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Protein tyrosine phosphatase 1B is involved in efficient type I
interferon secretion upon viral infection
Elisa Reimer1,‡, Markus Stempel1,2,‡, Baca Chan1,*, Hanna Bley1 and Melanie M. Brinkmann1,2,§

ABSTRACT
Protein tyrosine phosphatase 1B (PTP1B, also known as PTPN1) is a
negative regulator of the leptin and insulin signalling pathways. This
phosphatase is of great interest as PTP1B-knockout mice are
protected against the development of obesity and diabetes. Here,
we provide evidence for a novel function of PTP1B that is
independent of its phosphatase activity, but requires its localisation
to the membrane of the endoplasmic reticulum. Upon activation of
pattern recognition receptors, macrophages and plasmacytoid
dendritic cells from PTP1B-knockout mice secrete lower amounts of
type I interferon (IFN) than cells from wild-type mice. In contrast,
secretion of the proinflammatory cytokines TNFα and IL6 was
unaltered. While PTP1B deficiency did not affect Ifnb1 transcription,
type I IFN accumulated in macrophages, suggesting a role for PTP1B
in mediating secretion of type I IFN. In summary, we have uncovered
that PTP1B positively regulates the type I IFN response by promoting
secretion of key antiviral cytokines.
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INTRODUCTION
Early detection of invading pathogens is of vital importance to host
survival. For this purpose, cells possess a variety of germline-
encoded pattern recognition receptors (PRRs), including Toll-like
receptors (TLRs), which localise on the cell surface or within
endosomal compartments, as well as intracellular RNA and DNA
sensors. PRRs not only sense conserved microbial structures but
also aberrantly localised nucleic acids of infected cells,
and subsequently induce a fast and efficient immune response
leading to the expression of proinflammatory cytokines and type I
interferons (IFNs) (Paludan and Bowie, 2013; Iwasaki, 2012;
Goubau et al., 2013). Type I IFNs were first identified in 1957 by
Isaacs and Lindenmann (1957), with follow up studies showing that
these cytokines are rapidly induced upon viral infection thereby
serving as major effectors for the execution and regulation of the
innate immune response (Stark et al., 1998; Pestka, 2007; Content,

2009). Following secretion, type I IFNs bind to cell surface IFNα/
β-receptor (IFNAR, also known as IFNAR1) in a paracrine and
autocrine manner leading to the induction of IFNAR signalling.
Activation of the IFNAR upon ligand binding results in the
activation of associated intracellular tyrosine kinase 2 (Tyk2) and
Janus kinase 1 (Jak1) proteins, which then activate the transcription
factors signal transducer and activator of transcription 1 (STAT1)
and STAT2 (Stark and Darnell, 2012), subsequently inducing the
transcription of interferon-stimulated genes (ISGs). Over the past
two decades, the identification of different classes of PRRs and the
characterisation of the respective downstream signalling pathways
have expanded our knowledge regarding innate immune activation
and the response to infection (Mogensen, 2009; Wu and Chen,
2014). While the mechanisms leading to induction of cytokine
expression and their antiviral effector functions have been described
in great detail, astonishingly little is known about intracellular
trafficking and release of cytokines from cells. The trafficking
pathway and molecular machinery for some proinflammatory
cytokines, i.e. interleukin 6 (IL6), tumor necrosis factor α (TNFα,
also known as TNF) and IL10, has been comprehensively studied
(Manderson et al., 2007; Murray et al., 2005a,b; Murray and Stow,
2014). However, despite their central and prominent antiviral
role, the mechanisms of type I IFN trafficking and release remain
poorly understood.

The protein tyrosine phosphatase 1B (PTP1B, also known as
PTPN1) has been the focus of extensive studies owing to its
involvement in several important cellular pathways. PTP1B is a
classical non-receptor tyrosine phosphatase (Feldhammer et al.,
2013). While it does not have a transmembrane domain, PTP1B has
a 35-residue C-terminal tail that anchors the protein to the ER
membrane facing the cytoplasm (Frangioni et al., 1992; Woodford-
Thomas et al., 1992). The N-terminus contains the PTP domain with
the cysteine residue at position 215 necessary for its catalytic
activity (Jia et al., 1995). Moreover, since the interactions of
phosphatases with their substrates are transient and difficult to
detect, a substrate-trapping mutant of PTP1B (D181A) that shows
strongly diminished phosphatase activity has been developed to
identify new substrates of PTP1B (Flint et al., 1997; Blanchetot
et al., 2005).

PTP1B is the main enzyme involved in insulin receptor
desensitisation and acts by dephosphorylating the insulin receptor
as well as insulin receptor substrate-1 (Chernoff, 1999; Seely et al.,
1996; Elchebly et al., 1999; Klaman et al., 2000; Goldstein et al.,
2000). Since PTP1B also plays an important role in obesity control,
it is a very attractive drug target (Zhang and Zhang, 2007).
It dephosphorylates the effector kinase Jak2, thus attenuating the
leptin signalling pathway, which is crucial for energy regulation in
the host (Zabolotny et al., 2002; Kaszubska et al., 2002). Moreover,
the epidermal growth factor receptor (EGFR) has also been shown
to be a substrate of PTP1B. After its activation and internalisation,
EGFR is dephosphorylated by PTP1B, and PTP1B was shown to be
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critically involved in the trafficking of EGFR to endosomes and
multivesicular bodies (Flint et al., 1997; Eden et al., 2010; Sangwan
et al., 2011; Stuible et al., 2010). A recent study connected PTP1B
with HSV-1 infection and showed that PTP1B is required for
efficient cell-to-cell spread of HSV-1 in a phosphatase-activity
dependent manner (Carmichael et al., 2018). Since Jak2, Tyk2 and
STAT6 have been shown to be substrates of PTP1B, some studies
have described a role for PTP1B in innate immune signalling. By
using an overexpression and siRNA approach, one study reported
that PTP1B negatively regulates TLR-dependent proinflammatory
cytokine and type I IFN production in RAW264.7 macrophages in a
manner that was dependent on its phosphatase activity (Xu et al.,
2008). Another study showed that the microRNA miR-744 targets
PTP1B in human renal mesangial cells, resulting in enhanced
expression of ISGs upon IFNAR activation (Zhang et al., 2015).
Través and colleagues analysed the role of PTP1B in human and
murine macrophages after stimulation with proinflammatory and
inflammatory stimuli and saw enhanced responses in the absence of
PTP1B in vitro and in vivo (Través et al., 2014). More recently,
PTP1B and the closely related class I nonreceptor protein tyrosine
phosphatase TC-PTP (also known as PTPN2) have been associated
with STING-mediated signalling. However, the observed phenotype
of attenuated antiviral responses through dephosphorylation and
subsequent proteasomal degradation of STING was mostly attributed
to TC-PTP rather than PTP1B, and could not be verified in vivo (Xia
et al., 2019). Notably, all these studies reported that the phosphatase
activity of PTP1B was important for the observed phenotypes.
Here, we identify a novel function of PTP1B that is independent

of its phosphatase activity, but requires localisation of PTP1B to the
membrane of the endoplasmic reticulum (ER). We show that
PTP1B positively regulates the secretion of type I IFNs upon
signalling of the PRRs cGAS, RIG-I (also known as DDX58),
TLR7 and TLR9 in vitro in different innate immune cells and
in vivo, but neither the transcription nor translation of type I IFNs .
Notably, secretion of the proinflammatory cytokines TNFα and IL6
is not affected by the absence of PTP1B.
Taken together, our results show that PTP1B specifically promotes

the secretion of type I IFNs independently of its phosphatase activity,
and therewith have revealed a novel feature of PTP1B in the context of
the PRR-mediated innate immune response to viral infection.

