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TPL-2 MAP 3-kinase promotes inflammation in numerous mouse disease models and is an attractive anti-inflammatory 
drug target. However, TPL-2–deficient (Map3k8−/−) mice develop exacerbated allergic airway inflammation to house dust 
mite (HDM) compared with wild type controls. Here, we show that Map3k8D270A/D270A mice expressing kinase dead TPL-2 
had an unaltered response to HDM, indicating that the severe airway inflammation observed in Map3k8−/− mice is not due 
to blockade of TPL-2 signaling and rather reflects a TPL-2 adaptor function. Severe allergic inflammation in TPL-2–deficient 
mice was likely due to reduced levels of ABIN-2 (TNIP2), whose stability depends on TPL-2 expression. Tnip2E256K knock-in 
mutation, which reduced ABIN-2 binding to A20, augmented the HDM-induced airway inflammation, but did not affect 
TPL-2 expression or signaling. These results identify ABIN-2 as a novel negative regulator of allergic airway responses and 
importantly indicate that TPL-2 inhibitors would not have unwanted allergic comorbidities.
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Introduction
The MAP-3 Kinase Tumor Progression Locus 2 (TPL-2; also 
known as MAP3K8 and COT) is a key regulator of inflamma-
tion. Following TLR and TNFR1 stimulation of myeloid cells, 
TPL-2 phosphorylates and activates MKK1/2 and MKK3/6, 
leading to the activation of the downstream ERK1/2 and p38α 
MAP kinases, respectively, and modulation of inflammatory 
cytokine and chemokine production (Gantke et al., 2011, 2012; 
Pattison et al., 2016).

TPL-2 promotes inflammation in numerous disease models, 
including endotoxic shock, experimental autoimmune encepha-
lomyelitis, inflammatory bowel disease, pancreatitis, liver fibro-
sis, and thrombocytopenia (Gantke et al., 2012; Sriskantharajah 
et al., 2014; Xiao et al., 2014). Consequently, TPL-2 is consid-
ered an attractive anti-inflammatory drug target (George and 
Salmeron, 2009). However, TPL-2–deficient (Map3k8−/−) mice 
develop more severe type 2 allergic airway inflammation in re-
sponse to challenge with ovalbumin or house dust mite (HDM; 
Watford et al., 2010; Kannan et al., 2016). TPL-2 inhibitors, there-
fore, could have unwanted impacts on allergic comorbidities.

In the present study, we directly tested the effect of inhib-
iting TPL-2 catalytic activity in HDM allergic responses using 
mice that express kinase-inactive TPL-2 (Map3k8D270A/D270A; 
Sriskantharajah et al., 2014). Surprisingly, we found that the 
HDM-induced allergic response was not altered by Map3k8D270A 

mutation, indicating that the severe airway inflammation ob-
served in Map3k8−/− mice compared with WT controls is not due 
to a blockade of TPL-2 signaling and rather reflects an adaptor 
function of TPL-2.

In unstimulated cells, TPL-2 forms a ternary complex with 
NF-κB1 p105 and A20 binding inhibitor of NF-κB 2 (ABIN-2; 
also known as TNIP2), a ubiquitin binding protein (Gantke 
et al., 2012). We have recently found that Map3k8−/− cells are 
profoundly deficient in ABIN-2, while Map3k8D270A/D270A cells 
have normal levels of TPL-2 and ABIN-2 (Sriskantharajah et 
al., 2014). Reduced levels of  ABIN-2 therefore may contrib-
ute to the severe allergy phenotype in Map3k8−/− mice. Con-
sistent with this hypothesis, Tnip2E256K knock-in mutation 
augmented the airway allergic response to HDM by reduc-
ing ABIN-2 binding to A20 (Dong et al., 2011), a key negative 
regulator of inflammation (Catrysse et al., 2014). Tnip2E256K 
mutation did not affect TPL-2 protein expression or TPL-2 ac-
tivation of ERK1/2.

Our results identify a novel contribution for ABIN-2 in 
Th2-mediated inflammation and question the validity of using 
Map3k8−/− mice to investigate the roles of TPL-2 in disease mod-
els. Importantly, our study also implies that the use of TPL-2 
inhibitors to treat inflammatory diseases would not promote al-
lergic airway responses.
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Results and discussion
TPL-2 kinase activity does not exacerbate the allergic 
response to HDM
We have recently shown a role for TPL-2 in restricting type 2 im-
mune responses in a mouse model of allergic asthma, based on 
the analysis of Map3k8−/− mice (Kannan et al., 2016). Intraperi-
toneal sensitization with Alum and HDM followed by localized 
airway challenge with HDM is a well-established CD4+ T cell–
dependent model of allergy (Haspeslagh et al., 2017). Using this 

model (Model 1; Fig. 1 A), we demonstrated previously that TPL-2 
deficiency in Map3k8−/− mice leads to severe HDM-induced air-
way inflammation, with increased eosinophilia and peribroncho-
vascular infiltrates relative to WT controls (Kannan et al., 2016). 
To further characterize the role of TPL-2 in allergic responses 
to HDM, we then tested the requirement for its kinase activity, 
using mice homozygous for a mutation that renders TPL-2 cat-
alytically inactive (Map3K8D270A; Sriskantharajah et al., 2014; 
Pattison et al., 2016).

