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Cytokines Sing the Blues



Behavioral Changes During the First 12 weeks of

Percent
Depressive Sympiloms
Depressed mood 60
Anhedoma 30
Suicidal Thoughts 10
Feelings of Guilt 5
Anxious Symptoms
Tension/Irritability 50
Anxious Mood 45
Fear 15
Cognitive Symptoms
Loss of Concentration 30
Memory Disturbances 15
Word-finding Problems 15
Episodes of Confusion 10
Indecisiveness 10
Neurovegetative Symptoms
Fatigue/ Loss of Energy 20
Abnormal Sleep 45
Psvchomotor Retardation 40
Abnormal Appetite 35
Somatic Symptoms
Pain 35
Gastrointestinal Symptoms 50

Capuron et al., Neuropsychopharmacology, 26:643-652, 2002
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High Dose IFN-alpha for Malignant Melanoma
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Musselman et al., NEJM, 344:961-966, 2001.



IFN-alpha and Infectious Disease
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Bencze et al., Int. J. Mol

. Sci., 22:4190, 2021



IFN-alpha in Chronic Infection-Associated llinesses

1. IFN-alpha has been associated with ME/CFS as reflected by increased
RNase L and OAS2 (Meirleir et al. Am J Med., 108:99, 2000; Vojdani et
al., J Clin Lab Immunol., 50:1, 1998).

2. IFN-alphais associated with behavioral changes in HIV infection
Including cognitive deficits (Anderson et al., J Neurovirol., 23:106,
2017).

3. Increased IFN-alpha activity has been associated with persistent
symptoms of fatigue and cognitive deficits in Lyme’s Disease (Jacek et
al., J. Neuroimmunol, 255:85, 2013; Hernandez et al., Emerg Infect Dis.,
29:1091, 2023).

4. IFN-alpha and IL-6 play interdependent roles in innate immune,
neuroinflammatory and sickness behavior responses to virus-like
stimuli in laboratory animals (Murray et al., Brain Behav Immun.,
48:274, 2015).



Strain Specific Human Microglial (iPSCs) Responses to SARS-CoV-2 infection:
Increased IFN-alpha with Delta Strain

BILE ACID METABOLISM - o o o neglog10FDR
PEROXISOME A e o o
ADIPOGENESIS - o O O ° 0
XENOBIOTIC METABOLISM A o 0 s o 10
FATTY ACID METABOLISM - o o O
CHOLESTEROL HOMEOSTASIS - o O 9 O 20
OXIDATIVE PHOSPHORYLATION A O 9 O
GLYCOLYSIS e o o O 30
- MYC TARGETS V1 - o O o () 40
] MTORG1 SIGNALING A o O O
= P53 PATHWAY - o o o
© DNA REPAIR - = o o
& MITOTIC SPINDLE A O 9 NESS
E2F TARGETS A @ o !
G2M CHECKPOINT - O O 2
UNFOLDED PROTEIN RESPONSE - s o o 1
ALLOGRAFT REJECTION A o o o
TNFA SIGNALING VIA NFKB A o @ o 0
INFLAMMATORY RESPONSE A o O @ -1
INTERFERON ALPHA RESPONSE - : o o I -
INTERFERON GAMMA RESPONSE - L 2 o
Delta Omicron Washington
Infection Wen et al., Unpublished Data

Antonelli et al. Risk of long COVID associated with delta versus omicron variants of SARS-CoV-2. Lancet, 399:2263, 2022.