RESULTS
The type I IFN response downstream of endosomal TLRs is
reduced in the absence of PTP1B, while the proinflammatory
cytokine response is intact
We originally identified PTP1B in an affinity purification coupled
to mass spectrometry approach as an interaction partner of the TLR
chaperone UNC93B (also known as UNC93B1). The membrane
protein UNC93B tightly binds to endosomal TLRs and is essential
for their proper trafficking from the ER to endosomes, from where
these TLRs initiate their signalling cascade following pathogen
sensing (Tabeta et al., 2006; Brinkmann et al., 2007). UNC93B
carrying the point mutation H412R cannot bind to TLRs and
therefore, the TLRs cannot traffic to induce proinflammatory
cytokine and type I IFN production from endosomes (Tabeta et al.,
2006; Brinkmann et al., 2007). Based on the localisation of PTP1B
to the cytoplasmic face of the ER and its prominent role in the
trafficking of the EGFR (Flint et al., 1997; Eden et al., 2010;
Sangwan et al., 2011; Stuible et al., 2010), we hypothesised that it
could be involved in the control of trafficking of the UNC93B–TLR
complex from the ER to the endosomal compartment. To assess
whether PTP1B is involved in innate immune signalling, we first

sought to analyse secretion of the cytokines IFNα and TNFα
upon TLR7 and TLR9 stimulation, which occurs in an UNC93B-
dependent manner. Given that TLR activation induces barely
detectable levels of type I IFNs in bone marrow-derived
macrophages (BMDMs), we used freshly isolated bone marrow
cells that contain plasmacytoid dendritic cells (pDCs), which are
known to secrete high levels of type I IFNs upon TLR7 or TLR9
stimulation.

We observed that bone marrow cells from PTP1B-knockout
(PTP1B−/−) mice secrete less IFNα than those from wild-type (WT)
mice after stimulation with CpG DNA, a TLR9 ligand (Fig. 1A), or
poly(U), a TLR7 ligand (Fig. 1B). In contrast, the TNFα and IL6
responses were equal between WT and PTP1B−/− cells (Fig. 1A,B;
Fig. S1A). As expected, TLR7- and TLR9-dependent IFNα, TNFα
and IL6 responses were completely abrogated in cells of 3d mice
carrying the point mutation H412R in UNC93B (Tabeta et al., 2006;
Brinkmann et al., 2007), as was the TLR9-mediated response to
CpG DNA in TLR9−/− bone marrow cells (Fig. 1A,B; Fig. S1A).
Next, we used a natural stimulus of TLR9, and infected bone
marrow cells from WT and PTP1B−/− mice with murine
cytomegalovirus (MCMV) (Tabeta et al., 2006, 2004; Bussey
et al., 2019). As expected, type I IFNs and proinflammatory
cytokine responses were abolished in TLR9−/− and 3d cells
following MCMV infection, while they were reduced or
unaltered, respectively, in PTP1B−/− cells (Fig. 1C; Fig. S1A).

Since cells from PTP1B−/− mice do not recapitulate the
phenotype seen in cells from UNC93B-deficient mice, we conclude
that PTP1B is not involved in the trafficking of the UNC93B–TLR
complex from the ER to the endosomal compartment. Importantly,
however, our results show that PTP1B plays a role in innate immunity,
as it is necessary for a competent type I IFN response in bone marrow
cells upon TLR stimulation.

The type I IFN response downstream of the pattern
recognition receptors cGAS and RIG-I is diminished in
PTP1B-deficient BMDMs
Next, we assessed whether PTP1B acts specifically on the type I
IFN response mediated by TLRs or whether it also affects signalling
downstream of the PRRs cGAS and RIG-I. Since macrophages
secrete substantial amounts of type I IFNs and TNFα upon
stimulation of the DNA-sensing PRR cGAS and the RNA-sensing
PRR RIG-I, we stimulated primary MCSF-differentiated BMDMs
isolated from WT, PTP1B−/− or STING−/− mice with the synthetic
cGAS ligand IFN-stimulatory DNA (ISD) (Fig. 2A), the cGAS
enzymatic product and STING ligand cGAMP (Fig. 2B), or through
infection with MCMV (Fig. 2C). We observed that the cGAS–
STING-dependent type I IFN response was diminished in the
absence of PTP1B. As expected, STING−/− BMDMs, which are
deficient in cytosolic DNA sensing, did not respond to these stimuli
(Fig. 2A–C).

Next, we stimulated WT, PTP1B−/− or MAVS−/− BMDMs with
the synthetic RIG-I ligand 5′ triphosphorylated double stranded
RNA (5′ppp-dsRNA) (Fig. 2D) or through infection with the RNA
virus Newcastle disease virus (NDV) (Fig. 2E), which is efficiently
sensed by RIG-I in this cell type. For both RIG-I stimuli, we
observed the same phenotype as for the cGAS pathway – the type I
IFN response in PTP1B−/−BMDMwas reduced compared to that in
WT BMDMs (Fig. 2D,E). As expected, the type I IFN response was
completely absent in BMDM lacking the RIG-I adaptor protein
MAVS (Fig. 2D,E).

Strikingly, the TNFα response remained unaltered upon stimulation
of the cGAS–STING or RIG-I–MAVS pathway in the absence of
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PTP1B (Fig. 2F), consistent with our observations following TLR
stimulation. In line with these results, levels of secreted IL6 upon
cGAMP stimulation orMCMV infection were unaffected in PTP1B−/−

BMDMs compared to those seen inWTBMDMs (Fig. S1B). To ensure
that the reduced type I IFN response observed in bone marrow cells
and BMDMs from PTP1B−/−mice was not due to lower numbers of
pDCs in the bone marrow or differences in BMDM differentiation,
respectively, we characterised these cell types by flow cytometry
using the respective markers, and did not detect any differences
when compared to cells from WT mice (Fig. S1C,D).
These results suggest that PTP1B contributes to an efficient

type I IFN response downstream of the PRRs cGAS, RIG-I and
TLR, while it plays no role in the TNFα response mediated by
these PRRs.

PTP1Bdoes not affect PRR-mediated type I IFN transcription
or signalling downstream of the IFNAR
Next, we systematically analysed the incremental steps of the PRR-
mediated type I IFN response in PTP1B−/− BMDMs. Multiple
scenarios are possible, such as a role for PTP1B in the signalling
cascade downstream of PRRs, which would affect type I IFN
transcription. Alternatively, PTP1B may be involved in signalling

downstream of the type I IFN receptor (IFNAR) since PTP1B was
previously shown to act on JAK-STAT-mediated signalling events
(Myers et al., 2001; Lu et al., 2008) and since IFNAR signalling
provides a positive feedback loop for type I IFN expression.

To test these two possibilities, we first stimulated the cGAS–
STING pathway in WT and PTP1B−/− BMDMs with the cGAS
ligand ISD or through MCMV infection, and analysed activation by
immunoblotting for the phosphorylated (activated) versions of the
kinase TANK-binding kinase 1 (TBK1) and the transcription factor
IFN-regulatory factor 3 (IRF3), which both act downstream of
cGAS-mediated DNA sensing. As shown in Fig. 3A and quantified
in Fig. S2A, we detected no differences in the activation levels of
these crucial players of the cGAS–STING signalling pathway
between WT and PTP1B-deficient BMDMs.

Next, we analysed the induction of type I IFN transcription
downstream of cGAS–STING (Fig. 3B–D) and RIG-I–MAVS
(Fig. 3D) signalling by quantitative RT-PCR (qPCR). We did not
detect any differences between WT and PTP1B−/− BMDMs, while,
as expected, type I IFN transcription was not detected in STING−/−

BMDMs upon MCMV infection or stimulation with cGAMP or
ISD (Fig. 3B–D). In addition, we analysed the induction of type I
IFN transcription ex vivo in BMDM from IFNβ reporter mice

Fig. 1. Type I IFN production in bone
marrow cells is reduced in the
absence of PTP1B, while TNFα levels
are unaffected. (A–C) Bone marrow
cells isolated from WT, PTP1B−/−,
TLR9−/− or 3d (deficient in endosomal
TLR signalling) mice were stimulated
with 1 µM of the TLR9 ligand CpG 2336
(A), transfected with 1 µg/ml of the
TLR7 ligand poly(U) (B) or infected with
murine cytomegalovirus (MCMV) at the
indicated MOI (C) for 22 h. Levels of
IFNα (left panels) and TNFα (right
panels) in supernatants were
determined by ELISA. Mock samples
were treated with medium only.
Results are shown as mean±s.d. of five
(IFNα) or two (TNFα) independent
experiments with biological duplicates.
*P<0.05; **P<0.01; ****P<0.0001; n.s.,
not significant (unpaired two-tailed
Student’s t-test).
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Fig. 2. PTP1B is required for cGAS- and RIG-I-mediated type I IFN responses in BMDMs, but dispensable for their TNFα response. (A–E) Primary
MCSF-differentiated BMDMs prepared from WT, PTP1B−/− and STING−/− (A–C), or WT, PTP1B−/− and MAVS−/− (D,E) mice were transfected with 3 µg/ml
IFN-stimulatory DNA (ISD) (A), 3 µg/ml cGAMP (B), infected with MCMV (C), transfected with 3 µg/ml 5′ppp-dsRNA (pppRNA) (D) or infected with Newcastle
disease virus (NDV) (E). At 16 h post stimulation or infection, levels of IFNα and IFNβ in supernatants were determined by ELISA. (F) Primary BMDMs
prepared from WT, PTP1B−/−, STING−/− and MAVS−/− mice were transfected with 1 µg/ml ISD, 3 µg/ml cGAMP, infected with MCMV or transfected with
3 µg/ml 5′ppp-dsRNA. At 16 h post stimulation or infection, levels of TNFα in supernatants were determined by ELISA. Mock samples were treated with
Lipofectamine only (transfection reagent), ‘-’ samples were treated with medium only. Results are shown as mean±s.d. of three (IFNα) or two (IFNβ, TNFα)
combined independent experiments performed with biological duplicates. Four independent experiments for IFNα and TNFα and two independent experiments
for IFNβ were performed. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; n.s., not significant (unpaired two-tailed Student’s t-test).
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(Lienenklaus et al., 2009). In this conditional mouse line, the IFNβ
(Ifnb1) sequence is replaced by the sequence encoding reporter
firefly luciferase. For this study, we used mice that were
heterozygous for the targeted mutation (IFNβ+/Δβ-luc), which allows
IFNβ production from the functional WT allele. We crossed these

