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Long COVID - 6-years on and
counting

* An enduring, persistent, disabling healthcare
burden: some recover (perhaps 50%), some
adapt and resume prior lifestyle, some do not
recover or even worsen

* How to decode these pathophysiological
nathways

* How to inform clinical trial strategies




The Long Covid global health challenge in context

From: Long COVID science, research and policy

Cumulative global incidence of long COVID

409

- Impact on global economies:

300

Lost GDP 0.5-2.3%
 Lost workforce 3%
- Annual economic impact $1 trillion

Cumulative long COVID cases (millions)

2020 2021 2022 2023
Year From: Al-Aly, Z. et al, Nat Med., 2024




The challenge to our
understanding of
underlying mechanisms
when the UK has added
>600,000 to Long Covid
caseload during
breakthrough cases of a
‘mild variant’in a
predominantly triple-
vaccinated population

Number of People Living with Self-Reported Long Covid
in the UK by Variant Type: Apr 4 - May 1, 2022

(Source: ONS Prevalence of ongoing symptoms following coronavirus (COVID-19) infection in the UK Reports)

2,000,000
1,800,000
1,600,000
1,400,000
1,200,000
1,000,000

800,000

600,000 m

400,000

200,000
0

Pre-Alpha Alpha Delta

Thanks to Bob Hawkins for the chart

https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/datasets/alldatarelatingtoprevalenceofongoingsymptor
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Chronic viralinfections are ubiquitous in humans, with individuals carrying multiple
viruses that can reactivate during physiological stress, including severe illness'.
Notably, SARS-CoV-2infection has been shown to reactivate chronic viruses such

as Epstein-Barr virus and cytomegalovirus, yet the full extent, temporal dynamics
and immunological impact of viral reactivation in COVID-19 remain incompletely
understood””. Here, leveraging multi-omic longitudinal data from 1,154 hospitalized
patients with COVID-19 from the Immunophenotyping Assessmentina COVID-19
Cohort (IMPACC) study, we reveal significant reactivation of Herpesviridae and
Anelloviridae during acute COVID-19, with distinct temporal dynamics for different
viruses, and demonstrate that reactivation correlates with disease severity, host
immune effects and clinical outcomes. Although our results do not establish
causation between virus reactivation and clinical outcomes, we highlight the
prevalence of chronic viral reactivation during acute COVID-19 and long COVID.
Our findings challenge the prevailing view that chronic viral reactivation is primarily
aconsequence ofimmunosuppression, demonstrating that reactivations occur
frequently inimmunocompetentindividuals during severe illness and in association
with increased systemic inflammation. Additionally, we demonstrate persistence
of'viral reactivation in convalescence, and report an association of Anelloviridae
with long COVID. This study provides immune, transcriptomic and metabolomic
signatures of viral reactivation that could inform future strategies to prognosticate
and treat acute COVID-19 and long COVID.
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COVID can wake up a slew of
dormant viruses inside you

yp! ly har uses, in particular, seems to be linked with
developing long COVID, study finds.

By Max Kozlov
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COVID-19 can wake up dormant viruses in the body,
large study confirms

Virus reactivations by SARS-CoV-2 could worsen initial symptoms and increase risk of Long Covid




Herpesvirus reactivation — supporting evidence

Supportive of EBV Study cohort Reference
involvement

EBV parameter

Ab to: EA-D, VCA, Ab signal for EBV reactivation  Strong 30xLC; 20xfully recovered Gold etal., 2021
EBNA-1 strongly enhanced in LC group;

EA-D Ab response correlated

with symptom count

Ab to: EA-D, EBNA-1; Ab signal for EBV reactivation  Strong (with the caveat that Cohort: 249 post-acute Pelusoetal.,
FER R ENAATERGET B associated with LC fatigue and  this is early LC/post-acute ~ COVID-19 at 4-months 2021
neurocognitive symptoms. No infection)

association with EBV viral load

Ab to: EA-D, EBNA-1, EBV reactivation Ab signal Strong (with the caveatthat Cohort: 280 post-acute Pelusoetal.,
CcMV associated with fatigue, OR 2.1 this is early LC/post-acute ~ COVID-19 2022
infection)
A EL WA NG Increased Ab reactivity to Strong Cohort: 273 Kleinetal., 2023
EFCIL G S A PRIV VA ytic/structural antigens,
arguing for reactivation
T cell tetramer Significantly increased Strong LC;56; Control: 20

frequencies for EBV populations of EBV lytic
proteome epitopes antigen-specific
CD69+CD137+T cells,
indicating recent activation

