clinical-omics triangulation. The polypharmacology of
corticosteroids as they pertain to COVID-19 will be the
topic of a follow-up study.

To understand the cellular context around the inter-
section of glucocorticoids and IL-6, in this study, we have
performed the first directed co-expression analysis of
NR3C1 and IL-6 across human single-cell RNA-
sequencing datasets totaling almost 2 million cells.
Interestingly, this analysis highlighted that while NR3C1
alone is highly expressed in T cells throughout the
human body, co-expression with IL-6 is prominently
observed in alveolar macrophages of the lung along with
various non-immune cells across multiple tissues
including endothelial, smooth muscle, epithelial, and
stromal cells. We hypothesize that the engagement of
the glucocorticoid receptor by dexamethasone in these
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co-expressing cell types reduces local and systemic IL-6
production, which in turn restores immune homeostasis
and mitigates the progression of the COVID-19 asso-
ciated acute respiratory distress syndrome. It is impor-
tant to note that other inflammatory pathways may also
be activated in COVID-19 patients and that blockade of
these pathways may provide a clinical benefit similar to
that seen with tocilizumab. For example, early results
indicate that blockade of the GM-CSF pathway with
the monoclonal antibody mavrilimumab may improve
outcomes in several ill patients®’. GM-CSF is known to
orchestrate the activity of various innate immune cells
including dendritic cells®® and macrophages®, and
single-cell RNA-seq data confirms that NR3C1 is co-
expressed with both the alpha and beta subunits of the
GM-CSF receptor (CSF2RA and CSF2Rb) in several
macrophage populations from the BALF of COVID-19
patients (Fig. 7C). Whether agonism of the glucocorticoid
signaling pathway in these cells impacts their response to
GM-CSEF is certainly relevant to investigate as this could
have direct clinical implications regarding the utility of
coadministration of corticosteroids with both tocilizu-
mab and mavrilimumab.

The results reported in this study emphasize that follow-
up studies with larger cohorts of longitudinal data are
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warranted to investigate the clinical efficacy of dex-
amethasone and other corticosteroids in COVID-19
patients with ARDS and cytokine release syndrome
(CRS). Such larger follow-up studies will help shed light
on the mechanisms underlying heterogeneity in patient
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responsiveness to corticosteroids. If suppression of IL-6
production by corticosteroids like dexamethasone is indeed
confirmed to be responsible for mitigating the respiratory
and vascular onslaught of SARS-CoV-2 in severely ill
COVID-19 patients, then longitudinal monitoring of
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plasma IL-6 levels before and after initiation of steroids
may be warranted in clinical practice. We speculate that
such practice will help determine whether a patient is likely
to respond to corticosteroid therapy alone or if they should
be considered as candidates for alternative intervention,
including combination therapies with IL-6 receptor
antagonists like tocilizumab (actemra) and sarilumab
(kevzara), or direct IL-6 antibodies like siltuximab (sylvant).

Methods
Cohort definition for patients receiving IL-6 measurements
and corticosteroids

All patients who tested positive for SARS-CoV-2 (COV-
ID,os), as determined by at least one positive PCR test,
within the Mayo Clinic Health system and were hospitalized
were selected as candidates for further analysis. These
COVID,.s patients were then filtered by requiring an
administration of a systemic corticosteroid at some point
during their hospital stay; these corticosteroids included
dexamethasone, prednisone, triamcinolone, methylpredni-
solone, prednisolone, betamethasone, and hydrocortisone.
Tocilizumab was also included as a control given it is known
effect on IL-6 signaling. In patients who received a systemic
corticosteroid, we required that they underwent plasma IL-6
testing at least once both before and after the first admin-
istration of any of the corticosteroid agents listed above.
Only 13 patients met these criteria, with 7 patients receiving
IL-6 testing before and after methylprednisolone adminis-
tration, four patients receiving IL-6 testing before and after
prednisone administration, and four patients receiving IL-6
testing before and after hydrocortisone administration. Two
patients overlapped drug categories, with one receiving first
administrations of both methylprednisolone and hydro-
cortisone between IL-6 tests and the other receiving first
administrations of both prednisone and hydrocortisone
between IL-6 tests. In total, six patients received IL-6 testing
both before and after any first corticosteroid administration
within the timeframe considered (—25 days to +64 days).
In addition to IL-6 levels and corticosteroid/tocilizumab
administration data, we extracted outcomes including death,
admission to an ICU, and length of time in ICU, as well as
demographic information such as age, sex, and race.

