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Significance

 TYK2 inhibitors were proven to be 
potent modulators of autoimmune 
disorders. We have developed 
selective centrally penetrant  
TYK2 inhibitors that can 
modulate the pathogenesis of 
neuroinflammation in EAE (a 
preclinical model of MS) in ways 
peripherally restricted TYK2 
inhibitors fall short. The 
mechanisms presented here 
strengthen the strategy for 
targeting TYK2 in the central 
compartment for treatment of MS.
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Central TYK2 inhibition identifies TYK2 as a key neuroimmune 
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GWAS have identified tyrosine kinase 2 (TYK2) variants in multiple inflammatory 
disorders, specifically a protective hypomorphic TYK2 allele (P1104A) in multi-
ple sclerosis (MS). Impaired TYK2 signaling within the central nervous system 
(CNS) may impart the protective effects of TYK2 P1104A allele in MS. We deployed 
brain-penetrant TYK2 inhibitors (cTYK2i) alongside the peripherally restricted TYK2 
inhibitor (pTYK2i; BMS-986165) to untangle the contributions of central TYK2 
inhibition in diverse models of neuroinflammation. While pTYK2i had little impact, 
cTYK2i reduced clinical score, lymphoid cell infiltration, and cytokines/chemokines 
in experimental autoimmune encephalomyelitis (EAE). Microglial activation was 
attenuated in cTYK2i-treated EAE spinal cords and circulating neurofilament light 
(NfL) was reduced in plasma and cerebral spinal fluid (CSF). Additionally, cTYK2i 
was protective in an antibody-mediated mouse model of primary progressive MS 
(PPMS). Finally, we demonstrate TYK2 inhibition has a robust impact on a unique 
subset of activated astrocytes termed Interferon-Responsive-Reactive-Astrocytes 
(IRRA). The data presented herein identify a key role for CNS TYK2 signaling in 
regulating neuroinflammation and solidify TYK2 as a potential therapeutic target 
for MS.

neuroinflammation | autoimmunity | EAE | TYK2 | glial cells

 TYK2 is a member of the Janus Kinase (JAKs) of nonreceptor tyrosine kinases that medi­
ates intracellular signaling and cellular responses to growth factors and cytokines. The 
JAKs (JAK1, JAK2, JAK3 and TYK2) phosphorylate signal transducer and activator of 
transcription (STAT) factors to regulate multiple inflammatory pathways, and the dys­
function of these pathways are linked to disease ( 1 ). TYK2 has a distinct role in the reg­
ulation of signaling through type I IFN, IL-12, IL-23, and IL-10 families as well as 
IL-4/IL-13, and IL-6 cytokines ( 2 ). TYK2-directed regulation of immune cell function 
plays an important role in multiple inflammatory disorders like psoriasis, systemic lupus 
erythematosus (SLE), rheumatoid arthritis, ankylosing spondylitis, ulcerative colitis, and 
MS. As such, many explored genetic disturbances in TYK2 as a potential driver of inflam­
matory diseases, and this work led to the identification of both loss of function and gain 
of function mutations in TYK2 ( 3 ,  4 ). Investigation of therapeutic modification of TYK2 
activity has led to the development of small molecule inhibitors of TYK2 for autoimmune 
diseases, including the approval of Deucravacitinib for the treatment of psoriasis ( 2 ,  5 ).

 The role of TYK2 in peripheral immune function and disease is well described. Despite 
expression in all CNS cell types ( 6 ), little is understood about the role of TYK2 in the 
CNS. Genome-wide association studies (GWAS) have identified a single nuclear poly­
morphism (rs34536443) associated with multiple autoimmune diseases including those 
of the CNS, such as MS ( 7 ,  8 ). The encoded human missense variant (P1104A) results 
in decreased TYK2 activity imparting protection in multiple inflammatory disorders by 
impairing type I IFN and IL-12/23 signaling ( 8   – 10 ). Transgenic mice that were Tyk2  null 
or harboring the orthologous rs34536443 missense (P1124A) variant demonstrated pro­
tective effects in autoimmune disorders including mouse models of MS. Both Tyk2  KO 
mice and TYK2 P1124A homozygous mice were protected from experimental autoim­
mune encephalomyelitis (EAE), showed T helper 1 (Th1 ) and T helper 17 (Th17 ) impair­
ment, as well as reduced CD4+  T cell infiltration in the CNS ( 10   – 12 ). While powerful, 
these models could not segregate the impact of peripheral vs central TYK2 signaling on 
EAE pathogenesis. Additionally, deployment of peripherally restricted TYK2 inhibitor 
(BMS-986165) was shown to be protective in multiple models of autoimmune disorders 
thereby recapitulating the protective effects of P1104 allele, yet EAE was not examined 
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( 13 ). We hypothesized that impaired TYK2 signaling within the 
CNS plays a key role in the protective effects of the TYK2 P1124A 
allele in the EAE model.

 Aligning with the “inside-out hypothesis” of smoldering neuroin­
flammation ( 14 ,  15 ), we sought to build an understanding of the 
underlying mechanisms of TYK2’s function in the CNS using our 
selective and brain penetrant TYK2 inhibitors (cTYK2i). In this study, 
we demonstrated conserved function of TYK2 signaling in iPSC- 
derived glial cell populations and translated this mechanism to in vivo 
models of neuroinflammation to demonstrate functional potency of 
our cTYK2i. We deployed our cTYK2i alongside the pTYK2i, 
BMS-986165, in diverse forms of EAE to disentangle the contribu­
tions of CNS TYK2 inhibition in modifying EAE pathophysiology. 
We demonstrate inhibiting TYK2 within the CNS is essential for 
maximizing protective effects by reducing neuroinflammation and 
identify clear impact on reactive glial cell populations through central 
TYK2 inhibition. Furthermore, we show central TYK2 inhibition 
extinguishes key neuroinflammatory mechanisms, NF- κB signaling, 
and cytokine/chemokine production. Finally, we demonstrate related 
impacts on iPSC-derived astrocytes (iAstrocyte) whereby TYK2 inhi­
bition quells chemokine expression and the reactive and neuroinflam­
matory signature from a unique population of reactive astrocytes, 

Interferon-Responsive-Reactive-Astrocytes (IRRAs). Ultimately, the 
data presented herein suggest a key role for TYK2 signaling within 
the CNS responsible for regulating neuroinflammation. 