heterozygous IFNβ reporter mice (herein referred to as WT IFNβ
reporter) with PTP1B−/− or STING−/− mice to obtain PTP1B−/−/
IFNβ+/Δβ-luc (PTP1B−/− IFNβ reporter) and STING−/−/IFNβ+/Δβ-luc

(STING−/− IFNβ reporter) mice, respectively. We differentiated bone
marrow extracted from these reporter mice with MCSF to obtain

Fig. 3. See next page for legend.

5

RESEARCH ARTICLE Journal of Cell Science (2021) 134, jcs246421. doi:10.1242/jcs.246421

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



BMDMs, stimulated them by MCMV infection or with cGAMP
addition, and measured luciferase activity. Consistent with our qPCR
results in PTP1B−/− BMDM (Fig. 3B–D), Ifnb1 transcription was
equal between BMDM from WT and PTP1B−/− IFNβ reporter mice,
while, as expected, no response was detected from cells derived from
STING−/− IFNβ reporter mice (Fig. 3E).
To determine a potential impact of PTP1B on the IFNAR

signalling cascade, we stimulated WT and PTP1B−/− BMDMs with
IFNα and analysed transcription levels of the ISGs Ifit3 and Cxcl10.
As shown in Fig. 3F, we did not detect differences in Ifit3 and
Cxcl10 transcript levels between WT and PTP1B−/− BMDMs.
These results suggest that the reduced type I IFN response of PRR-

stimulated PTP1B−/−BMDM is neither due to diminished transcription
of type I IFNs nor to an impaired feedback loop of the IFNAR.

PTP1B is important for efficient secretion of type I IFNs
Since PTP1B did not affect type I IFN transcription nor the IFNAR
signalling pathway in our experimental setup, we hypothesised that it
affects either translation or secretion of type I IFNs. Since we also
wanted to assess the impact of the phosphatase activity of PTP1B on
the type I IFN response, and could not successfully reconstitute
primary BMDMs with PTP1B expression constructs, we used Cas9-
mediated genetic engineering to generate PTP1B-knockdown
(PTP1BKD) immortalised BMDMs (iBMDMs) which can be
reconstituted by retroviral transduction. The knockdown of PTP1B
was very efficient as shown by immunoblotting ofWT and PTP1BKD

iBMDMs (Fig. 4A). We then analysed type I IFN levels following
cGAS–STING activation of PTP1BKD iBMDMs and observed
reduced IFNα levels and unaltered TNFα levels, as in primary
PTP1B−/− BMDMs (Fig. 4B; Fig. S2B). We characterised the
PTP1BKD iBMDMs further, and analysed activation of the cGAS–
STING signalling cascade by immunoblotting, as performed in
primary BMDMs (Fig. 3A). As shown in Fig. S2C,D,we observed the
same phenotype aswas seen in primaryBMDMs, namely therewas no
difference betweenWTandPTP1BKD iBMDMregarding activationof
TBK1 and IRF3 after cGAS stimulation.
Next, we determined whether PTP1B affects (1) translation or (2)

secretion of type I IFNs. If PTP1B were important for translation of

type I IFNs, we would expect to see a reduction in the total amount
of type I IFN in PTP1BKD cells. However, if PTP1B did not affect
translation, but rather the secretion of type I IFNs, wewould observe
an accumulation of intracellular type I IFNs in PTP1BKD cells and
lower levels of secreted type I IFNs, while total (intracellular plus
secreted) type I IFN production would be unaltered. For this, as
schematically depicted in Fig. 4C, we compared (1) secreted type I
IFN to (2) intracellular type I IFN and to (3) total levels of type I IFN
of WT and PTP1BKD iBMDMs after cGAS activation. Strikingly,
we observed higher levels of intracellular IFNα in PTP1BKD

iBMDMs compared to WT BMDMs, while levels of secreted IFNα
were lower (Fig. 4D), as observed above (Fig. 4B). Consistent
with these results, levels of total IFNα (intracellular plus secreted)
were equal between PTP1BKD and WT iBMDMs (Fig. 4D). In
agreement with our above observations, similar results were
obtained upon stimulation of primary BMDMs from WT or
PTP1B−/− mice (Fig. S2E).

To confirm our finding that PTP1B supports type I IFN secretion,
we labelled stimulated primary BMDMs ofWT and PTP1B−/−mice
for intracellular IFNβ and performed flow cytometry. To allow for
detection of intracellular IFNβ in this manner, we had to prevent its
secretion. To do this, we stimulated the cells with 5′ppp-dsRNA or
through MCMV infection in the presence of brefeldin A, which
blocks the secretion of cytokines by disrupting ER-to-Golgi
trafficking. In agreement with our results shown in Fig. 4D, we
observed no difference in intracellular IFNβ levels (in this case total
IFNβ levels due to the block of secretion by brefeldin A) between
WT and PTP1B−/− BMDMs (Fig. 4E), indicating that prevention of
secretion leads to the rescue of the phenotype of PTP1B−/−

BMDMs.
In conclusion, these results suggest that PTP1B does not affect

the translation of type I IFN proteins, but rather is a positive
regulator of type I IFN secretion.

The ER localisation of PTP1B, but not its phosphatase
activity, is critical for its effect on type I IFN secretion
The phosphatase activity of PTP1B has been shown to be important
for its regulation of receptor tyrosine kinases (Stuible and Tremblay,
2010) and most, if not all, its other functions. Since PTP1B is a
highly desirable drug target due to its role in obesity, many
inhibitors have been identified over recent years, all of which target
its phosphatase activity. Therefore, it was important to verify
whether the phosphatase activity of PTP1B determines its positive
regulatory effect on type I IFN secretion. To do this, we
reconstituted PTP1BKD iBMDMs with N-terminally HA-tagged
versions of WT PTP1B or with PTP1B carrying a point mutation in
the catalytic domain, either D181A or C215S, or the double mutant
D181A-C215S, thereby disrupting its phosphatase activity (Ozek
et al., 2014; Xie et al., 2002).

PTP1B is anchored to the cytosolic face of the ER membrane
via the final 28 to 35 amino acids (aa) of its C-terminal domain (aa
398–432 or 405–432) (Anderie et al., 2007; Frangioni et al., 1992).
Hence, we additionally constructed two C-terminal truncation
mutants, PTP1B 1-397 and PTP1B 1-404, with the aim of
determining whether the subcellular localisation of PTP1B
determines its function.

