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Transcriptomic and proteomic assessment
of tocilizumab response in a randomized controlled
trial of patients hospitalized with COVID-19

Haridha Shivram,’ Jason A. Hackney,! Carrie M. Rosenberger,’ Anastasia Teterina,” Aditi Qamra,?
Olusegun Onabajo," Jacqueline McBride,"! Fang Cai," Min Bao," Larry Tsai," Aviv Regev, lvan O. Rosas,?
and Rebecca N. Bauer'4*

SUMMARY

High interleukin (IL)-6 levels are associated with greater COVID-19 severity. IL-6 receptor blockade by to-
cilizumab (anti-IL6R; Actemra) is used globally for the treatment of severe COVID-19, yet a molecular un-
derstanding of the therapeutic benefit remains unclear. We characterized the immune profile and identi-
fied cellular and molecular pathways modified by tocilizumab in peripheral blood samples from patients
enrolled in the COVACTA study, a phase 3, randomized, double-blind, placebo-controlled trial of the ef-
ficacy and safety of tocilizumab in hospitalized patients with severe COVID-19. We identified markers of
inflammation, lymphopenia, myeloid dysregulation, and organ injury that predict disease severity and clin-
ical outcomes. Proteomic analysis confirmed a pharmacodynamic effect for tocilizumab and identified
novel pharmacodynamic biomarkers. Transcriptomic analysis revealed that tocilizumab treatment leads
to faster resolution of lymphopenia and myeloid dysregulation associated with severe COVID-19, indi-
cating greater anti-inflammatory activity relative to placebo and potentially leading to faster recovery
in patients hospitalized with COVID-19.

INTRODUCTION

Coronavirus disease 2019 (COVID-19) has caused millions of deaths globally. Case numbers continue to rise despite increasing availability of
vaccines as more infectious severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants emerge. The course of COVID-19 is het-
erogeneous, ranging from asymptomatic to severe illness leading to acute respiratory distress syndrome (ARDS), multiorgan system failure
and death.' Moreover, some COVID-19 survivors continue to display post-acute COVID-19 cardiovascular and pulmonary complications.””

Patients with severe COVID-19 exhibit immune dysregulation characterized by hyperinflammation and lymphopenia, with evidence of
myeloid cell activation and impaired T cell function.” Similar to other causes of ARDS, high levels of the pro-inflammatory cytokine
interleukin-6 (IL-6) have been associated with more severe clinical manifestations in patients hospitalized with COVID-19, and elevated
IL-6 is prognostic for worse clinical outcomes.”® IL-6 plays a critical role in driving the pro-inflammatory acute phase of antiviral responses,
as well as in switching the inflammatory response from an acute, neutrophil-driven response to an inflammatory response characterized by
recruitment of monocytes and differentiation of macrophages.” The complex role of IL-6 has made it difficult to decipher the involvement
of IL-6 in the pathology of COVID-19, and spurred initial concerns that anti-inflammatory treatments such as IL-6 receptor (IL-6R) blockade
could exacerbate disease or increase risk for secondary infections, as was observed for corticosteroid treatment in critically ill patients
with influenza.”

Since the beginning of the pandemic, more than one million people hospitalized with COVID-19 have been treated with tocilizumab, an IL-
6R alpha antibody. Multiple studies have assessed the benefit of tocilizumab in patients hospitalized with COVID-19,"""?° and have individ-
ually shown mixed results for efficacy, likely due to heterogeneity of the patient population, timing of treatment, shifting standard of care (e.g.,
systemic corticosteroids), and insufficient sample size. A meta-analysis conducted by the World Health Organization (WHO) demonstrated
reduced mortality, shortened time to hospital discharge, and reduced mechanical ventilation (MV) in patients treated with tocilizumab across
the 19 studies considered.” Based on these findings, tocilizumab was included in the WHO treatment recommendations for severe COVID-19
and subsequently tocilizumab has been approved in more than 30 countries for the treatment of patients hospitalized with severe COVID-19.
As of December 2022, tocilizumab is the first FDA-approved monoclonal antibody for the treatment of COVID-19 in hospitalized adult
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patients who are receiving systemic corticosteroids and require supplemental oxygen, noninvasive or invasive MV, or extracorporeal mem-
brane oxygenation (ECMO).

To support the clinical use of tocilizumab for COVID-19 and advance understanding of IL-6R blockade for treatment of severe pneumonia
and ARDS, we studied the effects of tocilizumab treatment in patients with COVID-19 by analyzing proteomic and transcriptomic data from
peripheral blood samples in a post hoc analysis of the COVACTA study. COVACTA was a global, double-blind, randomized, placebo-
controlled, phase 3 trial of 452 patients hospitalized with COVID-19 randomized to tocilizumab or placebo treatment that enrolled patients
early in the pandemic (April 3, 2020 through May 28, 2020) before widespread use of corticosteroids or effective antivirals for the treatment of
COVID-19." The study did not meet its primary endpoint of improved clinical status on a 7-category ordinal scale at day 28, and no difference
was observed in mortality at day 28 with tocilizumab versus placebo. However, patients treated with tocilizumab showed a nominal reduction
in median time to hospital discharge or ready for discharge compared with placebo (20 vs. 28 days, respectively). This study provides a unique
opportunity to evaluate the mechanism of action for IL-6R blockade with tocilizumab in patients with COVID-19 and determine the basis for its
benefit on improved time to clinical recovery independent of a combined effect with corticosteroids or antivirals.

Here, we characterized the effect of tocilizumab on immune aberrations associated with COVID-19 disease progression, pathways down-
stream of interleukin-6 signaling, and organ injury protein signatures in patients hospitalized with COVID-19 pneumonia. First, we defined
biomarkers associated with severity and disease outcome, recapitulating previously described mechanisms of COVID-19 pathogenesis in
this large clinical cohort despite potential confounders (e.g., inclusion/exclusion criteria). Second, we confirm tocilizumab pharmacodynamic
activity and identified novel pharmacodynamic biomarkers that could be monitored in future trials of IL-6R blockade for new indications such
as ARDS. Third, we evaluated effects of tocilizumab on the pathways associated with COVID-19 severity or worse clinical outcome and those
that were not affected by IL-6R blockade. Our results show that tocilizumab treatment leads to faster resolution of lymphopenia and myeloid
dysregulation associated with severe COVID-19. We also identified cell subsets and pathways that remain dysregulated in patients who died
despite treatment that may be targets for novel treatments. In totality, these findings from a randomized placebo-controlled trial describe the
molecular changes after tocilizumab treatment in patients with COVID-19 and delineate the mechanism of IL-6R blockade from its combina-
torial effect with corticosteroids. Further, these findings yield impactful hypotheses for future clinical trials to evaluate the efficacy of IL-6R
blockade in patients with severe pneumonia or ARDS irrespective of etiology.

RESULTS
Design of serum protein and whole blood RNA profiling at baseline and during treatment with tocilizumab in COVACTA

COVACTA (ClinicalTrials.gov, NCT04320615) was a randomized, placebo-controlled, double-blind, global, multicenter, phase 3 trial investi-
gating the efficacy and safety of tocilizumab versus placebo in patients hospitalized with severe COVID-19 pneumonia (Figure 1).'® Patients
were stratified by geographic region (North America/Europe) and MV (yes/no) and randomly assigned (2:1) to receive a single intravenous
tocilizumab infusion (8 mg/kg body weight) or placebo in addition to standard care. Patients who showed disease worsening or no clinical
improvement were allowed to receive a second tocilizumab/placebo infusion 8 to 24 h after the first dose. Disease severity was assessed
atbaseline and after dosing throughout the study using a 7-category ordinal scale with increasing severity from 1to 7 as follows: 1, discharged
or ready for discharge; 2, non-intensive care unit (ICU) hospital ward, not requiring supplemental oxygen; 3, non-ICU hospital ward, requiring
supplemental oxygen; 4, ICU or non-ICU hospital ward, requiring noninvasive ventilation or high-flow oxygen; 5, ICU, requiring intubation and
MV; 6, ICU, requiring ECMO or MV and additional organ support; and 7, death.”® At baseline, “moderate” COVID-19 was defined as an
ordinal scale score <4 and “severe” COVID-19 was defined as ordinal scale score >4.

