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Stroke is one of the leading causes of mortality and permanent disability in the world. Ischemic stroke
occurs when a thrombus stops blood flow to the brain resulting in neurological impairment. Despite
significant advances in stroke prevention and therapy, the prevalence of stroke is predicted to increase
even further.1 Mounting evidence demonstrates inflammation contributes to the development of stroke.
This inflammatory response can continue for days to weeks after the initial stroke and thereby lead to
further neurological deficits. Controlling the inflammatory response in stroke has therefore been put
forward as a potential therapeutic strategy.2 However, although blocking inflammation has been very
effective in decreasing brain injury in animal models, translation to the clinic has been challenging. A
common critique of preclinical stroke models is the use of young and healthy animals, whereas patients
with stroke often are older and have multiple comorbidities.3,4

Type 1 interferons (IFNs) have been shown to protect rodents from ischemic stroke brain injury through
reducing the infiltration of leukocytes to the ischemic brain.5-7 However, these studies were exclusively
done in young, healthy rodents. In humans, treatment with IFN-ß is approved by the US Food and Drug
Administration for patients with relapsing remitting multiple sclerosis (MS) and is currently being pur-
sued for patients with ischemic stroke (NCT00097318). However, IFN-ß treatment is associated with a
1.8-fold increased risk of ischemic stroke in patients with MS.8 Similarly, IFN-α treatment in patients with
cancer has been reported to have both antiinflammatory effects9 as well as prothrombotic side
effects.10,11 Furthermore, inhibition of type I IFN signaling was recently shown to suppress tissue factor
release from macrophages,12 supporting a prothrombotic role for type 1 IFNs. Increasing evidence
supports an age-dependent response to type 1 IFNs.13,14 We hypothesized that age could impact the
effect type I IFNs have on stroke outcomes and could potentially explain some of the discrepancies
between preclinical and human data.

We investigated the impact of type 1 IFNs on ischemic stroke outcomes in both male and female as well as
young (aged 4-6 months) and old (>24 months) C57Bl6/J mice subjected to a model of 1-hour transient
middle cerebral artery occlusion.15 Mice were randomized and IFN-α (25 000 units/mouse) or vehicle was
administered intraperitoneally for 3 consecutive days before stroke onset (Figure 1A). We have previously
shown this IFN-α treatment regimen induces a robust type 1 IFN response in mice.16 Stroke outcomes
including mortality, neurological behavior, motor function, and ischemic brain injury were measured by an
operator blinded to treatment.15 Twenty-four hours after stroke onset, substantial mortality and neurological
impairment were observed in old mice treated with IFN-α. IFN-α treatment increased mortality over sixfold in
old mice (38.8% vs 5.8%, respectively; Figure 1B). Moreover, in surviving old mice, IFN-α treatment was
associated with significantly worse neurological behavior and motor function (Figure 1C-D). This neuro-
logical impairment was also evident when brain infarct size was determined (50.6 mm3 ± 21 mm3 vs
29.4 mm3 ± 14.4 mm3; Figure 1E-F). Combined, our results indicate a detrimental role of type 1 IFN
signaling in old mice subjected to ischemic stroke. In contrast with old mice, IFN-α treatment significantly
reduced ischemic stroke brain injury in young mice (47.3 mm3 ± 26.2 mm3 vs 69.1 mm3 ± 21.9 mm3;
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Figure 1. IFN-α treatment differentially impacts ischemic stroke outcomes in young and old mice. (A) Mice were treated for 3 days with either vehicle or IFN-α. Twenty-
four hours after the induction of transient middle cerebral artery occlusion in young (age, 4-6 months) and old (age >24 months) mice, survival was monitored (B), and neurological

(a higher score is worse) (C) and motor function (a lower score is worse) (D) were assessed. (E) Brain tissue was stained with TTC. Infarcted tissue (white) is outlined with a black

dotted line. (F) Ischemic stroke brain damage was quantified by planimetric analysis of TTC stained brain slides. All data are represented as mean ± standard deviation. TTC,

triphenyltetrazolium chloride.
Figure 1E-F). However, this reduction in brain injury was mild and not
associated with significantly improved neurological or motor out-
comes (Figure 1C-D).