HENNEN AU IRGEG I Potential prognostic marker of  Of interest but with caveats: Acute, 15t wave, severe

subsequent Long Covid possible relevance to Long COVID-19, 3-month follow-
Covid predictive value of
EBV viral load at acute
infection




This protracted timecourse was
predictable from prior experience with
the very similar Long-SARS in 2003-
2004. A 20-year perspective:

“None of our 50 patients got their old life back with time and treatment.
Some were never able to return to work. Some had a trial of return to work
and failed. Some had a trial of return to modified work, which then failed.
Some had seniority to move to an easier position at work, which then failed.
Some returned to being able to look after themselves completely, but could
not return to work or sports”

John Patcai, Department of Medicine, University of
Oxford Open Immunology 2022; 3, 1gac0022
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The WILCO Study -
‘Working out the
Immunology of
Long Covid’

Immunology Research
into COVID-19 and Long
Covid

Imperial College London IRAS ID:
295732

We're trying to understand why some people make a full recovery after
COVID-19 while others go on to develop long-term symptoms. To do this, we
are looking for volunteers to help us do research into the immune response
following infection.

We are looking for people in any of these groups:
o Never had COVID-19 but have received COVID-19 vaccine doses

o Had COVID-19 and made a full recovery within 4-weeks (and may
have since received vaccine doses)

o Had COVID-19 and have since suffered from the long-term
symptoms described as Long Covid. These may include fatigue,
‘brain-fog’, exhaustion on walking, breathlessness, chest pain.

What the study involves - we would email you a short questionnaire and ask you to return it to
us for analysis. We will then invite people showing specific sets of symptoms to pay a visit to
the hospital where we will take a small blood test, about the size of an egg-cup of blood. This
will be taken to our lab for analysis of immunity to the virus and other features of immune
function. We may invite you for a repeat test around 4-months later. We may also ask you to
do a ‘6-minute walk test’ and donate a stool sample.

If you might be interested in taking part please contact the investigator,

Prof Danny Altmann: altmannlongcovidstudy@imperial.ac.uk




Adult WILCO consort diagram

969 participants completed questionnaire between 32 participants excluded due to unclear infection history
April 2022 and January 2024 3 participants excluded as infection less than 4 weeks prior

15t WILCO participant, ICTEN

Hammersmith Hospital R
Uninfected Fully recovered Long Covid Visit 1 blood samples collected between July 2022
S
n=90 n=111 n=733 and February 2024
Follow-up questionnaires completed between l

January 2024 and June 2024

Uninfected Fully recovered Long Covid
n=38 n=>52 n=221

Uninfected Fully recovered Long Covid Visit 2 blood samples collected between January
n=16 n=47 n=2342 > 2024 and December 2024

[ New infection since 15t questionnaire ]
n=35

Uninfected Fully recovered Long Covid
n=3 n=21 n=283

New infection since 15t blood visit
n=8




Adult WILCO participant characteristics at Q1

BMI inati
Gender Waccination status
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Severity of acute SARS-CoV-2 infection linked to LC

irrespective of infecting VOC Wuhanwave
1
Hospitalised : E é'
0, I
100% | B 1 || :
1 1 1 |
1 1 1 !
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: : : i p <0.05
. . , | -® FALSE
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Some persistent symptoms more common in women

Female

Male

of study group

Ed

% of study group

% of Long Covid group with each persistent symptom at 1st questionnaire - FEMALE
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By Q2 women had significantly more
nausea, tachycardia, palpitations and
low systolic BP (<100mmHg) while
men had more sleep apnoea

Persistent symptoms at Q2
Male vs Female

Changes.in.mentruation.F.ONLY.

Nausea —.—
Tachycardia. heartrate. more than. 120.bpm. ——
Palpitations ——
Abnormaly low Blood pressure. upper. number less. than. 100mm. —_——
Sleep.apnoea
Agression
Dizziness —_——
Imitabilty
Hairloss —_—