Figure 1. Map3k8D270A/D270A mice do not develop an exacerbated HDM-induced allergic response. (A) Schematic representation of HDM/Alum-dependent 
allergy model (Model 1). o.p., oropharyngeal. (B) Differential cell counts in BAL fluids of PBS- and HDM-challenged WT, Map3k8−/−, and Map3k8D270A/D270A 
mice. (C) Cytokine mRNA expression levels in the lung, as assessed by qRT-PCR. (D) Total IgE levels in blood serum, IL-5, and IL-13 levels in BAL fluid, as 
assessed by ELI​SA. (E) H&E-stained lung sections (left) and inflammation scores (right). Data in panels A–E are shown as mean ± SEM and are pooled from 
three independent experiments (n = 14 mice/genotype). *, P < 0.05; **, P < 0.005; ***, P < 0.001; ****, P < 0.0001. Comparisons assessed by Kruskal-Wallis 
and Dunn-Bonferroni’s post hoc test. ns, not significant.
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Distinct from Map3k8−/− mice, which developed a severe al-
lergic response to HDM as expected (Kannan et al., 2016), the 
response of Map3k8D270A/D270A mice was similar to WT controls 
(Fig. 1). 1 d after the final oropharyngeal HDM challenge, Map-
3K8D270A/D270A mice had similar cellular infiltration in broncho-
alveolar lavage (BAL) fluid as WT mice (Fig.  1  B). Equivalent 
inflammatory responses were also detected measuring the lev-
els of inflammatory cytokines in the lung (mRNA) and BAL fluid 
(protein; Fig. 1, C and D) and serum total IgE (Fig. 1 D), a hallmark 
in allergic responses. Consistent with these results, and in con-
trast to TPL-2–deficient mice, we also observed no significant 
differences in peribronchial and perivascular inflammation or 
changes in lung architecture between HDM-challenged Map-
3k8D270A/D270A mice and WT controls (Fig. 1 E).

Previous work from our laboratory has ruled out T cell– and 
B cell–intrinsic requirements for TPL-2 in HDM-induced al-
lergy. Rather, we found an essential role for TPL-2 in dendritic 
cells (DCs) in limiting severe airway inflammation (Kannan et 
al., 2016). We therefore tested if there was a DC-intrinsic role for 
TPL-2 kinase activity using an allergy model (Model 2; Fig. 2 A) 
with adoptively transferred HDM-pulsed bone marrow–derived 
DCs (BMDCs; Lambrecht et al., 2000). Consistent with results 
obtained using the HDM-induced allergy model in intact mice, 
Map3k8D270A mutation did not alter the allergic response to oro-
pharyngeal HDM after adoptive transfer of HDM-pulsed BMDCs 
(Fig.  2, B–E). Recipients of Map3k8D270A/D270A and WT HDM-
pulsed BMDCs showed comparable levels of cellular infiltration 
in BAL fluid (Fig. 2 B), inflammatory cytokine levels in the lung 
(mRNA; Fig. 2 C) and BAL fluid (protein; Fig. 2 D), IgE levels in 
serum (Fig. 2 D), and lung inflammation (Fig. 2 E). These results 
are in contrast to the more severe allergic phenotypes observed 
in recipients of Map3k8−/− BMDC (Fig. 2, B–E), consistent with 
previous experiments (Kannan et al., 2016).

Our earlier experiments with Map3k8D270A/D270A mice 
demonstrated that TPL-2 catalytic activity promotes the de-
velopment of experimental autoimmune encephalomyelitis 
(EAE), a model of central nervous system inflammation and 
multiple sclerosis (Sriskantharajah et al., 2014). In contrast, the 
results in this section showed that TPL-2 catalytic activity did 
not regulate airway allergic responses to HDM in intact mice. 
These results imply that the severe airway inflammation that 
develops in Map3k8−/− mice is not due to a blockade of TPL-2 
kinase signaling, but may result from the absence of TPL-2 scaf-
folding function.

Map3k8−/− mice have been used widely to investigate the 
role of TPL-2 in several autoimmune and inflammatory disease 
models (Gantke et al., 2012). Based on the largely suppressive 
effects of TPL-2 deficiency on inflammation in such studies, it 
has been concluded that TPL-2 is a good anti-inflammatory drug 
target and several pharmaceutical companies have developed 
small molecule inhibitors of TPL-2 (George and Salmeron, 2009; 
Gutmann et al., 2015). The results of the present study raise the 
possibility that some of the phenotypes detected Map3k8−/− mice 
in such models are actually caused by blocking ABIN-2, and not 
TPL-2 signaling. It will be important in future disease model 
studies to use Map3k8D270A/D270A mice, in which TPL-2 signal-
ing is prevented without affecting steady-state levels of ABIN-2, 

to assess the potential therapeutic effects of small molecule 
TPL-2 inhibitors.

