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Epidemiological factors associated with fatal COVID-19

COVID-19 median of the infection fatality rate by age
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Total deaths > 6 million

O’Driscoll et al., Nature, 2020

COVID-19 death hazard ratios
(study on 17 million individuals)

Age group

18-39 <<< HR = 0.06 (0.04-0.08)

40-49 —e— H
50-59 (ref) ]
60-69 H
70-79

B0+

Sex ;
Female (ref) ]
Male : o
Obesity :
Not obese (ref)
Obese (:Ia_m II o]
Obese class i
Obese class Il : e
Smoking status i
'l:_Jever (ref) ¢ H

ormer H
llurrel':wt |-.-|
Ethnicity :
White (ref) ]
Mixed : —e—
South Asian H |-.-|
Black : I—w
Other H
Deprivation (IMD) quintile :
1 (least deprived; ref) [

2 :
3 :
4 :
5 (most deprived) H &

Diabetes

No diabetes (ref)

Control |§d° HbAlc < 58 mmol mol- 1) ¢ o]
Uncontrolled (HbA1c = 58 mmol mol) H
Unknown HbA1c H

Cancer (non-haematological) ‘
Never (ref)
Diagnosed <1 year ago : I—.—|

Diagnosed 1—4 9 years ago
Diagnosed 5+ y c’lr ago |'.'|

Stroke or dementia ol

Other neurological disease & 3

Organ transplant —e—
Asplenia I-—Q—|

Rheumatoid arthritis, lupus or psoriasis e

Other immunosuppressive condition —e—

| I | | |
0.25 0.5 1 2 5

Hazard ratio

Williamson et al.,

Nature, 2020



>400 participating centers worldwide
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>13,000 patients recruited

Could some inborn errors of immunity underlie life-threatening COVID-19?



Type | IFNs

Type I: IFN-0is (13 types) Type II: IFN-y Type lIl: IFN-As (3 types)
Virus interference. 1. The interferon B/o/w/e

1957

By A, Isaacs avo J, LixDENMaNx®

IFNGRI

Nalwenal Institute for Medical Research, London

The 17 type 1 IFNs (13 IFN-a , IFN-w, IFN-B, IFN-g, IFN-K)
all bind to the IFNAR1/2 receptors

Genetic defects in the pathway
cause severe viral infections

Nucleus

Branca and Baglioni, Nature, 1981
Novick & Cohen, Cell, 1994

Meager et al., The interferons, 2006
Borden et al., Nat Drug Discov, 2007
Hoffmann et al., Trends Immonol, 2015
Lazear et al., Immunity, 2019




Impaired type | IFN immunity in patients with life-threatening COVID-19 pneumonia

SARS-CoV-2
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AR IFNAR1 deficiency in adults with critical COVID-19,

TLR7 Y- in >1% of men < 60 yrs with critical C-19

>10% of children with COVID-19 pneumonia have AR IEls

Could other type | IFN deficiencies also underlie life-threatening COVID-19?

Zhang et al., Science, 2020
Asano et al., Science Immunol, 2021
Zhang et al., JEM, 2022



Auto-immune phenocopies of inborn errors of cytokine immunity

s 24 4 Anti-IFN-y Anti-IL-6
Mycobacterial disease N/ auto-Abs  auto-Abs

Auto-Antibodies (Abs) to IFN-y (2003-) | IFN-yR1 // \\\;J/ /

Inborn errors of IFN-y (IFNG, IFNGR1, IFNGR2) (1996-)

'FN “YR2 IFN v L6
Phagocytes Mucosal
Mucocutaneous candidiasis epithelial cells
Auto-Abs to IL-17A and IL-17F (2010-)
Inborn errors of IL-17 (IL17F, IL17RA, IL17RC) (2011-)
IFN-a/B/w T cells IL 17A/F
o)
Staphylococcal disease Vi /) W\K ,_)
Auto-Abs to IL-6 (2008-) / é//A N \ "’o
Inborn errors of IL-6 (IL6R) (2019-) \‘\V,/\ ./ " e AT:,E g An;::t"c; 2\7b§/F ~
s 4 iy
Respiratory Mucosal
epithelial cells epithelial cells

Anti-cytokine auto-Abs are usually genetically driven: ﬂ
= AIRE deficiency (APS-1): auto-Abs to IL-17A/F RN e
— HLA-DRB1*16:02 and DRB1*15:02: auto-Abs to IFN-y

Could auto-Abs to type | IFNs underlie life-threatening COVID-19?
Reviewed in Puel & al., JEM, 2022



Fluorescence intensity (103)