For the present analysis, serum and peripheral whole blood collected from COVACTA patients at baseline (before dose) and up to 60 days
after dosing were profiled by proteomics (Olink) and transcriptomics (RNA-Seq) assays, along with an external control group comprising pe-
ripheral blood samples from healthy adult volunteers obtained from the Genentech Samples for Science program (Figure 1; Table 1). First, we
identified key immune aberrations associated with COVID-19 severity at baseline, relationship with time from symptom onset, and associations
of genes and protein biomarkers with measures of clinical outcomes—time to hospital discharge/ready for discharge, mortality, and time to
clinical failure (defined as any one of the following: death, discontinuation from trial participation during hospitalization, initiation of MV, or ICU
transfer or a 1-category worsening of clinical status in patients who were receiving MV or who were in the ICU at baseline; the initiation of MV
among patients who were not receiving MV at randomization; the incidence of ICU transfer among patients who were notin an ICU at baseline;
and the duration of ICU stay).'” Second, to understand mechanism of action, we assessed the pharmacodynamic effect of tocilizumab treat-
ment and evaluated the response of the aforementioned severity-associated biomarkers to tocilizumab treatment in longitudinal samples and
compared responses in patients who survived to those who died during the course of the study.

Elevated serum levels of proteins indicative of inflammation, myeloid dysregulation, and organ injury in patients with
severe COVID-19

To identify molecular changes associated with COVID-19 severity at baseline, we first compared the levels of serum proteins in patients
enrolled in the COVACTA study classified at baseline as “moderate” (ordinal scale <4) vs. “severe” (ordinal scale >4). Of 1,472
measured proteins, 230 (224 high confidence measurements based on our quality control [QC] filter) had higher levels and 21 had lower
serum levels in patients with severe vs. moderate COVID-19 at baseline (Benjamini-Hochberg false discovery rate [FDR] < 0.05, Limma;
logFC >0.5 or logFC <—-0.5, Figures 2A and 2B, Table S1). Proteins having higher levels in patients with severe COVID-19 included
several inflammatory cytokines and other proteins involved in IL-6-Janus kinase-signal transducer and activator of transcription
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Figure 1. Serum protein and whole blood RNA profiling from hospitalized patients with COVID-19 enrolled in the COVACTA study at baseline and
during treatment with tocilizumab

Disease severity was assessed at baseline and after dosing using a 7-category ordinal scale. At baseline, “moderate” COVID-19 was defined as an ordinal scale
score <4 and “severe” COVID-19 was defined as ordinal scale score >4. The present analysis included an external control group using peripheral blood from
healthy adults. Patients enrolled in COVACTA received a single intravenous tocilizumab infusion (8 mg/kg) or placebo in addition to standard care. Serum and
peripheral whole blood collected from COVACTA patients at baseline (before dosing) and up to 40 days after dosing were profiled by proteomics (Olink) and
transcriptomics (RNA-Seq) assays. Key immune aberrations associated with COVID-19, time from symptom onset, and disease severity were identified at baseline
and assessed for prognostic association with time to hospital discharge/ready for discharge, mortality, and time to clinical failure. To understand mechanism of
action, the pharmacodynamic effect of tocilizumab and the response of severity associated biomarkers to tocilizumab treatment were assessed in longitudinal
samples. ICU, intensive care unit; IL-6R, interleukin 6 receptor; MV, mechanical ventilation.

(JAK/STAT) and tumor necrosis factor (TNF) signaling (Figures 2A and 2B) and multiple markers of inflammatory myeloid cells (e.g.,
OLR1, OSM, and CLEC5A) (Figures 2A and 2B).

Moreover, organ-specific proteins were also higher in serum from patients with severe COVID-19 compared to moderate COVID-19, or
healthy volunteers, which suggest COVID-19-associated organ injury or decline in organ function.”’ To this end, we annotated 29 of the 1,472
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Table 1. Baseline characteristics of patients included in the analyses

RNA Sequencing Analysis Olink Proteomic Analysis

Characteristic Tocilizumab N = 271 Placebo N = 133 Tocilizumab N = 266 Placebo N = 122
Sex

Male 189 (69.7) 95 (71.4) 187 (70.3) 88 (72.1)

Female 82 (30.3) 38(30.3) 79 (29.7) 34 (27.9)
Age (years)

18-64 148 (54.6) 75 (56.4) 146 (54.9) 67 (54.9)

65-84 110 (40.6) 55 (41.4) 107 (40.2) 53 (40.2)

>85 13 (4.8) 3(2.3) 13 (4.9 2(1.6)

Corticosteroid treatment” 54 (19.9) 39 (29.3) 51(19.2) 33 (27.0)

Antiviral treatment” 65 (24.0) 39 (29.3) 65 (24.4) 33(27.0)
Days from symptom onset

<10 116 (43.3) 70 (53) 117 (44.5) 65 (53.7)

>10 152 (56.7) 62 (47) 146 (55.5) 56 (46.3)
Ordinal scale score

2 9(3.3) 6(4.5) 9(3.4) 5(4.1)

3 69 (25.5) 40 (30.1) 70 (26.3) 38 (31.1)

4 81(29.9) 33 (24.9) 79 (29.7) 33 (27.0)

5 43 (15.9) 15(11.3) 43 (16.2) 13 (10.7)

6 69 (25.5) 38 (28.6) 65 (24.4) 32(26.2)

7 0 1(0.8) 0 1(0.8)
Race

American Indian or Alaska native 7 4 8 5

Asian 27 10 28 10

Black or African American 36 22 37 21

Native Hawaiian or other pacific islander 3 5 3 2

White 161 72 155 66

Unknown 37 19 35 17

Multiple 0 1 0 1
Region

Europe 105 54 106 54

North America 166 79 160 68
Ethnicity

Hispanic or Latino 89 43 88 39

Not Hispanic or Latino 163 81 162 72

Not reported 12 5 10 6

Unknown 7 4 6 5

All data are presented as n (%).
2Corticosteroid and/or antiviral use at baseline (study day —7 to first dose of study treatment). Corticosteroid use included only systemic use, and antiviral treat-
ment included lopinavir-ritonavir, remdesivir, lopinavir, ritonavir, chloroquine, hydroxychloroquine, and hydroxychloroquine sulfate.

measured proteins as being restricted to specific organ systems, including the lung, liver, heart/skeletal muscle, gut, and pancreas (see STAR
methods). Proteins specific to the lung, cardiac/skeletal muscle, and liver were elevated in patients with COVID-19 vs. healthy controls and
patients with severe vs. moderate COVID-19 (Figures 2C and S1, Benjamini-Hochberg FDR <0.05). These included severity-associated in-
creases in the levels of lung-related surfactant proteins (SFTPA1/2 and D) and receptors for advanced glycation end-products (RAGE/
AGER), associated, respectively, with a decline in pulmonary function and lung epithelial cell injury’”?*; increases in cardiac-related proteins
in patients with severe COVID-19 vs. moderate or healthy volunteers, including carbonic anhydrase Il (CA3), a cardiac/skeletal muscle-specific

protein, and myoglobin (MB), expressed in skeletal, smooth, and cardiac muscle (Figures 2C and S1); increases in liver-specific protein markers
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Figure 2. Protein biomarkers associated with COVID-19 severity and disease progression

(A) Heatmap showing serum levels in NPX units of 245 proteins differentially expressed based on COVID-19 baseline severity (224 proteins with higher and 21 with
lower levels in severe patients respectively). 6 proteins were filtered out before plotting due to lower measurement quality. Rows represent proteins and columns
represent samples measured at baseline. Columns (n = 391) are clustered using K-means clustering. Specific proteins involved in inflammatory pathways are
highlighted by name.

(B) Volcano plot showing differentially expressed proteins between severe and moderate COVID-19. Proteins involved in the specified pathways are highlighted
by colors.

(C) Heatmap showing differential expression of organ-specific proteins between COVID (n = 388) vs. healthy (n = 59) (Column 1), baseline severity >4 (Severe, n =
266) vs. < 4 (Moderate, n = 122) (Column 2), and mortality at day 28 yes (Dead, n = 79) vs. no (Survivors, n = 309) (Column 3).
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Figure 2. Continued

(D) Proteins prognostic for worse clinical outcome (time to hospital discharge) identified using Cox proportional hazard model. Proteins are arranged in
decreasing order of fold change between severe vs. moderate cases.

Error bars represent 95% confidence intervals. IL, interleukin; JAK STAT, Janus kinase-signal transducer and activator of transcription; TNF, tumor necrosis factor.

in patients with COVID-19 vs. healthy volunteers (but not severe vs. moderate), which were also positively correlated with established clinical
liver damage markers (aspartate aminotransferase [AST] and alanine aminotransferase [ALT]), consistent with previous reports of liver injury in
patients with severe COVID-19% (Figures ST and S2); and significant increases in pancreas markers CLPS, PRSS2, PLA2G1B, and GP2 in
COVID-19 vs. healthy controls and in severe vs. moderate COVID-19. Conversely, there were lower levels of gut-associated proteins in pa-
tients with severe vs. moderate COVID-19 or COVID-19 vs. healthy volunteers (Figure 2C).