Expression of the phosphatase and membrane anchor mutants was
verified by immunoblotting with a PTP1B-specific antibody, which
revealed that expression levels of these PTP1B constructswere similar
(Fig. 5A). Next, we verified their subcellular localisation by
immunofluorescence with an anti-HA antibody, using the ER
chaperone calnexin as a marker for the ER. As expected from

Fig. 3. PTP1B is not involved in PRR-mediated transcription of type I IFNs
or signalling downstream of IFNAR. (A) BMDMs generated from WT or
PTP1B−/− mice were left untreated (mock), stimulated with ISD (upper panel)
or infected with MCMV (MOI 0.5, lower panel) for 1, 2, 3 or 4 h. Cells were lysed
and protein levels of phosphorylated TBK1 (pTBK1), phosphorylated IRF3
(pIRF3), STING, PTP1B and actin were detected by immunoblotting with the
respective antibodies. One representative experiment out of two independent
experiments is shown. (B–D) BMDMs generated from WT, PTP1B−/− or
STING−/− mice were left untreated or infected with MCMV at an MOI of 0.01 or
0.1 (B), stimulated by addition of 10 µg/ml cGAMP (C), or transfected with 3 µg/
ml ISD or 1 µg/ml 5′ppp-dsRNA (pppRNA) (D). At 2 and 4 h post infection or
stimulation, total RNAwas extracted to determine Ifnb1mRNA transcript levels
by qRT-PCR. Results are shown as mean±s.d. for one out of two independent
experiments performed in biological duplicates. (E) BMDMs from WT IFNβ
reporter, PTP1B−/− IFNβ reporter or STING−/− IFNβ reporter mice were
infected with MCMV at MOI 0.1, 0.5 and 1 (left panel) or transfected with 3 µg/
ml cGAMP (right panel). At 3 h after stimulation, cells were lysed for analysis of
luciferase activity, which measures IFNβ transcription. Results are shown as
mean±s.d. of two independent experiments performed with biological
duplicates. (F) BMDMs generated from WT and PTP1B−/− mice were left
unstimulated or were stimulated with 100 U/ml IFNα for 4 h and expression of
the ISGs Ifit3 (left panel) and Cxcl10 (right panel) was analysed by qRT-PCR.
Results are shown as mean±s.d. of two independent experiments performed
with biological duplicates. Data in B–Dand Fwere normalised to the level of the
housekeeping gene Rpl8 and fold induction was calculated relative to
unstimulatedWT cells. Differences between datasets were not significant if not
stated otherwise.

6

RESEARCH ARTICLE Journal of Cell Science (2021) 134, jcs246421. doi:10.1242/jcs.246421

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

http://jcs.biologists.org/lookup/doi/10.1242/jcs.246421.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.246421.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.246421.supplemental


published studies (Frangioni et al., 1992, Woodford-Thomas et al.,
1992),WT PTP1B and PTP1B phosphatasemutants colocalised with
calnexin, exhibiting the typical reticular pattern of the ER network
(Fig. 5B). In contrast, both PTP1Bmutants lacking the ERmembrane
anchor showed a diffuse cytosolic distribution (Fig. 5B).
Next, we assessed the capacity of WT PTP1B, its phosphatase

mutants and its membrane anchor mutants to reconstitute the

reduced type I IFN secretion in PTP1BKD iBMDMs upon cGAS–
STING stimulation. For all stimuli tested, namelyMCMV (Fig. 5C),
cGAMP (Fig. 5D) and ISD (Fig. 5E), we saw reduced IFNα and
IFNβ secretion in PTP1BKD iBMDMs as demonstrated previously
(Fig. 4B). This reduction in type I IFN secretion was rescued in
PTP1BKD iBMDMs expressing WT PTP1B (Fig. 5C–E). While the
phosphatase mutants D181A and C215S, as well as the double

Fig. 4. PTP1B is important for efficient secretion of type I IFN. (A) Cas9-mediated knockdown (KD) of PTP1B in iBMDMs was confirmed by immunoblotting
with a PTP1B-specific antibody. (B) WT or PTP1BKD iBMDMs were infected with MCMV at an MOI of 0.5 or transfected with 3 µg/ml ISD. At 16 h post infection or
stimulation, levels of IFNα (left panel) or TNFα (right panel) in supernatants were determined by ELISA. Data is shown asmean±s.d. of two combined experiments
performed with biological duplicates. Mock samples were treated with either medium only (MCMV panels) or Lipofectamine only (ISD panels). (C) Schematic
representation of the experimental setup to measure intracellular type I IFN and total type I IFN production upon stimulation of iBMDMs. At 4 h post stimulation or
infection, levels of (1) secreted IFNα in the supernatant (sup), (2) intracellular IFNα (cells) and (3) total IFNα production (total) were determined by ELISA. (D) WT
or PTP1BKD iBMDMs were stimulated by transfection with 3 µg/ml ISD or infected with MCMV (MOI 2). At 4 h post stimulation or infection, the supernatant (sup),
cells or both combined (total) as described in C were harvested, and IFNα levels were determined by ELISA. Data is shown as mean±s.d. of two combined
experiments performed with biological duplicates. (E) Primary BMDMs ofWT and PTP1B−/−micewere left untreated (unstim), infected with MCMVor transfected
with 3 µg/ml 5′ppp-dsRNA (RNA). After 2 h, 5 µg/ml of brefeldin Awere added to prevent cytokine secretion. At 6 h after the addition of brefeldin A, cells were fixed,
permeabilised and labelled with a FITC-conjugated antibody against murine IFNβ. Levels of intracellular IFNβ were determined by flow cytometry. Histograms
show results from one representative experiment (upper panel, MCMV infection; lower panel, RNA stimulation). Bar graphs show the mean fluorescence
intensities (MFI) as mean±s.d. of four or five independent experiments for 5′ppp-dsRNA or MCMV, respectively. Fold change was calculated relative to untreated
cells, respectively. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; n.s., not significant (unpaired two-tailed Student’s t-test).
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Fig. 5. See next page for legend.
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mutant D181A-C215S, showed the same phenotype as WT PTP1B,
PTP1B lacking its membrane anchor and therefore losing its ER
localisation, could not restore type I IFN secretion (Fig. 5C–E).
Again, as observed in primary BMDMs (Figs 2F and 3B–D),
neither transcription of Ifnb1 (Fig. S3A) nor TNFα secretion
(Fig. S3B) was affected in PTP1BKD iBMDMs or any of the
reconstituted iBMDM cell lines.
These results unequivocally show that the phosphatase activity of

PTP1B is dispensable for type I IFN secretion, while attachment to
the ER membrane is crucial for the positive impact of PTP1B on
type I IFN secretion.

PTP1B is important for the type I IFN response upon TLR
stimulation and MCMV infection in the host
So far, we have shown that PTP1B plays a role for optimal type I IFN
secretion in vitro in primary cells (pDCs and BMDMs) as well as
immortalisedBMDM.Next, wewanted to assess the impact of PTP1B
in vivo in the context of TLR stimulation and MCMV infection.
First, we stimulated the TLR response in vivo by injecting the

synthetic TLR9 agonist CpG DNA and included TLR9−/− mice as
specificity control. In addition, we verified that PTP1B−/− mice
have the same numbers of conventional DCs (cDCs) and pDCs as
WT mice since pDCs are the main producers of type I IFNs
(Fig. S4A).
Recapitulating our in vitro findings, PTP1B−/− mice showed

reduced IFNα levels in the serum upon TLR9 stimulation, but equal
levels to those in TNFα as WT mice, while IFNα and TNFα were
not detected in TLR9−/− mice (Fig. 6A). We obtained the same
results in the context of MCMV infection (Fig. 6B), where we used
STING−/− mice as a control for the early [6 h post infection (h.p.i.)]
type I IFN response, since STING is essential for this initial type I
IFN response to MCMV (Stempel et al., 2019; Lio et al., 2016). We
also observed reduced type I IFN levels at a later time point (36 h)
post MCMV infection, with 3d mice as a control, since they lack
endosomal TLR signalling which is crucial for type I IFN secretion
at this later time point post MCMV infection (Fig. S4B). Notably,
Ifnb1 transcription was not reduced in PTP1B−/− mice (Fig. S4C).
These results clearly recapitulate our in vitro findings showing that
PTP1B acts downstream of multiple PRRs (cGAS and endosomal

TLRs) and that it affects production of type I IFNs at the post-
transcriptional level.

Consistent with the reduced type I IFN response in PTP1B−/−

mice, we saw a modest, but significant, increase in MCMV
immediate early 1 (IE1) and early 1 (E1) transcript levels in the
spleens of PTP1B−/− mice at 6 h post infection (Fig. 6C), as well as
in primary BMDM of PTP1B−/− mice at 2 and 4 h post infection
(Fig. S4D). As observed in our previous study (Stempel et al.,
2019), MCMV transcripts were reduced in STING−/−mice since the
STING-mediated NF-B response supports transcription of MCMV
genes (Fig. 6C).

In conclusion, we have shown that PTP1B is a positive regulator
of the type I IFN response downstream of the PRRs TLR9 and
cGAS–STING in vivo, and that the reduced type I IFN response in
PTP1B−/− mice leads to elevated MCMV transcript levels.

