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Abstract

Inflammatory diseases are frequently treated with Janus kinase (JAK) inhibitors to diminish 

cytokine signaling. These treatments can lead to inadvertent immune suppression and may 
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increase the risk of viral infection. Tyrosine kinase 2 (TYK2) is a JAK family member required for 

efficient type I interferon (IFN-α/β) signaling. We report here that selective TYK2 inhibition 

preferentially blocked potentially detrimental type I IFN signaling whereas IFN-λ-mediated 

responses were largely preserved. In contrast, the clinically used JAK1/2 inhibitor baricitinib was 

equally potent in blocking IFN-α/β or IFN-λ-driven responses. Mechanistically, we showed that 

epithelial cells did not require TYK2 for IFN-λ-mediated signaling or antiviral protection. TYK2 

deficiency diminished IFN-α-induced protection against lethal influenza virus infection in mice 

but did not impair IFN-λ-mediated antiviral protection. Our findings suggest that selective TYK2 

inhibitors used in place of broadly acting JAK1/2 inhibitors may represent a superior treatment 

option for type I interferonopathies to counteract inflammatory responses while preserving 

antiviral protection mediated by IFN-λ.

Introduction

Janus kinase (JAK) inhibitors are successfully used to treat inflammatory diseases such as 

type I interferonopathies (1) or psoriasis (2). However, 89 % of type I interferonopathy 

patients treated with baricitinib, a JAK1/2 inhibitor, suffer from complications including 

herpes zoster, BK viremia, viral gastroenteritis, and viral infections of the upper respiratory 

tract (1). JAKs are involved in the signal transduction pathways of several cytokines 

including interferons (IFNs) (3). The heterodimeric receptor complex for type I IFN (IFN-α/

β) consists of IFNAR1 and IFNAR2 (4), whereas the type III IFN (IFN-λ) receptor is 

formed by IFNLR1 and IL10RB (5).

Tyrosine kinase 2 (TYK2), a member of the JAK family, is physically associated with 

IFNAR1 (6) and IL10RB (7, 8), whereas JAK1 is associated with IFNAR2 (9) and IFNLR1 

(10). Upon ligand binding, IFN receptor-associated JAKs undergo phosphorylation and 

become activated to phosphorylate receptor-associated signal transducer and activator of 

transcription 1 (STAT1) and STAT2 which, in complex with interferon regulatory factor 9 

(IRF9), bind to IFN-stimulated response elements (ISRE) in the promotor regions of IFN-

stimulated genes (ISGs) such as MX1 or ISG15, inducing their transcription (4, 11).

Several patients with TYK2 deficiencies were reported to have surprisingly mild 

mycobacterial and/or viral infections and were free of inflammatory bowel disease (12, 13). 

These patients tolerated live attenuated viral vaccines and were seropositive for antibodies 

against influenza A viruses, indicating that they were able to mount efficient antiviral 

immune responses (12). This clinical picture was attributed to the leaky phenotype of the 

TYK2 deficiencies, resulting in residual responses to IFN-α/β, IL-12, IL-23 and IL-10 and 

seemingly normal responses to IL-21, IL-27, IFN-γ and IFN-λ (13). In agreement with 

these clinical findings, Tyk2-deficient mice showed only partially impaired responses to 

TYK2-dependent cytokines (14). At this time, only a single patient with partial JAK1 

deficiency has been described (15), and Jak1 deficiency in mice results in postnatal lethality 

(16).

Since its discovery in 2003 (17, 18), the type III IFN system has been shown to protect 

mucosal barriers from viral, fungal and protozoal infections (11). Pegylated IFN-λ has been 

suggested as prophylactic (19–21) and is currently under clinical evaluation for early 
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treatment against COVID-19 (22). IFN-λ has important functions in protecting the intestinal 

tract (23), the respiratory tract (24, 25) and the reproductive tract (26, 27) against viral 

infections, and contributes to hepatitis C virus resistance in humans (28). In mucosa-rich 

tissues, IFN-λ can largely compensate for a defective type I IFN system (24, 29) and 

induces less tissue damage and inflammation compared with IFN-α/β (25, 30, 31). However, 

IFN-λ can also impair lung repair after viral infection (32, 33), can increase susceptibility to 

bacterial infections (11) and promoted immune dysregulation in a murine lupus model (34).

In addition to acting on epithelial cells and protecting barrier surfaces from infection, several 

recent studies demonstrated that IFN-λ can also modulate the activity of neutrophils (35, 

36). By acting directly on neutrophils, IFN-λ was shown to resolve inflammation in a 

collagen-induced arthritis model (37), counteract fungal pneumonia (38), reduce 

inflammation in a DSS-induced colitis model (39), and avoid excessive inflammation during 

influenza A virus infection (25). These observations suggest that IFN-λ is critical to 

protecting barrier surfaces against a variety of pathogens without inducing excessive 

inflammation and tissue damage.

TYK2 appears to be required for full-scale IFN-α/β signaling (40, 41), but its role in IFN-λ-

mediated gene expression is less clear (11). One study concluded that TYK2 was 

dispensable for antiviral protection mediated by IFN-λ (12), whereas another study 

identified TYK2 as an essential positive regulator of IFN-λ-mediated gene expression (42). 

Other studies have also proposed a role for JAK2 in IFN-λ-mediated signaling (39, 43, 44).

Here we found that the newly developed selective TYK2 inhibitor BMS-986165 (2, 45) 

preferentially blocked potentially noxious type I IFN signaling but largely preserved IFN-λ-

mediated responses. To explain this unexpected observation, we evaluated the responses to 

IFN-λ treatment in TYK2-deficient primary mouse epithelial cell cultures, mouse 

neutrophils and two human cell lines. We showed that epithelial cells did not require TYK2 

for full-scale IFN-λ-mediated gene expression or antiviral protection, and that mouse 

neutrophils and human HAP1 cells were only moderately influenced by the complete loss of 

TYK2. IFN-λ-mediated protection of mice against lethal influenza A virus infection was not 

diminished in TYK2-deficient mice, whereas IFN-α-mediated protection was abolished. Our 

findings suggest that specific inhibition of TYK2 might represent a superior treatment option 

for type I interferonopathies as such drugs provide the possibility to preferentially block 

IFN-α/β signaling while preserving the antiviral barrier protection mediated by IFN-λ.

Results

IFN-α-but not IFN-λ-mediated gene expression depends on TYK2 in mouse epithelial cells

We first determined if inhibition of specific JAK family members would preferentially affect 

type I versus type III IFN-mediated responses. We treated A549 cells, a human alveolar cell 

carcinoma-derived cell line (46), with increasing concentrations of either the JAK1/2 

inhibitor baricitinib or the selective TYK2 inhibitor BMS-986165 and quantified IFN-

mediated gene expression after stimulation with either type I (IFN-αB/D) or type III IFN 

(hIFN-λ1). Baricitinib inhibited both type I and type III IFN signaling equally well, whereas 

BMS-986165 preferentially inhibited type I IFN-mediated gene expression. Up to 30-fold 
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higher concentrations of the selective TYK2 inhibitor BMS-986165 were required to reduce 

type III IFN-mediated gene expression to a similar extent (Fig. 1).