The protective effects of type 1 IFNs in ischemic stroke have been
attributed to its antiinflammatory properties. Specifically, type 1
IFNs reduce the expression of MMP9,17 thereby limiting leukocyte
infiltration in ischemic brain trissue5 and dampening pathological
inflammation.7 Here, we measured plasma markers of inflammation,
C-reactive protein (CRP), and interleukin-6 (IL-6), and we quanti-
fied neutrophil infiltration in the brain via histology 24 hours after
stroke onset. In young mice, IFN-α treatment resulted in a nearly
60% reduction of the amount of neutrophil recruited to the brain
(Figure 2A). In old mice, IFN-α treatment also significantly reduced
neutrophil recruitment (Figure 2A). However, the number of neu-
trophils observed in the brain tissue of IFN-α–treated old mice
closely resembled those in vehicle-treated young mice. Similarly,
CRP plasma levels were significantly reduced in young mice sub-
jected to stroke treated with IFN-α, whereas CRP levels were not
affected by IFN-α treatment in old mice (Figure 2B). Lastly, IL-6
plasma levels were only increased in old mice subjected to
stroke, and IFN-α treatment increased this even further (Figure 2C).
These results indicate IFN-α treatment is unable to block detri-
mental inflammation contributing to ischemic brain injury in old
mice. Furthermore, our data indicate a distinct inflammatory
response to ischemic stroke between young and old mice. CRP
levels were higher in young mice subjected to stroke than in old
mice, whereas IL-6 levels were higher in old mice after stroke.
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Of note, 3 days of IFN-α treatment affected neither CRP nor IL-6
levels in healthy young or old mice (baseline; Figure 2B-C).

Next, we investigated brain tissue and plasma for thrombotic bio-
markers, as type 1 IFNs have been linked to increased thrombosis.
In young mice, IFN-α treatment had no effect on platelet or
fibrin(ogen) deposition in ischemic stroke brain tissue (Figure 2D-
E). In old mice, however, IFN-α increased both platelet and
fibrin(ogen) deposition in the brain (Figure 2D-E). In agreement
with these results, plasma von Willebrand factor (VWF) levels and
the concentration of thrombin-antithrombin (TAT) complexes were
only increased in old mice subjected to stroke treated with IFN-α
(Figure 2F-G). TAT complexes are an indirect marker of thrombin
generation and thereby reflect a prothrombotic status. VWF is a
prothrombotic and proinflammatory protein implicated in stroke
pathophysiology.18 Circulating VWF levels increase with age,19

and brain endothelial cells from old mice have increased expres-
sion levels of VWF.20 IFN-α has been found to increase VWF-
induced platelet activation in patients with myeloproliferative
neoplasms.21 We speculate a similar phenomenon is occurring in
the brain of old mice treated with IFN-α, in which the increased
levels of VWF result in increased intravascular platelet deposition.
Interestingly, we only observed this in old mice subjected to stroke
(Figure 2D). This is likely because of increased type 1 IFN signaling
in old mice,13,14,22 resulting in a more profound prothrombotic
response. Additionally, IL-6, which was only increased in old mice
subjected to stroke (Figure 2C), is known to induce the accumu-
lation of VWF on the surface of endothelial cells to provoke platelet
RESEARCH LETTER 6673



250
* *

Br
ain

 n
eu

tro
ph

ils
(M

PO
+  c

ell
s/

sli
de

)

200

150

100

50

Young Old

0

Vehicle IFN

A
200 ns ns ns**

CR
P 

(n
g/

m
L) 150

100

50

0

Young Old Young Old

Baseline Stroke
Vehicle IFN

B C
8

6

4

2

0

IL-
6 

(n
g/

m
L)

ns ns ns *

Young Old Young Old

Baseline Stroke
Vehicle IFN

Young Old

Vehicle IFN

ns *2.0 106

1.5 106

1.0 106

5.0 105

0.0Pl
at

ele
t d

ep
os

itio
n 

(p
ixe

ls)

D

E

8×106
ns *

6×106

4×106

2×106

0

Young Old

Fib
rin

(o
ge

n)
de

po
sit

ion
 (p

ixe
ls)

Vehicle IFN

ns ns ns ****

Young Old Young Old

200

150

100

50

0

VW
F 

(n
g/

m
L)

Baseline Stroke
Vehicle IFN

F

ns ns ns **

4

TA
T 

(n
g/

m
L) 3

2

1

0

Young Old Young Old

Baseline Stroke
Vehicle IFN

G

Figure 2. IFN-α treatment is prothrombotic in old mice subjected to stroke. Mice were treated for 3 days with either vehicle or IFN-α. Twenty-four hours after the induction

of transient middle cerebral artery occlusion in young (age, 4-6 months) and old (age >24 months) mice, brain tissue and plasma were collected. (A) Quantification of neutrophil

recruitment in all groups in the ipsilesional hemisphere, that is, where the ischemic injury occurred. (B) Plasma CRP levels and (C) plasma IL-6 levels were determined by ELISA.

