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ARTICLE OPEN

Clinical evidence of an interferon–glucocorticoid therapeutic
synergy in COVID-19
Yingying Lu1,2, Feng Liu3, Gangling Tong4, Feng Qiu3, Pinhong Song3, Xiaolin Wang5, Xiafei Zou5, Deyun Wan6, Miao Cui 7,
Yunsheng Xu8, Zhihua Zheng2 and Peng Hong 2,9,10

Synthetic glucocorticoid dexamethasone is the first trial-proven drug that reduces COVID-19 mortality by suppressing immune
system. In contrast, interferons are a crucial component of host antiviral immunity and can be directly suppressed by
glucocorticoids. To investigate whether therapeutic interferons can compensate glucocorticoids-induced loss of antiviral immunity,
we retrospectively analyzed a cohort of 387 PCR-confirmed COVID-19 patients with quasi-random exposure to interferons and
conditional exposure to glucocorticoids. Among patients receiving glucocorticoids, early interferon therapy was associated with
earlier hospital discharge (adjusted HR 1.68, 95% CI 1.19–2.37) and symptom relief (adjusted HR 1.48, 95% CI 1.06–2.08), while these
associations were insignificant among glucocorticoids nonusers. Early interferon therapy was also associated with lower prevalence
of prolonged viral shedding (adjusted OR 0.24, 95% CI 0.10–0.57) only among glucocorticoids users. Additionally, these associations
were glucocorticoid cumulative dose- and timing-dependent. These findings reveal potential therapeutic synergy between
interferons and glucocorticoids in COVID-19 that warrants further investigation.
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INTRODUCTION
Recent reports from both bench and bedside suggest dysregu-
lated activation of host immune response to severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) as a pivotal
feature of severe novel corona virus disease 2019 (COVID-19),
which prompts reconsideration of glucocorticoid (GC) therapy to
restrain the hyperactivated immune system.1–4 Despite of their
unrivaled anti-inflammatory efficacy, high-dose GC were asso-
ciated with severe adverse effects and should be cautioned in
treating COVID-19 patients.5 However, clinical efficacy of low to
moderate-dose GC on COVID-19 has been controversial,6–8 until
the recent announcement of preliminary results from the UK
RECOVERY trial, which showed significant reduction of COVID-19
mortality by synthetic GC dexamethasone (DEX) in severe patients
receiving invasive mechanical ventilation or oxygenation.9 Further
clinical evidence showed that high-dose methylprednisolone,
another synthetic GC, was associated with clinical benefits in
COVID-19-associated cytokine storm syndrome (CSS)10 and
systemic GC was associated with lower 28-day all-cause mortality
in a prospective meta-analysis of 7 randomized clinical trials of
critically ill patients with COVID-19.11 Nevertheless, the potent
anti-inflammatory effects of GC also weaken innate antiviral
immunity, leading to delayed viral clearance and adverse
outcomes in various viral pneumonias.12–14 Therefore, whether

GC are sufficiently beneficial to non-severe COVID-19 patients
remains an open question.
Interferon (IFN) signaling is a crucial component of human

antiviral immunity that restricts viral replication and spreading.15

GC has been reported to directly suppress IFN responses in a
chronic obstructive pulmonary disease (COPD) mouse model,
leading to impaired lung virus control which can be reversed by
therapeutic IFN.16 Interestingly, a signature immune response
upon SARS-CoV-2 infection is low IFN levels in peripheral blood
and lungs of severe COVID-19 patients, which may be part of the
immune evasion mechanisms of SARS-CoV-2.17,18 Potentially by
targeting this mechanism, IFN therapies using IFN-β1a alone or
IFN-β1b in combination with lopinavir-ritonavir have both shown
promising results in treating COVID-19 patients.19,20 A number of
trials involving IFN as mono or combination therapy for COVID-19
are ongoing, which may provide a more definitive verdict for its
efficacy in COVID-19. However, IFN may play a more damaging
role by disrupting lung epithelial repair at the later stage of
disease,21,22 and it is thus crucial to pre-determine the extent of
viral infection and the stage of pathogenesis, which would ensure
the right timing of IFN therapy.
Based on the above-mentioned evidences,16,19,20 we hypothe-

size that IFN therapy may synergize with GC in treating COVID-19.
To test this hypothesis, we identified a hospital in Hubei, China
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with high prevalence of IFN and GC therapies among COVID-19
patients and studied a cohort of 387 PCR-confirmed COVID-19
patients. Analyses using Cox proportional hazards and logistic
regression models revealed that concomitant exposure to GC and
early IFN therapy led to early hospital discharge, symptom relief
and viral clearance than GC alone, while early IFN therapy without
GC use was not associated with early COVID-19 recovery than
standard care. This therapeutic synergy is dependent on the
timing of GC administration and effective on GC doses used by the
RECOVERY trial.

RESULTS
Patient characteristics
A total of 406 patient records have been reviewed and 3 were
excluded due to missing more than 5 days of treatment
information before admission or during hospitalization. Another
16 were excluded from the study due to undergoing no antiviral
therapies or extended hospital stay for conditions unrelated to
COVID-19 (2 cases of liver diseases, 2 cases of lung tumors and 1
case of brain cancer). Among the 387 abstracted records, 118
(30.5%) received both GC and early IFN therapy, which has been
defined empirically as initiation of IFN therapy within 5 days after
admission and was shown to be associated with reduced
mortality of COVID-19,23 95 (24.5%) received GC alone, 87
(22.5%) received early IFN therapy alone, and 87 (22.5%) received
neither drugs. The empirical criterion for early IFN therapy was
partly based on the observation that all severe patients in this
cohort developed ARDS or required ICU admission later than
5 days after admission. The median time from symptom onset to
admission is 6 days (Table 1), which would qualify IFN
administered around 6 to 11 days after symptom onset as early
therapy. This time window was justified by data from the same
region showing that median time from disease onset to ARDS or
ICU admission are 12 days.24 The overall in-hospital mortality of
this cohort is 3.4%, which is in line with the average COVID-19
mortality in Hubei province excluding Wuhan city during January
to March 2020.25 Mortality was observed in 11 (11.6%) patients
with GC alone and 2 (1.7%) patients with both GC and early IFN
therapy (Supplementary Fig. 1), which was in agreement with our
previous findings of a negative association between early IFN
therapy and COVID-19 mortality.23 Because GC were given to all
intensive care patients suffering respiratory distress, it was not
feasible to assess the IFN-GC synergy regarding COVID-19
mortality based on this cohort. Instead, we focused on the
recovery time of survivors based on length of hospital stay (LOS),
time from admission to symptom relief, and incidence of
prolonged viral shedding (PVS). Among the entire cohort, the
median LOS is 20 (interquartile range [IQR], 15–26) days, and the
median time from admission to symptom relief is 12 (IQR, 9–16)
days. These values were comparable to those reported based on
data from the same area.26 The overall prevalence of PVS, which
was defined as at least one positive SARS-CoV-2 PCR test after
symptom relief, is 14.7%.
Due to the non-randomized assignment of GC to more severe

patients, survivors were stratified by their exposure to GC before
subgrouping based on exposure to early IFN therapy (Supplemen-
tary Fig. 2). Since IFN was used quasi-randomly with other antiviral
therapies during the early breakout, demographic and early clinical
characteristics of survivors were comparable between early IFN
users and nonusers (Table 1). Notable exceptions were lower
prevalence of lopinavir/ritonavir (LPV/r, Kaletra) and oseltamivir
(Tamiflu) use and higher prevalence of umifenovir (Arbidol) use
among patients with early IFN therapy than those without.