Results

Selective Inhibitors of TYK2 Abolish IFNα Stimulated Signaling in 
iPSC-Derived Astrocytes and Microglia. In vitro characterization 
of the potency and selectivity of a small molecule inhibitor of 
TYK2 can be accomplished by measuring levels of phosphorylated 
STATs (pSTAT) in response to cytokine stimuli (13, 16). We 
measured pSTAT5 abundance in THP-1 cells treated with IFNα 
and varying concentrations of several TYK2 inhibitors (n ≥ 7). 
The resulting IC50s were 6.4, 2.9, and 1.2 nM for Compound  
-A (Cmpd-A), Compound-B (Cmpd-B), and BMS-986165, 
respectively (Fig. 1 A–C). Table 1 summarizes the potency of our 
compounds to inhibit TYK2-signaling from multiple stimuli and 
within diverse cell types. Compound selectivity profiles against 
other JAK family members were measured via IL-6-induced 
pSTAT3 (17, 18) and GM-CSF-induced pSTAT5 abundance 
(19, 20); IC50s summarized in Table 1. Overall, Cmpd-A and 
Cmpd-B exhibit low nanomolar IFNα -pSTAT5 potency, similar 

Fig. 1.   Potent, selective, and 
CNS-penetrant TYK2 inhibi­
tors attenuate IFNα- induced 
signaling in human iPSC-
derived glia and rodent brain. 
Cellular potency and selectivi­
ty for (A) Cmpd-A, (B) Cmpd-B, 
and (C) BMS-986165 on TYK2, 
JAK1, and JAK2-dependent 
signaling pathways in THP-1 
cells. n = 4 to 6. IFNα-induced 
phosphorylation of STAT5 
shows TYK2 signaling, IL-6-
induced phosphorylation of 
STAT3 shows JAK1 signaling 
and GM-CSF-induced phos­
phorylation of STAT5 shows 
JAK2 signaling. (D) Total and 
phosho-TYK2Y1054/1055 immu­
noblot of from human iPSC-
derived astrocyte (iAstro), and 
microglia (iMG) stimulated 
with IFNα. Cellular potency of 
Cmpd-A determined by ELI­
SA against pSTAT3, pSTAT5, 
and pTYK2Y1054/1055 in iAstro 
(E) and iMG (F) stimulated 
by IFNα. Data are presented 
as mean ± SD from three 
independent experiments. 
In  vivo target engagement 
for Cmpd-A, Cmpd-B, and 
BMS-986165 in IFNα-induced 
C57BL/6 mice quantified by 
interferon-stimulated genes 
(ISG) mRNA expression in 
(G) spleen and (H) brain, and 
CXCL10 protein accumulation 
in (I) plasma and (J) brain. PK/
PD relationship for each mol­
ecule was visualized by plot­
ting CXCL10 levels against 
free drug concentrations 
in (K) plasma and (L) brain. 
CXCL10 value is represented 
as percent of vehicle control. 
Low = low dose group (0.3 

mg/kg BMS-986165; 10 mg/kg Cmpd-A and Cmpd-B), Mid = mid dose group (1 mg/kg BMS-986165; 30 mg/kg Cmpd-A and Cmpd-B), High = high dose group (5 
mg/kg BMS-986165; 100 mg/kg Cmpd-A and Cmpd-B). IC50 curves were fit using a nonlinear regression model weighted by 1/Y2 assuming normal pharmacology. 
Each dot represents an independent sample. ROUT test (Q = 1%) used to eliminate outliers. Bars represent mean ± SD. Statistical analysis was calculated using 
one-way ANOVA with Dunnett’s multiple comparisons test.
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to BMS-986165, improved selectivity with lower potency toward 
IL-6-pSTAT3, and high selectivity with minimal potency against 
GM-CSF-pSTAT5. We also confirmed potency and selectivity 
biochemically, for both the kinase (JH1) and pseudokinase 
(JH2) domains of TYK2, JAK1, JAK2, and JAK3-(JH1 only). 
Like BMS-986165, Cmpd-A and B are selective for the TYK2 
JH2 domain versus all other tested JAK domains (SI Appendix, 
Table S1). Additionally, we observed no activity against JAK JH1 
domains at concentrations necessary to completely inhibit TYK2 
activity via JH2 binding.

 To evaluate the expression and function of TYK2 in CNS-resident 
cell types, we used human iAstrocytes and iPSC-derived microglia 
(iMicroglia). Phosphorylation at tyrosine 1054 (pY1054) is known 
to activate TYK2 catalytic activity and is thus a directly proximal 
surrogate suitable for monitoring TYK2 kinase activity ( 21 ). 
Expression of TYK2 and its phosphorylation in response to IFNα 
were confirmed in each cell type by western blot ( Fig. 1D  ). The 
potency of Cmpd-A (IC50  of 5.1 nM) against TYK2 in iAstrocytes 
was determined by ELISA measuring the induction of pY1054 
following treatment with IFNα ( Fig. 1E  ). Downstream signaling 
through TYK2 was also inhibited with an IC50  of 6.4 nM for 
pSTAT5 and 8.0 nM for pSTAT3 ( Fig. 1E  ). The IC50  of Cmpd-A 
in iMicroglia was 2.9 nM as measured by reduction of IFNα-induced 
pSTAT5 ( Fig. 1F  ). Collectively, we find TYK2 signaling can be 
induced robustly in astrocytes and microglia by IFNα and inhibited 
by Cmpd-A.  

Only Centrally Penetrant TYK2 Inhibitors Reduce Type I IFN 
Pathway Activity in the CNS. TYK2 is associated with the type I 
IFN receptor, which is ubiquitously expressed on most cell types and 
plays a crucial role in innate and adaptive immune responses. Binding 
of type I IFN to its receptor kicks off a cascade of phosphorylation 

events result in expression of interferon stimulated genes (ISGs, 
SI Appendix, Table S3) and other proinflammatory cytokines (22, 
23). We employed a mouse model of acute IFN challenge and 
measured ISG signature and CXCL10 protein, to assess target 
engagement and the pharmacokinetic/pharmacodynamic (PK/
PD) relationship of multiple TYK2 inhibitors. It is important 
to note, intraperitoneal (IP) injection of recombinant IFNα into 
the peripheral compartment induces robust activation of type I 
IFN pathway activity in peripheral and central compartments 
(Fig. 1). The expression and distribution of Tyk2 in mouse CNS 
was confirmed and the expression patterns show Tyk2 is expressed 
in microglia, astrocytes, and neurons through colocalization with 
Aif2, Gfap, and Rbfox3 mRNA, respectively (SI Appendix, Fig. S1). 
Due to substantial differences in mouse PK and plasma binding 
properties (Table 1), BMS-986165 was administered at lower doses 
(0.3, 1, 5 mg/kg) than Cmpd-A and Cmpd-B (10, 30, 100 mg/kg) 
to achieve similar free-drug concentrations in the plasma across all 
molecules tested. Dose-dependent reduction of ISGs and C-X-C 
motif chemokine 10 (CXCL10) was observed in the spleen and 
plasma for all compounds tested (Fig. 1 G–I). The IC50 of BMS-
986165 (8.9 nM) in plasma is slightly more potent than Cmpd-A 
and Cmpd-B (36.6 nM and 28.1 nM, respectively; Fig. 1I). In 
contrast, only cTYK2i Cmpd-A and Cmpd-B, reduced type I 
IFN pathway activity in the brain (Fig. 1 J–K). IC50s of Cmpd-A 
and Cmpd-B are comparable in the brain (5.4 nM and 3.5 nM, 
respectively; Fig. 1L). The brain IC50 values were used to model 
and determine target coverage values and doses required for efficacy 
in the in vivo studies described below (SI Appendix, Table S2).

