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MINI Section Mission

Clinical
Research

“The Metabolism, Infection and Immunity
(MINI) Section aims to define the risk factors
and mechanisms involved in infection-
related clinical decline in children with

. . . Mechanistic
mitochondrial disease.” Hypotheses




m NIH MINI Study: Metabolism, Infection
and Immunity (NcT01780168)

* Natural history study of infection
and immunity in children with MD
v" Infection history
v" Immune function
v’ Disability
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Viral infection and

mitochondrial disease
(MtD)

* Up to 80% of children with MtD experience
recurrent infections, mostly respiratory.
(Tarasenko et al., 2017)

* May cause metabolic decompensation

* Intercurrent infection is a leading cause of

episodic neurodegeneration in MtD. (edmonds et
al., 2002)




MtD and infection

* Intercurrent viral infection is a Normal
leading cause of development
metabolic decompensation in

M1tD patients
* Life-threatening
bioenergetic/organ failure

Stepwise decline in
age-appropriate skills
A 4

Skills

* Such systemic perturbations

exacerbate
disease progression

B
Episode of metabolic decompensation

»
L4

Time (years)

Tarasenko TN et al. (2017) Mol Genet Metab.; Gordon-Lipkin EM et al. (2022) Clin Transl Med.; Jameson et al. (2011) Paediatr Child Health m



Risk factors for adverse outcomes due to infection




Viral exposures via the AntiViral Antibody
Response Deconvolution Algorithm wonacetst, biok, 2018

Fam MtD Shared
Virus Number (%) P-value

Enterovirus B 9/39 (23%)  9/17 (53%) 0.06 5/17 (29%)
Rhinovirus A 12/39 (31%) 9/17 (53%) 0.14 3/17 (18%)
Enterovirus C  3/39 (7.7%) 8/17 (47%) 0.002 4/17 (24%)
Rhinovirus B 7/39 (18%) 5/17 (29%) 0.48 1/17 (5.9%)
Enterovirus A 4/39 (10%) 4/17 (24%) 0.23 2/17 (12%)
Influenza B virus  6/39 (15%) 4/17 (24%) 0.47 1/17 (5.9%)
Respiratory syncytial virus  6/39 (15%) 4/17 (24%) 0.47 3/17 (18%)
Enterovirus D 3/39 (7.7%) 3/17 (18%) 0.35 1/17 (5.9%)
Human mastadenovirus D  0/39 (0.0%) 3/17 (18%) 0.02 3/17 (18%)
SARS related coronavirus 3/39 (7.7%) 3/17 (18%) 0.35 1/17 (5.9%)

Gordon-Lipkin et al., Clin Trans Med, 2022
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What are viruses?

e Submicroscopic infectious
agents

* Infect all life forms
* Needs a living cell to replicate
 Core material of DNA or RNA
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How are viruses
transmitted?

Touch — e.g. SARS-Co-V2

Respiratory droplets — e.g. SARS-Co-V2,
influenza

Direct contact — e.g. Epstein-Barr virus, human
papilloma virus

Blood — e.g. HIV, Hepatitis C, Ebola

Contaminated food or water — e.g. Noroviruses

Insects — e.g. Zika (mosquitoes)

Childbirth — e.g. cytomegalovirus




Seasonal factors Host defense

Temperature Indoor environment Airway antiviral immune defense
Absolute humidity Temperature Replication conflict between viruses
Sunlight/vitamin D status Humidity (AH, RH) Efficiency of nasal and bronchial MCC

Air change rate

Viability of virus
Droplet dynamics
Droplet size and matrix

Factors that

Airborne (aerosol)

affect virus
transmission

Droplet spray and
direct contact

Indirect (fomite)

Contact rates

A
Y

Human behavior (setting/interaction)
Home, school, workplace, hospital Social behavior
Holidays and school openings Hygiene practice




Seasonality of respiratory viruses

Month June July Aug. Sep. Oct. ’ Nov.