Treatment descriptions
For GC treatments, only cumulative doses of at least 40 mg
methylprednisolone were recorded. GC were mainly given in the

early stage of hospitalization with cumulative doses equal to or
less than 150mg DEX (equivalent to 800mg methylprednisolone)
which was successfully used in a recent trial of acute respiratory
distress syndrome (ARDS) (Supplementary Fig. 3),27 and more than
2/3 patients received cumulative doses equal to or less than 60mg
DEX (equivalent to 320 mg methylprednisolone) (Table 1), the
maximum dose of the RECOVERY trial.9 Comparing early IFN and
no early IFN groups, GC therapy was given at comparable dosages
over comparable durations, resulting in similar cumulative doses
(Table 1). Regarding IFN therapy, both GC users and nonusers in
the early IFN group initiated IFN therapy of 5 million units in 2 mL
sterile water via a nebulizer twice a day at a median time of 2 days
after admission, while GC users have received IFN for longer
durations than nonusers (median, 11 vs 9 days). Among patients
without early IFN therapy, the timing and duration of IFN therapy
were not statistically different between GC users and nonusers. Of
note, all documented therapies in this study except GC have been
used consecutively for at least 3 days following guidelines.28

Sensitivity analyses based on Cox proportional hazards model
for LOS suggested LPV/r, oseltamivir, antibiotics, O2 saturation,
gender, age, hypertension, and diabetes to be included in
multivariable analyses as confounders (Supplementary Fig. 4a, b).

GC or IFN was not independently associated with COVID-19
recovery
Among survivors, cumulative incidence curves for hospital discharge
and symptom relief showed slower recovery of GC users than
nonusers (Supplementary Fig. 5a, b), while the prevalence of PVS
was comparable between GC users and nonusers that ceased viral
shedding before discharge or death (Supplementary Fig. 5c). After
adjusting for confounders, the associations of GC therapy with
hospital discharge and symptom relief were no longer significant
(Supplementary Fig. 5d). In contrast, cumulative incidence curves
indicated marginal association of early IFN with earlier discharge and
symptom relief (Supplementary Fig. 6a, b). The prevalence of PVS
was also lower among patients receiving early IFN (Supplementary
Fig. 6c). These associations also became insignificant after adjusting
for confounders (Supplementary Fig. 6d).

Early IFN therapy was associated with earlier recovery in GC users
After stratification by exposure to GC, cumulative incidence curves
showed association of early IFN therapy with early hospital
discharge among patients receiving GC (hazard ratio [HR] 1.61,
95% confidence intervals [CI] 1.22–2.13), which was not observed
among patients without GC (HR 0.83, 95% CI 0.62–1.12) (Fig. 1a, b).
Similarly, early IFN therapy was associated with early symptom
relief only in GC users (HR, 95% CI: 1.57, 1.19–2.07 [with GC] vs
0.89, 0.66–1.20 [without GC]) (Fig. 1c, d). Moreover, early IFN
therapy was associated with lower prevalence of PVS among GC
users (odds ratio [OR] 0.21, 95% CI 0.10–0.43), while an
insignificant but opposite trend was observed in nonusers (OR
1.99, 95% CI 0.91–4.35) (Fig. 1e, f). After adjusting for confounders,
early IFN therapy was estimated to have HR (95% CI) of 1.68
(1.19–2.37) for hospital discharge and 1.48 (1.06–2.08) for
symptom relief among GC users, which were reduced to 0.81
(0.59–1.12) and 0.87 (0.64–1.19) among nonusers, respectively
(Table 2). Likewise, early IFN therapy had an adjusted OR (95% CI)
of 0.24 (0.10–0.57) for PVS among GC users, which was increased
to 2.05 (0.88–4.74) among nonusers (Table 2). Additionally,
generalized log-gamma regression showed robust interaction
between GC and early IFN therapy in estimating LOS and time to
symptom relief values (p < 0.001 for both dependents). These data
suggest potential synergy between GC and IFN in COVID-19.

Early IFN therapy could reduce GC adverse effects on COVID-19
recovery
Conversely, we evaluated the GC–IFN synergy from the perspec-
tive of GC. After stratification of survivors by exposure to early IFN
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Table 1. Characteristics of survivors by treatment group

No./total No. (%)

With GC therapy P* (IFN+
GC vs GC)

No GC therapy P* (IFN vs
no IFN/
GC)

P* (All 4
groups)

Early IFN (n= 116) No early IFN (n= 84) Early IFN
(n= 87)

No early IFN
(n= 87)

Demographic characteristics

Female sex 49 (42.2) 45 (53.6) 0.118 38 (43.7) 41 (47.1) 0.761 0.420

Age, years, median (IQR) 51 (42.5–58.5) 51 (42.5–62.5) 0.750 48 (34–54) 47 (35–56) 0.989 0.016

>60 26 (22.4) 23 (27.4) 0.506 9 (10.3) 17 (19.5) 0.136 0.039

Hypertension 30 (25.9) 19 (22.6) 0.622 13 (14.9) 11 (12.6) 0.826 0.064

Diabetes 14 (12.1) 8 (9.5) 0.651 1 (1.1) 3 (3.4) 0.621 0.008

High-risk exposure 64 (55.2) 55 (65.5) 0.148 59 (67.8) 43 (49.4) 0.021 0.041

Clinical features (Within 24 h of admission)

Symptom onset to hospital
admission, days, median (IQR)
[No.]