Central TYK2 Inhibition Required to Improve Clinical Score in 
the MOG35-55 EAE Mouse Model. Mice harboring a catalytically 
hypomorphic Tyk2 allele (P1124A) and Tyk2 KO mice are 
protected against EAE (10–12). However, the protection cannot 
be attributed to peripheral or central reduction of TYK2 activity 
in these models. To assess the impact of pTYK2i (BMS-986165) 
vs the cTYK2i (Cmpd-A) both compounds were delivered in a 
semitherapeutic paradigm in the murine MOG35-55 EAE model 
(24). Cmpd-A was dosed at 150 mg/kg/day to achieve unbound 
Cave IC75 target coverage in the central compartment resulting 
in 23.4x IC50 target coverage in the periphery. To normalize 
peripheral impact of TYK2 inhibition of the two molecules BMS-
986165 was dosed at 4 mg/kg/day providing unbound Cave 27.4x 
IC50 target coverage in the periphery (SI  Appendix, Table  S2). 
Fig. 2A shows robust and dose-dependent reduction of clinical 
score in animals receiving the Cmpd-A, which was corroborated 
by lesser reduction of body weights (SI  Appendix, Fig.  S2A). 
The IC75 targeting dose (150 mg/kg/day) rescued clinical score 
by 84% overall while sub-IC50 targeting dose (60/mg/kg/day) 
resulted in a 63% reduction (SI  Appendix, Table  S2). BMS-
986165 showed a slight but nonsignificant reduction of clinical 
score when compared to vehicle. Previous studies demonstrate 
protection against EAE in the TYK2 modified mouse models is 
particularly due to the impact on CNS-infiltrating CD4+ T cells 
(10–12). Similarly, we demonstrate a dose-dependent reduction in 
the CNS-infiltrating population of CD3+/CD4+ T cells (Fig. 2B). 
The CNS-infiltrating T cell population reduction is associated 
with central IC50 target coverage (Fig.  2C). Dysregulation of 
ISGs has been demonstrated in EAE and human MS (25). ISG 
score in EAE brains was significantly reduced by Cmpd-A and 
reduction of T cell infiltrate correlates strongly with reduction of 
interferon signaling (Fig. 2 D and E). A confirmatory assessment 
of cTYK2i efficacy in MOG35-55 EAE model was performed with 
Cmpd-B. Again, the clinical score was reduced significantly by 
the semitherapeutic treatment of Cmpd-B along with reduction 

Table 1.   Cellular and in vivo properties of Compound-A, 
Compound-B and BMS-986165

Stimulus Cell/tissue
End­
point Cmpd-A Cmpd-B

BMS-
986165

﻿In vitro IC 50 (nM)﻿

 IFNα THP-1 pSTAT5 6.4 2.9 1.2

 IL-6 THP-1 pSTAT3 >10,000 4,793 250

 GM-CSF THP-1 pSTAT5 >10,000 >10,000 >1,000

 IFNα iAstrocyte pTYK2 5.1 n/a n/a

 IFNα iAstrocyte pSTAT5 6.4 n/a n/a

 IFNα iAstrocyte pSTAT3 8.0 n/a n/a

 IFNα iMicroglia pSTAT5 2.9 n/a n/a

 IFNα Whole blood pSTAT1 n/a 2.1 1.1

 IL-12 PBMC pSTAT4 14.3 8.8 6.2

 IL12/IL18 PBMC IFNγ 98.9 47.2 19.8
﻿In vivo IC  50﻿ (nM)﻿

 IFNα Plasma CXCL10 36.6 28.1 8.9

 IFNα Brain CXCL10 5.4 3.5 n/a
﻿In vivo properties﻿

 N/A Plasma PPB (%) 99.32% 99.19% 89.30%

 N/A Brain BPB (%) 99.90% 99.76% 90.32%

 N/A Brain Kp 0.78 0.49 0.026

 iAstrocyte (iPSC-derived 
astrocytes)

 iMicroglia (iPSC-derived 
microglia)

 Plasma protein binding (PPB)  Brain protein binding (BPB)

 Peripheral blood mononuclear 
cells (PBMC)

 Partition coefficient (Kp)

http://www.pnas.org/lookup/doi/10.1073/pnas.2422172122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2422172122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2422172122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2422172122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2422172122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2422172122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2422172122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2422172122#supplementary-materials
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of CNS- infiltrating effector T cells (SI Appendix, Fig. S3 A and 
B). Pharmacologically, we recapitulated previous findings from 
Gorman et  al. (12) and Dendrou et  al. (10) showing TYK2 
signaling impairment results in reduced proportion of Th1 and 
Th17 cells infiltrating the CNS (SI Appendix, Fig. S3 C–E). The 
selective impact of cTYK2i on clinical score, T cell infiltration, 
and IFN pathway activity emphasizes the importance of targeting 
neuroinflammation from the “inside out” in EAE.

cTYK2i Reverses Clinical Score in MOG1-125 EAE Despite Minimal 
Impact on Circulating MOG IgG. EAE induction by different 
myelin antigens results in unique pathologies that are segregated 
by T cell and B cell driven pathologies. In the MOG1-125 model, 
B cells drive endogenous antibody-mediated demyelination is 
not necessary for MOG-induced EAE but contributes to severity 
(24, 26). To assess the impact of TYK2 inhibition on B cell–
driven pathologies involved in EAE the cTYK2i Cmpd-B and 
pTYK2i BMS-986165 were delivered to animals immunized 
with MOG1-125 in an exposure-matched full-therapeutic dosing 
regimen. The cTYK2i was able to reverse clinical scores when 
treatment was initiated after presentation of clinical symptoms 
and was more impactful than pTYK2i on reducing clinical score 
(Fig.  3A). Confirming clinical remission, cTYK2i treatment 
normalized distance traveled in open field when compared to 
mock animals (Fig. 3B). When examining peripheral cell infiltrate 
in the CNS only the high dose of Cmpd-B (60 mg/kg/day, > 
Cave IC75) showed a significant reduction of CD3+/CD4+ T cells 
(Fig. 3C) and reduced proportion of Th17 (SI Appendix, Fig. S4). 
However, B cells (CD3−/B220+) were reduced by ~40% in all 
treatment groups (Fig. 3D), suggesting reduction was largely a 
result of peripheral TYK2 inhibition. Additionally, the level of 
plasma IgG directed against the human MOG1-125 antigen was 
unaffected by treatment (Fig. 3F). Total circulating T cells and 
B cells were largely unimpacted by TYK2i with a trend toward 
reduction (SI Appendix, Fig. S4 D and E). Again, central IC50 
target coverage correlated strongly with clinical score, brain 
ISG score and T cell infiltrate but not B cell infiltrate or MOG 
IgG (Fig. 3E). Clear rescue of clinical deficits by the cTYK2i in 

absence of robust impact on circulating MOG+ IgG highlights 
the importance of targeting T cell biology to significantly impact 
EAE as a preclinical model of MS.