Tnip2 null mutation phenocopies Map3k8-null mutation in 
HDM-induced allergy
We have previously shown that ABIN-2 protein stability is de-
pendent on TPL-2 expression in macrophages (Papoutsopoulou 
et al., 2006; Sriskantharajah et al., 2014). Therefore, one possi-
ble explanation for the difference in the phenotypes observed 
between Map3k8−/− and Map3k8D270A/D270A mice in the HDM al-
lergy model was that only the former were deficient in ABIN-2 
(Sriskantharajah et al., 2014). This suggests that reduced levels of 
ABIN-2 in DCs might have contributed to the severe allergy phe-
notype in TPL-2–deficient mice. Consistent with this hypothesis, 
TPL-2 expression, but not TPL-2 catalytic activity, was required 
to stabilize ABIN-2 in BMDCs (Fig. S1 A). Furthermore, Tnip2−/− 
mice, which lack ABIN-2 expression (Papoutsopoulou et al., 
2006), displayed significantly increased lung inflammation fol-
lowing HDM challenge (Model 1), similar to Map3k8−/− mice (Fig. 
S1 C). Compared with WT controls, Tnip2−/− mice had elevated 
numbers of total cells and eosinophils in the BAL fluid (Fig. S1 D), 
higher levels of Th2 cytokine protein in BAL fluid (Fig. S1 E) and 
Th2 cytokines mRNAs in the lung (Fig. S1 F), and increased serum 
total IgE (Fig. S1 G). Similarly, adoptive transfer of HDM-pulsed 
Tnip2−/− BMDCs into C57BL/6J recipients (Model 2) augmented 
pulmonary inflammation compared with WT BMDC transfer fol-
lowing HDM challenge (Fig. S1 I). ABIN-2 deficiency in BMDCs 
also significantly increased infiltration of total cells and eosin-
ophils in BAL fluid (Fig. S1 J), increased Il4 and Il13 mRNA levels 
in BAL fluid (Fig. S1 K) and Th2 cytokine mRNA expression in the 
lung (Fig. S1 L), and augmented serum IgE (Fig. S1 M).

The results in this section demonstrate that Tnip2 deletion in 
intact mouse and BMDC transfer models increased the airway 
allergic response to HDM, similar to Map3k8 deletion (Kannan 
et al., 2016). However, since ABIN-2 is required to stabilize TPL-2 
protein (Papoutsopoulou et al., 2006) and Tnip2−/− BMDCs have 
very low levels of TPL-2 (Fig. S1 A), it was not possible to conclude 
from these experiments that negative regulation of HDM allergic 
responses was mediated by ABIN-2 itself and not another puta-
tive TPL-2–associated protein.

TNIP2E255K mutation specifically reduces ABIN-2 binding to A20
Genetic polymorphisms in TNF​AIP3, the gene encoding the neg-
ative regulator of inflammation A20, are associated with risk of 
asthma and allergies (Li et al., 2012; Schuijs et al., 2015). Further-
more, analyses of A20 conditional knockout mice have demon-
strated that A20 expression in lung epithelial cells, myeloid cells, 
and DCs is required to suppress HDM-induced allergic airway 
inflammation (Vroman et al., 2018). ABIN-2 was originally iden-
tified by virtue of its ability to bind to A20 (Van Huffel et al., 
2001). The results of the present study raised the possibility that 
binding to ABIN-2 might be required to mediate the inhibitory 
function of A20 in HDM allergic responses.

Inactivating somatic mutations in TNIP2 are found in the ac-
tivated B cell subtype of diffuse large B cell lymphoma (gastroin-
testinal diffused large B cell lymphoma; Dong et al., 2011). One of 
these mutations, TNIP2E255K, has been shown to impair binding 
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of A20 to ABIN-2, based on coimmunoprecipitation experiments. 
However, the potential effect of TNIP2E255K mutation on ABIN-2 
binding to other known interactors was not tested. Consequently, 
it remained unclear whether TNIP2E255K mutation specifically 
impaired ABIN-2–A20 interaction.

The effects of TNIP2E255K mutation on established ABIN-2 
interactions (shown schematically in Fig. 3 A; Lang et al., 2004; 
Wagner et al., 2008; Banks et al., 2016) were determined in GST 
pulldown experiments. GST-ABIN-2E255K bound to TPL-2/p105 
and linear ubiquitin octamers (M1-Ub) to a similar degree to GST-
ABIN-2 WT (Fig. S2, A and B). Interactions of GST-ABIN-2 to the 
ESC​RT-1 components TSG101 and ALIX (Banks et al., 2016) were 
also unaffected by TNIP2E255K mutation (Fig. S2 C). However, 

TNIP2E255K mutation resulted in a 70% reduction (± 5% SEM) in 
binding of GST-ABIN-2 to A20 (Fig. 3 B). Together, these results 
demonstrated that TNIP2E255K mutation specifically impaired the 
interaction of ABIN-2 with A20, without affecting ABIN-2 bind-
ing to other known interacting proteins.