6 (4–8) 6 (4–9) 0.862 6 (4–9) [86] 6 (4–8) [85] 0.572 0.901

>7 days 34 (29.3) 25 (29.8) 1.00 27 (31) 22 (25.3) 0.500 0.853

Abnormal CT findings 116 (100) 84 (100) / 86 (98.9) 85 (97.7) 1.00 0.241

Respiratory rate (RR) > 22/min 21 (18.1) 16 (19) 0.856 9 (10.3) 9 (10.3) 1.00 0.174

O2 saturation (O2ST), %

>93 73 (62.9) 54 (64.3) 0.329 84 (96.6) 75 (86.2) 0.048 <0.001

90–93 34 (29.3) 19 (22.6) 3 (3.4) 11 (12.6)

<90 9 (7.8) 11 (13.1) 0 (0) 1 (1.1)

Fever 98 (84.5) 75 (89.3) 0.404 71 (81.6) 71 (81.6) 1.00 0.472

Symptom counta

1 23 (19.8) 27 (32.1) 0.019 26 (29.9) 31 (35.6) 0.672 0.091

2 65 (56) 49 (58.3) 47 (54) 45 (51.7)

3 23 (19.8) 8 (9.5) 13 (14.9) 9 (10.3)

4 or more 5 (4.3) 0 (0) 1 (1.1) 2 (2.3)

Lymphopenia (<1.1×109/L) 62 (62.6) [99] 28 (54.9) [51] 0.383 22 (31) [71] 23 (35.4) [65] 0.715 <0.001

Eosinopenia (<0.02×109/L) 80 (81.6) [98] 34 (68) [50] 0.067 36 (52.2) [69] 31 (49.2) [63] 0.862 <0.001

Severity category at admissionb

Moderate 73 (62.9) 54 (64.3) 0.408 84 (96.6) 75 (86.2) 0.015 <0.001

Severe 41 (35.3) 26 (40.0) 3 (3.4) 12 (13.8)

Critical 2 (1.7) 4 (4.8) 0 (0) 0 (0)

Treatments

Time from admission to first
dose of GC, days, median (IQR)

2 (1–4) 4 (2–6) <0.001 / / / /

Within 5 days 110 (94.8) 60 (71.4) <0.001 / / / /

Time from symptom onset to
first dose of GC, days,
median (IQR)

9 (6.5–11) 11 (8–14) 0.001 / / / /

Duration of GC treatment, days,
median (IQR)

4 (3–7) 4 (3–6) 0.319 / / / /

Peak daily GC dose (methylprednisolone-equivalent, mg)

40mg or lower 52 (44.8) 39 (46.4) 0.478 / / / /

80mg 62 (53.4) 45 (53.6) / /

160mg or higher 2 (1.7) 0 (0) / /

Cumulative dose of GC
(methylprednisolone-equivalent,
mg), median (IQR)

220 (120–400) 220 (120–360) 0.393 / / / /

320 or less 80 (69) 61 (72.6) 0.639 / / / /

800 or less 113 (97.4) 83 (98.8) 0.641 / / / /

Time from admission to first
dose of IFN, days, median
(IQR) [No.]

2 (1–3) [116] 10.5 (7–16) [16] <0.001 2 (1–2) [87] 7.5 (7–8) [4] <0.001 <0.001

11 (8–14) [116] 9 (5.5–12) [16] 0.094 9 (7–12) [87] 8 (6.5–10) [4] 0.404 0.024
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therapy, GC were associated with delayed discharge and symptom
relief that can be neutralized by early IFN therapy (Fig. 2a–d).
Without early IFN therapy, GC users had prevalence of PVS 3 times
higher than nonusers, while GC users showed lower prevalence of
PVS than nonusers among those receiving early IFN therapy
(Fig. 2e, f). After adjusting for confounders, GC were estimated to
have HR (95% CI) of 0.56 (0.39–0.80) for hospital discharge and
0.65 (0.46–0.93) for symptom relief among survivors with no early
IFN therapy, while among those receiving early IFN therapy the
ratios increased to 1.13 (0.81–1.58) and 1.15 (0.82–1.60), respec-
tively (Table 3). Likewise, GC were estimated to have an adjusted
OR (95% CI) of 3.74 (1.64–8.53) for PVS in patients without early
IFN therapy, which was reversed to 0.49 (0.20–1.21) in patients
receiving early IFN therapy (Table 3). These findings suggest that
the negative effects of GC on COVID-19 recovery may be
neutralized by early IFN therapy and support the therapeutic
synergy between GC and IFN. However, the observed GC negative
effects may be confounded by the conditions that warrant
GC therapy.

Early co-administration of GC and IFN led to stronger synergy
Recent evidence suggests COVID-19 immunopathogenesis as a
multi-step process that closely correlated with disease severity
and prognosis.29 To examine whether this GC–IFN synergy is
timing-dependent, we defined early GC therapy as initiation of GC
therapy within 5 days after admission, which overlapped with

early IFN therapy, and stratified GC users according to this
criterion. Analyses indicated that co-administration of GC and IFN
at early stage was associated with shorter hospitalization than
early GC users without IFN (HR 1.78, 95% CI 1.23–2.56), while early
IFN therapy was not associated with hospital discharge in late GC
users (HR 1.19, 95% CI 0.76–1.86) (Fig. 3a, b). Early administration
of GC and IFN was also associated with early symptom relief than
early GC users without IFN (HR 1.54, 95% CI 1.06–2.24), which was
not statistically significant in late GC users (HR 1.36, 95% CI
0.86–2.15) (Fig. 3c, d). PVS prevalence was lower in patients with
early IFN therapy among both early and late GC users, while early
IFN therapy had an even lower OR among early GC users (OR [95%
CI], 0.15 [0.06–0.41] vs 0.25 [0.07–0.81]) (Fig. 3e, f). These data suggest
that the GC–IFN synergy is timing-dependent and administration of
GC and IFN in the same window during early hospitalization was
associated with the most benefits in recovery time.

GC–IFN synergy was GC dose-dependent
Next, we evaluated whether GC cumulative dosage was correlated
with GC–IFN synergistic effects on COVID-19 recovery, when IFN
therapy was used in fixed dose and duration according to the
guideline.28 We reasoned that true therapeutic synergy would be
timing- and dose-dependent while synergy confounded by clinical
indications of GC use would not. Thus, GC users were stratified by
their cumulative methylprednisolone-equivalent doses into 3
groups: 40–120 mg, which showed benefit in an experimental

Table 1. continued

No./total No. (%)

With GC therapy P* (IFN+
GC vs GC)

No GC therapy P* (IFN vs
no IFN/
GC)

P* (All 4
groups)

Early IFN (n= 116) No early IFN (n= 84) Early IFN
(n= 87)

No early IFN
(n= 87)

Duration of IFN therapy, days,
median (IQR) [No.]
Lopinavir/ritonavir 39 (33.6) 49 (58.3) 0.001 32 (36.8) 43 (49.4) 0.126 0.002

Umifenovir 72 (62.1) 37 (44) 0.014 52 (59.8) 42 (48.3) 0.171 0.034

Oseltamivir 9 (7.8) 33 (39.3) <0.001 14 (16.1) 18 (20.7) 0.558 <0.001

Human immune globulins 11 (9.5) 13 (15.5) 0.270 3 (3.4) 2 (2.3) 1.00 0.004

Antibiotics 106 (91.4) 67 (79.8) 0.021 65 (74.7) 66 (75.9) 1.00 0.007

Overall

Length of hospital stay, days,
median (IQR)

19 (15.5–26.5) 25.5 (22–31.5) <0.001 18 (15–25) 17 (12.5–22) 0.092 <0.001

Time from admission to
symptom relief, days,
median (IQR)

12 (9–16) 14.5 (11–20) <0.001 11 (9–14) 10 (7–14.5) 0.101 <0.001

Time from symptom onset to
hospital discharge, days, median
(IQR) [No.]