Auto-antibodies neutralizing type | IFNs in >10% of patients
with life-threatening COVID-19

Multiplex Anti-type | IFN auto-Abs
N total positive p-value
N %
. . Life-threatening COVID-19 987 101 10.2
; Asymptomatic infection 663 0 0 p <1016
- ! Healthy controls 1224 4 0.3 p<1016

- Auto-Abs can block the protective effect of type | IFNs

S L S L. S5 &
T ¥ T v S v e
& N & S & S - Auto-Abs found before infection in all cases tested
Life-threatening Asymptomatic Healthy - Most patients with auto-Abs are men
COVID-19 infected controls

- Most are > 65 years of age

Replicated world-wide

Bastard et al., Science, 2020
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The auto-Abs block the protective effect of IFN-a treatment against SARS-CoV-2

809 48h of viral infection B
” in presence of IFN-a2 s Healthy controls
S
z 60+ —e—
N8 e
§ = —o— | Life-threatening
a5 407 qee COVID-19
g T —o— | and neutralizing
b )
& L IFN-02
2 20+ auto-Abs
o ——
iyt —o— Anti-IFN-a2 mAb

108 107 106 105 104 103 102
Plasma or Ab dilution
Rice lab

Auto-Abs to type | IFNs, even diluted 1:1,000 times, block the protective effect of IFN-a2 against SARS-CoV-2

What is the epidemiology of auto-Abs to type | IFNs in the general population ?



Proportion of
positive individuals in the
general population (%)

Increased prevalence of auto Abs neutralizing 10 ng/ml of IFN-a2 and/or IFN-w
in subjects older than 65 years

> 34,000 individuals

Neutralization of IFN-a2 and/or IFN-w ] Neutralization of IFN-a2 and/or IFN-w —e— Men
5. (10 ng/ml) 9 _ 5 (10 ng/ml) A
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Risk of critical COVID-19 conferred by these auto-Abs is extremely high

Bastard et al., Science Immunology, 2021



Risk of critical COVID-19 pneumonia in patients with neutralizing auto-Abs
when compared with that of asymptomatic/mild infection

Proportion of
critical patients
with auto-Abs P-value

Anti-IFN-a and anti-IFN-w auto-Abs (10 ng/mL)— ® : 5.6% 7.8x1074
Anti-IFN-a and/or anti-IFN-w auto-Abs (10 ng/mL)- —@— 9.8% <107
Anti-IFN-a auto-Abs only (10 ng/mL)— ® ! 3.4% 1.8.x107°
Anti-IFN-w auto-Abs only (10 ng/mL)- .—.—. 0.8% 0.057
Anti-IFN-a and anti-IFN-w auto-Abs (100 pg/mL)- ® ! 7.1% <10
Anti-IFN-a and/or anti-IFN-w auto-Abs (100 pg/mL)— . 13.6% <107
Anti-IFN-a auto-Abs only (100 pg/mL)— —— 2.9% 2.8x107°
Anti-IFN-w auto-Abs only (100 pg/mL)— —@— 3.6% 3.9x 1071
Anti-IFN-B auto-Abs (10 ng/mL) — o— 1.3% 1.7x10°3
Anti-IFN-B auto-Abs only (10 ng/mL) - ® : 0.96% 0.043
0.1 1 10 100 1,000 10,000

OR [95% Cl]

Can these auto-Abs lead to severe disease despite vaccination ?



Mean fluorescence intensity

Hypoxemic breakthrough COVID-19 pneumonia in patients with
good serological response but auto-Abs to type | IFNs
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Bastard et al., Science Immunology, 2022



RLA ratio (ISRE Firefly activity

normalized to Renilla)

Type | IFN neutralization
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in patients with auto-Abs neutralizing type | IFNs
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Auto-Abs to type | IFNs underlie about 20% of hypoxemic breakthrough COVID-19 infections

Bastard et al., Science Immunology, 2022



"Among the 4.4 million COVID-19 deaths reported in the MPIDR
COVerAGE database, 0.4 per cent (over 17,200) occured in children
and adolescents under 20 years of age"
(Unicef)

Can children also suffer from
severe COVID-19 pneumonia because of auto-Abs to type | IFNs ?