Unpublished data - please do not photograph or
share

Persistent symptoms at Q1
Male vs Female (without menstruation

Hairloss —+————8——— t
Sore.thraat ——— 4
Tachycardia. heart rate. more than 120.bpm ——— }
Palpitations ——— H
Woken by.coughing  #——————— @t !
Nausea —_—
Breathisssness —_—
Pins.and necdles —_—
Difficulty processing what peaple are.saying —_—
Agression V ———
Buming.or tingling.skin —_—
Cough —_——
Fever —_—
Purple.red or. brawn.spots.on. the.skin —_——
Tearfulness —_—
Abnormally.low.blood.pressure..upper.number.less. than. 100mm. —_——
Rash —_—
Sleap.apnoea | ——
Coldness —
Difficulty. communicating.inwrting ——
Nightmares ——
Pain burning chest —
Bradycardia. neart rate Jess than 60.bpm —_—
Depression | ——
Ghange in.appetite —
Difficulty. word.finding —
Woken by.breathlessness.or.pain —_——
Sneezing —_—
Change inability.to.smell —
Joint.pain —_——
Elevated mood | —_——
Dizziness —_—
Difficulty. communiating.verbally —_—
‘Shorlterm.memary.Joss —_—
Eupheria ————
Runny.nose

Sense.of.doom

Muscle.aches.in.general

BH-adjusted
Vivid.dreams p<005
Delusions - FALSE
Numbress or.weakness * TRUE

Fatigue

Acting.on.mpuise

Difficulty processing writien toxt
Rattling breath. wheeze

Mood swings

Night sweats

Tremors.or vibrations
Tighiness of chest

Irritability

Suicidal feelings
Headaches.or migraines
Change.in.ability.to.taste

Constipations

Long.term memory.oss
Hearing loss.on right side

Insomnia

Pealing skin

COVID.toes.. discoloured. painful or.swollen
Change.in.eye.sight
Forgetting.routine.tasks

Difficulty.controling emotions

Difficutty controlling.behaviour
Electric.shock sensation

Saying unrecognisable words

Tinnitug

Hearing lass.on left sicd

Faintin

Facial paralys|

Vomitin

Acid reflu

Apatny

Diarthoea

Brain fog

Blood.clots

Abnormally. high. blood pressure. upper. number.grealer.than. 140mm.



Delta Omicron

<0.0001
0.0029

by infection wave
<0.0001
Infection wave

Wuhan Alpha

Number of symptoms reported

ing the Wuhan

papodel swopdwis Jo sequny

N Female

o
[}
=

infection dur
wave compared to Delta and Omicron

waves.

2

0‘2‘

4

o
o
Infection wave

&
CoV-

More persistent symptoms following

Sex split across the different waves
SARS-

dnowb poyoo jo sbejusassd

and
ayesight
and
opesight
and
eyesioht

Hairand Hearing Other

skin
skin
skin

Hairand Hearing Other

foinis
foints

oints

Nervesand  Camovascular Gestminiestnel  Respiralory  Muscloand Harand Hearng Other

sensation

Nerves and  Gardiovasoular Gastroiniestnal  Respratory  Muscle and

sensation
Nerves and  Cardiovascular Gastrointesinal  Rospiatony  Musele and

sensation

Siesp.
Sieap.

Slecp.

% of Long Covid group with each persistent symptom at 1st questionnaire - WUHAN WAVE
% of Long Govid group with each persistent symptom at 1st questionnaire - ALPHA WAVE
% of Long Covid group with each persistent symptom at 1st questionnaire - DELTA WAVE

Bahaviour and emation|
Bahaviour and emetion

Behaviour and smallon
% of Long Covid group with each persistent symptom at 1st questionnaire - OMICRON WAVE

Memory and
cogrian
Memory and
cogniton
Memory and
eogriton

H
3

A
o
<
Q.
@©
S
a0
O
4+
o
e
o
4
o
c
o
©
(]
(%2}
®©
L
o
1
@©
+—
e
b}
e

100
100

25
100
100

Wuhan wave
Alpha wave
Delta wave

dinai fpnis jo %

Omicron wave

Behaviour and smation

Memory and
eogaiion




Mumber of symptoms reported Number of symptoms reported

by infection wave by actute infection severity
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% of Long Covid group with each persistent symptom at 1st questionnaire - WUHAN WAVE
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Some persistent symptoms more common following a SARS-CoV-2
infection during the Wuhan wave compared to the Omicron wave.
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Persistent symptoms at Q1
Omicron vs Wuhan

Coldness.