27 (22–34) 33 (25.5–39) <0.001 25
(22–31) [86]

24 (19.5–30) [85] 0.171 <0.001

Retrospective severity categoryb

Moderate 69 (59.5) 60 (71.4) 0.203 84 (96.6) 79 (90.8) 0.295 <0.001

Severe 27 (23.3) 15 (17.9) 2 (2.3) 5 (5.7)

Critical 20 (17.2) 9 (10.7) 1 (1.1) 3 (3.4)

Mechanical ventilation 6 (5.2) 5 (6) 1.00 0 (0) 2 (2.3) 0.497 0.111

Prolonged viral shedding after
symptom relief

13 (11.2) 33 (39.3) <0.001 21 (24.1) 12 (13.8) 0.121 <0.001

GC glucocorticoids, IFN interferons, IQR inter quartile range, CT computed tomography
*P-values were calculated by Fisher’s exact test or Chi-square test for categorical variables, Mann–Whitney or Kruskal–Wallis tests for continuous variables
aSymptoms include fever, cough, throat discomfort, shortness of breath or chest discomfort, muscle weakness or pain, diarrhea, and headache
bSeverity was retrospectively determined according to the national guideline: moderate disease has fever, respiratory symptoms and positive CT findings;
severe disease has additionally RR >= 30, O2ST <= 93%, or partial pressure of oxygen (PaO2)/fraction of inspired oxygen(FiO2) <=300mmHg; critical disease
has additionally shock, respiratory distress requiring mechanical ventilation, or ICU admission
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study,6 121–320mg which represents doses used by RECOVERY
trial,9 and >320mg which represents higher doses effective
against ARDS.27 Since the number of patients in each group was
limited after stratification, only LOS was assessed due to its higher
statistical power (Table 2). The analyses showed GC dose-
dependent association of early IFN therapy with shorter hospita-
lization, with HR (95% CI) of 1.36 (0.82–2.22), 1.62 (1.04–2.54) and

1.93 (1.16–3.23) in 40–120 mg, 120–320mg and >320mg groups,
respectively (Fig. 4a–c). Furthermore, analyses of LOS after
stratifying the cohort by early IFN therapy showed that exposure
of early IFN therapy reduced LOS of GC users at all doses (Fig. 4d, e).
These findings suggest that the GC–IFN synergy is not only timing-
relevant but also dose-dependent, which is significant at doses
used by the RECOVERY trial.

Table 2. Model-adjusted risks of early interferon therapy

Estimate (95% CI)

Risk type Outcome Model No GC (n= 174) P-value With GC (n= 200) P-value

Hazard ratio Hospital discharge Cox proportional hazardsa 0.81 (0.59–1.12) 0.197 1.68 (1.19–2.37) 0.003

Hazard ratio Symptom relief Cox proportional hazardsa 0.87 (0.64–1.19) 0.377 1.48 (1.06–2.08) 0.023

Odds ratio Prolonged viral shedding Logistic regressiona 2.05 (0.88–4.74) 0.096 0.24 (0.10–0.57) 0.001

GC glucocorticoids, CI confidence interval
aModel adjusted for gender, hypertension, diabetes, oxygen saturation at admission, symptom count at admission, lopinavir/ritonavir, oseltamivir, and
umifenovir use. Cox models were fitted to all survivors, and logistic regression were fitted to patients ceased viral shedding before discharge or death

Fig. 1 Association of early IFN therapy with early recovery among COVID-19 patients with GC therapy. a, b Cumulative incidence curves for
hospital discharge among survivors without (a) or with GC (b). n= 87 for a, 116 (early IFN) and 84 (no early IFN) for b. c, d Cumulative
incidence curves for symptom relief among survivors without (c) or with GC (d). n= 87 for c, 116 (early IFN) and 84 (no early IFN) for d. e, f Bar
graph of PVS prevalence among patients ceased viral shedding before discharge without (e) or with GC (f). n= 87 for e, 116 (early IFN) and 88
(no early IFN) for f
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DISCUSSION
More than 9 months into the COVID-19 pandemic, DEX remains
the first and only randomized controlled trial-proven drug that
reduces COVID-19 mortality,9 after conflicting results from recent
large-scale trials seriously disputed the efficacy of Remdesivir.30,31

These findings, together with the recent success of DEX in treating
ARDS, favor the perception that targeting CSS might be a more
effective therapeutic approach than targeting viral replication to

prevent fatal lung damage caused by the acute inflammation
associated with severe COVID-19.32 However, we also have to
acknowledge that DEX and other therapeutic GC are far from
perfect drugs. Among the various adverse effects of GC, the
suppression of antiviral immunity is particularly troublesome to
viral pneumonias such as COVID-19, which may explain the
potentially harmful effect of DEX in non-severe COVID-19.9 In this
study, we analyzed a cohort of moderate to severe COVID-19

Fig. 2 Association of early IFN therapy with reduced GC adverse effects on COVID-19 recovery. a, b Cumulative incidence curves for hospital
discharge among survivors without (a) or with early IFN therapy (b). n= 84 (GC) and 87 (no GC) for a; 116 (GC) and 87 (no GC) for b. c, d
Cumulative incidence curves for symptom relief among survivors without (c) or with early IFN therapy (d). n= 84 (GC) and 87 (no GC) for c; 116
(GC) and 87 (no GC) for d. e, f Bar graph of PVS prevalence among patients ceased viral shedding before discharge and without (e) or with
early IFN therapy (f). n= 88 (GC) and 87 (no GC) for e; 116 (GC) and 87 (no GC) for f

Table 3. Model-adjusted risks of GC therapy

Estimate (95% CI)

Risk type Outcome Model No early IFN (n= 171) P-value With early IFN (n= 203) P-value

Hazard ratio Hospital discharge Cox proportional hazardsa 0.56 (0.39–0.80) 0.002 1.13 (0.81–1.58) 0.464

Hazard ratio Symptom relief Cox proportional hazardsa 0.65 (0.46–0.93) 0.018 1.15 (0.82–1.60) 0.416

Odds ratio Prolonged viral shedding Logistic regressiona 3.74 (1.64–8.53) 0.002 0.49 (0.20–1.21) 0.121