ABIN-2–A20 interaction negatively regulates HDM airway 
allergic responses
To investigate the role of ABIN-2–A20 interaction in HDM al-
lergic responses, we generated the Tnip2E256K/E256K knock-in 
mouse strain expressing ABIN-2E256K, the mouse equivalent of 
the human ABIN-2E255K variant (Fig. S2 D). Tnip2E256K/E256K mice 
were produced in expected Mendelian ratios and were of normal 

Figure 2. HDM-pulsed Map3k8D270A/D270A BMDCs fail to induce a severe airway allergic response. (A) Schematic representation of the BMDC adoptive 
transfer model of HDM-induced airway allergic inflammation (Model 2). o.p., oropharyngeal. (B) Differential cell counts in BAL fluids of PBS and HDM-challenged 
WT mice after adoptive transfer of HDM-pulsed WT, Map3k8−/−, or Map3k8D270A/D270A BMDCs. (C) Cytokines mRNA expression levels in the lung, as assessed 
by qRT-PCR. (D) Total IgE levels in blood serum, IL-5, and IL-13 levels in BAL fluid, as assessed by ELI​SA. (E) H&E-stained lung sections (left) and inflammation 
scores (right). Data in panels B–E are shown as mean ± SEM and are pooled from three independent experiments (n = 12–13 mice/genotype). *, P < 0.05; **, P 
< 0.005; ***, P < 0.001; ****, P < 0.0001. Comparisons assessed by Kruskal-Wallis and Dunn-Bonferroni’s post hoc test. ns, not significant.



Ventura et al. 
ABIN-2 inhibition of HDM allergic airway inflammation

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20170852

2741

Figure 3. ABIN-2–A20 interaction negatively regulates HDM-induced allergic responses. (A) Schematic representation of ABIN-2 domains and protein 
interactions. (B) FLAG-A20 was transiently expressed in HEK293 cells. Interaction with GST-ABIN-2 and GST-ABIN-2E256K was determined in pulldown assays 
(left). A20 binding was quantified from three independent experiments. Unpaired two-tailed t test. EV, empty vector; WCL, whole cell lysate. (C) Lysates of 
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weight, with no obvious phenotype. Full necropsy of 8-mo-old 
Tnip2E256K/E256K mice revealed no signs of inflammation in any 
tissue (data not shown). TPL-2 protein levels in Tnip2E256K/E256K 
BMDCs were similar to WT cells (Fig. 3 C), and TPL-2–depen-
dent activation of ERK-1/2 following LPS stimulation of BMDCs 
(Kaiser et al., 2009) was unaffected by Tnip2E256K mutation 
(Fig. 3 D). Tnip2E256K mutation therefore allowed the function of 
ABIN-2–A20 interaction in allergy to be investigated without any 
confounding effects on TPL-2 signaling.

Compared with WT controls, Tnip2E256K/E256K mice developed 
exacerbated airway inflammation following HDM/Alum sensi-
tization and oropharyngeal HDM challenge (Model 1). This was 
characterized by significantly increased eosinophilia (Fig. 3 F), 
lung mRNA expression of Th2 cytokines (Il4, Il5, and Il13) and 
Il10 (Fig. 3 G), and serum IgE (Fig. 3 H), with more pronounced 
peribronchovascular infiltrates (Fig. 3 I). The HDM allergic re-
sponse of Map3k8D270A/D270A mice challenged in parallel was 
equivalent to WT controls, as expected. Similarly, adoptive trans-
fer of HDM-pulsed Tnip2E256K/E256K BMDCs into C57BL/6 recipi-
ents (Model 2) augmented pulmonary inflammation compared 
with WT BMDC transfer following HDM challenge, in all param-
eters tested, in contrast to adoptive transfer with HDM-pulsed 
Map3k8D270A/D270A BMDCs (Fig. S3).

Tnip2E256K/E256K mice were also tested in a new acute model 
of allergic asthma (Haspeslagh et al., 2017), in which HDM sen-
sitization was performed via the oropharyngeal route followed 
by intranasal challenges, removing the requirement for adjuvant 
(Model 3; Fig. 4 A). Similar to the HDM/Alum model, Tnip2E256K 
mutation exacerbated the allergic response to HDM (Fig. 4). BAL 
eosinophil numbers (Fig. 4 B), Th2 cytokine (Il4, Il5, and Il13), 
Il10 and Il17A mRNA expression in the lung (Fig.  4  C), serum 
IgE (Fig. 4 D), and pulmonary inflammation (Fig. 4 E) were sig-
nificantly elevated in Tnip2E256K/E256K mice compared with WT 
controls after HDM challenge. Map3k8D270A mutation did not sig-
nificantly alter the allergic response to HDM (Fig. 4, B–E), consis-
tent with results using HDM allergy Models 1 and 2.