Dec. Jan. Feb. Mar. ’ Apr. ’ May

Influenza virus

Winter virus HCoV

All-year virus Adenovirus/HBoV

Type-speciﬁc PIV3 PIV1

Sprlng hMPV

Sprlng/FaII Rhinovirus

Summer virus Non-rhinovirus enteroviruses

E oriyama M, et al. 202
R . Rev. Virol, 7:83-101



Number of Positive Specimens

Influenza Positive Tests Reported to CDC by U.S. Clinical Laboratories,
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Influenza Positive Tests Reported to CDC by U.S. Public Health Laboratories,
National Summary, 2023-2024 Season
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@A (HIN1)pdmO09
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mH3N2v .
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F LU V I E W Percent of Outpatient Visits for Respiratory lliness by Age Group

- - Reported by the U.S. Outpatient Influenza-like lliness Surveillance Network (ILINet)
LS ACELOC Weekly National Summary, 2023-24 Influenza Season through the Week Ending January 20, 2024
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FLUVIEW
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A Weekly Influenza Surveillance Report Prepared by the Influenza Division

Outpatient Respiratory lliness Activity Map Determined by Data Reported to ILINet

This system monitors visits for respiratory lliness that includes fever plus a cough or sore throat, also referred to as ILI,
not laboratory confirmed Influenza and may capture patient visits due to other respiratory pathogens that cause similar symptoms.

2023-24 Influenza Season Week 3 ending Jan 20, 2024
ILI Activity Level
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FLUVIEW
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Influenza-Associated Pediatric Deaths
by Week of Death, 2020-21 season to 2023-24 season
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STOP THE

PREAD

Take everyday preventive
actions to help stop the
spread of flu viruses!

A yearly flu vaccine is the first |
and most important step in '
protecting against flu viruses.

Influenza (or flu) is a contagious respiratory iliness caused by flu viruses. Most people with flu have
mild illness and do not need medical care or antiviral drugs. If you get flu symptoms, in most cases,
you should stay home and avoid contact with others except to get medical care

People who have flu often feel some or all of
these symptoms: Fever* or feeling
feverish/chills, cough, sore throat, runny or
stuffy nose, muscle or body aches, headaches,
fatigue {tiredness), Some people may have
vomiting and diarrhea. This is more common
In children,

* It's important to note that not everyone with
flu will have a fever.

IF'YOUR DOCTOR

o PRESCRIBES THEM!

Antiviral drugs can be used to treat flu lliness. Antiviral drugs can mako liness milder and shorten the time you are sick, They akso
can pravant sarious fla complications.

COC recommends that antiviral drugs be used early to treat people who are very sick with the flu and people who get flu symptoms
who ara at high risk of sertous flu complications, aithar bocause of their age or y hawe a high risk | 5

When you are sick, mit contact with othars as much as possible. Remamber to cover your nose and mauth with a tissue whan
you cough or sneeze, and throw tissues in the trash after you use them. Stay home for ot least 24 hours after your fever is gone
except 1o get medical care or for other ecessities.

betare e

*aur Exer shoold be gone for 24 hours withous the uss of a Sever-redugng medicrre

www.cdc.gov/flu/takingcare.htm W




Influenza

Influenza

* RNA virus

* Typed by surface proteins (e.g., HIN1, H3N2)
* Global public health burden

* Pandemics
e Systemic inflammation - MtD disease exacerbation

 Exacerbates CNS disease in Ndufs47/- mouse
* MSeizures
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Anatomy
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Infection

cycle of
influenza

Krammer, Nat Rev Immunol (2019)

\

. Release of incoming
. virus through NA
activity
[/5\’ %
A — - Viral egress
C%’\\" LD Immune respon A
: . ponse B
&, g\ to HA and NA
Sialylated Immune response to .
hostcell HA, NA and M2 proteins Qfﬁ )
receptor— Attachment M2 NA HA & .")
) - 000 FPFPPP? & il
& — N
Y Packaging | \
/ Post-translational ’msa
f processing ge
M1 Pol
Pi NP
rotein — Internal viral
translation proteins
Endocytosis NS1, NEP
<+ and
e — 3, mRNA G accessory
B 7 , \_ | Release of NN\ @ PIOLEIns
Acidification &9??\ ) viral genome u ge
[ Low mf = ™ ¢ SN T =
el =E—— -G WL e
\ @2{5\5/ H cRNA (+)
. »
. 1 Fusion and ;
X uncoating "
\ /

Sia!ic acid Cleavage of HA =
residue by host proteases | O\ (d)
W
Q

Immune response

to released

virus

progeny (HA and NA) |

Immune

\ | response to NP

\

| Potential
patches of NP

.~

{

\
\.