Notably, 515 proteins remained elevated in COVID-19 survivors at day 60 compared to healthy volunteers, including 119 (51%) of the 230
severity-associated proteins (Benjamini-Hochberg FDR <0.05; logFC >0.5). These include proteins associated with the heart (CA3), liver
(HAO1), and lung injury (SFTPD) or pulmonary fibrosis (CCL18 and OPN), inflammatory markers of myeloid origin (e.g., DEFA1, PADI4,
AZU1, and OSM) and tissue repair proteins (e.g., PLAUR, IGFBP4, AREG, and TNC) (Table S1).

Serum proteins associated with baseline severity are prognostic for worse clinical progression

We next asked whether proteins associated with baseline severity were also prognostic for worse clinical outcomes. Comparison of protein
levels at baseline between patients progressing to death vs. survivors by day 28 identified 27 proteins that are both correlated with baseline
disease severity and further elevated in patients who died (Limma model controlled for baseline severity and age; Benjamini-Hochberg FDR
<0.05; logFC >0.5, Figure S3A, labeled red dots; Table 2). Moreover, hazard modeling identified 533 proteins associated with increased (haz-
ard ratio >1) likelihood of clinical failure and 261 proteins associated with lower (hazard ratio <1) likelihood of hospital discharge (model
controlled for baseline severity, age, and treatment arm; Benjamini-Hochberg FDR <0.05, Table S2). Of these, 246 proteins were associated
with both increased likelihood of clinical failure and lower likelihood of hospital discharge. The prognostic proteins included severity-asso-
ciated proteins related to inflammation, myeloid cells, vascular domains (coagulation, complement, or angiogenesis) and proteins specific to
the heart and lung (Benjamini-Hochberg FDR <0.05) associated with either lower likelihood of hospital discharge (Figure 2D) or increased
clinical failure (Figure S3B).

Since the time of hospitalization of patients varied with respect to time from symptom onset (median = 11 days [range 1-50]), the observed
prognostic signals could be impacted by the stage of disease and/or timing of intervention. We thus repeated our hazard modeling adjusting
for time from symptom onset at baseline and found most proteins remained prognostic for worse clinical outcomes (Table S2). Since ~25% of
the enrolled patients were also treated with corticosteroids, we reassessed the prognostic properties of the identified proteins and found the
prognostic effect of the proteins to be maintained even after controlling for corticosteroid treatment (data not shown). Taken together, these
data suggest that biomarkers indicative of a heightened inflammatory state and consequential organ injury are not only associated with se-
vere COVID-19, but are also prognostic for worse clinical progression.

Increased expression signatures of lymphopenia and myeloid dysregulation in whole blood from patients with severe
COVID-19

To define molecular pathways modulated in patients with COVID-19, we first identified RNA expression signatures measured at baseline that
are correlated with COVID-19 disease severity. In baseline RNA-seq data, 4,755 genes were differentially expressed in severe vs. moderate
COVID-19 (1,900 upregulated; 2,855 downregulated; Benjamini-Hochberg FDR <0.05, DESeq?2 and log,FoldChange >0.5 or log,Fold-
Change <—0.5). Gene set enrichment analysis (GSEA) on genes ranked by difference in expression (DESeq2 derived log,FoldChange using
all genes) showed increased expression of inflammation, monocyte, heme metabolism, coagulation, and platelet activation genes and
decreased expression of lymphocyte biology-related gene signatures in severe patients (Figure 3A). Blood collected at baseline from patients
progressing to death by day 28 had increased expression of antiviral and inflammatory pathways (DESeg2 model controlled for baseline
severity and age, Figure 3B). Concordantly, higher expression of antiviral and inflammatory pathways at baseline were significantly (Cox pro-
portional hazards model controlled for baseline severity, age, and treatment arm; Benjamini-Hochberg FDR <0.05, Table S3) prognostic for
slower recovery (increased time to hospital discharge/ready for discharge) and faster time to clinical failure (Figure 3C), even when adjusting
for time from symptom onset at baseline (Table S3).

Blood composition was also altered in patients with severe vs. moderate COVID-19 at baseline by hematological measurements and by
inference from bulk RNA-seq. There was a relative decrease in the hematological measurements of total leukocyte fraction (%) of monocytes
and lymphocytes and a concomitant increase in neutrophils (Figure S4A). Furthermore, analysis of cell-type-related signatures revealed that
patients with severe COVID-19 had lymphopenia, indicated by lower expression of genes associated with T, natural killer (NK), and B cells, and
a significant increase in expression of genes associated with mature and immature neutrophils, relative to patients with moderate COVID-19
(Figures 3D and 3E). Moreover, patients with severe vs. moderate COVID-19 had higher expression of an immunosuppressive human leuko-
cyte antigen (HLA)-DR'®" signature and decreased expression of an HLA-DR"9"-activated classical monocyte subset signature (Figures 3D
and 3E). Several severity-associated cell-type signatures (granulocytic myeloid-derived suppressor cells [gMDSC], neutrophils, and HLA-
DR'®" monocytes) were also prognostic for worse clinical outcome by day 28 (Figure $4B; Table $3) even when adjusting for time from symp-
tom onset.

6 iScience 26, 107597, September 15, 2023



iScience ¢? CellPress
OPEN ACCESS

Table 2. Patient characteristics at day 28 of the study

RNA Sequencing Analysis Olink Proteomic Analysis

Characteristic Tocilizumab N = 271 Placebo N = 133 Tocilizumab N = 266 Placebo N = 122
Mechanical ventilation by day 28° 153 (56.5) 85 (63.9) 149 (56.0) 74 (60.7)
Mortality by day 28

Died 55 (20.3) 28 (21.1) 55 (20.7) 24 (19.7)

Alive 216 (79.7) 105 (78.9) 211 (79.3) 98 (80.3)
Ordinal scale score at day 28

1 149 (55.0) 63 (47.4) 146 (54.9) 59 (48.4)

2 7 (2.6) 8 (6.0) 7 (2.6) 6 (4.9

3 13 (4.8) 4 (3.0) 13 (4.9) 4(3.3)

4 6(2.2) 7 (5.3) 6(2.3) 9(7.4)

5 24 (8.9) 14.(10.5) 22(8.3) 11 (9.0)

6 17 (6.3) 9 (6.8) 17 (6.4) 9(7.4)

7 55 (20.3) 28 (21.1) 55 (20.7) 24 (19.7)

All data are shown as n (%).
?Patients who died by day 28 were included.

Elevated expression of antiviral pathway genes in the first 10 days of COVID-19 symptom onset

Since COVID-19 progression can involve time-dependent molecular changes, we sought to understand the temporal patterns of COVID-19
severity and progression-associated biomarkers with respect to time from patient reported symptom onset at baseline. We leveraged the fact
that the time from symptom onset to baseline measurement varied among patients (median = 11 days [range 1-50]) and compared protein
abundance in baseline samples collected from patients sampled <10 days from symptom onset (early) to those who were sampled >10 days
after symptom onset (late) (Table 1). Results were adjusted for baseline severity since the baseline severity scores of patients sampled late
were significantly higher than those sampled earlier (Figure S5A, p < 0.05, Fisher's exact test). Several proteins involved in antiviral response
and immune signaling (IFNL1, IFNG, DDX58, RAGE [AGER], CCL8, CXCL10, IL12, and IL-12B) displayed higher serum levels in patients
sampled early during infection, when adjusting for baseline clinical severity, consistent with an earlier stage of the innate immune response
(Figures S5B and S5C). Multiple (6 of 13; DDX58, IL12B, ADH4, GSTA, ITGAI1, and SMPDL3A) proteins with greater serum levels in patients
sampled early during infection were lower in patients with severe vs. moderate COVID-19, but two, RAGE (AGER) and CXCL10 were signif-
icantly higher in patients with severe vs. moderate COVID-19 (Benjamini-Hochberg FDR <0.05, logFC 0.48 and 0.36 for CXCL10 and RAGE,
respectively) and higher levels were prognostic for worse clinical outcomes (Figures S5B and S5C; Tables S1and S2). Most proteins elevated in
patients sampled late were also elevated in patients with severe vs. moderate COVID-19 (BAIAP2, CLC, SDC1, NEFL, MUC16, FGF23, PRSS2,
WFDC2, EDA2R, NMNAT1, SFTPD, PFKFB2, PADI4, CEBPB, TNC, CD177, ACE2, and REG3A) (Benjamini-Hochberg FDR <0.05, highlighted
in red) and several were also prognostic for worse clinical outcomes (MUC16, FGF23, EDA2R, EGLN1, TNC, HAVCR1, COL6A3, and
TNFRS10B) (Benjamini-Hochberg FDR <0.05, increased likelihood of clinical failure or lower likelihood of hospital discharge, highlighted
in red) (Figures S5B and S5C; Tables ST and S2).

Consistent with the trends observed with proteomics, RNA-seq analysis also showed an increase in expression levels of antiviral response
signatures in patients sampled early vs. late (Figure S5D). Pathways elevated in patients sampled late, such as heme metabolism and platelet
activation, were also elevated in patients with severe COVID-19 (Figure S5D), suggesting these pathways are associated with COVID-19
progression.