To corroborate the subordinate role of TYK2 in IFN-λ-mediated signaling and to evaluate 

whether the inhibition of type III IFN-mediated gene expression at high concentrations of 

BMS-986165 was due to off-target pan-JAK inhibition, we generated primary airway 

epithelial cells (AECs) from mice lacking TYK2 and performed dose-response experiments 

with IFN-αB/D and IFN-λ2. Tyk2-deficient AECs showed a dose-dependent defect for IFN-

α-mediated gene expression, as expected (Fig. 2A, left panel). In contrast, no defect in IFN-

λ-induced gene expression was observed (Fig. 2A, right panel). Next, we investigated the 

kinetics of gene expression in Tyk2-deficient and control AECs. We stimulated AECs with 

either IFN-αB/D or IFN-λ2 for 1 h and quantified IFN-mediated expression of Isg15 over 

time. We observed no defect in IFN-λ-mediated expression of Isg15 in Tyk2-deficient AECs 

but noted a pronounced deficiency of IFN-αB/D signaling (Fig. 2B).

Interferons are known to regulate the transcription of hundreds of genes. We therefore 

performed RNA-seq analysis of Tyk2-deficient AECs to determine whether a subset of ISGs 

would require TYK2 for efficient expression upon IFN-λ stimulation. Tyk2 deficiency in 

AECs led to a global defect in IFN-α-mediated gene expression, whereas IFN-λ-mediated 

gene expression was not significantly affected (Fig. 2C). We validated this observation by 

analyzing IFN-induced genes with Wald statistics, which uses log2-transformed fold change 

values corrected for their variance. Gene induction by IFN-α was nearly absent in Tyk2−/− 

cells (Fig. 2D, left panel), whereas gene induction by IFN-λ was indistinguishable between 

Tyk2−/− and WT cells, illustrated by values being aligned with the diagonal (Fig. 2D, right 

panel). We used a mini-gut organoid culture system (47) to determine whether IFN-λ 
signaling was equally independent of TYK2 in mouse intestinal epithelial cells. Again, we 

found that Isg15 expression was independent of TYK2 in IFN-λ-treated cells but not in cells 

treated with IFN-α (Fig. 2E).

Taken together, these data indicate that, in sharp contrast to IFN-α, IFN-λ is able to induce 

full-scale global gene expression in primary mouse epithelial cells in the absence of TYK2. 

Likewise, selective pharmacological inhibition of TYK2 in human epithelial cells 

preferentially inhibits gene expression induced by IFN-α compared with IFN-λ.

TYK2 moderately influences IFN-λ-mediated gene expression in mouse neutrophils

Several recent studies demonstrated that IFN-λ can modulate the activity of neutrophils in 

mice (25, 35–39). We performed RNA-seq analyses with purified bone marrow (BM)-

derived mouse neutrophils that were treated with either IFN-αB/D or IFN-λ2 to confirm that 

both treatments induced the expression of an overlapping subset of ISGs (Fig. 3A and Fig. 

S1A). In line with published data, we found that many pro-inflammatory genes, like Tnf and 

Il-6 (25), were regulated exclusively by IFN-α (Fig. 3B and Fig. S1B). However, some 

prominent antiviral genes like Mx1 were not induced by IFN-λ in neutrophils. Of note, Mx1 
is known to be regulated by IFN-λ in epithelial cells (24, 48) (Fig. S1C). To test whether the 

differential regulation of Mx1 by IFN-λ in neutrophils was simply a matter of ligand dose, 

we treated freshly isolated neutrophils with a high concentration (1 μg/ml) of IFN-λ2. 

However, IFN-λ still failed to enhance the expression levels of Mx1, in contrast to Isg15 
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(Fig. 3C), indicating that the integration of the IFN-λ signal may differ between epithelial 

cells and neutrophils. Of note, IFN-αB/D treatment efficiently induced the expression of 

Mx1 in neutrophils, indicating that the Mx1 gene locus is not silenced in a cell type-specific 

manner (Fig. 3C).

Differentiated mouse neutrophils can be generated ex vivo using the Hoxb8 system (49, 50). 

Hoxb8 neutrophils started to express the specific IFN-λ receptor chain 1 (Ifnlr1) as soon as 

they differentiated from their precursors (Fig. S1D) and became readily responsive to IFN-

αB/D or IFN-λ2 on day 4 post induction of differentiation (Fig. S1E). To evaluate the role of 

TYK2 for IFN-λ-mediated gene regulation in neutrophils, we generated Tyk2-deficient 

Hoxb8 neutrophils, treated them with increasing concentrations of either IFN-αB/D or IFN-

λ2 and measured IFN-mediated gene expression by RT-qPCR. Unexpectedly, we observed a 

clear dose-dependent defect of Tyk2-deficient neutrophils in IFN-λ2-mediated expression of 

Isg15 (Fig. 3D). We excluded the possibility that the decreased IFN-λ responsiveness of the 

Tyk2- deficient cells was due to reduced differentiation-induced expression of IFN-λ 
receptors (Fig. S1F) and used freshly isolated BM-derived neutrophils from WT or Tyk2-

deficient mice to confirm the results obtained with the Hoxb8 culture system (Fig. S1G).

Steady-state expression levels of Stat1, Stat2 and Irf9 can be influenced by tonic IFN 

signaling as they are ISGs themselves (51). Thus, TYK2-dependent defects in tonic type I 

IFN signaling could indirectly influence gene expression triggered by IFN-λ. To test for 

such putative indirect negative effects, we measured the IFN-λ response of freshly isolated 

neutrophils from Tyk2−/−, Ifnar1−/− and WT mice in parallel. Unlike Tyk2−/− neutrophils, 

cells from Ifnar1−/− mice showed no reduced responsiveness to IFN-λ2 (Fig. 3E-F), arguing 

against such indirect effects. Interestingly, we found that Oasl2 and Irf9 showed reduced 

basal expression levels in Tyk2-deficient neutrophils. However, relative to the respective 

untreated controls, their expression levels were equally well upregulated by IFN-λ in WT 

and Tyk2−/− cells (Fig. 3F and Fig. S1I). In contrast, Isg15 and Stat2 (Fig. 3E and Fig. S1H) 

showed normal baseline expression but exhibited some degree of TYK2 dependency for 

IFN-λ-mediated gene regulation.

To evaluate globally the TYK2 dependency of IFN-λ-mediated signaling in neutrophils, we 

performed RNA-seq analysis of freshly isolated WT or Tyk2−/− neutrophils treated with 

either IFN-αB/D or IFN-λ2. We observed reduced basal expression levels for the vast 

majority of ISGs in Tyk2-deficient neutrophils (Fig. 3G). However, analysis of this dataset 

by Wald statistics, which are based on relative changes over untreated WT or Tyk2−/− 

controls, revealed that the response to IFN-λ was only moderately affected in Tyk2-deficient 

neutrophils (Fig. 3H, right panel), in contrast to type I IFN-mediated gene regulation (Fig. 

3H, left panel).