Reduction of ABIN-2–A20 interaction by Tnip2E256K mutation, 
therefore, increased the acute airway allergic response to HDM 
independently of the route of antigen administration and of any 
adjuvant-associated effects. This is consistent with the hypothe-
sis that the augmented HDM allergic response of Map3k8−/−mice 
results from a reduction in ABIN-2–A20 complex formation 
caused by ABIN-2 deficiency.

Homozygous deletion of Tnfaip3 in DC in Tnfaip3fl/fl CD11c-
Cre mice blocks eosinophilic inflammation in the acute oropha-
ryngeal HDM allergy model (Model 3), while inducing strong 
neutrophilic inflammation (Vroman et al., 2018). In contrast, 
Tnip2E256K mutation promoted both eosinophilic and neutro-

philic inflammation in this model, similar to Tnfaip3fl/+ CD11c-
Cre mice which express reduced levels of A20 in DCs (Vroman et 
al., 2018). A20 deficiency stimulates neutrophilic inflammation 
by inducing Th17 differentiation and IL-17A production in the 
lungs. Consistent with this, Tnip2E256K mutation in intact mice 
increased lung Il17a mRNA levels after oropharyngeal HDM sen-
sitization and challenge (Model 3). Tnip2E256K mutation also in-
duced neutrophil inflammation in the BMDC transfer model of 
HDM-induced asthma (Model 2), which again correlated with in-
creased lung Il17a mRNA expression, in addition to inducing eo-
sinophilia. In contrast, Tnip2E256K mutation promoted eosinophil 
lung infiltration using the HDM/Alum asthma protocol (Model 
1) and did not increase Il17a mRNA expression or induce neutro-
philia in the lungs. ABIN-2, therefore, was able to suppress HDM 
allergic responses independently of effects on IL-17A expression 
and neutrophil inflammation in this model.

CCL24 overproduction by lung DCs exacerbates HDM-induced 
allergic inflammation in Tnip2E256K/E256K mice
We have previously shown that the increased airway allergic in-
flammation in Map3k8−/− mice following HDM challenge results 
from overproduction of CCL24 by lung DCs (Kannan et al., 2016). 
To determine whether the inflammatory effects of Tnip2E256K 
mutation also involved CCL24 production by DCs, we first sorted 
lung CD11c+ MHC-II+ DCs from local draining mediastinal lymph 
nodes of Tnip2E256K/E256K and WT mice after oropharyngeal HDM 
sensitization. Quantitative RT-PCR (qRT-PCR) demonstrated that 
Tnip2E256K mutation resulted in a significant increase in Ccl24 
mRNA expression in lung DC, while Map3k8D270A mutation had 
no effect (Fig. 5 A). Consistent with CCL24 overproduction ex-
acerbating HDM-induced allergic inflammation, Ccl24 mRNA in 
lungs and CCL24 protein in BAL fluid was increased in all three 
models of HDM-induced airway inflammation (Fig. 5 B). In con-
trast, Map3k8D270A mutation did not affect Ccl24 lung mRNA 
expression or CCL24 protein levels in BAL fluid following HDM 
challenge in each of these models (Fig. 5 B).

We next investigated whether CCL24 induced in DCs by Tni-
p2E256K mutation caused the exacerbation in HDM-induced aller-
gic airway inflammation (Model 4; Fig. 5 A). Naive WT mice were 
inoculated with HDM-pulsed WT or Tnip2E256K/E256K BMDCs and 
challenged three times with HDM plus CCL24 neutralizing anti-
body or isotype control IgG (Kannan et al., 2016). CCL24 block-
ade had minimal effect on airway inflammation in mice given 
WT BMDCs, but prevented the severe airway inflammation that 
developed in mice with adoptively transferred Tnip2E256K/E256K 
BMDCs. Anti-CCL24 significantly reduced eosinophilia (Fig. 5 D), 
lung Il4, Il5, and Il10 mRNA expression (Fig.  5  E), serum IgE 
(Fig. 5 F), and pulmonary inflammation (Fig. 5 G) promoted by 

BMDCs generated from the indicated genotypes were probed for ABIN-2, TPL-2, and NF-κB1 p105. Data are representative of three independent experiments. 
(D) Lysates from LPS-stimulated BMDCs were immunoblotted for the indicated antigens. Data are representative of two independent experiments. (E) Sche-
matic representation of HDM/Alum-dependent allergy model (Model 1). o.p., oropharyngeal. (F) Differential cell counts in BAL fluids of PBS and HDM-chal-
lenged WT, Map3k8D270A/D270A, and Tnip2E256K/E256K mice. (G) Cytokines mRNA expression levels in the lung, as assessed by qRT-PCR. (H) Total IgE levels in blood 
serum, as assessed by ELI​SA. (I) H&E-stained lung sections (left) and inflammation scores (right) from PBS and HDM-challenged mice. Data in panels F–I are 
shown as mean ± SEM and are pooled from three independent experiments (n = 10–15 mice/genotype). *, P < 0.05; **, P < 0.005; ***, P < 0.001. Comparisons 
assessed by Kruskal-Wallis and Dunn-Bonferroni’s post hoc test. ns, not significant.
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adoptive transfer of Tnip2E256K/E256K BMDCs. Collectively, these 
data suggest that ABIN-2–A20 interaction in DCs prevents acute 
severe airway allergic responses to HDM by suppressing DC pro-
duction of CCL24.