Novel pharmacodynamic biomarkers of tocilizumab treatment identified by serum proteomics

Clinical analysis of the COVACTA trial indicated that tocilizumab treatment improved the time to discharge or ready for discharge of patients
hospitalized with COVID-19. To understand the mechanism of action of tocilizumab in these patients, we evaluated tocilizumab's pharmaco-
dynamic response and its ability to resolve elevated serum protein levels in patients with COVID-19 by comparing whole blood samples
collected before treatment and through 60 days after treatment from tocilizumab-treated and placebo-treated patients hospitalized with
COVID-19.

Consistent with the known pharmacodynamic effects of tocilizumab and engagement of its target IL-6R, treatment led to initial increased
levels of circulating IL-6 and soluble IL-6R, followed by a decrease at later timepoints compared with placebo-treated patients (Figures 4A and
4B), whereas patients treated with tocilizumab had significantly reduced levels of C-reactive protein (CRP), a downstream target of the IL-6
pathway, at 3 days after treatment vs. baseline, whereas CRP did not start to decline in patients who received placebo until 7 days after treat-
ment. This pattern was observed for patients who survived as well as those who died by day 28, suggesting that the changes were a
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Figure 3. Transcriptomic signatures associated with COVID-19 severity and disease progression

(A) Fast gene set enrichment analysis (FGSEA) of differentially expressed genes between cases with baseline severity >4 (Severe, n = 280) and <4 (Moderate, n =
124) at baseline. Higher NES represents upregulation of the indicated immune pathways.

(B) FGSEA analysis of differentially expressed genes between cases associated with higher mortality (death by day 28, n = 83) and survivors (n = 321). Higher NES
represents upregulation of the indicated immune pathway.

(C) Forest plot showing hazard ratios with 95% confidence ratios identified using Cox proportional hazard model depicting time to hospital discharge (left) and
clinical failure (right) from COVID-19 for immune pathways shown in (B). ***Represents Benjamini-Hochberg adjusted p value < 0.05. Error bars represent 95%
confidence intervals.

(D) Same as 3A where higher NES represents upregulation of blood cellularity signatures.

(E) Boxplots showing changes in eigengene values of blood cell-type signatures across different baseline severity scales of COVID-19 patients. The X axis
represents the baseline severity scales: 2 (n = 15), 3, (n = 109), 4 (n = 114), 5 (n = 58), 6 (n = 107) and healthy controls (CTRL, n = 19). CD, cluster of
differentiation; gMDSC, granulocytic myeloid-derived suppressor cells; HLA, human leukocyte antigen; HR, hazard ratio; IFN, interferon; ITK, IL-2 inducible
T cell kinase; mMDSC, monocytic myeloid-derived suppressor cells; NES, normalized enrichment score; NK, natural killer; PKC, protein kinase C; PBO,

placebo; TCZ, tocilizumab; Th, T helper cell; TLR, toll-like receptors.
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Figure 4. Serum proteins responsive to tocilizumab treatment in hospitalized COVID-19 patients
(A and B) (A) Line plots and (B) boxplots showing changes in serum levels measured by ELISA of known pharmacodynamic biomarkers of TCZ comparing response
to treatment with TCZ and placebo longitudinally for cases showing clinical improvement (survivors) vs. those who die by day 28 (dead). Sample numbers plotted
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Figure 4. Continued

are provided in Table S5. *Represents statistical significance using Wilcoxon tests at each timepoint using baseline as the reference group. *<0.05, **<0.01, ***
<0.001 and **** <0.0001.

(C) Heatmap showing proteins differentially regulated between TCZ and placebo treatment by day 3 and day 7 determined by Olink, and whether they were
elevated in severe vs. moderate COVID-19. Proteins highlighted represent those that change on TCZ treatment by at least +0.5 log,fold over placebo. (TCZ
Day 3/7 — baseline) — (PBO Day 3/7 — baseline). Gray cells represent proteins that did not meet the differential cut-off.

(D) Line plots showing examples of treatment response of selected proteins to tocilizumab and placebo faceted by clinical status by day 28. Error bars represent
95% confidence intervals around the median. ELISA, enzyme-linked immunosorbent assay; IL-6, interleukin 6; PBO, placebo; TCZ, tocilizumab.

pharmacodynamic effect of tocilizumab treatment, although the levels of CRP did not decrease as substantially in patients who died
(Figures 4A and 4B).

To identify additional pharmacodynamic biomarkers, we compared serum levels of 1,472 proteins in blood samples drawn at 3 and
7 days after treatment with tocilizumab or placebo vs. baseline. There were 44 and 82 proteins (25 shared) with a significantly greater change
(increase or decrease) from baseline in tocilizumab-vs. placebo-treated patients at day 3 and 7, respectively (Benjamini-Hochberg FDR <0.05
using Limma; logFC >0.5 or <—0.5) (Figures 4C and 4D). Consistent with our qualified enzyme-linked immunosorbent assay (ELISA) assays,
there was also a significant increase in IL-6 and IL-6R after treatment with tocilizumab (Figure 4C). Several of the tocilizumab-responsive pro-
teins showed similar pharmacodynamic trends as IL-6, IL-6R, or CRP at day 7 after treatment (54 proteins by Limma; logFC >0.5 or <—0.5, no
p value cut-off, for example, PLA2G2A and VWAT1, Figure 4D), where tocilizumab had an effect both in patients who survived and those who
died by day 28, suggesting these proteins could serve as additional pharmacodynamic biomarkers.

Tocilizumab-treated patients showed a more rapid normalization of COVID-19 severity-associated protein signatures and
blood cellular composition

To assess the basis for the benefit of tocilizumab treatment in patients hospitalized with COVID-19, we next evaluated both serum protein
biomarkers and RNA profiles associated with COVID-19 clinical severity for normalization by tocilizumab treatment. Of the proteins associ-
ated with severity, 28 proteins (CALCA, GPR37, FCRL5, TNC, CCL23, CCL20, MMP8, CD79B, OLR1, VSIG4, OSM, EFNA1, SPP1, AZU1, MZB1,
CALB1, IGFBP4, IPCEF1, MNDA, PFKFB2, RASSF2, NCF2, PLA2G2A, LBP, IGSF3, IL5RA, SPINK1, and CHI3L1) showed a significantly greater
reduction and 5 proteins (AGR2, CXCL8, CXCL9, KRT18, and IL6) had a greater increase in response to tocilizumab compared to placebo by
day 3 or 7 (Benjamini-Hochberg FDR <0.05 using Limma; logFC <—0.5 or >0.5). By day 28, there were significant reductions (Benjamini-
Hochberg FDR <0.05 using Limma; logFC < —0.5) in serum levels of most severity-associated proteins and consequent normalization regard-
less of treatment, indicating clinical recovery for both treatment arms (Table S1). Concordant with the few severity-associated proteins normal-
ized on tocilizumab treatment, principal component analysis (PCA) analysis revealed negligible difference in protein profiles from tocilizumab
treatment and placebo (Figures S6A and S6B).

In contrast to the protein profiles, RNA profiles of tocilizumab-treated patients who recovered (survivors) showed faster normalization of a
much larger set of blood cell gene expression signatures by days 3 and 7 relative to placebo and patients who died by day 28 (Figures 5A, 5B,
and S6C). Like the serum proteome analysis, there was significant normalization of blood cell gene expression by day 28 regardless of treat-
ment, but at earlier timepoints (days 3 and 7) severity-associated gene expression normalized more rapidly in tocilizumab vs. placebo-treated
patients (Figures 5A, 5B, and S6C). Specifically, in patients treated with tocilizumab, 46% (1,316 genes) of the 2,855 genes initially downregu-
lated in severe COVID-19 vs. moderate were significantly upregulated by day 7 after treatment, relative to baseline, and 25% (472 genes) of
the 1,900 genes initially upregulated in severe COVID-19 vs. moderate were significantly downregulated by day 7 after treatment, relative
to baseline; this is compared with 1% and 3%, respectively, for placebo-treated patients (Benjamini-Hochberg FDR <0.05; log2Fold change
<-0.50r >0.5; Figures 5B and 5C). Notably, 464 genes that were elevated in severe vs. moderate patients at baseline were further elevated
following tocilizumab treatment (Figure 5C) and were enriched for pathways such as myeloid cell homeostasis, erythrocyte development, and
heme biosynthesis (Figure 5D). These pathways tend to be associated with improved clinical outcomes based on hazard modeling for the
endpoints time to hospital discharge/ready for discharge and time to clinical failure, but the association was not statistically significant (Fig-
ure 5E). There was a stronger prognostic signal in the subset of patients with moderate COVID-19 (Figure S7), suggesting that these pathways
might be involved in recovery, especially among patients with moderate severity, that is further promoted by tocilizumab treatment.