Microglial Activation Is Impaired by cTYK2i in EAE. Microglia and 
astrocyte activation are hallmarks and key drivers of pathology 
in neuroinflammation and EAE (26–28). To identify impacts 
of cTYK2i on demyelination and glial cell activation, the spinal 
cords of a subset of animals (n = 3/group/ region, balanced by 
clinical score) were assessed for astrogliosis and microgliosis by 
immunohistochemistry (IHC). Increased GFAP+ and Iba1+ 
cell populations were evident in MOG-immunized spinal 
cords, indicative of increased activated astrocyte and microglial 
populations. Cmpd-B and BMS-986165 did not have a clear 
impact on the reactive astrocyte population (Fig. 4A) based on 
GFAP+ pixel area. However, there was a significant reduction 
in the Iba1+ cell population in animals that received Cmpd-B, 
highlighted by reduced regions of focal infiltrate (Fig.  4B). 
Areas of demyelination, coinciding with microglial infiltrate, 
were visualized by MBP immunostaining counterstained with 
neutral red (NR) (Fig. 4C, white arrows). The cTYK2i treatment 
significantly reduced the area of demyelination in the spinal cord 
(Fig. 4C). Overall, IHC data could suggest selective impact of 
TYK2 inhibition on microgliosis however, further investigation 
into markers of reactive astrocyte and microglial populations 
is warranted. This finding suggests central TYK2 inhibition is 
key to reduction of neuroinflammation from the “inside out” 
whereby TYK2 inhibition in microglia may be sufficient to reduce 
proliferation and subsequent demyelination.

cTYK2 Inhibition Abates Type I Interferon and NF-κB Signaling to 
Extinguish Neuroinflammatory Program. NF-κB pathway activation 
has been identified in multiple cell types in or near active CNS lesions 
in postmortem brain tissue from MS patients (29–32), and deficiency 
in some NF-κB pathway-associated proteins is protective against EAE 
(33, 34). Evidence exists that noncanonical NF-κB pathway activation 
plays a role in the production of type I IFNs (35, 36). Given the known 
crosstalk between IFN and NF-κB pathways (37), our evidence of 
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Fig. 2.   Central TYK2 inhibition is protective by semitherapeutic delivery in the MOG35-55 EAE mouse model. (A) Clinical score for mock or MOG35-55 induced 
animals treated with vehicle, BMS-986165, or Cmpd-A, n = 9 to 24. Bars represent mean ± SEM and statistical analysis compares to cumulative clinical score of 
MOG35-55 EAE vehicle group. (B) CNS T cell population represented as % of total live cells following dissociation as determined by flow cytometry. (C) Correlations 
between CNS T cell population and brain IC50 coverage of tested compounds. (D) Brain ISG score. Bars represent mean ± SD and the data are representative of 
four independent experiments. Each dot represents an individual animal (E) Correlation heatmap comparing target coverage (IC50x), brain ISG, clinical score, and 
CNS T cell population. Statistical analysis compares to MOG EAE vehicle group using one-way ANOVA with Dunnett’s multiple comparisons test, Brown–Forsythe, 
or Welch ANOVA with Dunnett’s T3 multiple comparison test based on data distribution.
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IFN pathway activity in EAE (Fig.  2D), and the effectiveness of 
cTYK2i in protecting against EAE severity (Figs. 2 and 3), we aimed 
to investigate the impact of TYK2 inhibition on NF-κB and IFN 
pathways more broadly. To this end, we ran a targeted gene expression 
analysis on whole brain samples from MOG35-55 and MOG1-125 EAE 
mice treated with cTYK2i and pTYK2i using curated Taqman Array 
Cards. In the MOG35-55 model, 66/72 genes dysregulated in response 
to MOG35-55 induction were significantly rescued by cTYK2i, not 
pTYK2i. In the MOG1-125 model, 29/54 genes dysregulated in 
response to MOG1-125 induction were significantly rescued by cTYK2i, 
not pTYK2i (Fig. 5 A–D and SI Appendix, Tables S4-S9). Among the 

list of genes preferentially rescued by cTYK2i are several members 
of TLR and interferon response factor (IRF) families, regulators of 
canonical and noncanonical NF-κB pathway activity, IFN-inducible 
antiviral genes, class I and II cytokine signaling receptors, and several 
factors involved in autocrine and paracrine inflammatory signaling. 
The observation that most genes dysregulated in EAE mouse brains 
were preferentially affected by a centrally penetrant TYK2i (Fig. 5 
A–D) supports the hypothesis that TYK2 is involved in driving a 
CNS-specific inflammatory program in EAE.

Neuroinflammatory Biomarkers Dampened by cTYKi in EAE. In 
alignment with previous meta-analyses highlighting the emergence 
of cytokines and chemokines as robust biomarkers in MS patient 
blood and CSF (38, 39), we evaluated proinflammatory markers in 
the context of TYK2 inhibition. Spinal cord samples collected from 
MOG35-55 or MOG1-125 EAE mice were analyzed for cytokine and 
chemokine levels. Significant elevations in cytokines, including 
IL-6 and IL-1b, and chemokines, such as CXCL10, IL-16, CCL2, 
CCL3, CCL4, and CXCL13 were detected in vehicle-treated 
MOG-immunized animals when compared to mock (Fig. 5 E–G 
and SI Appendix, Figs. S3G and S5). (Fig. 5H and SI Appendix, 
Fig. S3H). Notably, the administration BMS-986165, Cmpd-A, or 
Cmpd-B lowered the levels of proinflammatory cytokines IL-6 and 
IL-1β in the spinal cord tissue from EAE mice in a dose-dependent 
manner (SI  Appendix, Figs.  S3G and 5 D and F). However, 
chemokines exhibited a stronger correlation with CNS-infiltrating 
CD4+ T cell counts and EAE severity than cytokines (Fig. 5H). 
The results showed a positive correlation between CCL3 with the 
clinical severity of EAE (r = 0.80, P < 0.0001), and lymphocyte 
infiltration (r = 0.82, P < 0.0001) in the spinal cord of EAE mice, 
while IL-1β shows r = 0.24, P < 0.05 and r = 0.4, P < 0.001). A 
subset of analytes, including IL-2, CXCL10, IL-16, CCL3, CCL4, 
and CXCL13 responded exclusively to cTYK2i treatment but not 
to BMS-986165, suggesting a selective effect of cTYK2i (Fig. 5 
E–H and SI Appendix, Fig. S5 A–C and E). The IL-23/Th17 axis has 
been demonstrated to play an essential role for EAE development 
(40). Consistent with previous studies, our data demonstrated the 
MOG-induced elevation of IL-12/IL-23p40 and IL-17A levels 
in the spinal cord, while Cmpd-B treatment rescues the levels to 
24% or 10% of control, respectively (SI Appendix, Fig. S5 G and 
H). Cmpd-B also significantly reduced the neuroinflammation 
biomarkers in MOG1-125 EAE model, while administration of 
BMS-986165 only slightly ameliorated the inflammation within 
the spinal cord (Fig. 5 E–H). Finally, neuroinflammatory analytes 
show better correlation with CD4+ T cell than B cell in the CNS 
(Fig. 5H and SI Appendix, Fig. S3H). This finding confirms a more 
prominent impact on pathogenic CD4+ T cells response in the 
TYK2-mediated neuroinflammatory pathway.