APS-1 patients have pre-existing auto-Abs to type | IFNs .
and are at high risk of severe COVID-19 B nemediae

[] Negative

ELISA

IFN-a1/13
IFN-a2
IFN-a4
IFN-a5
IFN-a6
IFN-a7
IFN-a8

Critical COVID-19 pneumonia
APS-1 (AIRE'"), 16-year-old
ICU for respiratory distress

IFN-a10
IFN-a14
IFN-al16
IFN-a17

IFN-a21
IFN-w
[ = e
IFN-k
IFN-€
22 APS-1 patients infected with SARS-CoV-2: Out of 22 international patients g %f? §
o From 7 countries o 86% severe pneumonia é?g? EE
o 8to48yearsold o 68%inlICU 575 5
o 4 deaths
o All have auto-Abs to type | IFNs o 2 asymptomatic
since early childhood 4 others without severe disease in Germany
2 Brazilian patients diagnosed with APS-1 after severe COVID-19
What about children without APS-1 ? Meisel et al., JCI, 2021

Bastard et al., JEM-b, 2021



RLA ratio (ISRE Firefly activity

normalized to Renilla)

Auto-Abs against type | IFNs in children with hypoxemic COVID-19 pneumonia

Type | IFN neutralization Neutralization of
1,000 10 ng/mL, 1/10 plasma IFN-a2 and/or IFN-w
° (Luciferase)
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(n=136) (n=40) covib-19
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7 (3.7%) children neutralize 10ng/mL of type | IFNs
12 (6.4%) children neutralize only 100pg/mL of type | IFNs

10% of children with COVID-19 pneumonia have auto-Abs neutralizing type | IFNs
What are the characteristics of auto-Abs to type I IFNs in children ?

Bastard et al., In preparation



RLATratio
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Auto-Abs to IFN-a2 neutralize the 13 IFN-a
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—
IFN-a17 1 —
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IFNb — 13 IFN-a
IFN-02 (regular)
IFN-w

Phylogenetic tree of type | IFNs

Auto-Abs to IFN-a2 neutralize the 13 closely related IFN-a’s,
while auto-Abs to IFN-w do not, at the concentrations tested



Children with auto-Abs to type | IFNs have been exposed to common pathogens

Adj. Sp_Score

Human herpesvirus 4 - - - l -

Human herpesvirus 1 - 0-01
Human herpesvirus 5 - || 0.1— 1
Human herpesvirus 6B - {—3
Human parainfluenza virus 3 - W2-4
Alphapapillomavirus 9 - B =4
Human metapneumovirus -
Alphapapillomavirus 2 -
Human herpesvirus 7 -
Mycoplasma pneumoniae -
Human parvovirus B19 -
Human respiratory syncytial virus -
Human adenovirus C -
Enterovirus B
Enterovirus A -
Staphylococcus aureus -
Streptococcus pneumoniae -
Rhinovirus A -
Rhinovirus B -

Species

RF_Type

T8
c:l B Significant
& Detected
(7))

0.0 | | I | | | 1 1 1 | I 1

Mock  CTLRs Auto-Ab positive children
(n=8)

What is the prevalence in children from the general population?



RLA ratio (ISRE Firefly activity

1,000

normalized to Renilla)

100

[
o

Auto-Abs against type | IFNs in healthy uninfected children

> 2,000 healthy children
From Spain, Belgium, Canada, Estonia and Pakistan

Type | IFN neutralization

10 ng/mL, 1/10 plasma Neutralization of
(Luciferase) IFN-a2 and/or IFN-w

(10 ng/mL)
5_ 1/10 plasma dilution

Neutralizing

—

Anti-type | IFN auto-Ab positive
healthy children (%)

1 /\
0 /\—
o > &

QR Y Y
¢ AR

Age (years)

. R X
N QO \3
o s

Healthy children
(n=2,053) . .
In children from the general population:

8 (0.36%) neutralize 10 ng/mL of IFN-a.2, IFN-® and/or IFN-B, and 2% neutralize 100pg/mL of IFN-a2 or IFN-®

What is the risk of severe COVID-19 pneumonia in children with auto-Abs to type | IFNs ? .
Bastard et al., In preparation



Risk of life-threatening COVID-19 pneumonia in children with neutralizing auto-Abs

Proportion of
pediatric patients
with auto-Abs  P-value

Anti-IFN-a and anti-IFN-w auto-Abs (10 ng/mL) = o 5.3x10°°
Anti-IFN-a and/or anti-IFN-w auto-Abs (10 ng/mL) = —e— 2.2x10°°
Anti-IFN-a auto-Abs (10 ng/mL) = o 3.2% 1.7 x10-¢
Anti-IFN-B auto-Abs (10 ng/mL) = B 1% 1.8x10-3
Anti-IFN-w auto-Abs (10 ng/mL) = e 2.6% 3.4x 104
Anti-IFN-a and anti-IFN-w auto-Abs (100 pg/mL) = o 7.4x10+*
Anti-IFN-a and/or anti-IFN-w auto-Abs (100 pg/mL) = Heo— <1013
Anti-IFN-a auto-Abs (100 pg/mL) - X 5.4% 1.2 x 109
Anti-IFN-w auto-Abs (100 pg/mL) = o 8.6% 1x10°%7
T T T T T T T T T T T T T T
0.1 1 10 100 1,000

OR [95% Cl]

Can auto-Abs to type | IFNs underlie other viral diseases?