Concluding comments
We have previously shown that Map3k8−/− mice develop more 
pronounced type 2 airway inflammation to HDM sensitiza-
tion and challenge compared with WT controls (Kannan et al., 
2016). Using Map3k8D270A/D270A mice, we show here that TPL-2 
kinase activity did not regulate HDM-induced airway inflam-
mation, revealing an unappreciated adaptor function for TPL-2 
in inflammation. TPL-2 is required to stabilize ABIN-2 protein 
(Sriskantharajah et al., 2014), and we demonstrate that Tnip2E256K 

mutation phenocopied the effect of TPL-2 deficiency in HDM-in-
duced allergic airway inflammation. These results suggest that 
the augmented HDM-induced allergic response of Map3k8−/− 
mice is caused by reduced ABIN-2 levels, which impairs ABIN2 
complex formation with the key negative regulator of inflam-
mation A20 (Dong et al., 2011; Catrysse et al., 2014). Our results 
also imply that TPL-2 inhibition would not have adverse effects 
on allergic responses. This is an important consideration for the 
continued development of TPL-2 inhibitors to treat inflammatory 
diseases and cancer.

DC-specific deletion of Tnfaip3 increases DC numbers by block-
ing apoptosis and induces constitutive expression of DC activation 
markers. This results in systemic inflammation that resembles 
lupus erythematosus (Kool et al., 2011). Tnip2E256K mutation mim-

Figure 4. Tnip2E256K/E256K mice developed exacerbated airway inflammation in an acute model of allergic asthma. (A) Schematic representation of 
Alum-independent, intranasal HDM-induced allergy model (Model 3). o.p., oropharyngeal. Samples were collected for analysis 3 d after the last HDM challenge. 
(B) Differential cell counts in BAL fluids of PBS- and HDM-challenged WT, Map3k8D270A/D270A, and Tnip2E256K/E256K mice. (C) Cytokines mRNA expression levels 
in the lung, as assessed by qRT-PCR. (D) Total IgE levels in blood serum, as assessed by ELI​SA. (E) H&E-stained lung sections (left) and inflammation scores 
(right) from PBS- and HDM-challenged mice. Data in panels B–E are shown as mean ± SEM and are pooled from three independent experiments (n = 13–15 
mice/genotype). *, P < 0.05; **, P < 0.005; ***, P < 0.001; ****, P < 0.0001. Comparisons assessed by Kruskal-Wallis and Dunn-Bonferroni’s post hoc test. ns, 
not significant.
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Figure 5. CCL24 neutralization rescues the exaggerated allergic response to HDM in Tnip2E256K/E256K BMDC adoptively transferred mice. (A) Ccl24 mRNA levels 
in sorted CD11c+ MHC-II+ DCs from lung draining mediastinal lymph nodes, collected 3 d after oropharyngeal HDM sensitization, were determined by qRT-PCR. (B) 
CCL24 protein levels in the BAL fluid (bottom panels) and mRNA levels in the lung (top panels) for all three HDM-induced allergy models. (C) Schematic representation 
of CCL24 neutralization experimental setup, in the HDM-pulsed BMDCs adoptive transfer model (Model 4). o.p., oropharyngeal. (D) Differential cell counts in BAL fluids 
of HDM-challenged WT mice given either isotype control or anti-CCL24 neutralizing antibody, after adoptive transfer of HDM-pulsed WT or Tnip2E256K/E256K BMDCs. 
(E) mRNA expression levels in the lung, as assessed by qRT-PCR. (F) Total IgE levels in blood serum, as assessed by ELI​SA. (G) H&E-stained lung sections (left) and 
inflammation scores (right). Data in panels A, B, and D–G are shown as mean ± SEM and are pooled from two independent experiments (n = 8–9 mice/genotype). *, P 
< 0.05; **, P < 0.005; ***, P < 0.001; ****, P < 0.0001. Indicated comparisons were assessed by Kruskal-Wallis and Dunn-Bonferroni’s post hoc test. ns, not significant.
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icked some of the effects of reduced A20 expression in DCs in acute 
HDM-induced airway inflammation (Vroman et al., 2018). How-
ever, Tnip2E256K mutation did not affect DC homeostasis, induce 
spontaneous DC activation, or promote systemic inflammation 
(data not shown). The more restricted impact of Tnip2E256K muta-
tion on DC function may be due in part to the fractional reduction, 
but not absence, of ABIN-2–A20 interaction. Alternatively, ABIN-2 
may only be important in mediating some of the downstream 
functions of A20, which are mediated via multiple effectors, such 
as NLRP3, RIPK1, and MALT1 (Das et al., 2018). This may explain 
why Tnip2 has not been identified in GWAS for asthma and allergy, 
in contrast to Tnfaip3 (Li et al., 2012; Schuijs et al., 2015).