cTYK2i Is Protective in the MS Model Driven by Pathogenic 
Recombinant Antibodies (rAb) Derived from B Lymphocytes in 
PPMS Patient CSF. A recent study of Wong et. al. (41) describes 
the unique capacity of PPMS CSF to induce motor disability 
and spinal cord pathology in a translational MS mouse model 
(Fig. 6A). Moreover, the delivery of rAb derived from sequencing B 
lymphocytes present in PPMS CSF recapitulates PPMS pathology. 
Prophylactic treatment with Cmpd-B (60 mg/kg/day) in this 
model provided protective effects on motor deficit score and grip 
strength (Fig. 6 B and C). The model has a rapid onset (1 to 3 
d) and short duration and therefore requires prophylactic dosage 
to assess impact of treatment. Like findings from the MOG1-125 
model, assessment of GFAP+ astrocyte population in spinal cords 
did not show a significant decrease with cTYK2i treatment while 
Iba1+ microglia were reduced in the cTYK2i-treated animals (Fig. 6 
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Fig. 3.   Central TYK2 inhibition is protective by therapeutic delivery in the 
MOG1-125 EAE mouse model. (A) Clinical score was recorded daily for mock or 
MOG1-125 induced animals treated with vehicle, BMS-986165, or Cmpd-B. Bars 
represent mean ± SEM from two independent experiments and statistical 
analysis compares to cumulative clinical score of MOG1-125 EAE vehicle group, 
n = 10 to 11. (B) Endpoint open field motor test. (C) CNS T cell and (D) B 
cell population are represented as % of total live cells. Bars represent mean 
± SD and the data are representative of two independent experiments (E) 
Correlation heatmap comparing target coverage, brain ISG, clinical score, 
and CNS T or B cell population. (F) Plasma levels of anti-MOG1-125 IgG. Bars 
represent mean ± SD. Each dot represents an independent animal. Statistical 
analysis compares MOG EAE vehicle groups to all other groups using one-way 
ANOVA with Dunnett’s multiple comparisons test.
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D–E). SMI-32 signal was also significantly reduced by cTYK2i 
indicating a reduction in neuronal damage or degeneration within 
the spinal cord (Fig. 6F). Interestingly, the model does not show 
evidence of specific antigen recognition within the spinal cord 
and the interaction of the human rAb with the Fc receptors on the 
surface of glial population is presumably the driver of pathology 
(41). This suggests reduction of neuroimmune activation by a 
cTYK2i can occur without the antigen-presenting component or 
cognate T cell–microglial interactions known to drive EAE (42) 
and possibly Relapsing Remitting MS (RRMS)/PPMS.

Neurodegeneration Marker NfL Reduced in CSF and Plasma by 
cTYK2 Inhibitor in EAE. NfL concentrations in CSF and peripheral 
blood compartments were established as reliable surrogates of 
neuronal injury across a spectrum of neurodegenerative pathologies 
(43). Within the context of MS, longitudinal NfL assessments have 
prognostic significance, delineating disease trajectory in relapsing-
remitting as well as progressive subtypes, while concurrently 
tracking therapeutic efficacy and clinical exacerbations (44). In an 
experimental model of MS employing EAE rats, we quantified NfL 
levels in plasma (pNfL) and CSF (cNfL). A marked increase in NfL 
was observed in the cohort challenged with MBP peptide MBP69-88 
compared to the control group, with a significant attenuation upon 
treatment with Cmpd-A (Fig. 7B). This therapeutic modulation 
of cNfL was mirrored in pNfL concentrations, affirming the 
translational utility of blood-based surrogate biomarkers (Fig. 7D). 

Correlation analyses substantiated a robust association between 
cNfL and clinical severity as well as pNfL (r = 0.83, P < 0.001; and 
r = 0.63, P < 0.001, respectively) (Fig. 7 C and E). Additionally, 
pNfL levels were reduced by Cmpd-B treatment in the MOG1-125 
EAE model (SI  Appendix, Fig.  S3 I and J). Collectively, these 
findings demonstrate inhibiting central TYK2 activity reduces 
neuroinflammation, thereby imparting neuroprotection in demy­
elinating diseases.

Tyk2 Modifies IRRA Function. IRRAs, a subset of reactive astrocytes 
induced by type I IFN/TNF-α/IL-1α/C1q, were identified 
around perivascular, periventricular, subpial spaces in mice 
following LPS-induced inflammation. IRRA populations have 
also been found in the acute phase of EAE with a decrease during 
remission and correlate with disease severity and progression (45). 
To investigate the role of Tyk2 in astrocyte activation, we treated 
iAstrocytes with TNF-α, IL-1α, and C1q (TIC) to induce an 
A1-like phenotype, or combined TIC with 100 ng/ml of human 
IFNβ to induce an IRRA-like phenotype for 24- and 48-h (Fig. 8 
and SI  Appendix, Fig.  S7). A1-like and IRRA-like astrocytes 
exhibited a hypertrophic phenotype, characterized by increased 
cellular compaction and enhanced arborization (SI  Appendix, 
Fig.  S6A). Inhibition of TYK2 activity resulted in a dose-
dependent suppression of hypertrophic phenotype, indicating its 
role in regulating astrocytic morphological changes (SI Appendix, 
Fig.  S6C). To verify cell-type identity after treatment, we 
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measured expression of known markers of A1-like cells (Reactive 
Score), IRRA-like cells (Reactive and Interferon Scores), and type 
I IFN pathway activity (Interferon Score) in each iPSC-derived 
astrocyte subtype (SI  Appendix, Table  S3) (45–47). All genes 
tested were upregulated in both TIC- and TIC+IFNβ-treated 
cells, but cells treated with type I IFN exhibited greater changes 
in gene expression, as demonstrated by the Comprehensive Score 
(Reactive and Interferon Scores; Fig. 8A). To understand whether 
the elevated Comprehensive Score in TIC+IFNβ-treated cells is 
driven by type I IFN alone, we generated additional scores specific 
to interferon pathway activity and astrocyte reactivity (Interferon 
Score). As expected, cells treated with TIC+IFNβ have a more 
robust Interferon Score compared to cells treated with TIC alone 
(Fig. 8B). We also observed a more robust Reactive Score in cells 
treated with TIC+IFNβ compared to TIC alone (Fig. 8C), which 
suggests addition of type I IFN exacerbates overall reactivity in 
this cell type. We did not observe a TYK2i-dependent reduction 