DISCUSSION
Here, we have provided evidence that the tyrosine phosphatase
PTP1B is involved in efficient secretion of type I IFN, and that this
function of PTP1B is independent of its phosphatase activity, but
requires its localisation to the ER. The requirement for PTP1B to be
attached to the cytosolic face of the ER membrane to regulate type I
IFN secretion would be in line with the hypothesis that PTP1B is
involved in trafficking events of type I IFN from the ER to the Golgi,
endosomes or the plasma membrane.

PTP1B is known for its prominent role for receptor tyrosine
kinase trafficking and signalling (Través et al., 2014; Abdelsalam
et al., 2019; Hughes et al., 2015; Vieira et al., 2017). As we had
originally identified PTP1B in affinity purification coupled to mass
spectrometry analyses as being associated with the ER membrane
protein UNC93B, we first hypothesised that PTP1B regulated
trafficking or signalling of the UNC93B–TLR complex from the ER
to endosomes, from where TLRs activate a signalling cascade
leading to transcription of cytokines. Indeed, we could demonstrate
that PTP1B plays a role in innate immune signalling, but it acts
downstream of multiple PRRs and not only downstream of
UNC93B-dependent TLRs. We observed that PTP1B positively
regulates the type I IFN response mediated by the DNA sensor
cGAS and the RNA sensor RIG-I. Furthermore, we demonstrated
that PTP1B does not regulate PRR-mediated induction of type I IFN
transcription, nor signalling of the IFNAR leading to ISG
transcription, but that it is involved in efficient secretion of type I
IFNs, which links back to its well-established function as a regulator
of trafficking events.

Notably, all other functions of PTP1B that are described in the
literature are strictly dependent on its phosphatase activity, and these
studies show that PTP1B is a negative regulator of insulin and leptin
signalling (Tonks, 2013; Feldhammer et al., 2013), EGFR
signalling (Hughes et al., 2015; Young and Kim, 2019), IFNAR
signalling (Myers et al., 2001; Carbone et al., 2012) and TLR
signalling (Xu et al., 2008). Only a few studies have addressed the
role of PTP1B in the context of the innate immune response in
macrophages or in vivo, and none has addressed its role in the
context of viral infection. The only study that addressed the role of
PTP1B in the context of infection in mice was reported by Yue and
colleagues who showed that PTP1B has a negative impact on the
host response to infection with the bacterium Pseudomonas
aeruginosa (Yue et al., 2016). However, this experimental system
is very different from our infection system with the herpesvirus
MCMV and cannot be compared directly. Another study mainly
focused on the pro- and anti-inflammatory response of
macrophages, and found that PTP1B deficiency increases the

Fig. 5. Localisation of PTP1B at the ERmembrane, but not its phosphatase
activity, is required for its complete positive effect on type I IFN secretion.
(A) Schematic representation of the PTP1B topology with the two red stars
indicating the amino acid positions D181 and C215, which are crucial for its
phosphatase activity. Immortalised PTP1BKD BMDMs were reconstituted with
HA-tagged versions of PTP1B WT, the phosphatase-inactive mutants D181A,
C215S or D181A-C215S, or mutants lacking the ER anchor, PTP1B 1-397 or
PTP1B 1-404. Expression of endogenous PTP1B and its HA-tagged versions
was determined by immunoblotting with a PTP1B-specific antibody. (B)
Expression of the PTP1B mutants described in A in iBMDM PTP1BKD was
analysed by immunofluorescence with an HA antibody by confocal microscopy.
The ER was visualised with an antibody to the ER marker calnexin, and nuclei
were stained with Hoechst 33342. White boxes indicate the region shown at a
higher magnification. Scale bars: 10 µm. (C–E)WT iBMDMs, PTP1BKD iBMDMs
and PTP1BKD iBMDMs stably expressing either HA-tagged PTP1BWT, D181A,
C215S, D181A-C215S, 1-397 or 1-404 were infected with either MCMV at an
MOI of 2 (C) or stimulated byaddition of 10 µg/ml cGAMP (D) or by transfection of
3 µg/ml ISD (E). At 16 h post infection or stimulation, levels of IFNα (upper panel)
and IFNβ (lower panel) in supernatants were determined by ELISA. Mock
samples were treated with either medium only (MCMV and cGAMP panels) or
Lipofectamine only (ISD panels). Results are shown asmean±s.d. normalised to
secreted levels of stimulated WT iBMDM combined from three independent
experiments performed with biological duplicates. *P<0.05, **P<0.01,
***P<0.001, ****P<0.0001 (unpaired two-tailed Student’s t-test). Differences
between datasets were not significant if not stated otherwise.
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effects of proinflammatory challenge (Través et al., 2014). Our study
only analysed TNFα and IL6 as pro-inflammatory cytokines, and
in our experimental settings we did not see differences in their
secretion betweenWTand PTP1B−/−mice. Sincewemake consistent
observations between iBMDMs with a Cas9-mediated PTP1B
knockdown, primary bone marrow cells and primary BMDMs
derived from PTP1B−/− mice included littermates as control, and
performed in vivo studies that are consistent with our in vitro findings,
we currently do not have an explanation for this discrepancy.
Xu et al. reported a negative role of PTP1B for TLR signalling in

RAW264.7 macrophages and HEK293-T cells, as revealed by
siRNA-mediated knockdown and PTP1B overexpression
experiments (Xu et al., 2008). This phenotype was dependent on
the phosphatase activity of PTP1B. Interestingly, when we

overexpress PTP1B in HEK 293-T reporter cells, we also see that
PTP1B negatively regulates PRR signalling (data not shown).
However, in primary cells (pDCs or BMDMs) from PTP1B−/−mice
and in iBMDMs with a Cas9-mediated gene knockdown of PTP1B
(PTP1BKD) we see the opposite phenotype; PTP1B had a positive
impact on PRR signalling. When we reconstitute PTP1BKD

iBMDMs with PTP1B expression constructs that express PTP1B
at similar levels to endogenous PTP1B (Fig. 5A), we unequivocally
show that expression of WT PTP1B rescues the phenotype and that
the phosphatase activity of PTP1B is not required for its role in type
I IFN secretion (Fig. 5C). We also carefully controlled localisation
of our PTP1Bmutants and verified their proper ER localisation (WT
PTP1B and phosphatase mutants) or their loss of ER localisation
(PTP1B 1-397 and 1-404). Overexpression studies in cell lines can

Fig. 6. The type I IFN, but not the TNFα response, is impaired in PTP1B−/− mice. (A) WT, PTP1B−/− or TLR9−/− mice were intravenously injected with
CpG DNA. Serum levels of IFNα (left panel) were determined by ELISA 6 h post injection. To determine TNFα levels, mice were intraperitoneally injected with
CpG DNA. After 2 h, serum was collected and subjected to TNFα ELISA (right panel). (B) WT, PTP1B−/− and STING−/− mice were intravenously infected with
4×105 PFU MCMV. At 6 h post infection, serum levels of IFNα (left panel), IFNβ (centre panel) and TNFα (right panel) were determined by ELISA. (C) WT,
PTP1B−/− and STING−/− mice were intravenously infected with 4×105 PFU MCMV. After 6 h, total RNA was extracted from the spleen and transcript levels of
MCMV IE1 (left panel) and MCMV E1 (right panel) were determined by qRT-PCR and normalised to β-actin. Each dot represents an individual mouse and
black bars indicate the mean value of each group. *P<0.05; **P<0.01; ***P<0.001; n.s., not significant (unpaired two-tailed Student’s t-test).
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be very useful, but ideally should to be complemented with
knockout/knockdown studies in primary cells combined with
carefully controlled reconstitution experiments.
Interestingly, our study found that PTP1B selectively regulates

type I IFN signalling, while TNFα secretion was not affected
in PTP1B-deficient cells. While numerous studies describe
the signalling pathways that lead to cytokine expression and the
pathways that are induced by cytokines and their respective
receptors, the pathways and mechanisms of cytokine trafficking
and release in different cell types are still poorly understood. Some
gains have been made in understanding the secretion of cytokines
such as interleukins and TNFα (Murray and Stow, 2014; Lacy and
Stow, 2011); however, virtually nothing is known regarding type I
IFNs. Notably, the intracellular pathways available for release are
often uniquely tailored to each cytokine and cell type (Manderson
et al., 2007), which could explain our finding that PTP1B affects
type I IFN but not TNFα secretion.
A couple of scenarios are possible to explain how PTP1B could