Taken together these data demonstrate that the integration of IFN signals differs between 

epithelial cells and neutrophils, and that loss of TYK2 leads to a global reduction in basal 

ISG expression levels in neutrophils. Importantly, we found that type I IFN- but not type III 

IFN-mediated gene regulation strongly depends on TYK2 in mouse neutrophils.
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TYK2 moderately contributes to IFN-λ-induced gene expression in human HAP1 cells

Next, we wanted to investigate whether human neutrophils, similar to mouse neutrophils, 

might differ from epithelial cells regarding IFN-λ-mediated gene expression. However, 

naïve human neutrophils isolated from peripheral blood did not upregulate the expression of 

ISGs upon stimulation with human IFN-λ1 (Fig. S2A).

To evaluate the TYK2 dependency of IFN signaling in a human-derived cell line that can 

respond to IFN-λ (12), we used HAP1 cells, a near-haploid human cell line derived from 

KBM-7 cells (52) that was originally isolated from a male patient with chronic myeloid 

leukemia in blast crisis (53). Of note, even though this cell line originated from a myeloid 

progenitor, it does not represent a surrogate model for neutrophils. Interestingly, one study 

found that TYK2-deficient HAP1 cells (HAP1-TYK2ko) showed no decrease in IFN-λ-

mediated protection against infection with a vesicular stomatitis reporter virus (VSV-GFP) 

(12), whereas another study identified TYK2 in a genome-wide screening approach to be an 

essential positive regulator of IFN-λ-mediated gene expression in HAP1 ISRE-GFP reporter 

cells (42). When we stimulated HAP1-WT and HAP1-TYK2ko cells with increasing 

concentrations of IFN-αB/D, we found that ISG15 expression (Fig. 4A, left) and antiviral 

protection against VSV-GFP (Fig. 4B, left) were completely abolished in TYK2-deficient 

cells. In contrast, IFN-λ-mediated expression of ISG15 (Fig. 4A, right) and antiviral 

protection against VSV-GFP (Fig. 4B, right) was decreased but not abolished in TYK2-

deficient cells. When we measured IFN-induced expression of MX1, we found moderate 

induction in HAP1-WT cells by IFN-αB/D and, to a lesser extent, by IFN-λ1 (Fig. S2B).

We tested whether transient TYK2 inhibition would preferentially block IFN-α- mediated 

gene expression in HAP1 cells. JAK1/2 inhibition by baricitinib blocked signaling by both 

types of IFN equally well (Fig. 4C, left panels), but TYK2-specific inhibition by 

BMS-986165 preferentially inhibited type I IFN-mediated gene expression, with ten-fold 

higher concentrations of the inhibitor required for a comparable reduction of type III IFN-

mediated stimulation (Fig. 4C, right panels). These findings indicate that in HAP1 cells, 

signaling by type I IFN is more strongly dependent on TYK2 than signaling by IFN-λ, 

although TYK2 is required for full-scale IFN-λ-mediated gene expression and antiviral 

protection in this cell line.

IFN-λ-responses are TYK2-independent in human epithelial cells

A549 is an epithelial cell line established from a male alveolar cell carcinoma (46). To 

address whether human epithelia require TYK2 for IFN-λ-responses, we generated TYK2-

deficient A549 single cell clones (A549-TYK2ko) using CRISPR/Cas9 (Fig. S3A). A549-

TYK2ko cells, in line with mouse-derived cells but in contrast to human HAP1 cells, showed 

a dose-dependent defect in IFN-αB/D-mediated expression of ISG15 and MX1 (Fig. 5A, left 

panels), but IFN-λ-mediated expression of ISG15 or MX1 was TYK2-independent (Fig. 5A, 

right panels), which is similar to our findings in primary mouse epithelial cells (Figs. 2A and 

2E). Furthermore, IFN-λ-mediated antiviral protection of A549 cells against VSV-GFP was 

not affected by TYK2 deficiency, in contrast to IFN-αB/D-mediated protection (Fig. 5B). To 

investigate the kinetics of IFN-mediated gene expression in TYK2-deficient A549 cells, we 

pulsed cells with IFN-αB/D or IFN-λ1 for 1 h and quantified IFN-mediated expression of 
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ISG15 and MX1 over time, which is similar to experiments with primary mouse AECs (Fig. 

2B). We again observed no defect in IFN-λ-mediated expression of MX1 in TYK2-deficient 

A549 cells but noted a pronounced reduction of the type I IFN-mediated signaling capacity 

(Fig. S3B). Of note, in contrast to primary mouse AECs (Fig. 2B), we did not find a similar 

rapid decline in IFN-αB/D-mediated gene expression for time points later than four hours 

after treatment, which might indicate that type I IFN-specific negative feedback regulation is 

not functional in A549 cells.

As some studies suggested a role for JAK2 in IFN-λ-mediated gene regulation (39, 43), we 

tested whether the JAK2 inhibitor HBC (1,2,3,4,5,6,-Hexabromocyclohexane) might 

influence IFN-λ signaling. However, HBC did not reduce IFN-λ-triggered expression of 

Isg15 and Mx1 in primary mouse AECs (Fig. S3C) or expression of Isg15 and Oasl2 in BM-

derived WT or Tyk2−/− neutrophils (Figs. S3D-E). In contrast, the pan-JAK inhibitor 

Pyridone 6 (Py6) efficiently reduced IFN-mediated ISG expression in both mouse AECs and 

neutrophils.

To further investigate the role of JAK2 for IFN-λ-mediated gene regulation, we generated 

A549-JAK2ko cells (Fig. S3A). Upon treatment with increasing concentrations of IFN-αB/D 

or IFN-λ1, A549 control and JAK2ko cells upregulated the expression levels for ISG15 and 

MX1 equally well (Fig. 5C), contrasting previous findings (39, 43) and arguing against an 

involvement of JAK2 in IFN-λ-mediated expression of ISGs in epithelial cells. To exclude 

the possibility that JAK2 and TYK2 might compensate for each other in epithelial cells, we 

generated A549 cells deficient for both kinases (A549-JAK2koTYK2ko). Again, when we 

treated A549-JAK2koTYK2ko cells with increasing concentrations of IFN-λ1 they 

upregulated the expression levels of ISG15 and MX1 to the same extent as the control cells 

(Fig. 5D, right panels).

Taken together these data showed that IFN-λ-mediated gene expression and antiviral 

protection in human epithelial cells are independent of TYK2 and JAK2.

IFN-λ-mediated protection of mice against influenza A virus-induced disease is TYK2-
independent

To determine whether Tyk2-deficient mice show increased susceptibility to respiratory 

viruses, we used an established influenza A virus infection model (24) and infected the 

upper respiratory tract of WT, Tyk2−/− and Ifnar1−/−Ifnlr1−/− mice with a low dose of 

influenza A virus strain Udorn. On day 5 post infection, the viral load in upper airways (Fig. 

6A, left panel) and the percentage of virus-positive animals (Fig. 6A, right panel) did not 

differ significantly between Tyk2−/− and WT mice. In contrast, Ifnar1−/−Ifnlr1−/− mice 

contained significantly more virus in the upper respiratory tract than WT or Tyk2−/− mice 

and a significantly higher fraction of Ifnar1−/−Ifnlr1−/− mice were productively infected, 

suggesting that the loss of both type I and type III IFN signaling but not Tyk2 deficiency 

increases the susceptibility of mice to respiratory viruses.