(D) Brain tissue was stained for platelets, and platelet deposition in ipsilesional brain tissue from young and old mice was quantified. (E) Brain tissue was stained for fibrin(ogen),

and fibrin(ogen) deposition in ipsilesional brain tissue from young and old mice was quantified. (F) Plasma VWF levels and (G) plasma TAT levels were determined by ELISA. All

data are represented as mean ± standard deviation. ELISA, enzyme-linked immunosorbent assay.
adhesion.23 Finally, IL-6 increases the expression of fibrinogen,
tissue factor, and PAI-1.24 This is in line with increased fibrin(ogen)
deposition (Figure 2E) and TAT levels (Figure 2G) observed in old
mice treated with IFN-α, in which the IL-6 levels were the highest.

In conclusion, our results demonstrate a differential impact of type
1 IFNs on stroke outcomes in young and old mice. This is due to a
distinct thromboinflammatory response of the young and old
ischemic stroke brain, in which the IFNs have an antiinflammatory
effect in young mice but a prothrombotic effect in old mice.
Further mechanistic studies will be needed to dissect the cause of
this. Nevertheless, these results warrant caution interpreting pre-
clinical studies performed exclusively in young, healthy mice.
Moreover, our findings may have implications for inflammatory
diseases that have a vascular component and in which type 1
interferons are considered as therapeutic interventions, such as
myeloproliferative neoplasms and several types of cancer.25

Acknowledgments: This work was supported by National Insti-
tutes of Health grants K01AG059892 and R01HL163019 (R.A.C.)
and the American Heart Association (21POST830138; FD).

Contribution: F.D. designed experiments; F.D., I.A., M.J.C., and
Y.K performed experiments; and F.D. and R.A.C analyzed results,
prepared the figures, and wrote the manuscript.

Conflict-of-interest disclosure: The authors declare no competing
financial interests.
6674 RESEARCH LETTER
Correspondence: Frederik Denorme, Division of Vascular
Neurology, Department of Neurology, Eccles Institute of Human
Genetics, The University of Utah, 15 North 2030 East, Bldg 533,
Rm 4280, Salt Lake City, UT 84112; email: Frederik.Denorme@
utah.edu.

References

1. Ovbiagele B, Goldstein LB, Higashida RT, et al. Forecasting the future
of stroke in the United States: a policy statement from the American
Heart Association and American Stroke Association. Stroke. 2013;
44(8):2361-2375.

2. Endres M, Moro MA, Nolte CH, Dames C, Buckwalter MS, Meisel A.
Immune pathways in etiology, acute phase, and chronic sequelae of
ischemic stroke. Circ Res. 2022;130(8):1167-1186.

3. Fisher M, Savitz SI. Pharmacological brain cytoprotection in acute
ischaemic stroke - renewed hope in the reperfusion era. Nat Rev
Neurol. 2022;18(4):193-202.

4. Tuohy MC, Hillman EMC, Marshall R, Agalliu D. The age-dependent
immune response to ischemic stroke. Curr Opin Neurobiol. 2023;78:
102670.

5. Veldhuis WB, Derksen JW, Floris S, et al. Interferon-beta blocks
infiltration of inflammatory cells and reduces infarct volume after
ischemic stroke in the rat. J Cereb Blood Flow Metab. 2003;23(9):
1029-1039.
14 NOVEMBER 2023 • VOLUME 7, NUMBER 21

mailto:Frederik.Denorme@utah.edu
mailto:Frederik.Denorme@utah.edu
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref1
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref1
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref1
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref1
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref2
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref2
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref2
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref3
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref3
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref3
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref4
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref4
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref4
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref5
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref5
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref5
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref5


6. Inácio AR, Liu Y, Clausen BH, et al. Endogenous IFN-β signaling exerts
anti-inflammatory actions in experimentally induced focal cerebral
ischemia. J Neuroinflammation. 2015;12:211.

7. Kuo P-C, Scofield BA, Yu I-C, Chang FL, Ganea D, Yen JH. Interferon-
β modulates inflammatory response in cerebral ischemia. J Am Heart
Assoc. 2016;5(1):e002610.

8. de Jong HJI, Kingwell E, Shirani A, et al. Evaluating the safety of
β-interferons in MS: a series of nested case-control studies.
Neurology. 2017;88(24):2310-2320.

9. Massarenti L, Knudsen TA, Enevold C, et al. Interferon alpha-2
treatment reduces circulating neutrophil extracellular trap levels in
myeloproliferative neoplasms. Br J Haematol. 2023;202(2):318-327.

10. Homoncik M, Ferlitsch A, Ferenci P, et al. Short- and long-term effects
of therapy with interferon-alpha and pegylated interferon-alpha/
ribavirin on platelet plug formation and von Willebrand factor release in
patients with chronic hepatitis C. Aliment Pharmacol Ther. 2005;
21(1):49-55.