GC glucocorticoids, CI confidence interval
aModel adjusted for gender, hypertension, diabetes, oxygen saturation at admission, symptom count at admission, lopinavir/ritonavir, oseltamivir, and
umifenovir use. Cox models were fitted to all survivors, and logistic regression were fitted to patients ceased viral shedding before discharge or death
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patients with high prevalence of GC and IFN exposures and
identified an IFN–GC synergy that reduced GC-mediated suppres-
sion of antiviral immunity which adversely affected COVID-19
recovery. GC at doses used in the RECOVERY trial were not
associated with delayed hospital discharge, symptom relief and
viral clearance among patients receiving early IFN therapy, which
was in sharp contrast with apparent GC-dependent delay of
recovery observed in patients without early IFN therapy. This
protective effect of early IFN therapy was observed regardless of
timing and cumulative dosage of GC therapy. Mechanistically, we
speculate that therapeutic IFN may compensate GC-dependent
loss of IFN-dependent antiviral immunity and protect against the
delay of viral clearance and disease recovery caused by GC
therapy as observed in experimental viral infections after GC
therapy.16 Additionally, IFN themselves have recently shown
promising therapeutic potential against COVID-19 with molecular
mechanisms involving both anti-viral replication and suppression
of CSS.17,18,23,33 These evidences clearly warrant further research
and randomized trials of IFN and GC as a combination therapy for
COVID-19.

Our findings echoed the report of RECOVERY trial which
concluded that dexamethasone reduced COVID-19 mortality only
in those receiving mechanical ventilation or oxygen alone but not
among those receiving no respiratory support.9 We reason that
this discrepancy of therapeutic efficacy in severe or non-severe
COVID-19 is the result of the dual-edge sword nature of GC
therapy.34 On one hand, GCs suppress the life-threatening
cytokine storm in the lung and prevent inflammation-induced
tissue damage.35 On the other hand, GCs also impair the antiviral
immunity which both delays viral clearance and increases the risk
of secondary infections.16 GC inhibition of humoral response is a
long-standing concern for its use in any infectious diseases, and
this topic is still an ongoing debate in this era of COVID-19.35,36

Both animal studies and clinical observations showed that GC
impair the immune response to viral infections and delay viral
clearance.13,14,16 A recent observational study of COVID-19
patients with rheumatic diseases revealed regular GC use as the
only risk factor of mortality among all the disease-modifying
antirheumatic drugs, and GC were also associated with more
frequent hospitalization.37 However, considering current

Fig. 3 Association of early IFN therapy with early recovery from COVID-19 required early GC administration. a, b Cumulative incidence curves
for hospital discharge among survivors with early (a) or late GC administration (b). n= 83 (early IFN) and 34 (no early IFN) for a, 33 (early IFN)
and 50 (no early IFN) for b. c, d Cumulative incidence curves for symptom relief among survivors with early (c) or late GC administration (d).
n= 83 (early IFN) and 34 (no early IFN) for c, 33 (early IFN) and 50 (no early IFN) for d. e, f Bar graph of PVS prevalence among patients ceased
viral shedding before discharge and with early (e) or late GC administration (f). n= 83 (early IFN) and 38 (no early IFN) for e, 33 (early IFN) and
50 (no early IFN) for f
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guidelines only recommend GC as a temporary or last resort
option for rheumatic disorders,38 those regular GC users may have
more severe immunological disorders and thus were more
susceptible to COVID-19 even without GC use. Nonetheless, both
clinical and experimental evidence for the adverse effects of low
dose GC, such as those used in the RECOVERY trial, on COVID-19
disease progress is still inconclusive. The RECOVERY trial used low
dose of dexamethasone (6 mg/d) over a duration of 10 days,9

while the recent successful trial of dexamethasone in ARDS used
high dose (20 mg/d) over a shorter period of 5 days followed by a
withdraw period of 5 days.27 Previous experience during the SARS
outbreak suggested even higher doses of GC to be effective
among patients under critical conditions.39 While medium to high
dose of GC can effectively reduce mortality of inflammation-
induced respiratory distress via anti-inflammatory mechanisms,
the mechanical rationale of potential protective effect of low dose
GC against SARS-CoV-2-induced deterioration of respiratory
function is still lacking. Taken together, the risk associated with
GC therapy should be carefully considered, especially when
treating patients with immunological disorders, and further
analysis of the dose-dependent effect of GC is urgently needed
to optimize the dose for different stages of COVID-19.
Despite of our findings of an IFN-GC synergy, the disruptive role

of GC in IFN signaling is thought to interfere with IFN therapy in
treating viral infections.40 We would attribute the strong synergy
between IFN and GC despite of their functional conflicts partly to
the use of inhaled IFN instead of intravenous or subcutaneous
delivery methods in this cohort. The twice daily inhalation of IFN
aerosol would deliver much higher concentration of IFN in lung
epithelial cells than daily systemic GC, and the elicited IFN
signaling might be sufficient to achieve clinical benefits even with
the presence of GC. In fact, animal studies have shown that
inhaled IFN could effectively repair the antiviral immunity
impaired by GC and prevent viral infections.16 Another potential
advantage of inhaled IFN is the low distribution of IFN to those air-

impenetrable lung lesions where IFN may play a more damaging
role in further exacerbating inflammation and disrupting tissue
repair.21,22 Since GC is given systemically, they can still reach these
regions via blood vessels to suppress inflammation. Taken
together, we believe that the administration route of IFN may
play a key role in achieving IFN-GC synergy in COVID-19,
Angiotensin-converting enzyme 2 (ACE2), the cell membrane

adapter for SARS-CoV-2, was reported to be an interferon-
stimulated gene (ISG), which raised potential risk of using IFN
therapy to treat SARS-CoV-2 infection.41 However, latest evidence
suggests that IFN induce an isoform of ACE2 not related to SARS-
CoV-2 infection.42,43 Considering the complexity of IFN signaling
and insufficient knowledge of COVID-19 immunopathogenesis,
the therapeutic strategy of IFN should be carefully optimized in
future trials. Also, it’s worth noting that since this study is
retrospective, our definition of early IFN administration is only
based on the characteristic of the studied cohort and may not be
generalized. We would suggest that the time window for IFN
therapy in clinical practice should be precisely determined based
on the disease presentation instead of using fixed values due to
the highly variable disease courses among severe patients.
Due to the retrospective design of this study, a number of

factors with disease-modifying potential were different between
the GC+ IFN and GC only groups, which may interfere with the
analysis. Although the initial assignment of IFN therapy was quasi-
random, these differences in treatments suggests potential
correlations between therapies, especially after the initial trial-
and-error stage. For example, it is possible that the later use of GC
in GC only group than IFN+ GC group reflected the poorer
disease prognosis without IFN that required GC therapy at later
stages, while patients in IFN+ GC group may have more severe
manifestations at admission that warranted earlier GC use, but
recovered faster, resulting in similar length and total dosage of GC
therapy (Table 1). The discrepancy between antiviral treatments
may also reflected the poor response to antiviral therapies other