Next, we tested whether IFN-λ2 treatment would still protect against a lethal influenza A 

virus challenge if the mice lacked TYK2. All mice used for these experiments carried one 

functional allele of the IFN-regulated influenza virus resistance gene Mx1 and were either 
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heterozygous (Tyk2+/−) or homozygous (Tyk2−/−) for the defective Tyk2 allele. The animals 

were treated either with PBS, IFN-αB/D or IFN-λ2 at 18 hours prior to infection with a 

highly virulent variant of the influenza A virus strain PR8. As shown in Figure 6B (left 

panels), PBS-treated animals quickly succumbed to the infection regardless of whether they 

carried a functional Tyk2 allele. IFN-αB/D-treated animals were protected against disease 

and survived the infection only if they had a functional copy of Tyk2 (Fig. 6B, middle 

panels). In contrast, Tyk2-deficient mice pretreated with IFN-λ2 were all protected against 

disease and survived the infection (Fig. 6B, right panels).

Taken together these data indicate that TYK2 deficiency does not increase the susceptibility 

to influenza A virus infection and does not reduce the protective potential of IFN-λ during a 

lethal viral challenge.

Discussion

Here we demonstrate that TYK2 deficiency effectively blocks type I IFN signaling but does 

not negatively influence IFN-λ-mediated gene induction or antiviral protection. Selective 

inhibition of TYK2 with BMS-986165 preferentially affected type I IFN signaling, while 

largely preserving type III IFN signaling. This observation highlights fundamental 

differences in IFN type I and type III signaling and is relevant for various clinical conditions 

including autoinflammatory type I interferonopathy in which JAK inhibitors are used to 

limit excessive immune responses. Such disease can be caused by monogenetic defects that 

result in constitutive activation of the type I IFN signaling pathway (1, 54–56). Although the 

currently used pan-JAK inhibitors are effective at reducing type I IFN-driven inflammation, 

they predispose treated patients to viral infections (1). Our data suggests that TYK2-specific 

inhibitors may represent an improvement of the current treatment.

The signaling pathways downstream of the type I and type III IFN receptors show a high 

degree of similarity and involve activation of several protein kinases, including JAK1 and 

TYK2 (4, 11, 57). Type I IFN signaling is strongly impaired in TYK2-deficient mice and 

humans, but some residual signaling does occur in response to high concentrations of type I 

IFN (13, 14). Whether type III IFN also requires TYK2 for signaling has to date been 

unclear. Our work with primary epithelial cells from the airways and the intestinal tract of 

wild-type and Tyk2-deficient mice clearly demonstrated that TYK2 is dispensable for full-

scale IFN-λ signaling. Furthermore, experiments with A549 cells in which the TYK2 gene 

had been deleted showed that IFN-λ signaling in human epithelial cells is equally 

independent of TYK2. Finally, IFN-λ retained its protective activity if applied 

prophylactically to Tyk2−/− mice before infection with highly pathogenic influenza A virus. 

Under identical experimental conditions, IFN-α was only active in wild-type but not Tyk2−/− 

mice, unequivocally demonstrating that type I and type III IFN differ with regard to 

requiring TYK2 for signal transduction.

A previous study showed that IFN-λ protected human HAP1 cells comparably well against 

infection with VSV whether or not they carried a functional TYK2 gene (12). However, a 

genome wide trap mutagenesis screen using the same parental cell line identified TYK2 as 

an essential positive regulator for IFN-λ-mediated gene induction (42). Our work can 
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explain this apparent inconsistency and revealed that IFN-λ responses in HAP1 cells are 

partially dependent on TYK2. Thus, depending on the experimental setup, the importance of 

TYK2 in IFN-λ signaling can easily be overestimated when this particular cell line is 

employed.

While IFN-λ mainly acts on epithelial cells, recent studies showed that mouse neutrophils 

can also respond to IFN-λ (reviewed in (11)). In line with other studies (34), we found that 

mouse and human neutrophils differ in their responsiveness to IFN-λ. Neutrophils isolated 

from the bone marrow of mice readily responded to IFN-λ stimulation, whereas human 

neutrophils isolated from peripheral blood did not. Previous work suggests that regulation of 

IFN-λ receptor expression in human neutrophils could be dynamic, as the IFNLR1 was up-

regulated in human neutrophils upon co-cultivation with Aspergillus fumigatus (38). The 

mouse Hoxb8 neutrophil culture system may represent a useful tool to study the up-

regulation of the Ifnlr1 gene during differentiation.

Interestingly, IFN-λ induced a substantially smaller subset of ISGs in mouse neutrophils 

than IFN-α, confirming a previous study which showed that IFN-λ induces fewer pro-

inflammatory genes than type I IFN in this cell type (25). Besides pro-inflammatory genes, 

we found that IFN-λ does not upregulate some well-characterized antiviral ISGs, like Mx1, 

in neutrophils. To date it is unclear how and why IFN-λ has evolved to induce distinct gene 

expression profiles in different cell types. Most likely, IFN-λ evolved to serve unique 

functions in neutrophils that differ from those in epithelial cells.

Comparisons of the IFN-λ responses in neutrophils from WT and Tyk2-deficient mice 

revealed a reduced baseline expression of most ISGs in knockout cells. Importantly, 

however, IFN-λ increased the relative expression levels of the vast majority of ISGs in 

Tyk2-deficient neutrophils to a similar extent as in WT cells. These results indicate that the 

IFN-λ responsiveness of mouse neutrophils is largely independent of TYK2, as in epithelial 

cells. We currently do not understand the molecular basis of the reduced baseline expression 

of ISGs nor the differential induction of ISGs observed in Tyk2-deficient mouse neutrophils. 

However, we excluded the possibility that the TYK2-dependent defect in type I IFN 

signaling would negatively affect base-line ISG levels or IFN-λ-mediated responses by 

demonstrating that Ifnar1−/− neutrophils have similar base-lines and respond equally well to 

IFN-λ as WT cells. Neutrophils likely differ qualitatively and quantitatively from epithelial 

cells with regard to the expression of cytokine receptors. This might change the composition 

of available JAKs as the various receptors might compete for JAK family members (3). 

Therefore, the availability of JAK1 could influence the degree of the TYK2 dependency of 

the IFN-λ signaling pathway. Abundant JAK1, associated with IFNLR1, might suffice for 

maximum IFN-λ-mediated signaling, whereas TYK2, associated with IL10RB, might be 

needed as an amplifier if JAK1 availability is limited.

Previous studies using inhibitors suggested a role for JAK2 in IFN-λ-mediated gene 

regulation (39, 43, 44). Contrasting these findings we did not observe reduced IFN-λ-

mediated gene expression in JAK2-deficient A549 cells. We can only speculate that cell type 

specific differences or limited specificity of the JAK2 inhibitors could explain this 

unexpected discrepancy. We could rule out the possibility that JAK2 and TYK2 compensate 
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for each other in human epithelial cells by showing that IFN-λ-induced ISG expression is 

the same in A549-JAK2koTYK2ko and control cells. However, we cannot exclude the 

possibility that JAK2 might serve other functions in the IFN-λ pathway beyond regulating 

ISG expression.