in any score for iAstrocytes treated with TIC alone. However, we 
observed dose-dependent reduction of all scores in response to 
TYK2i in cells treated with TIC+IFNβ (Fig. 8 A–C).

 To ask whether astrocytes were able to mount a functional 
immune response to TIC or TIC+IFNβ, we examined the secre­
tion profiles of the astrocyte-conditioned media (ACM) at 24- 
(SI Appendix, Fig. S7 ) and 48-h poststimulation ( Fig. 8 ). 
Stimulation with TIC or TIC+IFNβ increased the release of 
chemokines and cytokines ( Fig. 8D   and SI Appendix, Fig. S7D﻿ ). 
Compared to TIC, TIC+IFNβ further increased the release of 
proinflammatory factors (IL-6: TIC + IFNβ 1,653 ± 82 pg/ml 
vs. TIC 449 ± 83 pg/ml, P  < 0.01; CCL3: TIC + IFNβ 2,070 
± 151 pg/ml vs. TIC 275 ± 25 pg/ml, P  < 0.0001; CXCL10: 
TIC + IFNβ 1,610 ± 638 pg/ml vs. TIC 140 ± 31 pg/ml, P  < 
0.0001) ( Fig. 8D   and SI Appendix, Fig. S7D﻿ ). Treatment with 
Cmpd-A dose-dependently decreased the levels of CCL3, 
CCL4, CXCL10, and IL-6 in IRRA-like cells, while selectively 
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attenuating CXCL10 secretion in A1 (SI Appendix, Fig. S7 B –G  
and  Fig. 8 E –J  ). Additionally, we observed upregulation of 
YKL-40, a glycoprotein used as a neuroinflammatory marker, 
in both astrocyte populations with higher levels detected in 
IRRA-like astrocytes ( Fig. 8D  ). Inhibition of TYK2 activity 
blocked the elevation of YKL-40 in IRRA-like but not in 
A1-like cells ( Fig. 8J  ). These findings suggest TYK2 plays a 
crucial role in regulating the reactivity and immune response 
function of IRRA-like cells, highlighting its potential as a ther­
apeutic target in neurodegenerative diseases associated with 
astrocyte reactivity.   

Discussion

 Targeting CNS inflammatory pathways from the inside out is 
an emerging strategy to extinguish smoldering neuroinflamma­
tion ( 14 ,  15 ). The data presented establish TYK2 as a key neu­
roimmune modulator capable of regulating inflammatory insults 
within the central compartment in autoimmune disease 
(SI Appendix, Fig. S9 ). We demonstrated IFNα-induced TYK2 
signaling pathway is intact within glial cells and selectively inhib­
ited by our compounds. We show that peripheral disruption of 
TYK2-directed signaling pathways alone is insufficient to prevent 
pathogenesis and TYK2 inhibition from within the CNS is nec­
essary for protection against antigen-mediated EAE. Interestingly, 
genetic ablation of the IL-12 and IL-23 pathway, drivers of T 
cell development, has an inconsistent impact on EAE whereby 
﻿Il12p35−/−   mice are hyperinflammed and Il23p19﻿−/−  mice are 
protected from EAE ( 48 ,  49 ). However, genetic ablation of the 

common p40 subunit (Il12p40−/−  ), results in concomitant dis­
ruption of IL-12 and IL-23 signaling and protection against EAE 
( 50 ). Accordingly, TYK2 plays a direct role in signal propagation 
from each of these cytokines and inhibition phenocopies the 
﻿Il12p40﻿−/−  EAE mice. Further EAE experiments in tissue-specific 
KO strains may clarify the impact TYK2 inhibition on IL-12 vs 
IL-23 pathways in EAE. Our findings show cTYK2 inhibition 
leads to dampened chemoattractant signals (CCL2, CCL3, 
CCL4) emanating from the CNS ( Fig. 5 , SI Appendix, Fig. S5 ) 
thereby blunting the infiltration of myeloid antigen-presenting 
cells that help shape T cell immunity ( 51 ). Additionally, cTYK2i 
may disrupt cognate microglial-T cell interaction in the CNS 
that regulates balance of effector T cell and regulatory T cell 
populations in EAE ( 42 ). While we did not demonstrate an 
impact of cTYK2i on astrocyte populations by GFAP in EAE 
spinal cords, it is possible that A1 populations were established 
prior to treatment and resistant to changes in GFAP density or 
morphology. This hypothesis is supported by the impact of 
TYK2i on iPSC-derived astrocytes where inhibition had a robust 
impact on IRRA populations but minimal effect on A1-like pop­
ulations ( Fig. 8 ).

 The efficacy of cTYK2i in the PPMS rAb mouse model high­
lights the role of TYK2 in mediating inflammatory signals via glial 
cells as the model relies on an antibody-based insult within the 
CNS. The Tyk2  protective allele does not shield mice from autoan­
tibody production and disease progression in two separate lupus 
models even though GWAS has linked this variant to protection 
from SLE ( 12 ). Consistent with this, we did not observe TYK2i 
impact on autoantibody production in MOG1-125  EAE model. 
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Fig. 6.   Pathogenic rAb derived 
mouse model of PPMS rescued 
by prophylactic central TYK inhi­
bition. (A) Schematic summarizing 
method of disease induction by 
administration of rAb derived 
from CSF B cells of PPMS patient. 
(B) Motor deficit score reported 
on days 1 and 3. Bars represent 
mean ± SEM. Each dot repre­
sents an independent animal (n 
= 6). (C) Normalized grip strength 
reported on days 1 and 3. Rep­
resentative images and quanti­
fication for spinal cord (D) GFAP, 
(E) Iba1, and (F) SMI-32 staining. 
Bars represent mean ± SD. Each 
dot represents an independent 
animal. Statistical analysis was 
calculated using two-way ANOVA 
or unpaired two-tailed t test.
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This suggests unique mechanisms are at play within the central 
compartment for TYK2-mediated response to antibody-dependent 
inflammation (ADI) through Fc receptor families ( 52 ).