11. Zuber J, Martinez F, Droz D, Oksenhendler E, Legendre C; Groupe
D’stude Des Nephrologues D’ile-de-France GENIF. Alpha-interferon-
associated thrombotic microangiopathy: a clinicopathologic study of 8
patients and review of the literature. Medicine. 2002;81(4):321-331.

12. Ryan TAJ, Hooftman A, Rehill AM, et al. Dimethyl fumarate and 4-octyl
itaconate are anticoagulants that suppress tissue factor in macrophages
via inhibition of type I interferon. Nat Commun. 2023;14(1):3513.

13. Allen WE, Blosser TR, Sullivan ZA, Dulac C, Zhuang X. Molecular and
spatial signatures of mouse brain aging at single-cell resolution. Cell.
2023;186(1):194-208.e18.

14. Androvic P, Kirdajova D, Tureckova J, et al. Decoding the
transcriptional response to ischemic stroke in young and aged mouse
brain. Cell Rep. 2020;31(11):107777.

15. Denorme F, Portier I, Rustad JL, et al. Neutrophil extracellular traps
regulate ischemic stroke brain injury. J Clin Invest. 2022;132(10):
e154225.
14 NOVEMBER 2023 • VOLUME 7, NUMBER 21
16. Campbell RA, Manne BK, Banerjee M, et al. IFITM3 regulates
fibrinogen endocytosis and platelet reactivity in nonviral sepsis. J Clin
Invest. 2022;132(23):e153014.

17. Veldhuis WB, Floris S, van der Meide PH, et al. Interferon-beta
prevents cytokine-induced neutrophil infiltration and attenuates
blood-brain barrier disruption. J Cereb Blood Flow Metab. 2003;
23(9):1060-1069.

18. Denorme F, Martinod K, Vandenbulcke A, et al. The von Willebrand
factor A1 domain mediates thromboinflammation, aggravating
ischemic stroke outcome in mice. Haematologica. 2021;106(3):
819-828.

19. Alavi P, Rathod AM, Jahroudi N. Age-associated increase in
thrombogenicity and its correlation with von willebrand factor. J Clin
Med. 2021;10(18):4190.

20. Chen MB, Yang AC, Yousef H, et al. Brain endothelial cells are
exquisite sensors of age-related circulatory cues. Cell Rep. 2020;
30(13):4418-4432.e4.

21. Faille D, Lamrani L, Loyau S, et al. Interferon alpha therapy increases
pro-thrombotic biomarkers in patients with myeloproliferative
neoplasms. Cancers (Basel). 2020;12(4):992.

22. Jin C, Shi Y, Shi L, et al. Leveraging single-cell RNA sequencing to
unravel the impact of aging on stroke recovery mechanisms in mice.
Proc Natl Acad Sci U S A. 2023;120(25):e2300012120.

23. Bernardo A, Ball C, Nolasco L, Moake JF, Dong J. Effects of
inflammatory cytokines on the release and cleavage of the endothelial
cell-derived ultralarge von Willebrand factor multimers under flow.
Blood. 2004;104(1):100-106.

24. Morrow GB, Whyte CS, Mutch NJ. A serpin with a finger in many PAIs:
PAI-1’s central function in thromboinflammation and cardiovascular
disease. Front Cardiovasc Med. 2021;8:653655.

25. Abu-Zeinah G, Krichevsky S, Cruz T, et al. Interferon-alpha for treating
polycythemia vera yields improved myelofibrosis-free and overall
survival. Leukemia. 2021;35(9):2592-2601.
RESEARCH LETTER 6675

http://refhub.elsevier.com/S2473-9529(23)00519-0/sref6
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref6
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref6
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref6
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref6
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref7
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref7
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref7
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref8
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref8
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref8
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref9
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref9
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref9
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref10
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref10
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref10
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref10
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref10
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref11
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref11
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref11
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref11
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref12
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref12
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref12
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref13
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref13
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref13
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref14
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref14
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref14
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref15
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref15
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref15
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref16
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref16
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref16
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref17
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref17
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref17
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref17
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref18
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref18
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref18
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref18
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref19
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref19
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref19
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref20
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref20
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref20
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref21
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref21
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref21
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref22
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref22
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref22
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref23
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref23
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref23
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref23
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref24
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref24
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref24
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref25
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref25
http://refhub.elsevier.com/S2473-9529(23)00519-0/sref25

	Age-specific impact of type I interferons on cerebral thrombosis and inflammation
	References