The genes whose expression was reduced at days 3 and 7 following treatment more substantially in tocilizumab- vs. placebo-treated pa-
tients were enriched for pathways upregulated in severe vs. moderate COVID-19 at baseline, such as coagulation and complement. In par-
allel, genes with stronger upregulation in tocilizumab- vs. placebo-treated patients at days 3 and 7 were enriched for pathways involved in
lymphocyte biology (Figures 6A, S8A, and S8B). Conversely, expression of genes involved in antiviral signaling were enriched among genes
differentially expressed at day 7 compared to baseline for both treatment arms (Figure S8B).

Hematology data indicated that tocilizumab treatment led to more rapid changes in blood cell composition compared to placebo, rapidly
normalizing hematologic blood cellularity, with lymphocytes and neutrophil frequency showing a greater change in response to tocilizumab
compared with placebo starting at day 3 (Figure S9). Similarly, there was a more rapid reduction of expression of gene signatures of mega-
karyocytes and immunosuppressive myeloid subsets, including HLA-DR'®" monocytes and gMDSC, in response to tocilizumab vs. placebo
(Figures 6B, 6C, ST0A, and S10B). Despite a rapid reduction in blood neutrophil numbers by tocilizumab, there were differential effects on
expression signatures of neutrophil cell states. Consistent with neutrophil numbers, the expression of genes associated with mature neutro-
phils was reduced more rapidly following tocilizumab vs. placebo treatment (Figures 6B, 6C, S10A, and S10B). Conversely, placebo-treated
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Figure 5. Differential gene expression in response to tocilizumab treatment in hospitalized COVID-19 patients

(A) PCA and corresponding density plots showing longitudinal changes in RNA-seq signal at baseline, day 3, day 7, and day 28. *p value < 0.05, Kolmogorov-
Smirnov test performed between the indicated timepoints relative to baseline.

(B) Heatmap showing longitudinal response of the blood transcriptome to TCZ treatment. Rows represent severity-associated genes identified by DESeq2. For
each timepoint only samples measured at baseline and at the indicated timepoint were used for analysis (n indicated below the heatmap).

(C) Scatterplot of logfold difference between severe vs. moderate baseline cases and day 7 after treatment vs. baseline for TCZ (left) and Placebo (right). Data
points represent genes significantly different by >0.5 or >-0.5 log2fold for both comparisons.

(D) Bar plot showing immune pathways enriched among genes expressed higher in severe vs. moderate cases at baseline that also show greater increase on TCZ
treatment vs. placebo by day 7 ([TCZ Day 7 — TCZ Day 1] - [PBO Day 7 — PBO Day 1)).

(E) Cox proportional hazard modeling for pathways shown in panel D. Forest plots generated as in (C). CTRL, control; HR, hazard ratio; PCA, principal component
analysis; PBO, placebo; TCZ, tocilizumab.

patients showed a significant increase in expression of immature neutrophil gene signatures at days 3 and 7, which were tempered in toci-
lizumab-treated patients (Figures 6B, 6C, ST0A, and S10B). Gene signatures associated with cluster of differentiation 4 (CD4) T cells, cluster of
differentiation 8 (CD8) T cells, NK cells, HLA-DR'®" monocytes, gMDSCs, and megakaryocytes were significantly responsive to tocilizumab
both in patients showing clinical recovery and those progressing to death by day 28, suggesting an effect of tocilizumab treatment
(Figures 6C, S10C, and S10D). Despite being responsive to tocilizumab treatment, patients who died by day 28 showed less resolution in
gene expression of these gene sets at day 7 compared to survivors (Figures 6C, S10C, and S10D). In contrast, neutrophils, plasmacytoid den-
dritic cells, B cells, and nonclassical monocytes showed a significantly faster response to tocilizumab in patients who survived compared to
those who died (Figures 6C, S10C, and S10D). Basophils increased longitudinally similarly in both treatment arms (Figure S9).

Corticosteroid treatment dampens inflammatory response in COVID-19 patients

Meta-analysis of multiple clinical trials assessing tocilizumab efficacy indicates that tocilizumab has greater benefit for patients receiving concom-
itant corticosteroids than those not receiving corticosteroids. Based on this analysis, current guidelines recommend treatment with tocilizumab
combined with corticosteroids for patients with severe COVID-19.? The COVACTA study enrolled patients before corticosteroids became the
standard of care for treatment of COVID-19; therefore, only a low proportion of patients were on corticosteroids at baseline (e.g., 19.2% in the
TCZ arm; 27.0% in the placebo arm for the patients in the Olink proteomic analysis) (Table 1). Patients on corticosteroids at baseline had signif-
icantly lower serum levels of several cytokines, including IL-6, IL-12B, IFNG, and IL-1RN, and lower expression levels of genes associated with
antiviral and inflammatory pathways at baseline compared to patients with no corticosteroid treatment (Figure S11). The small number of patients
treated with corticosteroids precludes further analysis of the combined effects of tocilizumab plus corticosteroids.

DISCUSSION

Tocilizumab, an IL-6R inhibitor, is approved globally for the treatment of COVID-19 in hospitalized adult patients who are receiving systemic
corticosteroids and require supplemental oxygen, noninvasive or invasive MV, or ECMO, yet the effects of IL-6R blockade on the molecular
pathogenesis of COVID-19 remains unclear. Our study identifies cellular and molecular pathways associated with COVID-19 severity modified
by tocilizumab and provides additional mechanistic insight on the role of IL-6 signaling in COVID-19. Overall, tocilizumab treatment resulted
in faster reversal of COVID-19-associated dysregulation in the myeloid and lymphoid compartments as well as faster downregulation of IL-6-
associated inflammatory mediators and biomarkers compared with placebo treatment. This is consistent with reduced time to hospital
discharge/ready for discharge as observed in the COVACTA study and the WHO meta-analysis in a larger number of patients that showed
reduced mortality and faster recovery in patients treated with tocilizumab.

We corroborated previously identified biologic abnormalities in hospitalized patients with COVID-19, including excessive inflammatory
cytokine production and dysregulated immune cell activity characterized by lymphopenia, high levels of immature neutrophils and low
HLA-DR expressing monocytes, and disturbances in other biological pathways, such as coagulation and platelet activation, which together
can cause multiorgan injury.”’**?> Using selected organ-specific markers from Olink proteomics data, we support published findings®' that
show evidence of injury of the lung, heart, and liver in patients with severe COVID-19. By contrast, the gut-specific markers GPA33, FABP2, and
CDH17 were found to be less abundant in COVID-19 patients. This is consistent with a recent finding showing lower serum levels of I-FABP to
be associated with COVID-19 severity.” It is yet unclear whether and how lower serum levels of these markers relate to manifestations of
COVID-19 on the gastrointestinal system. Taken together, these findings confirm that the patient population enrolled in COVACTA reflects
observational cohorts of patients with COVID-19, despite potential confounders (e.g., inclusion/exclusion criteria).

Blockade of IL-6 signaling in patients with COVID-19 has been proposed to dampen excessive inflammation by reducing the cytokine
storm, limiting tissue immune cell recruitment through reductions in chemokines such as CCL2/MCP-1, CCL2, CXCL10, and CXCL8, and
reducing T cell exhaustion and fibrosis by modulation of cytokines including IL-10, IL-4, CCL2, and TGFB.?’ Published data from observa-
tional cohorts of COVID-19 patients have shown reductions in hospital laboratory measures after treatment with tocilizumab, such as CRP,
neutrophil-lymphocyte ratio, ferritin, LDH, and D-dimer.”® Another study saw no differences between CRP, ferritin, LDH, or D-dimer in pa-
tients who received tocilizumab vs. standard of care, though several coagulation parameters were improved in patients who received to-
cilizumab.”” Tocilizumab treatment was also associated with changes in the metabolic profile after SARS-CoV-2 infection.”?! However, it is
challenging to conclude whether these findings are related to tocilizumab treatment as the analyses were performed in a small number of
patients, sample collection timepoints were not standardized, and the administration of treatment was not randomized or placebo

12 iScience 26, 107597, September 15, 2023



iScience ¢? CellPress
OPEN ACCESS

A TCZ vs PBO (Day 7 - Day 1) B TCZ vs PBO (Day 7 - Day 1)
heme biosynthesis CD8 Tcells
T cell surface signature NK cells
CDA4T cell surface signature Th2—stimulated
proinflammatory dendritic cell €D Teells
B cells

NK cell surface signature
T cell differentiation via ITK and PKC
plasma cells & B cells; immunoglobulins