 Among genes regulated by central TYK2i in EAE are multiple 
members of the TLR, IRF, NF- κB, interferon-induced antiviral 
response, and cytokine receptor families ( Fig. 5  and SI Appendix, 
Tables S4–S7 ). TLRs signal through NF- κB and IRF transcrip­
tion factors to drive expression of proinflammatory cytokines 
and type I IFNs, respectively. The elevated CNS expression of 
IRF and antiviral genes in EAE, likely driven by cellular damage 
and subsequent type I IFN pathway activation, may drive a 
positive feedback loop exacerbating proinflammatory CNS 
environment ( 53 ,  54 ). Our gene expression, T cell infiltration, 
and cytokine and chemokine data, suggest cTYK2i disrupts this 
positive feedback loop of inflammatory signaling in the CNS. 
The transcriptional factor NF- κB as a master regulator of 
immune response has been shown to be activated in multiple 
CNS cell types in MS patients and EAE ( 32 ). Similar to the 
cTYK2i data presented here, conditional knockout of NF- κB 
inducing kinase (NIK) in microglia limits EAE progression and 
has been shown to be essential for T cell recruitment to the 
CNS ( 28 ).

 The cytokine and chemokine milieu orchestrates a balance 
of neuroinflammation and neuroprotection and dysregulation 
is often associated with disease. IL-16 is a chemotactic substance 
essential for promoting chronic inflammation driven by CD4+  
Th1  cells with increases observed in active CNS lesions and 

biofluids of MS patients and EAE animals ( 55     – 58 ). Induction 
of CCL3 and CXCL10 in EAE aligns with known MS biology 
and highlights the interplay of infiltrating T cells with 
CNS-resident glia in pathogenesis. Both chemokines, signaling 
through C-C chemokine receptor 5 (CCR5) and 
CXC-chemokine receptor 3 (CXCR3) respectively, are known 
to be elevated in CSF and active lesions of MS patients. 
Circulating numbers of CCR5+ /CXCR3+  T cells are also 
reported to be increased in progressive MS along with CXCR3+  
T cells in RRMS ( 59 ,  60 ). Dampening of glial IL-16, CCL3, 
and CXCL10 expression by cTYK2i is likely involved in the 
reduction of T cell numbers, altered inflammatory milieu, and 
improved clinical outcomes we see in multiple EAE models.

 Reactive astrocytes are shown to contribute to the pathogenesis 
of several neurodegenerative diseases, including Alzheimer’s 
Disease and MS by releasing proinflammatory cytokines and 
chemokines, which contribute to neurotoxic effects and exacerbate 
the progression of neurodegenerative diseases ( 61 ). Astrocyte reac­
tivity is highly heterogenous and influenced by insult, which 
results in unique reactive subsets ( 45 ,  62 ). Hasel et al. demon­
strated IRRA marker genes are enriched in astrocytes across various 
neurodegenerative models, including EAE, the 5xFAD model of 
Alzheimer’s disease. Notably, astrocytic response to type I inter­
ferons has also been observed in CNS lesions from MS patients. 
In these brain samples, GFAP+  astrocytes showed enrichment for 
pSTAT1 and MX1, indicating a potential involvement of IRRAs 
in modulating inflammation in multiple sclerosis. Despite the 
detection of IRRAs in diverse pathological contexts, their precise 
functional roles in these scenarios remain unclear. Our investiga­
tions suggest IRRA-like cell populations are more proinflamma­
tory than A1 populations based on gene expression signature and 
secretion profile. TYK2 is involved in regulating the IRRA-like 
but not the A1 astrocyte reactivity and chemokine release ( Fig. 8  
and SI Appendix, Fig. S7 ). Whether TYK2 regulates other func­
tions in the definition of reactive astrocyte subtypes needs to be 
explored further.

 The capacity of TYK2 inhibition to rescue MS pathology and 
inhibit type I IFN signaling appears to be incongruous with the 
therapeutic efficacy of IFNβ treatment for some patients. However, 
the response to IFNβ is heterogenous, which includes up to 40% 
of patients that do not respond or respond poorly to treatment as 
defined by relapse rate or disability progression ( 63 ,  64 ). The 
underlying mechanism behind the lack of therapeutic effect of 
IFNβ in some patients may be due to differential cytokine and 
chemokine production in responders ( 65 ,  66 ). It has also been 
observed that IFNβ treatment can exacerbate Th17-induced EAE 
and synergize with IL-23 to drive the inflammatory program, 
which is in concordance with evidence that type I IFNs worsen 
disease in patients with high serum IL-17F and neuromyelitis 
optica ( 67 ,  68 ). The therapeutic benefit of IFNβ is a confound in 
the field. Although we would expect TYK2 inhibition to be coun­
ter to the IFNβ therapeutic effects, genetic data in humans (pro­
tective hypomorphic TYK2 P1104A) and our EAE data suggest 
otherwise.

 Collectively, we have presented data that elucidate a coherent 
mechanism for the role of TYK2 in regulation of neuroinflamma­
tion. We demonstrated central inhibition of TYK2 is required for 
modulation of EAE pathophysiology. Type I IFN-induced TYK2 
signaling pathway is functional within glial cells and selective 
inhibition can result in a pleiotropic impact that extinguishes the 
neuroinflammatory program at the embers/source. The mecha­
nisms presented here strengthen the strategy for targeting central 
TYK2 for treatment of MS.  
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model. (A) Clinical score was recorded daily for mock or MBP EAE induced 
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multiple comparisons test.
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Materials and Methods

Animals. Eight-to-ten weeks old C57BL/6NCRL mice and 14 to 15 wk old LEW/
Crl rats were purchased from Charles River Laboratories and housed under a 
12-h light/dark cycle and temperature ranging 20 to 23 °C with ad  libitum 
access to food and water. For the PPMS model, adult female C57BL/6 J mice 
were purchased from The Jackson Laboratory (Bar Harbor, ME). All procedures 
were approved by the IACUC at Mispro Biotech Services (New York) or Neuron23 
IACUC (South San Francisco).

Compounds. Compounds A and B were identified at Neuron23, and details 
will be disclosed in due course. BMS-986165 was synthesized according to the 
literature (69).

IFNα PK/PD. Six- to nine-weeks-old C57BL/6NCRL mice were orally dosed once 
with test articles (TAs) and stimulated with recombinant IFNα (PBL; 10 ng/g) 
via IP injection 0.5 h later. Tissues were collected 3 h post-IP injection (3.5 h 
post-TA dosing).