Fig. 4 Association of early IFN therapy with early recovery from COVID-19 depended on GC cumulative dose. a–c Cumulative incidence curves
for hospital discharge among survivors receiving 40–120mg (a), 120–320mg (b), or >320mg methylprednisolone-equivalent doses of GC in
total during hospitalization. n= 32 for a, 48 (early IFN) and 29 (no early IFN) for b, 36 (early IFN) and 23 (no early IFN) for c. e, f Cumulative
incidence curves for hospital discharge among survivors without (e) or with early IFN therapy (f). P-values were calculated by comparing all 4
curves. n= 87 (no GC), 32 (GC 40–120mg), 29 (GC 121–320mg), and 23 (GC > 320mg) for e, 87 (no GC), 32 (GC 40–120mg), 48 (GC
121–320mg), and 36 (GC > 320mg) for f
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than IFN. While we do acknowledge these variations may affect
the prognosis of disease, we believe that they are part of the
standard care for emerging diseases and only randomized trials
can properly address these variations.
Two potential mechanisms contributed to the paradoxical result of

higher PVS prevalence among IFN only group despite of the antiviral
potential of IFN. First, the negative effect of IFN on the integrity of
lung epithelial may undermine the repairing process in the lung and
impair viral clearance.21,22 While this effect may not significantly
delay the symptomatic relief, it could extend the viral shedding
period and lead to the increased prevalence of PVS. Another
possibility is that administration of IFN via a nebulizer often induces
temporary coughing, which may increase the viral load in the upper
respiratory tract. Since administration of IFN and throat swab
sampling for virological tests were usually both done in the morning
schedule, there could be an artificial increase of PVS incidences
among IFN users caused by inhalation of aerosol. Recent findings of
the host genomic integration of SARS-CoV-2 sequences further
complicate the clinical interpretation of positive virological tests after
symptom relief and indicate that PVS may not always reflect delayed
viral clearance in certain situations.44

As a side note, the longer LOS of this cohort than those in recent
reports from the US and Europe is likely a result of improved
detection sensitivity to SARS-CoV-2. Most patients in this cohort were
diagnosed using less sensitive detection kits,45 leading to mild
infections being undetected and thus excluded from analyses. In fact,
most of those clinically diagnosed COVID-19 patients in China, who
presented typical symptoms and radiological findings of COVID-19
but were virologically negative, had much shorter hospitalization
than those tested positive for SARS-CoV-2, with a median LOS of
6 days among patients we surveyed. Thus, our cohort and findings
may not represent mild cases.
Other than the above-mentioned issues, this study has several

limitations. First, the nonrandomized assignment of therapies
limits the interpretation of our findings. In particular, GC were
given as an adjuvant therapy to patients with more serious
presentation of COVID-19, which made assessment of IFN-GC
synergy in mortality impossible due to the lack of a control group.
IFN therapy was reported to be used quasi-randomly, but the
requirement of nebulizers may impact patient assignment.
However, the relatively high prevalence of GC and IFN exposure
partially offset selection bias which was common in observational
studies of GC. Second, the LOS values may be affected by the
changing discharge criteria during the early outbreak. According
to records, 12 of the 387 patients in this cohort were discharged
before the enforcement of national guidelines that outlined the
discharge criteria on February 2nd, 2020. Nonetheless, since our
data were from a single hospital, the LOS values would not suffer
inter-institution variation. Third, the prevalence of PVS could be
affected by the different sensitivities of SARS-CoV-2 detection kits.
Various investigational kits were used in January 2020, until a
CFDA-approved kit (Sansure Biotech) was chosen and used
exclusively after February 5th. We estimated that less than 10%
of patients were discharged based on test results of investiga-
tional kits. Fourth, cytokine profiles and improvement of
inflammation were not available in this study, which limited the
mechanical interpretation of findings. Last, the conclusions of this
study were based on single-center experience and prone to suffer
unknown confounders.
In conclusion, our findings provide clinical evidence for an

IFN–GC therapeutic synergy in COVID-19 and calls for further
research into IFN–GC as a combination therapy.

MATERIALS AND METHODS
Patients
This non-interventional retrospective observational study was
approved by Medical Ethics Committee of Suizhou Zengdu

Hospital as a secondary analysis of identifiable data originally
collected for non-research purposes with a waiver of informed
consent. All patient identifications were replaced by anonymous
codes during abstraction as stipulated by the Declaration of
Helsinki.
During our prior study under the same protocol,23 we obtained

all 406 inpatient records of confirmed COVID-19 patients
diagnosed during January 15 through March 31. COVID-19
diagnosis was confirmed by two consecutive positive results of
quantitative PCR-based SARS-CoV-2 nucleic acids tests of throat or
nasal swab samples. All positive SARS-CoV-2 tests were subse-
quently verified at the laboratory of local CDC to eliminate false
positives. Records were initially abstracted between May 8 and 22,
2020 into a standardized digital form based on the US CDC COVID-
19 abstraction form with modifications to adapt local data and
underwent daily quality control checks.23 Incomplete records of
those also treated at other hospitals were subjected to a second
round of search and abstraction between June 20 and 30, 2020
using the same methods. Survivors were followed-up every two
weeks according to local regulations and the date of last recorded
follow-up was May 22, 2020.
The exclusion criteria are: (1) incomplete records, such as

receiving unknown therapies at another hospital for at least 5 days
before being admitted or missing key laboratory or radiological
results due to transfers, (2) requiring treatment for other conditions
unrelated to COVID-19 that extended hospital stay for at least
5 days, (3) total hospital stay less than 5 days, and (4) received no
antiviral therapy for more than 2 days during hospitalization
because of lack of symptoms, late confirmation of diagnosis, severe
adverse effects, or successful treatment of disease using supportive
care. A final sample of 387 was analyzed in this study.
Patient information was collected on COVID-19 diagnosis,

patient demographics, prior diagnosis of hypertension or diabetes,
prior high-risk exposure such as close contact to COVID-19
patients or visiting high-risk locations, initial vital signs and
laboratory test results within 24 h of admission, CT images and
reports, and temporary and long-term prescriptions to describe
the cohort and as potential confounders.

Exposure
Per the national guideline, GC were given intravenously to
patients with deteriorating oxygen saturation, rapid progression
of lung lesions in CT scan, or evidence of hyperactivated immune
system such as high fever and high plasma C-reactive protein.28

Cumulative methylprednisolone-equivalent doses of GC equal to
or higher than 40mg were recorded. Details of GC therapy were
listed in Table 1. IFN-α2b and other antiviral medications were
quasi-randomly used to treat confirmed COVID-19 patients.28 IFN-
α2b was given at a dose of 5 million units in 2 mL sterile water via
a nebulizer twice a day.28 IFN-α2b administered within the first
5 days of hospitalization for at least 3 days were deemed early IFN
therapy.