Purple.red_or brown_spots_on the skin
Change.in eye sight

Pain burning.chest

Sore.throat

Difficulty. word.finding

Insomnia

Diarrhoea

Shortterm memory loss
Vivid.dreams

Hairloss

Difficulty processing written text
Change.in ability. to smell

Rash

Blood clots

Long.term.memery loss
Tinnitus
Difficulty.processing.what people.are.saying
Joint.pain

Itchy skin

Burning.ortingling skin

Tightness.of.chest

Pins.and.needles

Tachycardia. heartrate.more than, 120, bpm.
Dizziness

Night sweats

Change.in.abilty.to.taste

Electric. shock sensation

Brainfog

Fever

Bradycardia. heart rate.less than 60.bpm

Palpitations

——
Sleep.apnoea —
Difficulty.communicating.in.writing —_—
Saying.unrecognisable.words —_—
Woken by breathlessness or.pain —
Nightmares -—.—-1
Changes.in.mentruation_F.ONLY. ——
Acid reflux ——
' BH-adjusted
Abnormally.high blood pressure. upper.number. greater.than.140mm — <005
Constipations —— - FALSE
Mood.swings —— - TRoE
Sense.of doom —
Tremors.or.vibrations —e—i
Difficulty.controlling.emotions ——
Fatigue ——
Muscle spasms —.—
Sneezing —
Breathlessness ——
Numbness or weakness —.—
Agression ——
Nausea —.—
Aniety e
Teartuiness —.—
Change.in.appetite l—.—“ﬂ
Cough —.—

Forgetting routine tasks
Runny.nose
Difficulty.communiating.verbally
Fainting
Facial.paralysis
Difficulty.controlling.behaviour
Hearing.loss.on.left side
Muscle.aches.in.general
Woken.by.coughing
Vomiting

Irciabil
Acting.onimpul
Suicidal feeli
Euph
Ratling breath.whee]
Hearing loss.on right i
Headaches.or.migraine}
Delusions
COVID.toes. . discoloured. painful or. swollen
Depression
Peeling skin

Ily.low.blood.pressure..upper. than.100r

Sex
Apathy
Elevated mood

0
Corrected odds ratio (log scale)



Change of employment status since March 2020

= Yes
Uninfected - . 1 No
Fully recovered - -
R
T 1
0 50 100
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(==
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Employment status at Q2

Uninfected
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Long COVID

1
50 100
% of group

= -

B0O0NR0

RO0ONR0

Retired
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Student
Part-time
Full-tirme

Retired
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BH-adjusted
p<005
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BH-adjusted
p<0.05

- FALSE
- TRUE

Change in
employment status
of people with LC
comparing pre- and
post-pandemic

No difference in
employment status
pre-pandemic

People with LC more
likely to be




Adult WILCO Q2 cohort longitudinal symptom trajectory

Trajectory of symptoms
100

BN Improved with time
[ Stayed the same

(=R
= ]
g I Worsened with time
4—%" 50— B Unknown
“Wf d
(=]
# -
Long Covid
Gender of symptom trajectory groups B Improved with time Age of symptom trajectory groups
100- [ Stayed the same B0~
. 0 Worsened with time -
a _
1 60
E 7
g 50 i 40
w _ o
5 £
= T 20
D_
Male Female 0

Unpublished data - please do not photograph or
share

BMI of symptom trajectory groups

p=0.0127




These trajectories —improved versus ‘deep LC’ are
not obviously distinguished by:

* Gender

* Ethnicity

* Age

 BMI

* Infecting VoC

* ‘proxies for persistent virus reservoir’ =S, N Ab or T cells,
IFI27 transcription

Unpublished data - please do not photograph or
share




Experimental design for longitudinal RNAseq analysis of an age/sex matched WILCO sub-study cohort

SARS-CoV-2 infection

\7-!"\’ /-"'-:!9 (‘1\’2 "!’\
88 € & Lo 2
o Qi o e 3
E . _— Q1 V1 Q2 V2
= N 5 18/12  2Y 3Y 3Y
5 08 S 0B . . .
v = a S 0 time since acute infection
= o = -
FR - Fully recovered within 4/52 after acute I ]
SARS-CoV-2 infection
LC Improved - Long COVID — (persistent
symptoms lasting >3/12 after acute SARS-CoV- 5 - e
2 infection) with symptoms having improved = I = ]

after 18/12 additional f/u

Deep LC - Long COVID (persistent symptoms
lasting >3/12 after acute SARS-CoV-2 infection
with symptoms having got worse after 18/12
additional f/u

Unpublished data - please do not photograph or
share



RNAseq analysis of the three well characterized groups (FR, LC Improved & Deep LC)
longitudinally across two time points.