A limitation of our study is that we currently lack animal models which could be used to 

demonstrate the potency of selective TYK2 inhibitors for the treatment of type I IFN-driven 

autoimmune diseases. Nevertheless, our results strongly suggest that specific TYK2 

inhibition may be a superior treatment option in clinical situations of excessive type I IFN 

signaling. The selective TYK2-inhibitor BMS-986165 employed here was already tested in 

clinical studies for the treatment of psoriasis (2), where no increased risk for infections was 

observed. We envisage that patients with interferonopathies would benefit from the 

suppression of unwanted type I IFN-driven inflammation, while barrier protection by IFN-λ 
and its potential therapeutic use (22) would be preserved. Similarly, in viral infections such 

as influenza, where type I IFN-driven inflammation and pathology can contribute to severity, 

selective TYK2 inhibition may alleviate this immunopathology without affecting the 

antiviral effects of IFN-λ in infected epithelia.

Material and Methods

Study Design

The aim of this study was to clarify the role of TYK2 in type I and type III IFN mediated 

signaling. The IFN specificity of a selective TYK2 inhibitor was compared to a broadly 

acting JAK inhibitor in human cell lines. Dose- and time-dependent transcriptional 

responses to type I or type III IFN stimulation were quantified in control and TYK2-

deficient primary mouse epithelial cells, BM-derived mouse neutrophils, a mouse neutrophil 

culture model, and in two human cell lines, one derived from a myeloid and one from an 

epithelial progenitor. IFN-mediated antiviral protection was assessed in control and TYK2-

deficient human cell lines and in mice. Control and experimental treatments were 

administered in a randomized fashion to sex- and age-matched mice.

Mice

B6.A2G-Mx1 mice are C57BL/6 mice carrying functional Mx1 alleles (58). B6.A2G-Mx1 
or C57BL/6 mice were designated WT in this study. B6.A2G-Mx1-Tyk2−/− and C57BL/6-
Tyk2−/− mice (designated Tyk2−/−) lack functional Tyk2 (14). B6.A2G-Mx1-Ifnar1−/− mice 

(designated Ifnar1−/− Ifnar1−/−) lack functional type I IFN receptors (58). B6.A2G-Mx1-
Ifnar1−/−Ifnlr1−/− mice (designated Ifnar1−/−Ifnlr1−/−) lack functional type I and type III IFN 

receptors (58). All mice used in this study were bred and kept under specific-pathogen-free 

conditions in the local animal facility. All experiments with mice were carried out in 

accordance with the guidelines of the Federation for Laboratory Animal Science 

Associations and the national animal welfare body. Experiments were in compliance with 

the German animal protection law and were approved by the animal welfare committee of 

the Regierungspräsidium Freiburg (permit G-18/34). Mice used for experiments or for 

isolation of primary cells were 6 to 13 weeks old.
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IFN treatment and infection of mice

B6.A2G-Mx1, B6.A2G-Mx1-Tyk2−/− and B6.A2G-Mx1-Ifnar1−/− Ifn1−/− were intranasally 

infected with 200 PFU of the influenza virus strain A/Udorn/72 (H3N2), designated Udorn 

(24), in a 10 μl volume. MDCK cells were used for the preparation of virus stocks and for 

virus titration by plaque assay. B6.A2G-Mx1+/−-Tyk2+/− and B6.A2G-Mx1+/−-Tyk2−/− mice 

were treated intranasally with 30 μl PBS containing 0.66 μg of either IFN-αB/D (59), 

recombinant mouse IFN-λ2 (24) or PBS only. After 18 h, mice were infected intranasally 

with 160 PFU of a highly virulent variant of the influenza A virus strain A/PR8/34 (H1N1) 

(designated hvPR8) (60) in a 40 μl volume. Mice were monitored for weight loss during the 

following 14 days and were euthanized when body weight loss exceeded 25 %.

Primary mouse tracheal epithelial cell culture

The preparation of primary mouse airway epithelial cells (AECs) was performed as 

previously described (24). Briefly, cells were isolated from the tracheae of mice with the 

indicated genotypes by enzymatic treatment and seeded onto a 0.4-μm pore size clear 

polyester membrane (Corning) coated with a collagen solution. At confluency, the medium 

was removed from the upper chamber to establish an air-liquid interface. Fully 

differentiated, 7-10-day-old post-air-liquid interface cultures were used routinely for 

experiments. For IFN treatment, cells were treated for 4 h from the basolateral side with 

indicated concentrations of either IFN-αB/D or recombinant mouse IFN-λ2 and then 

processed for RNA isolation and subsequent RT-qPCR analysis. For time course analysis, 

AECs were treated for 1 h with 10 ng/ml of either IFN-αB/D or recombinant mouse IFN-λ2 

and processed for RNA isolation and subsequent RT-qPCR analysis.

Primary mouse mini-gut organoids

Small intestines of 10-12 week-old C57BL/6 and C57BL/6-Tyk2−/− were used to generate 

mini-gut organoid cultures (47). Briefly, small intestines were thoroughly cleaned and stem 

cell containing crypts were isolated following dissociation of tissue samples by Gentle Cell 

Dissociation Solution (STEMCELL technologies) for 30 min at room temperature. Crypts 

were collected by centrifugation and washed with PBS. After re-suspending in PBS, crypts 

were enriched in the supernatant by sedimentation. Resuspension followed by sedimentation 

and collection of supernatant was repeated to generate crypt enriched fractions which were 

then filtered using a 70 μm cell strainer and evaluated under the microscope. Fractions 

containing high numbers of crypts were pooled and collected by centrifugation. Crypts were 

then re-suspended in Matrigel® for cultivation. Crypts were passaged weekly using Gentle 

Cell Dissociation Solution and maintained in basal culture medium. For IFN treatment, 

mouse mini-gut organoids were isolated by dissolving the Matrigel® with PBS two days 

post-splitting. About 50 organoids per condition were mechanically disrupted and 

maintained in culture medium with the indicated concentrations of either IFN-αB/D or 

recombinant mouse IFN-λ2 for 4 h and then processed for RT-qPCR.

Hoxb8 neutrophils

Eight week-old male B6.A2G-Mx1 and B6.A2G-Mx1-Tyk2−/− were used to generate Hoxb8 

neutrophil cultures as described (49). Briefly, myeloid progenitor cells were derived from 
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bone marrow, retrovirally transduced with an estrogen-regulated Hoxb8 construct (MSCV-

ERHBD-Hoxb8 (50) and selected for 4 weeks in the presence of stem cell factor (SCF) to 

generate neutrophil progenitor lines. Polyclonal progenitor cell lines were cultured in 

OptiMEM + GlutaMAX medium (Life Technologies) supplemented with 10 % FCS, 30 μM 

β-mercaptoethanol (Life Technologies), 1 μM β-estradiol (Sigma-Aldrich) and 1 % 

supernatant from SCF-producing CHO cells. Differentiation was induced by β-estradiol 

removal in the presence of 1% SCF supernatant and 20 ng/ml murine recombinant G-CSF 

(Peprotech). After 3.5-4 days of differentiation cells were used for experiments. For IFN 

treatment, cells were treated for 4 h with the indicated concentrations of either IFN-αB/D or 

recombinant mouse IFN-λ2 and then processed for RNA isolation and subsequent RT-qPCR 

analysis.