Activated T cells

Plasmacytoid dendritic cells B padj<0.05
B cell surface signature
- Non Classical Monocytes
cell cycle and transcription 4
complement activation Immature neutrophils
Plasma cell surface signature HLA-DR** Monocytes
myeloid cell enriched receptors and transporters Neutrophils
blood coagulation
. T Megakaryocytes
TLR and inflammatory signaling
Monocyte surface signature gMDsC
NES
(o
Survivors Survivors | Dead | Survivors || Dead |
8 T Ty R 85
TR e
74 ¥ 10 " 5
" Y e o v
- 6.0 D s + . =]
NF EY @5 S
5 ) 19 . 3 Q 80
2t 2 o 6 z g .
T 4] Iv] 5 o
o =55 4 E
ol < £ N
. T Fee
28 S g 10 s ]
Q7 o s s o 75
of 5.0 Qs *‘*— 2 Q
. <C * (LA ¢
4 | 18 5
5 I 6 T
44t
D ) D ) 45 4 . .« . .« . . . .. .. . .- . 70
AT X3 LAY R3 2oanTRZ LNt Ven TR Ven e TR ) <+ 0 Q U o
£ 2222l SRRrrE S 3FrrrERRmo>p £33 508 £ 2255 0F SO5T88 £25I88
[0 © © © © © © o © © o © [ o © ®© T © © QU © © U T T >
f:jala¥aYaYa (Ui {alalafaYal) §DDDDD§ODSDQ a00Q00QL 200000V 2008883 2008E&8
[+a) ==} o [22] [sa] [+a]
=8= Tocilizumab =®= Placebo =8= Tocilizumab =®= Placebo
BT | e Survivors |[ Dead | Survivors Dead Survivors | [ Dead ]
Fren
R 9.0 K%
10 E - = . 1‘5'25
5 Se S s
8 § w0 = =
© 5| =85 2 #|N Y
B (1 5 S| =5.00
< S =
o6 1o a c <
o o o | > ©
= = 4 @® C
E= ‘5’ ° (]
5 @ 8.0 ke) ; o
2 zZ S o475
10 > | ns s <]
; - & 6] NS e o =
8 2 : € B e
iy 85 " "‘g £450
© A 5
¢ ~ *+é € 2
7.0 el — o
4 4 e
.glmlr\.‘"l;‘ﬂsl_‘ .glmlr\.“'l??‘el_, = oo e oo e 4.25
 RRRRRE B RRRREE SR 90 088 gonTasy LoanTRY Lontxrg
$SS8880 2888840 CRERRR o8B %%R s %222 £25709%2 £23C 99
© © b2l v [ v © ©
[ala) [a)a) 9] T o © )
3 3 & a 3 8838 200883 gCC8348 g0 84848
== Tocilizumab == Placebo =8= Tocilizumab =®= Placebo

Figure 6. Immune pathways and cellularity signatures responsive to tocilizumab treatment in hospitalized COVID-19 patients

(A) Bar plot showing immune pathways enriched among genes showing a greater response to tocilizumab compared to placebo by day 7 (calculated as [TCZ Day
7 —TCZ Day 1] - [PBO Day 7 — PBO Day 1)).

(B) Bar plot showing blood cell types enriched among genes showing greater response to TCZ compared to placebo by day 7 (TCZ Day 7 - TCZ Day 1] - [PBO Day 7 —
PBO Day 1]).

(C) Boxplot (left) and line plot (right) showing eigengene expression of gene sets corresponding to blood cell types for cases treated with tocilizumab and
placebo across timepoints. *Represents statistical significance using pairwise T tests at each timepoint using baseline as reference the reference group. *<
0.05, **<0.01, ***<0.001 and ****<0.0001. Error bars represent 95% confidence intervals around the median. Sample numbers corresponding to the
plotted categories are provided in Table S5. CD, cluster of differentiation; gMDSC, granulocytic myeloid-derived suppressor cells; HLA, human leukocyte
antigen; ITK, IL-2 inducible T cell kinase; IL-2, interleukin-2; NES, normalized enrichment score; NK, natural killer; PKC, protein kinase C; PBO, placebo; TCZ,
tocilizumab; Th, T helper cell; TLR, toll-like receptors.
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controlled. Analysis of proteomic and transcriptomic data from the randomized and placebo controlled COVACTA study indicate that
inflammation, lymphopenia, and myeloid dysregulation resolved more rapidly following treatment with tocilizumab compared with pla-
cebo, which is consistent with faster time to hospital discharge of tocilizumab-treated patients observed in this study. Most transcriptional
changes associated with disease severity were responsive to tocilizumab within a week of treatment, with more rapid reduction of gene
sets for megakaryocytes, immunosuppressive myeloid subsets (HLA-DR low monocytes, gMDSC, and mMDSC), and mature neutrophils,
and increased expression of gene sets for NK cells, B and T lymphocytes, and plasmacytoid dendritic cells compared to placebo. Concor-
dantly, tocilizumab also led to consistently faster normalization of blood counts, including reductions of neutrophils and increases in lym-
phocytes, in patients who showed clinical improvement within 28 days of treatment. Consistent with prior reports, basophils, which can
regulate T and B cell responses during viral infections, increased over time, though tocilizumab treatment did not significantly affect
the trajectory of these cells.**** The mechanism by which tocilizumab treatment causes faster resolution of lymphopenia remains unclear,
but may be related to the observed reduction of myeloid subsets that have suppressive effects on lymphocytes; however, it cannot be
ruled out that the tocilizumab may reduce lymphocyte cell death secondary to cytokine storm or direct viral infection as lymphocyte
cell death could not be measured in this study.**° Though expression of plasma cell gene signatures were reduced after tocilizumab
treatment in the COVACTA study, we and others have shown no effect of tocilizumab treatment on induction of anti-SARS-COV2 anti-
bodies.®’*® Notably, a subset of genes induced by COVID-19 infection were further increased with tocilizumab treatment; however,
increased expression was associated with improved clinical outcomes. Functional enrichment analysis of these genes implicated pathways
involved in erythrocyte development and heme biosynthesis, suggesting that tocilizumab could have an indirect effect in reversing anemia
associated with COVID-19, leading to improved clinical outcome.”?

Despite these observations, the COVACTA study did not meet its primary endpoint of improved clinical status on a 7-category ordinal
scale at day 28, and no difference was observed in mortality at day 28 with tocilizumab versus placebo. Pharmacodynamic effects of tocilizu-
mab on the biomarkers CRP, IL-6, and IL-6R were observed in patients regardless of their clinical progression by day 28, although the levels of
CRP in patients who died decreased to a lesser extent and appeared to rebound in some patients. These findings could indicate insufficient
target engagement or faster drug clearance in patients who died, or the late increase in CRP could reflect activation of IL-6 pathways by a new
trigger that might have contributed to mortality (e.g., secondary infection). Similarly, gene signatures for neutrophils, plasmacytoid dendritic
cells, B cells, and nonclassical monocytes that normalized more rapidly in patients treated with tocilizumab compared to placebo failed to
normalize in patients who died by day 28 irrespective of tocilizumab or placebo treatment. Neutrophil gene signatures track temporally
with respiratory dysfunction and disease resolution in patients with COVID-19,° suggesting resolution of neutrophilic inflammation is impor-
tant for disease recovery. Tocilizumab treatment did not appear to alter antiviral or interferon pathways, consistent with similar viral load
decline in patients who received tocilizumab or placebo treatment as previously reported.®” In addition, tocilizumab did not accelerate
reversal of multiple biomarkers associated with tissue damage in this study, although analysis of alternate indicators might be necessary
to evaluate recovery from organ injury. In totality, these findings suggest that therapies that further dampen neutrophilicinflammation, bolster
early antiviral responses, reduce viral load, or promote tissue repair may be complementary to tocilizumab for the treatment of severe COVID-
19. Itis, however, notable that tocilizumab dosed in combination with the antiviral remdesivir did not show additional benefit compared with
placebo plus remdesivir in the REMDACTA study. '

Meta-analysis indicated larger benefits of tocilizumab in patients who also received corticosteroids.” At the time of COVACTA study enroll-
ment, corticosteroids were not standard of care for patients hospitalized with COVID-19. Therefore, in COVACTA relatively few patients
received corticosteroid treatment, the treatment was not randomized, and the doses and timing for treatment varied considerably, which
precludes analysis of tocilizumab’s mechanism of action in combination with steroids. In the baseline samples from the approximately
20% of COVACTA patients who received corticosteroids at baseline, corticosteroid treatment was associated with effects on several cytokines
associated with inflammatory and antiviral pathways. The combined anti-inflammatory effects of steroids (e.g., on neutrophilic inflammation)
with tocilizumab may yield faster and stronger resolution of immune dysregulation.