Inflammation Effects on Neurotransmitters and Neurocircuits
in the Brain Related to Behavior

(FATIGUE )

‘\ |
(ANHEDONIA: ) , p'egMA A |
- | Effort expenditure | \ PSYCHOMOTOR SLOWING
+ 1 Sensitivity to i _* ¥ Psychomotor speed
s~ - -
negative stimuli :’%_,A,_/ — B\
| Reinforcement : = \IDopamine:

\__learning e - Synthesis |

*l Release
-TReuptake

N
‘ & = = \ \:\ W,\ 7"\ : ); )
VS - ventral striatum U SN \\/& . © . SMA -supplementary motor area
DS - dorsal striatum : \ \{\ . SN-substantia nigra
vmPFC - ventromedial prefron \ \Q:»_ VTA - ventral tegmental area
,/_1'.:":.
(/7' s
: s
Cytokines \\ \\ b
‘ | W

Lucido et al., Pharm Rev, 73:1084, 2021.



Impact of IFN-alpha on Ventral Striatal Activation
during a Motivational Reward Task Using fMRI

Coronal View

Win Lose

Reuter et al. Nat Neurosci. 8(2):147-8, 2005



Impact of IFN-alpha on Ventral Striatal Activation
during a Motivational Reward Task Using fMRI

Percent BOLD activation (Win-Lose)
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Capuron et al., Arch Gen Psychiatry, 69:1044, 2012



IFN-alpha-Induced Decrease in Ventral Striatal Activation
is Associated with Reduced Motivation
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MFI-Multidimensional Fatigue Inventory

RM: Reduced Motivation
GF: General Fatigue

PF: Physical Fatigue
RA: Reduced Activity
MF: Mental Fatigue
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Percent BOLD activation (Win-Lose) all r>0.6, p<0.001
Capuron et al., Arch Gen Psychiatry, 69:1044, 2012.

Similar Results with Endotoxin and Typhoid Vaccination
(Eisenberger et al. Biol Psych, 68:748, 2010, Harrison et al. Biol Psych, 80:73, 2016)



Neural Activation in the Basal Ganglia of Subjects with ME/CFS is
Reduced and Correlates with Fatigue
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Miller et al., PLoS One, 9:e98156, 2014.



IFN-alpha and Dopamine Release in Striatum
as Measured by /n Vivo Microdialysis in Rhesus Monkeys
St'gg g via
Reverse Microdialysis
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Felger et al., Neuropsychopharmacology, 38:2179-87,2013.



Does Endogenous Inflammation Disrupt Connectivity
In Motivational and Motor Circuits (in Depression)?
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C-reactive protein (CRP) is a Marker of
Endogenous Systemic Inflammation
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Inflammation Decreases
Functional Connectivity in Motivational Circuits
during Resting State fMRI

vmPFC
1.2 - ® Low CRP (<1 mg/L)
® Moderate CRP (1-3 mg/L)
1.0 o ® High CRP (>3 mg/L)

Functional connectivity
(Z-score) iVS to vmPFC

-0.40
Correlation
coefficient (R)

Plasma CRP (mg/L)

IVS — inferior ventral striatum

vmPFC - ventromedial prefrontal cortex :
Felger et al., Molecular Psychiatry, 21:1358, 2016.



IL-6 decreases gene expression pathways
associated with dopamine packaging and release

Gene Expression Pathways Downregulated in DA Neurons (iPSCs):
IL-6 (100pg/mli/24h) vs Vehicle
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Gene Expression Pathways Upregulated in DA Neurons (iPSCs):
IL-6 (100pg/mi/24h)+baricitinib (200nM) vs IL-6
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Highlights and Research Priorities

1. Antiviral and inflammatory cytokines lead to chronic changes in
neurocircuits and neurotransmitter systems that contribute to
neurovegetative symptoms including anhedonia, fatigue, and
cognitive dysfunction.

2. Research priorities include:

a) Determination of common behaviors affected in infection-associated chronic
IlInesses.

b) Determination of common CNS circuits affected in infection-associated chronic
IlInesses.

c) Determination of effects of infection and infection-related immune changes on
neuronal and microglial function with a focus on neurotransmitter metabolism.

d) Test pharmacologic agents targeting antiviral and inflammatory cytokines and
their signaling pathways as treatments for infection-associated chronic illnesses.
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