regulate type I IFN trafficking or release from cells. For instance, it
might be involved in the classical secretion pathway and contribute
to vesicle formation for the transport of type I IFNs from the ER to
the Golgi, where they are further processed and then, at the trans
Golgi network (TGN), loaded into vesicles for delivery to the
plasma membrane. Direct vesicle transport from the ER to recycling
endosomes is also a possibility. Given the observation that PTP1B
requires localisation to the ER to promote type I IFN secretion,
another possibility is that type I IFNs are secreted via ER–plasma
membrane contact sites. The ER exists as an elaborate membrane
network (Nixon-Abell et al., 2016; Guo et al., 2018) that extends
throughout the cytosol and forms stable contactswith nearly all other
organelles (Wu et al., 2018). PTP1B interacts with the endocytosed
EGFR at contact sites between the ER and multivesicular bodies
(Eden et al., 2010). The original function of contact sites between the
ER and membranes of the Golgi, endosomes and plasma membrane
was described to be the transfer of lipids and Ca2+ ions, but today it is
clear that the diversity of their functions is much broader (Scorrano
et al., 2019). It may be possible that PTP1B, being located at such
contact sites, interacts with other cellular proteins that regulate
trafficking of type I IFN, or that PTP1B functions as a tether to bring
the ER and plasma membrane in close proximity in PRR-stimulated
cells (Eisenberg-Bord et al., 2016), but this hypothesis is highly
speculative at this point.
Since many trafficking molecules are tightly coupled to cell

activation and respond to the need for cytokine secretion through
upregulation of their expression (Low et al., 2010; Stow et al.,
2006), it would be interesting to analyse the proteome of
macrophages with an activated cGAS–STING pathway for
upregulation of proteins involved in trafficking events such as
ADP-ribosylation factors, Rab GTPases or SNAREs. However, this
would ideally be analysed specifically for type I IFNs, but the PRR
signalling pathways leading to type I IFN induction are difficult to
separate from the ones leading to proinflammatory cytokine
induction via NF-κB. Alternatively, a genome-wide Cas9 screen
for proteins involved in type I IFN, but not TNFα or IL6 secretion,
may reveal more players specific for type I IFN secretion.
The studies on type I IFN trafficking and release are clearly

hampered by a lack of suitable antibodies for immunoblotting and
immunofluorescence studies that are sensitive enough to detect the
low concentration of these cytokines within the different cellular
compartments at a snapshot in time. Cytokine secretion by nature
has to be an efficient and fast process in order to quickly respond to
infection. Attempts to fuse IFNβ with fluorescent proteins, which

would allow researchers to investigate its trafficking, have not been
reported or did not succeed (Stefan Lienenklaus, personal
communication), which is not surprising since the addition of a
large protein such as GFP may negatively affect IFNβ trafficking.
Hence, with the identification of PTP1B as a positive regulator of
type I IFN signalling, we have gained an insight into the
mechanisms of type I IFN trafficking and secretion.

Since PTP1B is an attractive therapeutic target owing to its role in
type II diabetes and obesity, understanding the cellular mechanisms
modulated by PTP1B is of crucial importance. While we found that
PTP1B does not depend on its phosphatase activity to promote type
I IFN secretion, there is merit in investigating the potential side
effects posed by PTP1B inhibitors, which are lead candidates for
clinical trials on innate immune responses. While we did not
observe a strong effect of PTP1B on MCMV replication in its host,
this may not hold true for other pathogens.

Collectively, we have revealed a positive regulatory role for
PTP1B in PRR-mediated innate immune responses in macrophages
in the context of viral infection. Further investigations into how
PTP1B specifically regulates the type I IFN response will contribute
greatly to the understanding of the molecular mechanisms behind
the elusive nature of type I IFN secretion.

MATERIALS AND METHODS
Ethics statement
All animal experiments were performed in compliance with the German
animal protection law (TierSchG BGBI S. 1105; 25.05.1998). The mice
were handled in accordance with good animal practice as defined by
FELASA and GV-SOLAS. All animal experiments were approved by the
responsible state office (Lower Saxony State Office of Consumer Protection
and Food Safety) under permit numbers #33.19-42502-04-12/0930 and
#33.19-42502-04-17/2657.

Mice
WT and knockout mice were bred and maintained under specific-pathogen-
free conditions at the animal facility of the Helmholtz Centre for Infection
Research (HZI) in Braunschweig, Germany. WT C57BL/6J were originally
obtained from Charles River Laboratories. PTP1B−/− mice [B6.129S4-
Ptpn1(tm1Bbk)/Mmjax], backcrossed 20× to C57BL/6J mice, were
obtained from the Jackson Laboratory (MMRRC, stock number: 032240-
JAX) (Klaman et al., 2000). Tlr9−/− (B6.129P2-Tlr9tm1Aki) mice (Hemmi
et al., 2000) were backcrossed to C57BL/6J mice for 12 generations and
obtained from Stefan Bauer, University of Marburg, Germany. STING−/−

mice (MPYS−/−/Tmem173tm1.2Camb) (Jin et al., 2011) were kindly provided
by Bastian Opitz, Charité Berlin, Germany, with permission of Lei Jin,
University of Florida, USA. The 3d mutation introduces a positively charged
residue into the ninth of twelve transmembrane domains (H412R) of
UNC93B1 (Tabeta et al., 2006). This abrogates binding of UNC93B1 to
endosomal TLRs and their retention in the ER, resulting in abolished
endosomal TLR signalling (Tabeta et al., 2006; Brinkmann et al., 2007).
MAVS−/− mice (Michallet et al., 2008) were kindly provided by Ulrich
Kalinke, Twincore, Hannover. IFNβ reporter mice (Ifnb1tm1.2Lien) were as
described previously (Lienenklaus et al., 2009; Solodova et al., 2011). These
mice were crossed as heterozygotes (IFNβ+/Δβ-luc) with either PTP1B−/− or
STING−/− mice to obtain PTP1B−/−/IFNβ+/Δβ-luc and STING−/−/IFNβ+/Δβ-luc

mice, respectively. Mice used in this study were 8–10 weeks old and female.

Viruses
MCMV-GFP has been previously described (Mathys et al., 2003). WT
MCMV for in vitro infection experiments is the MCK-2-repaired BAC-
derived MCMV (Jordan et al., 2011). MCMV Δm157 for in vivo infection
experiments was kindly provided by Stipan Jonjic (Faculty of Medicine,
University of Rijeka, Croatia) and recently described in Stempel et al.
(2019). Newcastle disease virus (NDV) was kindly provided by Andrea
Kröger (Otto-von-Guericke University Magdeburg, Germany).
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Primary cells
For generation of total bone marrow cells, bone marrow extracted frommice
was subjected to red blood cell lysis before culturing in RPMI medium
supplemented with 10% FCS, 2 mM glutamine (Gln), 1% penicillin-
streptomycin (P/S) and 50 µM β-mercaptoethanol. For generation of
primary bone marrow-derived macrophages (BMDMs), the bone marrow
was extracted from mice and the cells were cultured in DMEM (high
glucose) supplemented with 10% FCS, 2 mM Gln, 1% P/S, 50 µM
β-mercaptoethanol and 5% macrophage colony stimulating factor (MCSF)
as described previously (Bussey et al., 2014).

Cell lines
The immortalised murine bone marrow-derived macrophage (iBMDM) cell
line was obtained through BEI Resources, NIAID NIH (NR-9456).
iBMDMs were maintained in DMEM supplemented with 8% FCS, 2 mM
Gln, 1% P/S and 50 µM β-mercapthoethanol.

To generate PTP1KD iBMDMs, a guide RNA targeting the second exon of
PTP1B was cloned into the pLK05 gRNA vector (kindly provided by Dirk
Heckl,HannoverMedical School,Germany),which expresses a single gRNA,
SpCas9 and an RFP reporter. gRNA sense and antisense oligonucleotides
were ordered (IDT) and manually annealed. The gRNA sequence is as
follows: PTP1B gRNA 2-63 FOR, 5′-CACCGTGACATCTCGGTACCTG-
TTCM-3′; PTP1B gRNA 2-63 REV: 5′-AAACGAACAGGTACCGAGAT-
GTCAC-3′. iBMDM were transduced with lentivirus to stably express Cas9
and the gRNA targeting PTP1B. Cells were selected for red fluorescence by
FACS. For reconstitution of PTP1B in PTP1BKD iBMDMs, HA-tagged
PTP1B WT was cloned into pMSCVpuro using the BglII/EcoRI restriction
sites. Mutations or deletions in PTP1B to generate PTP1B D181, C215S,
D181A-C215S, 1-397 or 1-404 were carried out using the Q5® Site Directed
Mutagenesis kit (NEB, #E0554). PTP1BKD iBMDMs stably expressing HA-
taggedWTPTP1Bormutant PTP1Bwere generated by retroviral transduction
using the respective constructs in the pMSCVpuro vector and selection with
10 µg/ml puromycin. Knockdown of PTP1B and reconstitution with the
respective mutant was verified by immunoblotting. All cell lines used in this
study have been tested for contamination.