Materials and methods
Animals
All mice were bred and maintained under specific pathogen–free 
conditions at the Francis Crick Institute, and all experiments were 
performed in accordance with UK Home Office regulations. Animal 
work was endorsed by the Francis Crick Institute Animal Welfare 
and Ethical Review Body. Mouse strains used: WT, Map3k8−/− 
(Dumitru et al., 2000), Map3k8D270A/D270A (Sriskantharajah et al., 
2014), Tnip2−/− (Papoutsopoulou et al., 2006), and Tnip2E256K/E256K 
(this study) were all on a C57BL/6J background.

Antibodies and recombinant proteins
Antibodies were obtained from commercial suppliers or made in 
house, as indicated: TPL-2 (Santa Cruz; sc-720), ABIN-2 (Lang et 
al., 2004), GST (Sigma; A7340), Hsp90 (Santa Cruz; sc-7947), HA 
(Roche; 11867423001), p-ERK1/2 (Cell Signaling; 9101), 3×FLAG 
(Sigma; F1804), M1 Ubiquitin (Merck; MABS451), p-p38 (Cell Sig-
naling; 4511), ABIN-1 (MRC Protein Phosphorylation & Ubiquityl-
ation Unit, University of Dundee, Dundee, Scotland, UK), tubulin 
(a gift from K. Gull; University of Oxford); NF-κB1 p105 (Cell Sig-
naling; 4717), Actin (Santa Cruz; sc-1615), and His6 (Sigma; A7058).

cDNAs encoding human ABIN-2 WT and ABIN-2E255K proteins 
were sub-cloned in pGex-6P-1 expression vector (Invitrogen) by 
the MRC Protein Phosphorylation & Ubiquitylation Unit (Univer-
sity of Dundee). Recombinant proteins were expressed in Esche-
richia coli and purified on glutathione Sepharose 4B resin, using 
standard methods.

HDM/Alum model of Th2 airway allergic 
inflammation (Model 1)
Female mice (8–12 wk old) were sensitized on days 0 and 14 
via the intraperitoneal route with PBS (vehicle) or 100 µg (dry 
weight) of HDM (Dermatophagoides pternoyssinus extracts; 
Greer), in the presence of Imject Alum (in PBS solution [1:3]; 
Thermo Scientific). Following sensitization, mice were chal-
lenged twice (on days 21 and 24) via the oropharyngeal route with 
100 µg of HDM, diluted in PBS or vehicle (PBS). All the parame-
ters for airway allergy were measured 1 d after the last challenge.

Adoptive transfer model of HDM-induced airway allergic 
inflammation (Model 2)
Bone marrow cells from female mice (8–10 wk old) were cul-
tured in the presence of 20 ng/ml GM-CSF (Peprotech) for 10 d 

(Kaiser et al., 2009). BMDCs were pulsed overnight with 10 µg 
of HDM or PBS (vehicle), in media containing 5 ng/ml GM-CSF. 
Cells were then washed with PBS and transferred oropharyn-
geally into naive WT recipient mice (Lambrecht et al., 2000). 
Following BMDC transfer, recipient mice were challenged via 
the oropharyngeal route with 100 µg of HDM, diluted in PBS or 
PBS vehicle on days 7 and 10. Airway allergy parameters were 
analyzed on day 11.

Alum-independent oropharyngeal HDM sensitization model of 
HDM-induced airway allergic inflammation (Model 3)
Female mice (8–12 wk old) were sensitized on day 0 via the 
oropharyngeal route with 100 µg of HDM in PBS or vehicle 
(PBS) and subsequently challenged intranasally with 10 µg 
of HDM over a period of 5 d from day 7 to day 11. All the pa-
rameters for airway allergy were measured 3 and 7 d after the 
last challenge.

CCL24 neutralization in the adoptive transfer model of HDM-
induced airway allergic inflammation (Model 4)
Neutralizing CCL24 antibodies diluted in PBS (Mouse CCL24/eo-
taxin-2 Monoclonal Rat IgG2A [Clone 106521; R&D Systems-Bio-
techne; MAB528], and Mouse CCL24/eotaxin-2 Affinity Purified 
Polyclonal Goat IgG [R&D Systems-Biotechne; AF528]) were 
mixed and used at 0.03 mg/dose (monoclonal) and 0.006 mg/
dose (polyclonal). Isotype controls Monoclonal Rat IgG2A (Clone 
54447; R&D Systems-Biotechne; MAB006) and Normal Goat 
IgG (R&D Systems-Biotechne; AB-108-C) were mixed and used 
in similar ratios. Antibody mixes were administered via the in-
traperitoneal route on days 8, 9, and 10 of the adoptive transfer 
model of HDM allergy (Model 2).