Isolation of human and mouse neutrophils

Human neutrophils were isolated by negative selection from peripheral blood samples of 

healthy donors using EasySep™ Direct Human Neutrophil Isolation Kit (STEMCELL 

Technologies) according to the manufacturer’s instructions. Mouse neutrophils were isolated 

by negative selection from bone marrow of mice with the indicated genotypes using 

EasySep™ Mouse Neutrophil Enrichment Kit (STEMCELL Technologies) according to the 

manufacturer’s instructions. Human and mouse neutrophils were directly used for 

experiments and cultured in OptiMEM + GlutaMAX medium (Life Technologies).

Cell lines

HAP1 cells (Horizon Biotec, C631) and HAP1 cells deficient for TYK2 (Horizon Biotec, 

HZGHC002840c01) were kindly provided by Stephan Ehl (Medical Center University of 

Freiburg) and cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) with 10 % FCS 

and 1 % Pen/Strep.

Human lung adenocarcinoma cell lines A549 were originally purchased from the American 

Type Culture Collection (ATCC) and maintained in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with fetal calf serum (FCS 10% v/v, ThermoFisher Scientific) and 

penicillin-streptomycin (100 U/ml, ThermoFisher Scientific).

Generation of knockout cell lines

Generation of TYK2 knockout A549 cells: We first generated A549 cell clones stably 

expressing Cas9 (A549-Cas9) as described previously (61). Guide RNAs targeting TYK2 
(NCBI reference sequence; NM_003331.5) and control sgRNA were individually cloned 

into lentiGuide-Puro (Addgene 52963, kindly gifted by Feng Zhang). Lentiviruses 

expressing sgRNA targeting TYK2 and control sgRNA were produced as described 

previously (62). A549-Cas9 cells were transduced with the respective lentiviruses and 

selected with 1 μg/ml puromycin 2 days post transduction. Single cell clones were seeded by 

limiting dilution into 96 well-plates and screened by western blot for expression of TYK2 

using a monoclonal rabbit anti-TYK2 antibody (Cell signalling, #14193, 1:1000 dilution). 

Two of those single cell clones were used for experiments. TYK2-deficiency was further 

confirmed by Sanger sequencing.
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Generation of JAK2 and JAK2/TYK2 knockout A549 cells: Two distinct single guide RNAs 

targeting JAK2 (NCBI reference sequence; NM_004972.3) were cloned into 

pSpCas9(BB)-2A-GFP (63). The plasmid was transfected into A549-Cas9 control or A549-
Cas9-TYK2ko cells using Lipofectamin3000 according to manufactures protocol 

(ThermoFisher Scientific). GFP expressing single cell clones were sorted into 96-well plates 

using a BD FACSAria cell sorting system two days after transfection. Single cell clones 

were screened by western blot for expression of JAK2 using a monoclonal rabbit anti-JAK2 

antibody (Cell signalling, #3230, 1:1000 dilution). Two single cell clones per gRNA 

targeting JAK2 were used for experiments. JAK2-deficiency was further confirmed by 

Sanger sequencing. Actin was detected using a rabbit serum (SIGMA-ALDRICH®, 

#A5060).

The following sgRNA target sequences were used:control:5’-

AAAAAGCTTCCGCCTGATGG-3’; TYK2: 5’-TGTGCTGCCGGATATGCCGG-3’; JAK2 

(KO1):5’-CGTTGGTATTGCAGTGGCAG-3’ and JAK2 (KO2):5’-

AGAAAACGATCAAACCCCAC-3’. The following primer sequences for genotyping were 

used:TYK2:forward 5’-ACTTTGCATATTGCCGTGCC-3’, reverse 5’-

TGACCATCTGCTGGGAGAGT-3’;JAK2(KO1):forward5’-

TTTGTGCACTGAAGGAGGTAGT-3’, reverse 5’-ACTTCTCTGCACCTGCTGT-3; JAK2 

(KO2):forward 5’-AGTGGCGGCATGATTTTGTG-3’, reverse 5’-

TCAAAAGGCATGGGTAAACACAG-3.

RNA isolation and RT-qPCR

RNA from AECs, HAP1 and A549 cells was isolated using the RNeasy Plus Mini Kit 

(Quiagen) according to the manufacturer’s instructions. RNA from mini-gut organoids was 

isolated using NucleoSpin RNA extraction kit (Machery-Nagel) according to the 

manufacturer’s instructions. RNA from 2-5x106 cells per sample Hoxb8 or BM-derived 

neutrophils was isolated by pelleting cells in FastPrep tubes and subsequent lysis in 300 μl 

of peqGOLD TriFast™ using a homogenizer (MP Biomedicals). Three cycles of 

homogenization at 6.5 m/s for 18 s were performed, with samples resting on ice in between. 

After lysis, RNA was isolated using the Direct-zol RNA Miniprep (Zymo Research) 

according to the manufacturer’s instructions. For all samples, except mini-gut organoids, 

cDNA was generated from 850 ng total RNA using LunaScript™ RT SuperMix Kit (New 

England Biolabs) following the manufacturer’s instructions. In the case of mini-gut 

organoids, 250 ng of total RNA was reverse transcribed using iSCRIPT reverse transcriptase 

(BioRad). The cDNA served as template for the amplification of genes of interest (Isg15: 
forward: 5’-GAGCTAGAGCCTGCAGCAAT-3’; reverse: 5’-

TTCTGGGCAATCTGCTTCTT-3’, Mx1: forward:5’-

TCTGAGGAGAGCCAGACGAT-3’;reverse:5’-ACTCTGGTCCCCAATGACAG-3’, Ifnar1: 
forward: 5’-CATGTGTGCTTCCCACCACT-3’; reverse: 5’-

TGGAATAGTTGCCCGAGTCC-3’, Ifnar2: forward: 5’-

GACCTTCGGATAGCTGGTGG-3’; reverse: 5’-CTCATGATGTAGCCGTCCCC-3’, Ifnlr1: 

forward:5’-GGAACTGAAGTACCAGGTGGA-3’;reverse:5’-

GCCATAGGGAGTGTCAGGAA-3’, Il1Orb: forward: 5’-

TCTCTTCCACAGCACCTGAA-3’; reverse: 5’-GAACACCTCGCCCTCCTC-3’, Ubc 
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(QT00245189, QuantiTect Primer Assay, Qiagen), Hprt (mm00446968_m1, Applied 

Biosystems), GAPD: forward: 5’-TGCACCACCAACTGCTTAGC-3’; reverse: 5’-

GGCATGGACTGTGGTCATGAG-3’, HPRT: forward: 5’-

TGACACTGGCAAAACAATGCA -3’; reverse: 5’-GGTCCTTTTCACCAGCAAGCT -3’, 

ISG15: forward: 5’-TCCTGCTGGTGGTGGACAA-3’; reverse: 5’-

TTGTTATTCCTCACCAGGATGCT-3’, RSAD2: forward: 5’-

CTTTGTGCTGCCCCTTGAG-3’; reverse: 5’-TCCATACCAGCTTCCTTAAGCAA-3’, 

MX1:forward:5’-GAAAAATCCAGGCTCGGTGG-3’; reverse:5’-

TCAATGAGGTCGATGCAGGG -3’) by real-time PCR, using TaqMan Gene Expression 

Assays (Applied Biosystems), Universal PCR Master Mix (Applied Biosystems) and the 

QuantStudio 5 Real-Time PCR system (Applied Biosystems by Thermo Fisher Scientific). 