0.D. 405 nm

Auto-Abs to type | IFNs and adverse reactions to YFV vaccine

Risk groups of adverse reactions to the YFV vaccine:
(Seligman, Vaccine, 2014)

Men > 55 years old

Young women

SLE patients

Thymectomy (because of thymomal)

2 young siblings with Addison’s disease

ELISA

® P2
P3
o P4
Healthy controls

Y e —

IFN-a2 IFN-w

125 =

YFV
positive Huh7.5 cells (%)

106

=» Auto-Abs to type | IFNs

.72h of viral infection YFV patients,
in presence of IFN-a2 ° auto-Abs neg

—o— P2 (YFV and auto-Abs pos)

—— P3 (YFV and auto-Abs pos)

—g— Anti-IFN-a2 mAb

10° 104 103 102

Plasma or Ab dilution

Rice lab

Auto-Abs to type | IFNs underlie over a third of adverse events

to live attenuated YFV vaccine

= And flu ?!

Bastard et al., JEM-a, 2021



Influenza pandemics and epidemics

Estimated U.S. Influenza Burden, By Season (2010 - 2020)
. Deaths 52,000
T 710,000
B Hospitalizations
llinesses - 20,000
43,000 g F 380,000
570,000 51000 380,000
38,000 290,000 30,000
350,000 ’ 500,000
23,000
I 37,000 280,000
290,000
12,000
A 116000
21,000,000 9,300,000 34,000,000 30,000,000 30,000,000 24,000,000 29,000,000 41,000,000 29,000,000 35,000,000
2010-2011 2011-2012 2012-2013 2013-2014 2014-2015 2015-2016 2016-2017 2017-2018 2018-2019 2019-2020*
*Estimates for the 2019-2020 flu season are preliminary and subject to change as more data are collected.

Increased risk of severe influenza in the elderly

Can auto-Abs to type | IFNs underlie severe influenza pneumonia?

Influenza division, Center for Disease Control
Otis Historical Archives National Museum of Health & Medicine



Auto-Abs to type | IFNs underlie critical influenza pneumonia

Type | IFN neutralization (luciferase assay)

Auto-Ab positive patients

. . with critical influenza
e3, 53 o°° * Critical
®.® % 98 . i
. i i .~ S T VO N .:2- Mid 270 ; Male
s 88 . o Female
. : 8 . RR-R W 2 [50,70)-
-
T T T T T T T ] % [30, 50) -
o0 *® g’
es 3 Neutralizing < [16,30)7
;ll g o _ ———
1 1 1 1 1 1 1 1 1 1

IFN-a IFN-w IFN-B IFN-a IFN-w IFN-a IFN-w IFN-B IFN-a IFN-w
10ng/mL 100pg/mL 10ng/mL 100pg/mL

Number of patients

3 children
including 1 child with

hypomorphic RAG1 deficiency

Auto-Abs to type | IFNs can cause hypoxemic influenza pneumonia

Zhang et al., J Ex Med, 2022



Auto-antibodies to type | IFN immunity and immune dysregulation in critical COVID-19 (and beyond)

Step 1 Step 2

TLR? IRF7 PN
.-s @ \\ ’/( O 09 :
@‘ co S @ -

= — % &
gﬂ-ﬂ IFNAR1 IFNAR2 e

IRF3

’ ISGs

IRF7

Inadequate type | IFN activity
caused by IEls or auto-antibodies

Lung epithelial damage, leukocyte
infiltration and cytokine storm

Zhang et al., Nature, 2022

AFARAPA

- Life-threatening

IS

Defective type | IFN immunity to SARS-CoV-2

R
#ik A A

Bastard et al., Curr Op Immunol., 2022

Biological implications:
- COVID-19: auto-immunity to intrinsic immunity
- Could explain the increased risk in the elderly

- But also some of the severe pediatric cases

Clinical implications:

Diagnosis & screening (ELISA)
Prevention: vaccination & boosters !
Treatment: IFN-, mAbs, antivirals, Ab depletion

Many remaining questions:

- Other viral infections?

- When to detect in children ?

- Other auto-immune diseases?

- What about in some malignancies?

- Specific treatments for the patients?

- Causes of the auto-Abs to type | IFNs?
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