=

Unpublished data - please do not photograph or I M N
share

72 differentially expressed genes
between three groups at V1

FR - Fully recovered within 4/52 after
acute SARS-CoV-2 infection;

LC Improved - Long COVID — (persistent
symptoms lasting >3/12 after acute
SARS-CoV-2 infection) with symptoms
having improved after 18/12 additional
f/u

Deep LC - Long COVID (persis#
symptoms lasting >3/12 aftg
SARS-CoV-2 infection) with
having got worse after 18/1
f/u



58 of sig. genes pull apart FR and Deep - LC
GO term enrichment

ethanol catabolic process -

ethanol metabolic process
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sulfation 4
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negative regulation of protein phosphorylation 4
negative regulation of phosphorylation 4
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Paired analysis comparing timepoint V1 and V2 for the
three clinical trajectory groups — what changed?
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For 1,946 genes that change between V1 and V2 in the Deep-LC group
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regulation of RNA splicing 1

endosomal transport -

positive regulation of plasma membrane bounded cell projection assembly -
positive regulation of cell projection organization 4

Rab protein signal transduction -

nuclear-transcribed mRNA catabolic process, deadenylation-dependent decay
Golgi organization

negative regulation of catabolic process 4

RNA splicing 4

cytoplasmic microtubule organization -

vesicle-mediated transport between endosomal compartments
regulation of small GTPase mediated signal transduction -
negative regulation of type | interferon production 4

protein localization to nucleus

cellular response to peptide hormone stimulus -

DNA damage checkpoint signaling 5

immune response-regulating cell surface receptor signaling pathway
double-strand break repair via homologous recombination
response to peptide hormone -

protein polyubiquitination 4

positive regulation of protein localization

actin filament organization

signal transduction in response to DNA damage -
chromosome segregation 4

cellular component disassembly

innate immune response-activating signaling pathway 4
nucleic acid catabolic process

glycerophospholipid metabolic process -

regulation of protein catabolic process -

intracellular receptor signaling pathway -

regulation of microtubule cytoskeleton organization
protein depolymerization 4

peptidyl-serine phosphorylation =

hexose metabolic process -

regulation of TORC2 signaling

regulation of protein-containing complex disassembly
negative regulation of organelle organization 4

regulation of T cell activation

post-embryonic development -

protein import into nucleus -

multicellular organism growth

positive regulation of response to biotic stimulus
regulation of kinase activity 4

D
w

lified) =

©

o
N
o
B
o
<))
o

Count

Unpublished data - please do not photograph or

RNA splicing 4

response to peptide hormone

cellular component disassembly -

positive regulation of protein localization 5

actin filament organization =

nucleic acid catabolic process -

positive regulation of cell projection organization 4
negative regulation of catabolic process =

chromosome segregation

intracellular receptor signaling pathway

positive regulation of response to biotic stimulus
immune response-regulating cell surface receptor signaling pathway 4
regulation of T cell activation

endosomal transport 4

protein localization to nucleus -

cellular response to peptide hormone stimulus
regulation of protein catabaolic process =

regulation of small GTPase mediated signal transduction -
p.adjust negative regulation of organelle organization
innate immune response-activating signaling pathway
protein polyubiquitination 4

0.01 glycerophospholipid metabolic process
0.02 regulation of RNA splicing 4
hexose metabolic process 5

0.03 regulation of kinase activity <
double-strand break repair via homologous recombination -

0.04 signal transduction in response to DNA damage -

Golgi organization

positive regulation of plasma membrane bounded cell projection assembly
regulation of microtubule cytoskeleton organization 4

protein import into nucleus

multicellular organism growth 4

DNA damage checkpoint signaling =

regulation of protein-containing complex disassembly 5

protein depolymerization 5

post-embryonic development 5

nuclear-transcribed mRNA catabolic process, deadenylation-dependent decay
cytoplasmic microtubule organization 4

peptidyl-serine phosphorylation 5

vesicle-mediated transport between endosomal compartments -

negative regulation of type | interferon production 4

Rab protein signal transduction

regulation of TORC2 signaling -

share

p.adjust
1e-03
3e-03
1e-02

3e-02

Count
O 20
() 40
O 60




Top 15 GO terms as a CNETplot
for 1,946 genes that change between V1 and V2 in the Deep-LC group
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Differential transcripts in LC implicate
targets — druggable targets - associated
with:

* energy expenditure and metabolic rate
e chronic pain and anxiety

* neurotransmitter metabolism
* CNS injury and regeneration
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