Antibodies and reagents
To determine the percentages of cDC and pDC in bone marrow and inguinal
lymph nodes by flowcytometry, the following set of antibodieswas used: anti-
Siglec-H-APC (#51-0333-82, dilution 1:1000), anti-CD11b-PE (#12-0112-
82, dilution 1:4000), and anti-CD45R/B220-PerCP-Cy5.5 (#45-0452-82,
dilution 1:500) from eBioscience, anti-CD11c-PE/Cy7 (#117318, dilution
1:1000) from BioLegend, and anti-mPDCA-1-FITC (#130-091-961, dilution
1:10) from Miltenyi Biotec. Anti-CD11b-FITC (#557396, dilution 1:200)
from BD Biosciences and anti-F4/80-PE (#123110, dilution 1:100) from
BioLegend were used for phenotype analysis of BMDM by flow cytometry.
Recombinant mouse IFNα (#12100, dilution 1:10) and anti-IFNβ-FITC
(#22400-3, Clone RMMB-1, dilution 1:10) were purchased from PBL Assay
Science. Rabbit anti-STING (#13647, clone D2P2F, dilution 1:1000), rabbit
anti-phospho-TBK1 (#5483, clone D52C2, dilution 1:1000), rabbit anti-
phospho-IRF3 (#4947, clone 4D4G, Ser396, dilution 1:1000), were
purchased from Cell Signaling. Rabbit anti-IRF3 (#sc-9082, clone FL-425,
dilution 1:2000) was obtained from Santa Cruz Biotechnology. Mouse anti-
tubulin (#T6199, clone DM1A, dilution 1:1000), mouse anti-actin (A5441,
clone AC-15, dilution 1:5000) and rabbit anti-calnexin (C4731, dilution
1:10,000) were obtained from Sigma-Aldrich. Mouse anti-HA antibody was
obtained from Covance (MMS-191R, clone 16B12, dilution 1:1000).
Antibodies against PTP1B were purchased from Millipore (ABS40, dilution
1:500) or Abgent (AM8411a, dilution 1:100) and specificity was verified by
testing lysates of PTP1B-/- BMDM. HRP-conjugated secondary antibodies
were purchased from Dianova.

CpG 2336, CpG 1826, CpG 2216 and interferon stimulatory DNA (ISD)
were obtained from Eurofins Genomics. ISD was generated by the
combination of complementary forward (ISD45bp-for: 5′-TACAGATCT-
ACTAGTGATCTATGACTGATCTGTACATGATCTACA-3′) and reverse
(ISD45bp-rev: 5′-TGTAGATCATGTACAGATCAGTCATAGATCACT-
AGTAGATCTGTA-3′) 45 bp oligonucleotides, heating to 95°C for
10 min followed by annealing at room temperature. Poly(U) (#tlrl-sspu),

5′ppp-dsRNA (#tlrl-3prna) and 2′3′-cGAMP (#tlrl-nacga23) were obtained
from Invivogen. Protease inhibitors (#4693116001), phosphatase inhibitors
(#4906837001) and DOTAP Liposomal Transfection Reagent were
purchased from Roche. Lipofectamine 2000 and OptiMEM were
purchased from Thermo Fisher Scientific.

Stimulation of cells for ELISA
106 total bone marrow cells or 1.5×105 BMDMs were seeded per well in
96-well plates. Cells were incubated with stimuli or infected with MCMV-
GFP in a total volume of 200 µl per well. For stimulation with poly(U), cells
were transfected with 200 ng of poly(U) and 1.2 µl of DOTAP diluted in
HBS (20 mM HEPES pH 7.4 and 150 mM NaCl) according to the
manufacturer’s instructions. For stimulation with CpG 2336, the stimulus
was added to the samples to a final concentration of 1 µM. For stimulation
with ISD or 5′ppp-dsRNA, BMDMs were stimulated by transfection
with either 1 or 3 µg/ml ISD or 1 or 3 µg/ml 5′ppp-dsRNA complexed with
Lipofectamine, as indicated, or transfected with Lipofectamine only as
control. 2′3′-cGAMP was added to the medium to a final concentration of
10 µg/ml or cells were stimulated by transfection with 3 µg/ml cGAMP
complexed with Lipofectamine. Supernatants were harvested at indicated
time points and stored at −20°C for ELISA.

In vivo experiments
To analyse type I IFN induction in vivo, micewere intravenously injectedwith
a total volume of 200 µl containing 10 µg CpG 2216 complexed with 30 µl
DOTAP in PBS and mice were killed 6 h later. To measure TNFα responses,
micewere intraperitoneally injectedwith 60 µg of CpG 1826 in a total volume
of 200 µl in PBS and mice were killed at 2 h post injection. For MCMV
infection, mice were intravenously infected with 4×105 plaque-forming units
(PFU) of recombinant MCMV and killed at 6 or 36 h post infection. Blood
was kept at RT for at least 1 h and centrifuged for 8 min at 2400 g. Serum
supernatants were collected and stored at −20°C for ELISA. The preparation
of serum, spleen and liver samples from infected mice for measuring type I
IFN levels by ELISA and for Ifnb1 mRNA by qRT-PCR has been described
previously (Stempel et al., 2019; Chan et al., 2017).

ELISA
IFNα levels were measured as described previously (Bussey et al., 2019).
IFNβ was detected using the LEGEND MAX Mouse IFN-β ELISA Kit
(BioLegend, #439407) or the LumiKine™ Xpress mIFN-β kit (Invivogen,
#luex-mifnb) according to the manufacturer’s instructions. IL6 was detected
using the Mouse IL6 ELISA Set (BD Biosciences, #555240) according to
the manufacturer’s instructions. Levels of TNFα were determined as
described previously (Bussey et al., 2014).

Detection of intracellular IFNα by ELISA
BMDMs were stimulated as described above in quadruplicates. At the
indicated time points, the supernatants were harvested from two wells. To
these wells, 100 µl of fresh mediumwere added, and cells were scraped from
the plate to obtain the ‘cells only’ sample. From the corresponding two
remaining wells, cells were scraped in the supernatant to analyse the total
amount of cytokines produced. Triton X-100 (Sigma) was added to all
samples to a final concentration of 0.1% Triton X-100, and solutions were
incubated on ice for 15 min to disrupt the cells, followed by centrifugation
for 5 min at 4°C and 14,000 g. After centrifugation, the supernatants were
transferred into a new tube for analysis by ELISA. Secreted, intracellular and
total IFNα was measured with the LumiKine™ Xpress mIFN-α kit
(Invivogen, #luex-mifna) according to the manufacturer’s instructions.

Flow cytometry
To determine the proportions of cDCs and pDCs, bone marrow and inguinal
lymph nodes were prepared from WT and PTP1B−/− mice, collected in
RPMI medium and passed through a 100 µm cell strainer. Bone marrow
cells were subjected to red blood cell lysis. Cells were incubated withMouse
Fc Block (BD Biosciences, #553141) diluted in PBS for 10 min, and stained
with antibodies for CD11c, CD11b, B220, Siglec-H and mPDCA-1 diluted
in PBS for 15 min. Dead cells were stained with the LIVE/DEAD Fixable
Aqua Dead Cell stain kit (Invitrogen, #L34957) according to the
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manufacturer’s instructions, and cells were resuspended in PBS for analysis.
All steps were carried out at 4°C.

For phenotype analysis of BMDMs, cells were incubated with Mouse Fc
Block diluted in FACS buffer (PBS with 2% FCS) for 10 min and stained
with antibodies for CD11b and F4/80 diluted in FACS buffer for 15 min.
Cells were resuspended in FACS buffer for analysis. All steps were
carried out at 4°C.