Internal viral
proteins shielded

from immune system

e
2 _/I

at cell surface

Immune response

to all viral proteins

Dead cell or
cell debris

» <71 GoPol ]
=0 | o

"\J—éf\):‘ aM1 |



Do children with MtD get
“sicker” during viral infection?

NNNNN
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Recurrent or severe infections
Upper RTI

Lower RTI

Otitis media

Sinusitis

Thrush

Dermatitis =62
uTl
Gl infection
Bacteremial/sepsis
Ig therapy
0 20 40 60 80 100
% Positive

NHGRI

4+ Otitis medial/year-

2+ Sinus infections/year-

2+ Months antibiotics—

2+ Pneumonialyear-
Deep abscess-

Fungal infection -

2+ Deep seated infections-
Antibiotic prophylaxis-

IV antibiotics=

ICU admission+

Delayed recovery from infection

Family history of PID+

Immunodeficiency diagnosis-

Immunologic evaluation-

Immunoglobulin therapy-
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Ndufs4 KO mouse model of LS

* NADH:ubiquinone S, 100y NAUISH(KO)
oxidoreductase core subunit S4  outermembr §
(Ndufs4) O 75-
Intermembrat o\o
. space ~—
* Homozygotes (Ndufs47/") display > 50-
severe phenotype e
* Transient alopecia (P16-35) S 0o .
 Natural death ~P60 m?r?xho"d"ai
00— 50 75
* Recapitulate characteristics of - hAg_e (day3 |
- acnexia = asping
the human MtD LS Ataxia= Circling == Death

Kruse SE et al. (2008) Cell Metab.; Avrutsky Ml et al. (2022) Transl Vis Sci Technol.; Stokes JC et al. (2022) JCI Insight.
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Influenza A virus (IAV) infection model

Animal baskets

Nelpgizepost-infection

chamber

Whole-body inhalation
exposure system

JinZ et al. (2014) Cell Metab.



Aweight (%)

|AV-infected Ndufs4 KO mice exhibit
increased weight loss and lung viral load
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Cytokine storm is prominent in IAV-infected

Ndufs4 KO mice

N
o
|

*kkk

o)
|

*ekkk

Fold change (Ndufs4 KO:WT)
(@)
]

4 = wx *
*%k T
*% ekk
2= [T
I"IJI-
RAR 2O OO NS S
gé \@ NIRRT VR Q7 ‘gc? &

> he &

Yes, Ndufs4 KO mice do
become “sicker” during viral
infection



What are the mechanisms of
enhanced viral load?

NHGRI



Viruses induce metabolic reprogramming in
infected host cells

* Enhanced glycolytic e @
rate in infected cells [ o%__ . gl m il
* Intrinsic host factor p e*"""":» - o O
. . MR WS Lo GI \ g"%o%a%% y %%e
for optimal viral .~ 00, 3, r = fo T
. . oa” — o Nduf ‘
replication be” o L el RO
. . Increasgpi?a%ucose E 300 - ) :‘;‘:\fe
 Shift host metabolic | £ =
. : o\, ’\ 5. 200
intermediates to PN NE fon
. . . ncrease o ycolysis m 1 00 - %
nucleotide biosynthesis <
\ u 0 ' J 1script
s 0 20 T
What treatment could e

limit viral replication?

Goyal P et al. (2023) Mol Cell Biochem. m



DCA treatment abrogates IAV replication
and cytokine storm in Ndufs4 KO mice

DCA Glucose
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In vivo summary

M lung viral load

Cytokine storm Metabolic
*Lower threshold in MtD decompensation

Guo et al. (2017) Semin Immunopathol.; Fajgenbaum DC et al. (2020) N Engl J Med.; *Jestin M et al. (2020) Mol Metab.



How can M glycolysis facilitate
increased viral load ?