Outcomes
The primary outcome was hospital discharge. Secondary out-
comes included symptom relief and prolonged viral shedding. The
discharge criteria were defined in the national guideline as (1)
normal body temperature for at least 3 days, (2) significant
improvement of respiratory symptoms and function, (3) chest
radiological imaging showing improvement of acute inflamma-
tion, (4) two consecutive negative SARS-CoV-2 nucleic acids tests
of throat or nasal swab samples with at least 24 h interval between
the two tests.28 Symptom relief was defined as normal body
temperature for at least 3 days and significant improvement of
respiratory symptoms and function.28 In severe and critical cases
with disease relapse, symptom relief occurred before relapse was
not counted. Prolonged viral shedding was defined as at least one
positive SARS-CoV-2 nucleic acids test of throat or nasal swab
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samples more than 2 days after symptom relief. Due to limited
testing capacity during the early outbreak, SARS-CoV-2 PCR tests
were not conducted between confirmation of COVID-19 diagnosis
and symptom relief.

Sample size
An initial target sample size of 250 was determined based on the
assumption of equal distribution of COVID-19 patients into the
four treatment groups and α= 0.05. This sample size was
calculated to have 90% power to detect a 15% increase of length
of hospital stay (LOS) if the average LOS was 20, a previously
observed value in Hubei.23 Sample size was calculated by G*power
software (version 3.1).

Statistical analysis
The distribution of treatment groups was summarized, and patient
characteristics were assessed with Fisher’s exact test (dichotomous
variables) or Chi-square test (variables with more than 2
categories) for categorical variables and Mann-Whitney U test
for continuous variables. Cumulative incidence curves were
compared by Log-rank test. Crude hazard ratios were calculated
by logrank method. Adjusted hazard ratios were estimated by Cox
proportional hazards models after adjusting for comorbidities as
indicated in footnotes or legends. Proportional hazard assumption
was tested by examination of the Kaplan-Meier curve. Crude odds
ratios were calculated by Fisher’s exact test. Adjusted odds ratios
were estimated by logistic regression after adjusting for comor-
bidities as indicated in footnotes or legends. Analyses were
performed using SPSS 26 (IBM) or Prism 8 (GraphPad). Missing
data were excluded pairwise from analyses. Significance was
evaluated at α= 0.05 and all tests were 2-sided.

Reporting summary
Further information on experimental design is available in the
Nature Research Reporting Summary linked to this paper.

DATA AVAILABILITY
Correspondence and reasonable requests for original dataset should be addressed to
Dr. Peng Hong (peng.hong@downstate.edu).

ACKNOWLEDGEMENTS
We thank Tianhao Su (Beijing Friendship Hospital) for expert opinions on CT findings,
and Yan Zhan (Xiangyang Central Hospital), Kui Li, Zhengyan Wang, Bo Zou (Suizhou
Central Hospital), Nan Wang and Linyu Zhu (Sun Yat-sen University Seventh Hospital)
for assistance in record abstraction and interpretation of clinical data. This study was
supported by US Department of Veterans Affairs (5I01BX001353), National Natural
Science Foundation of China (31501116), Shenzhen Sanming Project of Medicine
(SZSM201911013), and Shenzhen Science and Technology Innovation Commission
(JCYJ20190809100005672).

AUTHOR CONTRIBUTIONS
Y.L. and P.H. had full access to all data in the study. Y.L., F.L. and P.H. designed the
study; all authors recorded, analyzed, and/or interpretated data; Y.L., G.T., M.C. and
P.H. performed statistical analyses; Y.L. and P.H. wrote the manuscript.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41392-021-00496-5.

Competing interests: The authors declare no competing interests.

REFERENCES
1. Xu, Z. et al. Pathological findings of COVID-19 associated with acute respiratory

distress syndrome. Lancet Respir. Med. 8, 420–422 (2020).

2. Zhou, Z. et al. Heightened innate immune responses in the respiratory tract of
COVID-19 patients. Cell Host Microbe 27, 883–890.e882 (2020).

3. Song, J. W. et al. Immunological and inflammatory profiles in mild and severe
cases of COVID-19. Nat. Commun. 11, 3410 (2020).

4. Mathew D., et al. Deep immune profiling of COVID-19 patients reveals distinct
immunotypes with therapeutic implications. Science 369 (2020).

5. Sing C. W., Tan K. C. B., Wong I. C. K., Cheung B. M. Y., Cheung C. L. Long-term
outcome of short-course high-dose glucocorticoids for SARS: a 17-year follow-up
in SARS survivors. Clin. Infect. Dis. ciaa992 (2020).

6. Fadel, R. et al. Early short course corticosteroids in hospitalized patients with
COVID-19. Clin. Infect. Dis. 71, 2114–2120 (2020).

7. Xu, K. et al. Factors associated with prolonged viral RNA shedding in patients with
coronavirus disease 2019 (COVID-19). Clin. Infect. Dis. 71, 799–806 (2020).

8. Wu, C. et al. Risk factors associated with acute respiratory distress syndrome and
death in patients with coronavirus disease 2019 pneumonia in Wuhan. China
JAMA Intern. Med. 180, 934–943 (2020).

9. Group R. C., et al. Dexamethasone in hospitalized patients with Covid-19 - pre-
liminary report. N. Engl. J. Med. NEJMoa2021436 (2020).

10. Ramiro, S. et al. Historically controlled comparison of glucocorticoids with or
without tocilizumab versus supportive care only in patients with COVID-19-
associated cytokine storm syndrome: results of the CHIC study. Ann. Rheum. Dis.
79, 1143–1151 (2020).

11. Group, Whoreafc-T. W. et al. Association between administration of systemic
corticosteroids and mortality among critically ill patients with COVID-19: a meta-
analysis. JAMA 324, 1330–1341 (2020).

12. Lee, N. et al. Effects of early corticosteroid treatment on plasma SARS-associated
coronavirus RNA concentrations in adult patients. J. Clin. Virol. 31, 304–309 (2004).

13. Cao, B. et al. Adjuvant corticosteroid treatment in adults with influenza A (H7N9)
viral pneumonia. Crit. Care Med. 44, e318–e328 (2016).

14. Arabi, Y. M. et al. Corticosteroid therapy for critically ill patients with Middle East
respiratory syndrome. Am. J. Respir. Crit. Care Med. 197, 757–767 (2018).

15. Sariol, A. & Perlman, S. Lessons for COVID-19 immunity from other coronavirus
infections. Immunity 53, 248–263 (2020).

16. Singanayagam, A. et al. Corticosteroid suppression of antiviral immunity increa-
ses bacterial loads and mucus production in COPD exacerbations. Nat. Commun.
9, 2229 (2018).