The increase in mRNA expression was determined by the 2-ΔCt method relative to the 

expression of the indicated housekeeping gene or by the 2-ΔΔCt method relative to mock.

RNA-seq

RNA-sequencing was carried out on the Illumina HiSeq 4000 platform and typically 

generated ~30 million 101-bp stranded single-end reads per sample. Adaptor trimming was 

performed with Trimmomatic/0.36-Java-1.7.0_80 with parameters “LEADING:3 

TRAILING:3 SLIDINGWINDOW:4:20 MINLEN:36” (64). The RSEM package (v.1.2.31) 

(65) in conjunction with the STAR alignment algorithm (v.2.5.2a) (66) was used for the 

mapping and subsequent gene-level counting of the sequenced reads with respect to mouse 

Ensembl GRCm38 - release 89. The parameters used were: -star-output-genome-bam-

forward-prob 1. Differential expression analysis was performed with the DESeq2 package 

(v.1.20.0) (67) within the R programming environment (v.3.5.1) (https://www.r-project.org/). 

The significance threshold for the identification of differentially expressed genes was set as 

an adjusted P value ≤0.05.

Ingenuity Pathway Analysis (IPA) was used to annotate and visualize genes by function and 

pathway.

JAK inhibitors

Cells were pre-treated with 50 nM Pyridone 6 (BioVision) or 10 μM 1,2,3,4,5,6-

Hexabromocyclohexane (HBC, Tocris) for 1 h or with the indicated concentrations of 

baricitinib (Hycultec) or BMS-986165 (Hycultec) for 1.5 h before the indicated amounts of 

either IFN-αB/D or recombinant mouse IFN-λ2 or recombinant human IFN-λ1 (68) was 

added to the respective culture medium containing the inhibitors.

VSV-GFP inhibition assay

HAP1 or A549 cells were pre-treated with the indicated concentrations of either IFN-αB/D 

or recombinant human IFN-λ1 at 18 h prior to infection with green-fluorescent protein 

expressing vesicular stomatitis virus (designated VSV-GFP) (69). Cells plated in 12-well 

plates (Corning) were washed once with PBS and subsequently incubated with 500 μl of 

virus suspension in OptiMEM 0.1 % BSA containing 2.5*106 TCID50 VSV-GFP for 1 h at 

37 °C. After inoculum was removed, cells were incubated for 6 h at 37 °C. Hereafter, cells 

were harvested by trypsinization and fixed with 4 % formaldehyde at 4 °C for 10 min. Cells 
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were analyzed for GFP expression using LSRFortessa™ cell analyzer (BD Biosciences) and 

data analyzed using FlowJo software. Percentage of GFP-positive cells of IFN-treated 

samples was normalized to untreated controls.

Statistical analysis

Data shown as the mean ± SD if not indicated otherwise in the figure legend. Sample sizes 

were designed to give statistical power, while minimizing animal use. All statistical 

comparisons were performed using GraphPad Prism 8 with the exception of sequencing 

data. Wald statistic values were plotted (log2(fold change) divided by standard error) instead 

of log2(fold change) without statistical filtering as these encapsulate the consistency of the 

replicates. The largest fold changes have a tendency to be the noisiest which distorts the 

ability to visually interpret log2(fold change) without statistical filtering.

Figure legends denote the specific statistical tests used for each experiment. Unless 

otherwise indicated, statistical significance was determined as P > 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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One sentence summary:

TYK2 is required for efficient IFN-α/β signaling but dispensable for IFN-λ-mediated 

antiviral protection in epithelial cells.
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Figure 1. BMS-986165 preferentially inhibits type I compared with type III IFN-mediated gene 
expression in human A549.
Human A549 cells were treated with the indicated concentrations of the JAK1/2 inhibitor 

baricitinib (left panels) or the selective TYK2 inhibitor BMS-986165 (right panels) for 1.5 h 

before 0.03 ng/ml IFN-αB/D or 10 ng/ml hIFN-λ1 was added to the medium. After 4 h, gene 

expression levels of the representative ISGs ISG15 and MX1 were quantified relative to the 

housekeeping gene HPRT. Inhibition of IFN-mediated gene expression is indicated as 

percentages of maximum gene expression levels without inhibitor. Symbols represent means 

± SEM, data are pooled from two independent experiments with a total n = 4-7. Statistical 

analysis: ****P<0.0001, **P<0.01 and * P<0.05, by two-way analysis of variance 

(ANOVA) with Sidak’s multiple comparisons test.
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Figure 2. IFN-α-but not IFN-λ-mediated expression of ISGs depends on TYK2 in primary 
mouse epithelial cells.
(A). Primary airway epithelial cells (AECs) derived from Tyk2+/− or Tyk2−/− mice were 

treated with increasing concentrations of IFN-αB/D or IFN-λ2 for 4 h. Expression of Isg15 
was quantified relative to Hprt. Symbols represent means ± SD, data representative of two 

independent experiments with n = 2 per experiment. Statistical analysis: ***P<0.001, 

**P<0.01 and *P<0.05, by two-way ANOVA with Tukey’s multiple comparisons test.

(B)AECs derived from Tyk2+/− or Tyk2−/− mice were treated with 10 ng/ml of IFN-αB/D or 

IFN-λ2 for 1 h and analyzed at the indicated time points. Expression of Isg15 was quantified 

relative to Hprt. Symbols represent means ± SD (n = 2). Statistical analysis: ****P<0.0001, 

***P<0.001 and **P<0.01, by two-way ANOVA with Sidak’s multiple comparisons test.

(C)Heat map of genes differentially expressed relative to mock (two-way ANOVA, fold 

change >2; P<0.01) in WT or Tyk2−/− primary mouse AECs (n = 3) treated with 0.3 ng/ml 

IFN-αB/D or IFN-λ2 for 4 h. Color range depicted as log2 scale.

(D)Scatter plot of IFN induced genes (fold change >2 over mock in any IFN treatment at any 

concentration, n = 3). Data used for plot corresponds to the Wald statistic value (log2(fold 

change) divided by standard error), obtained from DESeq2. Lines indicate the x=y diagonal.
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(E) Mini-gut organoids derived from WT or Tyk2−/− mice were treated with increasing 

concentrations of IFN-αB/D or IFN-λ2 for 4 h. Expression of Isg15 was quantified relative 

to Hprt. Symbols represent means ± SD, data are pooled from three independent 

experiments with a total n = 3. Statistical analysis: ****P<0.0001, **P<0.01 and *P<0.05, 

by two-way ANOVA with Sidak’s multiple comparisons test.
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Figure 3. Loss of TYK2 moderately influences IFN-λ-mediated gene expression in mouse 
neutrophils.
(A-B) BM-derived neutrophils from three individual mice were treated with 3 ng/ml IFN-

αB/D or IFN-λ2 for 4 h and then processed for RNA-seq analysis. Heat map shows genes 

regulated (one-way ANOVA, P<0.01; Fold Change >4 relative to mock) by both types of 

IFN (A) or exclusively by IFN-αB/D (B). Color range depicted as log2 scale.