Temporal dynamics of the host immune response to SARS-CoV-2 is a key component of COVID-19 pathogenesis and the timing for clinical
intervention. We found that patients who enrolled earlier (<10 days) after initial symptom onset tended to have less severe COVID-19 and
elevated baseline expression of proteins and genes related to antiviral, interferon, and innate immune pathways, consistent with the earlier
stages of immune response to viruses, whereas patients who enrolled later, after symptom onset (> 10 days), tended to have more severe
COVID-19 and higher levels of proteins reflecting diverse biologic mechanisms that were also elevated in patients with severe vs. moderate
disease. The notable exceptions were CXCL10 and AGER (sRAGE), which are biomarkers elevated in early patients that were also elevated at
baseline in patients with severe vs. moderate COVID-19 and prognostic for clinical failure and longer time to hospital discharge/ready for
discharge. These findings are consistent with other recent reports identifying CXCL10 and AGER as strong prognostic biomarkers for mor-
tality and ICU admission and showing biomarkers of alveolar injury, including AGER, are elevated early in COVID-19 disease course.*' ™’
Despite differences in time from symptom onset that could reflect different stages of COVID-19, no difference in tocilizumab efficacy was
observed in patients further grouped by timing of initial symptom onset in the COVACTA study.”’

In summary, the present study identified prognostic biomarkers for COVID-19 disease progression, confirmed the pharmacologic activity
and identified novel pharmacodynamic biomarkers for tocilizumab in patients with COVID-19, uncovered the potential mechanism of action
of tocilizumab in patients hospitalized with COVID-19, and revealed pathways elevated in patients who did not recover that may be targets for
new COVID-19 therapeutics to complement anti-inflammatory treatments like tocilizumab. These results suggest that more rapid resolution
of inflammation, myeloid dysregulation, and lymphopenia in response to tocilizumab treatment may potentially lead to faster recovery, as
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demonstrated by the shorter time to hospital discharge reported in the COVACTA trial and supported by the WHO meta-analysis of a larger
number of patients.” These findings advance understanding of the pathogenesis of viral pneumonia and ARDS and the potential benefit of
anti-inflammatory treatments including IL-6R blockade for these diseases.

Limitations of the study

The main strength of this study is the rigorous transcriptomic and proteomic analysis used to determine the effect of tocilizumab in patients
hospitalized with severe COVID-19 in a randomized, double-blind, placebo-controlled trial that also involved longitudinal sampling. This
study was conducted before widespread use of efficacious antivirals and corticosteroids, and thereby allows evaluation of tocilizumab’s mech-
anism of action without confounding effects of other treatments. This analysis has several limitations. First, the organ-specific protein sets for
analysis of organ damage were generated using tissue-specific transcriptome data from healthy individuals provided by the GTEX con-
sortium. Second, most data were derived from whole blood and serum samples of patients, which may reflect changes in cellularity rather
than alterations of cell-intrinsic pathways and may not accurately represent the tissue specific pathogenesis of COVID-19. Third, although
meta-analysis of multiple studies supports the efficacy of tocilizumab for treatment of COVID-19, the COVACTA study did not meet its pri-
mary endpoint of improved clinical status on day 28, although some clinical benefits (such as shortened time to hospital discharge/ready for
discharge) were associated with tocilizumab treatment.’” Therefore, the ability to associate changes in levels of biomarkers identified here to
clinical efficacy or identify baseline biomarkers predictive of clinical response to tocilizumab is limited. Fourth, in contrast to RNA-seq, where
hundreds of genes showed differential response to treatment with tocilizumab, relatively few proteins showed a significant difference in
response to tocilizumab based on Olink. This discrepancy could be attributable to the differences in coverage (1,472 proteins in Olink vs.
the entire transcriptome for RNA-seq) and sensitivity to detect and measure changes.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

DESeq2 (Love et al.)*® https://bioconductor.org/packages/release/bioc/html/DESeq2.html

Limma (Ritchie et al )"’ http://bioconductor.org/packages/release/bioc/html/limma.html
EnhancedVolcano (Blighe et al.)>° http://bioconductor.org/packages/release/bioc/html/EnhancedVolcano.html
ComplexHeatmap (Guetal)” https://bioconductor.org/packages/release/bioc/html/ComplexHeatmap.html
ggplot2 (Wickham.)*? https://ggplot2.tidyverse.org/

ggfortify (Horikoshi et al.)>* https://cran.r-project.org/web/packages/ggfortify/index.html

Survival (Therneau et al.)™ https://cran.r-project.org/web/packages/survival/index.html

GOnet (Pomaznoy et al.)>* https://tools.dice-database.org/GOnet/

GSDecon https://rdrr.io/github/JasonHackney/GSDecon/

FGSEA (Korotkevich et al.)*® https://bioconductor.org/packages/release/bioc/html/fgsea.html

Deposited data

EGAS00001006688
https://search.vivli.org/studyDetails/fromSearch/e881846b-1c2c-
4841-8383-1b7e7a86f0c1; https://www.roche.com/

research_and_development/who_we_are_how_we_work/

RNA-seq and Olink

Patient level clinical data

clinical_trials/our_commitment_to_data_sharing.htm

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Rebecca Bauer (e-
mail: bauer.rebecca@gene.com).

Materials availability

This study did not generate new unique reagents or material.

Data and code availability

® RNA-seq, proteomics, and clinical metadata for the analyses presented here can be accessed through the European Genome-Phenome
Archive (EGA; accession number EGAS00001006688; https://ega-archive.org/). Individual patient level clinical data for the COVACTA study
is available through the clinical study data request platform (https://search.vivli.org/studyDetails/fromSearch/e881846b-1c2c-4841-
8383-1b7e7a86f0c1). Further details on Roche's criteria for eligible studies are available here (https://vivli.org/members/ourmembers/).
For further details on Roche’s Global Policy on the Sharing of Clinical Information and how to request access to related clinical study doc-
uments, see here (https://www.roche.com/research_and_development/who_we_are_how_we_work/clinical_trials/our_commitment_to_
data_sharing.htm).

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study design

Details of COVACTA have been previously reported (ClinicalTrials.gov, NCT04320615)."° Briefly, COVACTA was a randomized, placebo-
controlled, double-blind, global, multicenter, phase 3 trial investigating the efficacy and safety of tocilizumab versus placebo in patients hos-
pitalized with severe COVID-19 pneumonia after receiving standard care according to local practice. Key inclusion criteria were hospitalization
with SARS-CoV-2 infection confirmed by polymerase chain reaction of any specimen and blood oxygen saturation (SpO,) <93% or partial
pressure of oxygen/fraction of inspired oxygen (PaO2/FiO,) <300 mm/Hg despite receiving local standard care (could include antivirals or
low-dose steroids). Key exclusion criteria were active or suspected infection (other than SARS-CoV-2); ALT or AST >10X the upper limit of
normal; absolute neutrophil count <1000/mL; and platelet count <50,000/mL. Eligible adult patients were stratified by geographic region
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(North America/Europe) and MV (yes/no) and randomly assigned 2:1 to receive a single intravenous tocilizumab infusion (8 mg/kg body
weight) or placebo in addition to standard care. Patients who showed disease worsening or no clinical improvement were allowed to receive
a second tocilizumab/placebo infusion 8 to 24 h after the first dose. The primary endpoint (improved clinical status) was assessed at baseline
and after dose throughout the study using a 7-category ordinal scale with increasing severity from 1 to 7 as follows: 1, discharged or ready for
discharge; 2, non-ICU hospital ward, not requiring supplemental oxygen; 3, non-ICU hospital ward, requiring supplemental oxygen; 4, ICU or
non-ICU hospital ward, requiring noninvasive ventilation or high-flow oxygen; 5, ICU, requiring intubation and MV; 6, ICU, requiring ECMO or
MV and additional organ support; 7, and death.”® At baseline, “Moderate” COVID-19 was defined as an ordinal scale score <4 and “severe”
COVID-19 was defined as ordinal scale score > 4. Secondary endpoints included mortality at day 28, incidence of MV (in patients not receiving
MV at randomization), and time to hospital discharge. The study was conducted in accordance with the International Council for Harmoni-
zation E6 guideline for good clinical practice and the Declaration of Helsinki or local regulations, whichever afforded greater patient protec-
tion. The protocol was reviewed and approved by all appropriate institutional review boards and ethics committees. Informed consent was
obtained for all enrolled patients.

METHOD DETAILS
Transcriptomic and proteomic assessments

Serum IL-6R levels were measured using an immunoassay method validated at QPS (Quantikine ELISA; R&D Systems Minneapolis, MN).
Serum IL-6 and CRP levels were measured using in vitro diagnostic methods validated at PPD (Roche Cobas; Roche Diagnostics, Indianapolis,
IN).

Serum proteomics were assessed for 437 patients from COVACTA and the 16 healthy individuals (control, run as quadruplets) using the
Olink Explore 1536 platform to measure 1472 proteins and 48 control assays dividing into four 384-plex panels constituting inflammation,
oncology, cardiometabolic, and neurology proteins (Olink, Uppsala, Sweden) using the central laboratory Olink. Samples were treated
with 1% Triton X-100 for virus inactivation followed by random allocation onto 96-well plates based on treatment, ordinal scale at time of
randomization and at day 28, sex, geographic location, MV status, and age. All visits for each patient were measured on the same plate.