EAE Induction. Mice were subcutaneously injected with control complete 
Freund’s adjuvant (CFA) (CK-2110, Hooke Laboratories, Lawrence, MA), myelin oli-
godendrocyte glycoprotein (MOG)35-55/CFA (EK-2110) or MOG1-125/CFA (EK-2160) 
emulsion bilaterally along the lower lumbar dorsal region followed by pertussis 

toxin IP injection on days 0 and 2 according to the manufacturer’s instruction. Rats 
were subcutaneously injected on day 0 with CFA (EK-3110) or guinea pig myelin 
basic protein (gpMBP)69-88/CFA emulsion bilaterally along the lower lumbar dor-
sal region according to the manufacturer’s instruction. Clinical manifestation of 
neuromuscular deficits are quantified as described in SI Appendix.

PPMS Recombinant Antibody rAb Mouse Model. Human research protocol 
executed at International Multiple Sclerosis Management Practice under IRB 
approval by Western Institutional Review Board (WIRB® Protocol #20152309). 
All participants provided informed consent in accordance with the Declaration 
of Helsinki. PPMS patient-derived recombinant antibody (rAB) was delivered 
to adult female C57BL/6 J mice as depicted in Fig. 6A and previously described 
(41). Additional details in SI Appendix. Mice were randomly assigned to treat-
ment groups. All motor testing was performed blinded with respect to treatment 
groups. Following intrathecal delivery of PPMS rAbs, mice underwent motor 
testing at 1 DPI and 3 DPI. Forelimb reaching, gripping, and tail flaccidity were 
evaluated on a 3-point scale as described in SI Appendix.

Animal Treatment. For the semitherapeutic paradigm, treatments were initiated 
en masse when 20% of MOG-induced animals showed a clinical score of 0.5. 
Cohorts were balanced based on clinical score prior to start of treatment. For 
therapeutic paradigm, animals were enrolled individually into a dosing arm when 
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Fig. 8.   Differential effects of TYK2 inhibition on iPSC-derived reactive astrocyte models. (A) Comprehensive, (B) Interferon, and (C) Reactive gene expression 
scores from two iPSC-derived reactive astrocyte models treated with TYK2 inhibitor for 48 h. Scores represent the geometric mean of fold change across all genes 
tested relative to unstimulated cells. (D) Comparison of secreted cytokines in astrocyte-conditioned medium across iPSC-derived astrocyte models. Relative levels 
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Bars represent ± SD from three independent experiments and statistical significance was calculated using two-way ANOVA.
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scoring at least 0.5. Animals were distributed to each dosing group in a balanced 
fashion based on clinical score. Enrollment was closed 16 d post induction, and 
experiments were concluded 28 d post enrollment. For prophylactic paradigm, 
treatments were initiated one day prior to injection of PPMS rAb. Test article 
formulation and treatment methods described in SI Appendix.

Flow Cytometry T Cell and B Cell Quantification. Terminal whole blood was 
collected via cardiac puncture and following perfusion, hemibrain collected, and 
processed according to Multi Tissue Dissociation Kit 1 (130-110-201) instructions 
using a gentleMACS Octo Dissociator with heaters (Miltenyi Bio, 130-096-427) 
per manufacturer instructions. Additional sample processing and antibody stain-
ing methods described in SI Appendix.

Anti-MOG IgG Quantification. Total terminal plasma MOG1-125 IgG was quan-
tified using a commercially available anti-MOG1-125 mouse IgG ELISA kit (AS-
55153-M, AnaSpec).

Immunohistochemistry. For MOG1-125 immunogen EAE, a subset of animals (n 
= 3 per group) was selected for immunohistochemical processing. These animals 
were selected from each group in a balanced fashion based on terminal clinical 
score and overall clinical deficit. IHC processing, staining, and imaging was per-
formed by NeuroScience Associate (Knoxville, TN) and described in SI Appendix. 
For rAB-induced PPMS model, all samples (n = 6 per group) were processed 
and analyzed by IHC at Tisch MS Research Center, as described in SI Appendix.

RNAscope In Situ Hybridization Assay. RNAscope is an RNA in situ hybridi-
zation (ISH) technology developed and performed by Advanced Cell Diagnostics 
(ACD Bio; Newark, CA). Briefly, the RNAscope 2.5 LS multiplex fluorescent ISH 
assay was utilized for the detection of Tyk2, Aif1, Gfap, and Rbfox3 messenger 
RNA (mRNA) in three wild-type mouse sagittal brain hemispheres, as described 
in SI Appendix.

Gene Expression Analysis. Gene expression analysis of tissues collected was 
performed and visualized as described in SI Appendix.

Cytokine/Chemokine Analysis. Cytokines, chemokines, and neurofilament light 
polypeptide (NfL) (MSD, K1517XR-2) were measured in plasma, spinal cord, brain, 
or iAstrocytes using the MSD U-PLEX system or R-plex assay. Snap-frozen brains and 
spinal cords were homogenized in 1x MSD Lysis Buffer supplemented with com-
plete protease (Sigma Aldrich, 5892970001) and PhosSTOP phosphatase inhibitor 
(Sigma Aldrich, 4906837001) using soft-tissue ceramic beads (Precellys, CK14) 
and a bead homogenizer (MP Bio, FastPrep-24 5G). Plasma and tissue lysates were 
diluted in MSD assay diluent and run as per manufacturer instructions.

Biochemical Assays. Kinase-domain (JH1) enzymatic assays:
JAK-family JH1 domain enzymatic inhibition assays were performed by 

Pharmaron (Beijing, CHN), as described in SI Appendix.
Pseudokinase-domain (JH2) Kd determination:
JAK-family JH2 domain binding affinities were determined by Eurofins 

DiscoverX (San Diego) according to previously published methodology (70).

Cell Culture and Phosphorylated STAT Activity Assays. THP-1 cells 
(ATCC, TIB-202) and human iPSC-derived astrocytes (BrainXcell, BX-0600) 
and microglia (iMicroglia) (BX-0900) were cultured and stimulated with 
cytokines as described in SI  Appendix. Analyses of pSTAT activity were per-
formed using AlphaLISA or MSD according to the manufacturer’s protocol. 
Custom pTyr1054/1055 TYK2 and total TYK2 MSD assays were performed to 
measure direct target engagement.

To generate reactive astrocytes, cells were stimulated on day 4 with media con-
taining Tumor Necrosis Factor Alpha (TNF-a) (30 ng/ml, R&D Systems, 210-TA-020), 
IL-1a (3 ng/ml, Sigma, 13901), and C1q (400 ng/ml, Abcam, AB282858) (TIC) or 
combinations of TIC with human IFN-β (100 ng/ml, PBL Assay Science, 11415). 
Conditioned medium was collected posttreatment at 24- or 48-h for chemokine/
cytokine MSD assay and cell pellets were saved for gene signature analysis.

Western blot. Western blot analysis of total TYK2 and pTyr1054/1055 TYK2 in 
iAstrocytes and iMicroglia was performed as described in SI Appendix.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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