17. Hadjadj, J. et al. Impaired type I interferon activity and inflammatory responses in
severe COVID-19 patients. Science 369, 718–724 (2020).

18. Lei, X. et al. Activation and evasion of type I interferon responses by SARS-CoV-2.
Nat. Commun. 11, 3810 (2020).

19. Hung, I. F. et al. Triple combination of interferon beta-1b, lopinavir-ritonavir, and
ribavirin in the treatment of patients admitted to hospital with COVID-19: an
open-label, randomised, phase 2 trial. Lancet 395, 1695–1704 (2020).

20. Monk, P. D. et al. Safety and efficacy of inhaled nebulised interferon beta-1a
(SNG001) for treatment of SARS-CoV-2 infection: a randomised, double-blind,
placebo-controlled, phase 2 trial. Lancet Respir. Med. 9, 196–206 (2021).

21. Major, J. et al. Type I and III interferons disrupt lung epithelial repair during
recovery from viral infection. Science 369, 712–717 (2020).

22. Broggi, A. et al. Type III interferons disrupt the lung epithelial barrier upon viral
recognition. Science 369, 706–712 (2020).

23. Wang, N. et al. Retrospective multicenter cohort study shows early interferon
therapy is associated with favorable clinical responses in COVID-19 patients. Cell
Host Microbe 28, 455–464.e452 (2020).

24. Zhou, F. et al. Clinical course and risk factors for mortality of adult inpatients with
COVID-19 in Wuhan, China: a retrospective cohort study. Lancet 395, 1054–1062
(2020).

25. Ji, Y., Ma, Z., Peppelenbosch, M. P. & Pan, Q. Potential association between COVID-
19 mortality and health-care resource availability. Lancet. Glob. Health 8, e480
(2020).

26. Pan, F. et al. Time course of lung changes at chest CT during recovery from
coronavirus disease 2019 (COVID-19). Radiology 295, 715–721 (2020).

27. Villar, J. et al. Dexamethasone treatment for the acute respiratory distress syn-
drome: a multicentre, randomised controlled trial. Lancet Respir. Med. 8, 267–276
(2020).

28. NHCPRC. National Health Commission of the People’s Republic of China. Chinese
management guideline for COVID-19 (version 7) [in Chinese].) (2020).

29. Vabret, N. et al. Immunology of COVID-19: current state of the science. Immunity
52, 910–941 (2020).

30. Beigel J. H., et al. Remdesivir for the treatment of Covid-19 — final report. N. Engl.
J. Med. NEJMoa2023184 (2020).

31. Consortium W. H. O. S. T., et al. Repurposed antiviral drugs for Covid-19 - interim
WHO solidarity trial results. N. Engl. J. Med. NEJMoa2023184 (2020).

32. Mangalmurti, N. & Hunter, C. A. Cytokine storms: understanding COVID-19.
Immunity 53, 19–25 (2020).

Clinical evidence of an interferon–glucocorticoid. . .
Lu et al.

10

Signal Transduction and Targeted Therapy           (2021) 6:107 

https://doi.org/10.1038/s41392-021-00496-5


33. Blanco-Melo, D. et al. Imbalanced host response to SARS-CoV-2 drives develop-
ment of COVID-19. Cell 181, 1036–1045.e1039 (2020).

34. Shang, L., Zhao, J., Hu, Y., Du, R. & Cao, B. On the use of corticosteroids for 2019-
nCoV pneumonia. Lancet 395, 683–684 (2020).

35. Cain, D. W. & Cidlowski, J. A. After 62 years of regulating immunity, dex-
amethasone meets COVID-19. Nat. Rev. Immunol. 20, 587–588 (2020).

36. Russell, C. D., Millar, J. E. & Baillie, J. K. Clinical evidence does not support corti-
costeroid treatment for 2019-nCoV lung injury. Lancet 395, 473–475 (2020).

37. Nuno, L. et al. Clinical course, severity and mortality in a cohort of patients with
COVID-19 with rheumatic diseases. Ann. Rheum. Dis. 79, 1659–1661 (2020).

38. Smolen, J. S. et al. EULAR recommendations for the management of rheumatoid
arthritis with synthetic and biological disease-modifying antirheumatic drugs:
2019 update. Ann. Rheum. Dis. 79, 685–699 (2020).

39. Chen, R. C. et al. Treatment of severe acute respiratory syndrome with glucos-
teroids: the Guangzhou experience. Chest 129, 1441–1452 (2006).

40. Jalkanen, J., Pettila, V., Huttunen, T., Hollmen, M. & Jalkanen, S. Glucocorticoids
inhibit type I IFN beta signaling and the upregulation of CD73 in human lung.
Intensive Care Med. 46, 1937–1940 (2020).

41. Ziegler, C. G. K. et al. SARS-CoV-2 receptor ACE2 is an interferon-stimulated gene
in human airway epithelial cells and is detected in specific cell subsets across
tissues. Cell 181, 1016–1035. e1019 (2020).

42. Onabajo, O. O. et al. Interferons and viruses induce a novel truncated ACE2
isoform and not the full-length SARS-CoV-2 receptor. Nat. Genet. 52, 1283–1293
(2020).

43. Ng, K. W. et al. Tissue-specific and interferon-inducible expression of nonfunc-
tional ACE2 through endogenous retroelement co-option. Nat. Genet. 52,
1294–1302 (2020).

44. Zhang L., et al. SARS-CoV-2 RNA reverse-transcribed and integrated into the
human genome. bioRxiv https://doi.org/10.1101/2020.12.12.422516 (2020).

45. Wang, X. et al. Limits of detection of 6 approved RT-PCR kits for the novel SARS-
Coronavirus-2 (SARS-CoV-2). Clin. Chem. 66, 977–979 (2020).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

This is a U.S. government work and not under copyright protection in the U.S.; foreign
copyright protection may apply 2021

Clinical evidence of an interferon–glucocorticoid. . .
Lu et al.

11

Signal Transduction and Targeted Therapy           (2021) 6:107 

https://doi.org/10.1101/2020.12.12.422516
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Clinical evidence of an interferon&#x02013;nobreakglucocorticoid therapeutic synergy in COVID-19
	Introduction
	Results
	Patient characteristics
	Treatment descriptions
	GC or IFN was not independently associated with COVID-19 recovery
	Early IFN therapy was associated with earlier recovery in GC users
	Early IFN therapy could reduce GC adverse effects on COVID-19 recovery
	Early co-administration of GC and IFN led to stronger synergy
	GC&#x02013;nobreakIFN synergy was GC dose-dependent

	Discussion
	Materials and methods
	Patients
	Exposure
	Outcomes
	Sample size
	Statistical analysis
	Reporting summary

	Supplementary information
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