(C) WT BM-derived neutrophils from four individual mice were treated with 1 μg/ml of 

IFN-αB/D or IFN-λ2 for 4 h. Expression levels of Isg15 and Mx1 were quantified relative to 
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Ubc and are shown normalized to untreated controls. Statistical analysis: Ordinary one-way 

ANOVA with Tukey’s multiple comparisons test with ****p<0.0001.

(D) Differentiated WT or Tyk2 Hoxb8 neutrophils were treated (n = 3) with increasing 

concentrations of IFN-αB/D or IFN-λ2 for 4 h. Expression levels of Isg15 were quantified 

relative to Ubc. Symbols represent means ± SD, data representative of two independent 

experiments. Statistical analysis: ****P<0.0001, ***P<0.001, **P<0.01 and *P<0.05, by 

two-way ANOVA with Sidak’s multiple comparisons test.

(E-F) WT, Tyk2 or Ifnar1 BM-derived neutrophils were treated with increasing 

concentrations of IFN-αB/D or IFN-λ2 for 4 h (mock, n = 3-4; 0.03 - 0.3 ng/ml, n = 2-3; 3 

ng/ml, n = 1-2). Expression levels of Isg15 (e) and Oasl2 (f) were quantified relative to Ubc. 

Symbols represent means ± SD, data representative of three independent experiments. 

Statistical analysis: ****P<0.0001, ***P<0.001, **P<0.01 and *P<0.05, by two-way 

ANOVA with Sidak’s multiple comparisons test. Asterisks indicate significant differences 

between WT and Tyk2−/−.

(G) BM-derived neutrophils from three individual mice were treated with 0.1 ng/ml IFN-

αB/D or IFN-λ2 for 4 h and then processed for RNA-seq analysis. Heat map of IFN-λ 
regulated genes (two-way ANOVA, P<0.01; Fold Change >4 relative to each mock). Color 

range depicted as log2 scale. (H) Scatter plot of IFN induced genes (fold change >2 over 

mock in any IFN treatment at any concentration, n = 3). Data used for plot corresponds to 

the Wald statistic value (log2(fold change) divided by standard error), obtained from 

DESeq2. Lines indicate the x=y diagonal
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Figure 4. TYK2 inhibition preferentially inhibits type I IFN-mediated gene expression in human 
HAP1.
(A)HAP1-WT or HAP1-TYK2ko cells were treated with increasing concentrations of IFN-

αB/D or hIFN-λ1 for 4 h. Expression levels of ISG15 were quantified relative to HPRT. 

Symbols represent means ± SD, data representative of two independent experiments with n 

= 2 per experiment. Statistical analysis: ****P<0.0001, ***P<0.001 and **P<0.01, by two-

way ANOVA with Sidak’s multiple comparisons test.

(B)HAP1-WT or HAP1-TYK2ko cells were treated with increasing concentrations of IFN-

αB/D or hIFN-λ1 for 16 h before infection with VSV-GFP (MOI~1) for 6 h. Data is shown 

as percentage of GFP-positive cells normalized to mock-treated controls infected with VSV-

GFP. Bars represent means ± SD, data representative of two independent experiments with n 

= 2 per experiment. Statistical analysis: ****P<0.0001, by two-way ANOVA with Sidak’s 

multiple comparisons test.

(C) HAP1-WT cells were treated with the indicated concentrations of the JAK1/2 inhibitor 

baricitinib (left panels) or the selective TYK2 inhibitor BMS-986165 (right panels) for 1.5 h 

before 0.1 ng/ml IFN-αB/D or 10 ng/ml hIFN-λ1 was added to the medium. After 4 h gene 

expression levels of the representative ISGs ISG15 and RSAD2 were quantified relative to 

the housekeeping gene HPRT. JAK-inhibitor-mediated inhibition of IFN-mediated gene 

expression is indicated as percentages of maximum gene expression levels without inhibitor. 

Symbols represent means ± SEM, data are pooled from three independent experiments with 

a total n = 6-10. Statistical analysis: ****P<0.0001 and ***P<0.001, by two-way ANOVA 

with Sidak’s multiple comparisons test.
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Figure 5. IFN-λ-mediated gene expression is independent of TYK2 and JAK2 in human A549 
cells.
(A)A549 control and TYK2ko cells were treated with increasing concentrations of IFN-αB/D 

or hIFN-λ1 for 4 h. Expression of ISG15 and MX1 is shown relative to HPRT. Symbols 

represent means ± SD. Statistical analysis: Two-way ANOVA with Tukey’s multiple 

comparisons test with ****p<0.0001and *p<0.05. Data representative of two independent 

experiments with n = 2 per experiment.

(B)A549 control and TYK2ko cells were treated with 1 ng/ml or 10 ng/ml of either IFN-

αB/D or hIFN-λ1 for 16 h before infection with VSV-GFP (MOI~1) for 6 h. Data is shown 

as percentage of GFP-positive cells normalized to mock-treated controls infected with VSV-

GFP. Bars represent means ± SD, data pooled from two independent experiments with a 

total n = 4. Statistical analysis: Unpaired t test with ***p<0.001, **p<0.01, ns = not 

significant.

(C-D) A549 control and JAK2ko cells (C) or JAK2koTYK2ko cells (D) were treated with 

increasing concentrations of IFN-αB/D or hIFN-λ1 for 4 h. Expression of ISG15 and MX1 is 

shown relative to HPRT. Symbols represent means ± SD. Statistical analysis: Two-way 

ANOVA with Tukey’s multiple comparisons test with ****p<0.0001 and *p<0.05. Data 

representative of two independent experiments with n = 2 per experiment.
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Figure 6. IFN-λ-mediated protection of mice against influenza A virus-induced disease is not 
dependent on TYK2.
(A) WT (n=13), Tyk2−/− (n=14) or Ifnar1−IfnlrΓ− (n=13) mice were infected with 200 PFU 

of the influenza A virus strain Udorn (H3N2) in a 10 μl volume. Viral load in the upper 

airways was determined 5 d p.i. by plaque-assay. All mice carried two functional alleles of 

the IFN-regulated influenza virus resistance gene Mx1. Symbols represent individual mice. 

Statistical analysis left panel: One-way ANOVA with Tukey’s multiple comparisons test 

with ****p<0.0001. Statistical analysis right panel: Fisher’s exact test with *p<0.05.

(B-C) Tyk2+/− or Tyk2−/− mice were treated intranasally with PBS or 0.66 μg of either IFN-

αB/D or IFN-λ2 in 30 μl. After 18 h, mice were infected with 160 PFU of a highly virulent 

variant of the influenza A virus strain PR8 (hvPR8; H1N1) in a 40 μl volume. All mice used 

for these experiments carried one functional allele of the IFN-regulated influenza virus 

resistance gene Mx1. Weight loss (B) and survival (C) was monitored for 14 days. Symbols 

in (B) represent means ± SEM; Group sizes are indicated in (C). Pooled data from three 

experiments are shown.
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