Transcriptomic assessment was performed on RNA isolated from blood PaxGene (Qiagen, Hilden, Germany) samples using the central
laboratory Q2 Solutions. 1.25 png of RNA was used for sequencing libraries prepared with TruSeq Stranded mRNA Library Prep (lllumina,
San Diego, CA, USA). Samples were randomized based on clinical parameters of patients (age, sex, baseline severity, geographic location,
MV status, baseline antiviral treatment, and the day of sample collection) and sequenced by lllumina RNA-seq by 50 base-pair single-end
reads at a read depth of 50 million reads per sample.

RNA-seq analysis

RNA-seq reads were mapped to the human reference genome (Version 38) using gsnap.®’ Trimmed reads mapping to ribosomal genes were
filtered out before downstream analysis. Read counts were generated for the Gencode v27 annotation using the summarize Overlaps method
from bioC in mode “IntersectionStrict”.>’~*® Differential expression analysis was performed as described in the DESeq2 vignette.*® To deter-
mine severe COVID-19-associated dysregulation, baseline (pretreated) samples were divided into moderate (baseline score <4) and severe
(baseline score >4) groups according to severity scores. For identification of severity-associated genes, differential expression analysis was
performed by adding age as a covariate to the model. For analysis of prognostic association, differential expression analysis was performed
between baseline samples from patients progressing to better and worse clinical outcomes based on mortality. The baseline severity score
and age were added to this model as covariates. Longitudinal treatment response was assessed by comparing gene expression at baseline
and at day 3, 7, or 28 using patients with measurements available at both timepoints used for the analysis. Differential treatment effects on
gene expression were determined using the likelihood ratio test as described in the DESeq2 vignette. No covariates were added to the
models used for longitudinal gene expression analysis.

Gene set enrichment analyses were performed on unfiltered DESeq2 outputs ranked by log2fold change using the FGSEA Bioconductor
package.”®® Enrichment of immune pathways were calculated using gene sets generated from the whole-blood transcriptome modules.”
Gene sets associated with different blood cell types were defined using scRNA-seq analysis outputs (see Table $3 from ref.”’) generated from
the cohort of healthy individuals and patients with mild or severe COVID-19. Gene sets specific to blood cell types were defined by extracting
the top 20 genes from the cluster assignments ranked in decreasing order of “avg LogFC" and “pct.1”, and increasing order of “Pct.2" from
“Whole blood + peripheral blood mononuclear cells” dataset (see Table S4 and Figure 7A from ref. ) and "PBMC only” dataset (see
Table S4; Figure 2D from ref.?"). The quality of the gene sets was evaluated by checking for concordance between the gene sets derived
from the “Whole blood + PBMC" and “PBMC only” datasets (Figure S12). Since the gene sets for nonclassical monocytes failed to show
concordance between the 2 source datasets, the dataset showing better correlation with a published nonclassical monocyte gene set was
picked.®’ The mature neutrophil gene set was derived by intersecting the gene sets derived from “Whole blood + PBMC” and “PBMC
only” datasets and evaluated by correlating with a published mature neutrophil gene set®' neutrophil frequency in the COVACTA patients
measured at baseline (Figure $12C). HLA-DR'®" and HLA-DR"9" specific gene sets were defined using the PBMC-only scRNA-seq data (see
Figure 2D from ref.”") filtered for genes enriched in clusters 1-3 by at least avg logFC >1 and those that lack enrichment in the neutrophil
specific gene sets. Cell type specific gene sets are provided in Table S4.

Eigengene expression of the specified gene sets were calculated as described using the GSDecon package (https://github.com/
JasonHackney/GSDecon/). Briefly, DESeg2 normalized counts associated with the individual gene sets were standardized to a mean value
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of 0 and standard deviation of 1, followed by singular value decomposition of the matrix. The resulting matrix was then adjusted to retain only
the first singular value. The normalized count matrix was regenerated using the adjusted singular value decomposition diagonal matrix and
eigengene values were derived as the mean expression per sample of the supplied genes.

Heatmaps were generated using ComplexHeatmap.®' Volcano plots were generated using EnhancedVolcano (https://github.com/
kevinblighe/EnhancedVolcano). Boxplots were generated using ggplot2 (https://github.com/tidyverse/ggplot2). Gene ontology analysis
shown in Figure S5D were performed using the GOnet webtool.”'>”

Olink proteomics analysis

Protein abundance measurements (normalized protein expression, NPX) were determined by Olink using their standard pipeline. The quality
of Olink data were assessed and outlier samples were filtered out prior to downstream analysis (Figure S13). The quality of these measure-
ments was evaluated at the sample and assay level based on Olink’s internal QC flag and the limit of detection (LOD) of the individual assays.
The quality of individual assays was assessed by flagging assays for which <25% of samples pass Olink’s internal QC and have measurements
above the assay LOD. Although these low-quality assays were flagged, they were not filtered out from downstream analysis. Outlier samples
were identified based on their interquartile range and PCA analysis, which were filtered out prior to downstream analysis. Additional samples
were filtered out if the fraction of assays that pass Olink’s internal QC and have measurements above their LOD is <25%. 388 samples re-
mained (tocilizumab, n = 266; placebo, n = 122) for downstream analysis after filtering out low-quality samples. Differential protein abundance
analysis was performed on all 1472 proteins included in the Olink explore 1536 using the limma Bioconductor package. The baseline, prog-
nostic, and longitudinal analyses were performed as described for RNA-seq. For longitudinal analysis, mixed effects models were applied
using the limma package where each patient was included as a random effect by blocking on the patient IDs. In addition correlation between
repeat measurements from the patients were accounted for using the duplicateCorrelation function in limma. The generated limma outputs
for each assay were mapped to their official gene symbols prior to plotting. For proteins with repeat measurements across Olink panels (IL6,
CXCL8 and TNF), the assays showing the highest standard deviation were plotted. Protein categorizations for vascular domain (coagulation,
complement and angiogenesis) were based on Hallmark (MSigDB database) annotations, myeloid cell categorizations were based on gene
sets defined in the "RNA-seq analysis” section above and organ-specific proteins are described below.

Defining organ-specific protein signatures

Tissue-specific gene expression of proteins represented in the Olink explore 1536 platform were determined using healthy tissue-derived
RNA-seq data (GTEX, downloaded from https://www.proteinatlas.org/about/download). Tissue-specific expression values were summarized
at the organ level by assigning the maximum transcript per million value to the available organs for each of the 1472 genes. A protein was
considered to be enriched in an organ if its gene was expressed the highest in that organ and was at least 4-fold higher than the next highly
expressed gene. Organ-specific protein sets were further refined to include those that were positively correlated to each other based on their
protein expression (NPX) in our study. In addition, proteins annotated to be blood secreted (Human Protein atlas) were filtered out. To asso-
ciate the liver-specific proteins to liver injury, we calculated Spearman correlation between their protein levels (NPX) and ALT/AST values
across all baseline samples in the COVACTA study.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis was performed in R version 4.1.0. Statistical analysis of Olink and RNA-seq data were performed using Limma and DESeqg2 R pack-
ages, respectively. Individual protein biomarker data from ELISA and comparisons of cell frequencies were tested using Wilcoxon test. Sta-
tistical comparisons of PC1 distributions for Olink and RNA-seq data were performed using Kolmogorov-Smirnov test. A Cox proportional
hazard model was fit using the Survival package (https://github.com/therneau/survival). The model included expression of a gene set (eigen-
gene value) or protein abundance (NPX) with additional covariates, age, treatment arm and baseline severity. The gene/protein expression
values and age were included as continuous variables; treatment arm and baseline severity were coded as factors and ordinals, respectively.
Hazard ratios and 95% confidence interval estimates were calculated, and forest plots were generated using ggplot2. p values for multiple
hypothesis testing were adjusted using the Benjamini-Hochberg procedure.

Principal component analysis analysis

PCA analysis of RNA-seq data were performed using the following steps: (1) count data were DESeq2 normalized and transformed using vari-
ance stabilizing transformation; (2) data were filtered for the first 2000 most variable genes (standard deviation); (3) PCA was performed and
plotted using the R package 'ggfortify’; (4) density and cumulative distribution plots were then plotted using PC1 scores; (5) differences in the
distributions of sample subgroups highlighted in the figures were tested using the Kolmogorov-Smirnov test. PCA analysis of Olink data were
performed in the same way except all protein data were used for the analysis followed by the steps 3-5.

ADDITIONAL RESOURCES
Clinical trial registration: ClinicalTrials.gov, NCT04320615.
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