NHGRI



|AV-infected Ndufs4 KO LET1 epithelial cells
demonstrate increased viral load

* LET1 cell line
* Murine lung epithelial type |

IAV NS1
Ak
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O 4n_
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Overview of the IAV life cycle

* Viral life cycle

(1) Attachment

(2 - 4) Entry/fusion

(5) Nuclear import

(6) Transcription

(7) Replication

(8 - 10) Virion assembly
(11) Virion release

Chauhan RP and Gordon ML. (2022) Virus Genes
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Overview of the IAV life cycle

* Viral life cycle
* *(1) Attachment

Chauhan RP and Gordon ML. (2022) Virus Genes

(1) ‘HA Binding" 4 Endocytosis
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Understanding Influenza (Flu) Infection: "
An InfluenzaVirus Binds to a Respiratory Tract Cell B2 e =

o Influenza virus e

Sialic acid 4

® /° Hemagglutinin .”

| protein

& ’ ‘.
y } ‘
! |
Neuraminidase ., X = :
protein N gt L, urface o
y G T T respiratory
, } 4 zady MR ¢ INa Yy o tract cell
e L T {' (lipid bi-layer)
;’i-."; — _." ) ’\*Q«r‘w \:;@9 AR "«*:‘:‘ "% : e
v""f“»??‘v%.«?é‘%f';» ”?v ,""""?w Vi
firil 5 R ‘f’ i A f.fif! f
ciycoprotein 00 (LU UMAYH: Wbl L

After influenza viruses enter the human body, they attach to cells within
the nasal passages and throat (i.e., the respiratory tract). The hemagglutinin (HA) surface proteins of the influenza virus bind to the sialic acid receptors
on the surface of a human cell like a key to a lock. The influenza virus is then able to enter and infect the cell. This marks the beginning of a flu infection.




Preliminary data suggests enhanced 1AV
attachment in Ndufs4 KO LET1

* |AV HA binding/attachment

* Occurs within ~¥10 min
* Nuclear import within ~1 hr

AV NS1 AV NS1
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Ndufs4 KO LET1 epithelial cells demonstrate
increased sialylation

* JAV attachment is in large part

dependent upon a2,3-sialylation MAA lectin
of cellular glycans i
t 3 Kk kK
* Increase in SNA lectin binding to 200007 r e Non-Treated
Ndufs4 KO LET1 oo | LT Condomn
* Global sialylation L 10000- 2
* Increase in MAA lectin binding 50007 ﬂ ﬂ
to Ndufs4 KO LET1 . x

* Specific a2,3-sialylation



In vitro mechanism summary (thus far)

* Enhanced IAV binding/
attachment appears to be a
contributing factor to viral
infection advantage in Ndufs4

KO model

e Literature suggests that

enhanced glycolysis contributes

to increased viral transcription What if X31 IAV.has a
and replication “compounded” infection

advantage in Ndufs4 KO?

https://www.nih.gov/news-events/nih-research-matters/sugars-cell-surface-are-key-flu-infections



Influenza A virus

DAS181 (Fludase®)
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Tamiflu is FDA Tamiflu s the only prescription  © ACCORDING TO THE CDC,
approved (/] - oral antiviral medicine +  CLINICAL STUDIES OF VIRUSES CAUSING FLU

Tep (N[ P2} ¢ approved to treat a wide * DURING THE LAST THREE SEASONS
. range of ages, from patients © (2010-11,2011-12, 2012-13) HAVE SHOW

’ LOW RATES OF
& (@) TWOWEEKS OF - pecicTaNGE To

0:
|
= o / *Tamiflu has been studied only in strains = " TAM I FLU *
o & = 1 "
= of influenza that were circulating at the ' TH OSE 65 + .
; ;
Jd v . .

time of the clinical studies conducted to *These low rates of resistance do not imply that the use of Tamiflu
support FDA approval will have a positive outcome for any particular patient.

Tt 4 AVAILABLE IN CAPSULES N
AND ALIQUID FORMULA et {\
| ©)DAYS ) ©

i (ORAL SUSPENSION)

TAMIFLU HELPS BLOCK THE 48 HRS
VIRUS' ABILITY TO REPLICATE -}I{--B*E (ur FLUSYMPTOM unszr

INTHEBODY 7%




Summary

* Influenza remains a major threat to children with MtD

* Mouse model of Leigh syndrome gets sicker during
infection

. :_un s from Leigh syndrome mice contains higher viral
oads

* Respiratory epithelial cells with MtD may be “stickier” for
influenzas virus (more receptors)

 Tamiflu can help interupt the viral life cycle and reduce
morbidity

41
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