To measure intracellular IFNβ, 1.5×105 BMDMs were seeded per well in
six-well plates. For stimulation with 5′ppp-dsRNA, cells were transfected
with 3 µg of RNA and 5 µl of Lipofectamine diluted in OptiMEM in a total
volume of 1 ml per well. For infection with MCMV, the diluted virus was
added to the cells at a multiplicity of infection (MOI) of 1 in a total volume
of 2.5 ml per well and plates were centrifuged for 5 min at 684 g to enhance
infection. At 2 h after stimulation, 5 µg/ml of brefeldin A (Sigma-Aldrich,
#B7651) were added to the cells. At 6 h after the addition of brefeldin A,
cells were washed with PBS and transferred to 96-well plates. Cells were
fixed with 4% paraformaldehyde for 10 min, washed with PBS twice,
resuspended in PBS and stored overnight at 4°C for antibody staining. Fixed
cells were permeabilised with 0.5% saponin in FACS buffer (FACS-S) for
20 min and stained with a FITC-conjugated anti-mouse IFNβ antibody
diluted in FACS-S buffer for 1 h. Cells were washed with FACS-S buffer
twice and resuspended in FACS buffer for analysis. Permeabilisation and
antibody staining were carried out at 4°C.

Flow cytometry data was acquired using a LSR II flow cytometer and
FACSDiva software (BD Biosciences). Data was analysed with FlowJo
software (Version 10, Tree Star, Inc.).

Luciferase-based reporter assay
1.5×105 BMDMs were seeded per well in 96-well plates. Cells were
transfected with 600 ng of 2′3-cGAMP and 1 µl of Lipofectamine diluted in
OptiMEM or infected with MCMV-GFP at the indicated MOIs in a total
volume of 200 µl per well. After 3 h, cells were lysed in 50 µl of 1×Luciferase
cell culture lysis reagent (Promega) per well. Luciferase production was
measured using the Dual-Luciferase® Reporter Assay System (Promega,
#E1960) and a GloMax 96 Microplate Luminometer (Promega).

Immunoblotting
For analysis of the activation of the cGAS-STING signalling cascade by
immunoblotting for phosphorylated TBK1 and IRF3, 3.5×105 primary
BMDMs from WT or PTP1B−/− mice, or iBMDM or PTP1BKD iBMDM
cells were seeded in a 12-well plate. Cells were either infected withMCMV-
GFP at an MOI of 0.5 or stimulated by transfection with 10 µg/ml ISD
complexed with Lipofectamine, or treated with Lipofectamine only. At the
indicated times, cells were lysed in RIPA buffer (20 mM Tris-HCl pH 7.5,
1 mM EDTA, 100 mMNaCl, 1% Triton X-100, 0.5% sodium deoxycholate
and 0.1% SDS) containing protease and phosphatase inhibitors (Roche
4693116001 and 4906837001, respectively). Cell lysates were cleared by
centrifugation (14,000 g for 10 min at 4°C) and supernatants were frozen at
−20°C for further analysis.

Cell lysates were separated by SDS-PAGE and transferred onto
nitrocellulose or PVDF membrane (GE Healthcare) using wet transfer and
Towbin blotting buffer [25 mM Tris-HCl pH 8.3, 192 mM glycine, 20%
(v/v) methanol]. Membranes were probed with the indicated primary
antibodies and respective secondary HRP-coupled antibodies diluted in 5%
w/v nonfat dry milk or 5% BSA (Sigma) in TBS-T. Immunoblots were
developed with Lumi-Light (Roche), SuperSignal West Pico or SuperSignal
West Femto (Thermo Fisher Scientific) chemoluminescence substrates.
Membranes were exposed to films or imaged with a ChemoStar ECL Imager
(INTAS) and band intensities were quantified using LabImage 1D software
(INTAS). Images were prepared using Adobe Photoshop CS5.

Immunofluorescence
iBMDM (125,000 cells/well) were seeded onto acid-washed coverslips in
24-well plates. After 24 h, cells were permeabilised with ice-cold methanol
for 5 min at −20°C followed by fixation with 4% PFA in PBS for 20 min at
room temperature. Cells were washed three times with PBS, and then
incubated in 10% FCS and 1% BSA in PBS for 1 h at room temperature.
Primary antibodies diluted in 1% BSA in PBS were added overnight at 4°C,

followed by three PBS washes. Cells were incubated with secondary
antibodies coupled to Alexa Fluor 488 or Alexa Fluor 594 and Hoechst
33342 (Thermo Fisher Scientific) diluted in 1% BSA in PBS for 45 min at
room temperature. Coverslips weremounted on glass microscope slides with
Prolong Gold (Invitrogen). Imaging was performed on a Nikon ECLIPSE
Ti-E inverted microscope equipped with a spinning disk device (Perkin
Elmer Ultraview), and images were processed using Volocity software
(Version 6.2.1, Improvision).

Quantitative RT-PCR
Primary BMDMs or immortalised BMDM s were infected by centrifugal
enhancement with MCMV-GFP at an MOI of 0.01, 0.1 or 2, and stimulated
by addition of 10 µg/ml cGAMP, 3 µg/ml ISD, 1 µg/ml 5′ppp-dsRNA or
100 U/ml of recombinant mouse IFNα, for 2 or 4 h. Cells were lysed with
RLT buffer supplemented with β-mercaptoethanol and RNA was purified
with the RNeasy Mini Kit (Qiagen, #7410) followed by DNase treatment
(Qiagen, #79254) according to the manufacturer’s instructions. Similarly,
RNA from spleen and liver homogenates was extracted according to the
manufacturer’s instructions. For synthesis of cDNA and quantification of
Rpl8, Ifnb1, Ifit3 and Cxcl10 gene transcripts, 100 ng of RNA were used
per sample and quantitative RT-PCR was performed using the EXPRESS
One-Step Superscript™ qRT-PCR kit (Invitrogen, #11781200) on a
LightCycler 96 instrument (Roche). Rlp8 served as the housekeeping
control. PCR primers and Universal ProbeLibrary probes (UPL, Roche)
were used as follows: Rlp8 (Rlp8_for, 5′-CAACAGAGCCGTTGTTGGT-
3′; Rlp8_rev, 5′-CAGCCTTTAAGATAGGCTTGTCA-3′, UPL probe 5);
Ifnb1 (Ifnb1_for, 5′-CTGGCTTCCATCATGAACAA-3′; Ifnb1_rev, 5′-
AGAGGGCTGTGGTGGAGAA-3′, UPL probe 18); Ifit3 (Ifit3_for, 5′-T-
GGACTGAGATTTCTGAACTGC-3′; Ifit3_rev, 5′-AGAGATTCCCGG-
TTGACCTC-3′, UPL probe 3); Cxcl10 (Cxcl10_for, 5′-GCTGC-
CGTCATTTTCTGC-3′; Cxcl10_rev, 5′-TCTCACTGGCCCGTCATC-3′,
UPL probe 3). The levels of MCMV IE1 and E1 transcripts were determined
as described previously (Stempel et al., 2019). Briefly, RNA was extracted
from cells or spleen homogenates using the RNeasy Mini kit followed by
DNase treatment as described above. Quantitative RT-PCR was performed
using the OneStep RT-PCR Kit (Qiagen #210212) on a LightCycler 96
instrument (Roche). Absolute quantification of viral transcript numbers was
performed using a dilution series of specific in vitro transcripts as standards.
For normalisation, cellular β-actin transcripts were quantified in parallel.
PCR primers and probe [5′ 6-FAM labelled and 3′ black hole quencher
(BHQ) labelled] sequences were as follows: β-actin: β-actin_for, 5′-GAC-
GGCCAGGTCATCACTATTG-3′, β-actin_rev, 5′-CACAGGATTCCAT-
ACCCAAGAAGG-3′, β-actin_probe, 5′-AACGAGCGGTTCCGATGCCC-
3′; MCMV IE1: IE1_for, 5′-TGGCTGATTGATAGTTCTGTTTTATCA-3′,
IE1_rev, 5′-CTCATGGACCGCATCGCT-3′, IE1_probe, 5′-AACGCTCC-
TCACTGCAGCATGCTTG-3′; MCMV E1: E1_for, 5′-TGCTCCCACTG-
AGGAAGAGAAGA-3′, E1_rev, 5′-GAGGCCGCTGCTGTAAC-AAT-3′,
E1_probe, 5′-AGCCCAAGCGCCAGAAGACCCA-3′.

Statistical analysis
Differences between two data sets were evaluated by two-tailed unpaired
Student’s t-tests, in the case of viral transcript levels after log transformation
of the data sets, using Graphpad Prism version 5.0 (GraphPad Software, San
Diego, CA). P<0.05 was considered statistically significant.
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