For patients with IL-6 measured post-corticosteroid
administration, over half of the patients (11 out of 21)
were in the ICU at least 15 days or did not survive and
had IL-6 levels above 10 pg/mL. As a corollary, fewer
patients given corticosteroids (30%, n=21) had high
IL-6 levels and shorter ICU stays compared to tocilizu-
mab (80%, n=5), azithromycin (61%, n=49), and
hydroxychloroquine (60%, n=10). While not statisti-
cally significant due to small cohort sizes, together these
results may indicate that patients with high IL-6 levels
post-corticosteroids are more likely to have longer ICU
durations compared to the other drugs considered here.
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This points to the necessity for IL-6 measurement post-
corticosteroid administration to monitor if further
intervention is needed.

Characterizing the survival curves of hospitalized and ICU
COVID-19 patients

Kaplan—Meier curves were generated for 185 COVID-19
positive patients that were hospitalized at the Mayo Clinic
(Fig. 8). Patient cohorts were defined by each drug or drug
class that was administered. Patients receiving multiple
drugs of different classes were counted as part of both
cohorts. The drugs analyzed include corticosteroids, anti-
virals (remdesivir, lopinavir-ritonavir), antibacterial azi-
thromycin, hydroxychloroquine, and the IL-6 inhibitor
tocilizumab. As shown, all 11 hospitalized patients receiving
tocilizumab survived 60 days post-diagnosis. Hospitalized
cohorts receiving corticosteroids (n = 95) and azithromycin
(n=123) have similar survival rates between 90 and 95%
when considering all hospitalized patients. Hydroxy-
chloroquine (7 =21) also has a 60-day post-diagnosis sur-
vival rate of 90% but compared to corticosteroids and
azithromycin, mortality occurred much earlier in the
hydroxychloroquine cohort, ie., 2 out of 21 patients died
within 5 days of COVID-19 diagnosis. However, when
considering more severe COVID patients requiring ICU
admission, this subset of hydroxychloroquine patients
(n=11) have a 100% survival rate, the azithromycin cohort
(n = 64) remains relatively unchanged (92% versus 93% for
all hospitalized patients), and the corticosteroid cohort
survival rate decreased from 91 to 84% at 60 days post-
diagnosis. In both hospitalized and ICU patient cohorts,
antivirals performed most poorly, with the caveat that these
cohorts also have the smallest patient counts. Similar trends
were also observed in the subset of patients with IL-6
measurements in these cohorts.

To further understand the specific effects of the different
corticosteroids given to COVID positive patients, survival
rates of hospitalized and ICU patients are given dex-
amethasone, hydrocortisone, prednisone, and methyl-
prednisolone were also generated. For hospitalized patients,
dexamethasone (n =30) and prednisone (n = 39) perform
similarly (90 and 92% 60-day survival, respectively) and
have higher 60-day survival post-diagnosis compared to
hydrocortisone (n=34) and methylprednisolone (1= 22)
(79 and 77% 60-day survival, respectively). While a decrease
in survival is observed in the more severe subset of each of
these cohorts who are admitted to the ICU, dexamethasone
(m=11) shows the most significant decrease in 60-day
survival, dropping from 90 to 72%.

Comparison of patient IL6/ICU pattern between drug
classes

We defined four categories of patient IL-6 level/ICU
stay length (i.e., the four quadrants mentioned in Fig. 1b).
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We split patient IL-6 level into two categories (high and
low) and ICU stay length into two categories (poor out-
come—i.e., 15+ days or ending in death, and not poor
outcome—i.e., <15 days in ICU). We then compared the
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proportion of high IL-6 patients who had poor outcomes
for (i) cohort of patients who took corticosteroids versus
(ii) the cohort of patients who did not take corticoster-
oids (but did take one of our other drugs of interest); as
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well as the proportion of low IL-6 patients who had poor
outcomes in each of those cohorts. We performed a
Fisher exact test to compute p-values on these proportion
comparisons.