Phenotypic characterization of HDM-induced 
airway inflammation
Serum, BAL fluid, and lung tissue were collected for each mouse. 
BAL fluid was collected in 1.2 ml of PBS and centrifuged at 2,000 g 
for 10 min at 4°C. Cells were resuspended in 200 µl PBS and total 
cell numbers were counted; BAL fluid was stored at –80°C for 
further analysis. Differential cell counts were performed on Gi-
emsa-stained cytospins (Sigma).

ELI​SAs and immunoblotting
IL-5, IL-13, CCL24, and total IgE levels were measured using 
DuoSet ELI​SA kits, according to the manufacturer’s instructions 
(R&D Systems-Biotechne).

Cell lysates (normalized to equal total protein content) or GST 
pulldowns were resolved on 10% Tris-Glycine gels. Separated 
proteins were transferred onto polyvinylidene difluoride mem-
branes using the Trans-Blot Turbo Transfer System (Bio-Rad). 
Specific bound antibodies were visualized by chemilumines-
cence (Immobilon, Merck Millipore; ECL, GE Healthcare).

Lung histopathology
Excised lungs were fixed in 10% neutral buffered formalin over-
night and washed in 75% ethanol. Tissues were embedded in par-
affin and lung sections were stained with H&E. Stained slides 
were scanned with Axio-Scan.Z1 slide scanner (Zeiss) and im-
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ages were analyzed using ZEN Lite software. A semi-quantita-
tive scoring system was used to grade the size of lung infiltrates, 
as described (Lloyd et al., 2001). In brief, a score of 5 signified 
a large (less than three cells deep) widespread inflammatory 
infiltrate around the majority of vessels and bronchioles, and a 
score of 1 represented a small (less than or equal to two cells deep) 
number of inflammatory foci.

GST pulldowns
HA-tagged NF-κB1 p105 (HA-p105; Salmerón et al., 2001), His6-
tagged TPL-2 (His6-TPL-2), 3×FLAG-tagged A20 (3×FLAG-A20; 
from MRC Protein Phosphorylation Unit, University of Dundee), 
ALIX (3×FLAG-ALIX), and TSG101 (3×FLAG-TSG101) cDNA were 
separately sub-cloned into the pcDNA3 vector (Invitrogen). All 
constructs were confirmed by DNA sequencing. Recombinant 
proteins were transiently overexpressed in adherent HEK293 
cells by transfection with a polyethylenimine (Sigma)/plasmid 
vector mixture in a 3:1 ratio (wt/wt). After 24 h culture, HEK293 
cells were lysed in buffer A (50 mM Tris, pH 7.5, 150 mM NaCl, 
1% Triton X-100, 10 mM sodium fluoride, 1 mM sodium pyro-
phosphate, 10  mM β-glycerophosphate, 2  mM EDTA, 0.1  mM 
sodium orthovanadate, 10% glycerol, and EDTA-free protease 
inhibitor cocktail; Roche). 750 µg of HEK293 cell lysate, cleared 
by centrifugation, was incubated with 2 µg purified GST protein 
or 2.9 µg purified GST-ABIN-2 fusion protein and glutathione 
Sepharose 4B resin (10 µl packed beads; GE Healthcare). After 
overnight incubation at 4°C with mixing, beads were washed six 
times with buffer A and boiled in SDS-PAGE sample buffer for 
10 min at 95°C.

For ubiquitin pulldowns, 2 µg purified GST protein or 2.9 µg 
purified GST-ABIN-2 fusion protein was incubated with gluta-
thione Sepharose 4B resin (GE Healthcare) and 500 ng/ml pu-
rified M1 poly-ubiquitin (2,4,8) mixture (Enzo Life Sciences) in 
binding buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 5 mM DTT, 
and 0.1% NP-40) for 3 h at 4°C. Beads were washed five times 
with binding buffer and boiled in SDS-PAGE sample buffer for 
10 min at 95°C.

Statistical analysis
Data were analyzed using Prism 7 (GraphPad Software). Sta-
tistical analysis was performed using the nonparametric Krus-
kal-Wallis test (α = 0.05) followed by Dunn’s multiple comparison 
test and Bonferroni correction. Data shown represent means ± 
SEM, and are pooled from at least three independent experi-
ments. Adjusted P values of <0.05 (*), <0.005 (**), <0.001 (***), 
and <0.0001 (****) were considered significant.

Online supplemental material
Fig. S1 shows protein levels of TPL-2 and ABIN-2 in BMDCs gen-
erated from Map3k8−/− and Tnip2−/− mice and respective pheno-
type in HDM-induced allergy models 1 and 2 compared with WT 
mice. Fig. S2 shows the effect of the TNIP2E255K mutation in bind-
ing of ABIN-2 to known interactors (M1-Ub chains, TPL-2, p105, 
ALIX, and TSG101) and the schematic representation of the tar-
geting vector used to create Tnip2E256K/E256K mice. Fig. S3 shows 
the phenotype of WT, Map3k8D270A/D270A and Tnip2E256K/E256K 
BMDCs adoptively transferred mice (Model 2).
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