This research was conducted under IRB 20-003278,
“Study of COVID-19 patient characteristics with aug-
mented curation of electronic health records (EHR) to
inform strategic and operational decisions”. All analysis of
EHRs was performed in the privacy-preserving environ-
ment secured and controlled by the Mayo Clinic. nference
and the Mayo Clinic subscribe to the basic ethical prin-
ciples underlying the conduct of research involving
human subjects as set forth in the Belmont Report and
strictly ensures compliance with the common rule in the
code of federal regulations (45 CFR 46) on the protection
of human subjects.

Bulk RNA-sequencing analysis
Data accession and processing

Datasets were downloaded in raw fastq format and uni-
formly processed using salmon as previously described'*.

Global expression analysis

To identify highly expressing cells and tissues for a

given gene, the following steps are followed:

1. DPlot the distribution of gene expression (in units of
transcripts per million, or TPM) across all samples
from all studies.

2. Divide distribution into “high expression group”
(e.g., cells in top 5% of expressing samples for query
gene) and “low expression group” (e.g., cells in the
bottom 25% of expressing samples for query gene).

3. Count the number of individual samples from each
annotated cell or tissue type falling in the high and
low expression groups. Note that cells and tissues
are extracted from sample-level metadata available
through the gene expression omnibus and other
databases including the genotype-tissue expression
project, the cancer genome atlas, and the cancer cell
line encyclopedia.

4. Compute Fisher’s exact test p-value to measure the
enrichment of cell type C (or tissue T) among the high
expression group. Enrichment scores displayed
correspond to —logg(adjusted p-value), where p-
values are adjusted using the Benjamini—Hochberg
(BH) correction.

Single-cell RNA-sequencing analysis
Data accession and processing

Datasets were downloaded and processed as previously
described'®, and processed datasets have been made
available for investigation upon registration in the nferX
single-cell platform (https://academia.nferx.com/).

Official journal of the Cell Death Differentiation Association

Page 13 of 15

Global expression analysis

To identify highly expressing cells for a given gene, the

following steps are followed:

1. DPlot the distribution of gene expression (in units of
counts per 10,000, or CP10K) across all single cells
from all studies.

2. Divide distribution into “high expression group”
(e.g., cells in top 10% of expressing samples for query
gene) and “low expression group” (e.g., cells in the
bottom 90% of expressing samples for query gene).

3. Count the number of individual cells from each
annotated cell population (or tissue) falling in the
High and low expression groups.

4. Compute Fisher’s exact test p-value to measure the
enrichment of cell population C (or tissue T) among
the high expression group. Enrichment scores displayed
correspond to —logjg(adjusted p-value), where p-values
are adjusted using the Benjamini—-Hochberg (BH)
correction.

Coexpression analysis

For a given set of genes, a single coexpression vector is
computed as the geometric mean of CP10K values of all
genes in each cell. The geometric mean is used as a coex-
pression metric as it will only yield a positive value in cells
that express all genes in the defined set (i.e., one or more zero
values in an individual cell will result in a coexpression value
of zero for that cell). As such, all cells with a coexpression
value (CP10K,y,) greater than zero can be considered as
“coexpressing cells”, whereas all cells with a CP10Kg,, value
equal to zero can be considered as “non-coexpressing cells.”
After this coexpression vector has been computed, it is
treated identically to a gene expression vector for a single
gene in the context of the global expression or single study-
level analyses described above.

Institutional review board (IRB) approval for this research

This research was conducted under IRB 20-003278,
“Study of COVID-19 patient characteristics with aug-
mented curation of EHR to inform strategic and operational
decisions”. All analysis of EHRs was performed in the
privacy-preserving environment secured and controlled by
the Mayo Clinic. nference and the Mayo Clinic subscribe to
the basic ethical principles underlying the conduct of
research involving human subjects as set forth in the Bel-
mont Report and strictly ensures compliance with the
common rule in the code of federal regulations (45 CFR 46)
on the protection of human subjects. For more information,
please visit https://www.mayo.edu/research/institutional-
review-board/overview.
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