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Unique IL-13Ra2/STAT3 mediated
IL-13 reqgulation detected in lung
conventional dendritic cells, 24 h
post viral vector vaccination
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This study demonstrates that 24 h following viral vector-based vaccination IL-13Ra.2 functions as a
master sensor on conventional dendritic cells (cDCs), abetted by high protein stability coupled with
minimal mRNA expression, to rapidly regulate DC mediated IL-13 responses at the lung mucosae,
unlike IL-13Ra1. Under low IL-13, IL-13Ra2 performs as a primary signalling receptor, whilst under high
IL-13, acts to sequester IL-13 to maintain homeostasis, both in a STAT3-dependent manner. Likewise,
we show that viral vector-derived IL-13 levels at the vaccination site can induce differential STAT3/
STAT6 paradigms in lung cDC, that can get regulated collaboratively orindependently by TGF-31 and
IFN-~. Specifically, low IL-13 responses associated with recombinant Fowlpox virus (rFPV) is regulated
by early IL-13Ra2, correlated with STAT3/TGF-31 expression. Whilst, high IL-13 responses, associated
with recombinant Modified Vaccinia Ankara (rMVA) is regulated in an IL-13Ra:1/STAT6 dependent
manner associated with IFN-~R expression bias. Different viral vaccine vectors have previously been
shown to induce unique adaptive immune outcomes. Taken together current observations suggest that
IL-13Rae2-driven STAT3/STAT6 equilibrium at the cDC level may play an important role in governing the
efficacy of vector-based vaccines. These new insights have high potential to be exploited to improve
recombinant viral vector-based vaccine design, according to the pathogen of interest and/or therapies
against IL-13 associated disease conditions.

IL-13 and IL-4 share a common signalling receptor system and are known to have overlapping as well as distinct
functions'. These two cytokines have been extensively studied under allergy, asthma, helminth and parasitic
infections*™. IL-13 is produced by various immune cell types, specifically innate lymphoid cells (ILC2s), CD4
and CD8 T cells®’ and can directly impact the function of eosinophils, basophils and dendritic cells (DCs)®®.
Recent allergy and asthma studies have shown that ILC2-derived IL-13 can stimulate the migration of lung DCs
to promote Th2 immunity'’. Interestingly, whilst overproduction of IL-13 is associated with tissue pathology'’,
deficiency of IL-13 has been associated with increased susceptibility to certain skin cancers'>. Moreover, mount-
ing evidence has also suggested the importance of IL-13 regulation in infection and immunity.

We have previously demonstrated that the vaccine route, viral vector combination and cytokine milieu (level
of IL-13) can significantly alter the adaptive immune outcomes”'>'. Pox viral vector-based HIV vaccine strat-
egies that transiently inhibited IL-13 activity at the vaccination site, can induce high avidity/poly-functional T
cells both in mice and macaques'>~'7 (Li et al. in preparation). Interestingly, 24 h post delivery of these vaccines,
whilst ILC2s were found to be the major source of IL-13 at the vaccination site'®, elevated recruitment of CD11b*
CD103" conventional DCs (cDC) to the lung mucosae were associated with the observed adaptive immune
outcomes'®. Moreover, recently we have shown that different viral vector-based vaccines can induce unique
ILC2-derived IL-13 profiles and recruitment of different DC subsets to the vaccination site, 24 h post delivery?.
Specifically, i.n. rFPV vaccination associated with low ILC2-derived IL-13 recruited CD11b* CD103~ conven-
tional DC (cDC)"?, whilst high/medium ILC2-derived IL-13 producers, rMVA and Adenovirus 5 (Ad5) vaccina-
tions recruited enhanced cross-presenting DCs and plasmacytoid DCs (pDCs) to the lung mucosae, respectively.

IMolecular Mucosal Vaccine Immunology Group, Department of Immunology and Infectious Disease, The John
Curtin School of Medical Research, The Australian National University, Canberra, ACT 2601, Australia. 2These authors
contributed equally: Sreeja Roy and Ho-Ying Liu. *email: charani.ranasinghe@anu.edu.au

SCIENTIFIC REPORTS |

(2020) 10:1017 | https://doi.org/10.1038/s41598-020-57815-z


https://doi.org/10.1038/s41598-020-57815-z
mailto:charani.ranasinghe@anu.edu.au

www.nature.com/scientificreports/

Using adoptive transfer of different DC subsets to the lung mucosae, we have also shown that cross-presenting
DCs induced low avidity HIV-specific T cells, whilst cDC were associated with high avidity T cells®.

IL-13 can bind to IL-13Ral with low affinity (K =30 nM) and, heterodimerize with IL-4Ra subunit to form
the Type II IL-4 receptor complex to activate downstream JAK1- or JAK2-/TYK2- induced STAT6 signalling*.
Cheng et al. have also proposed that activation of IL-13Ra1/IL-4Ra could induce STAT?3 signalling under certain
IL-13 conditions?' and a recent study has shown an association of IL-13Ra1 with STAT3 in relation to cardiac
homeostasis??. Interestingly, IL-13Ra2, known to be the high affinity receptor for IL-13 (K, =440 pM)"?, ini-
tially thought to be a decoy receptor in mice has now been established as a functional receptor in humans?.
Overexpression of IL-13Ra2 has been associated with various cancers and targeted as an anti-cancer therapeu-
tic?>?. Although the exact signalling mechanism of IL-13Ra2 is not yet well-characterised, in malignant glioma,
IL-13Ra2 has shown to regulate activation of STAT3?” and initiate signalling via activation protein 1 (AP-1).
Furthermore IL-13Ra2 has also shown to induce transforming growth factor beta 1 (TGF-31) under certain
chronic infections and autoimmune disease conditions?. Recently, we have also shown that in the context of viral
vector-based vaccination, the STAT6 independent pathway (likely associated with IL-13Ra2) was involved in
antibody differentiation?®. Therefore, knowing that both STAT3 and STAT6 are involved in IL-13 regulation and
that IFN-~ can also modulate IL-13 activity?®-*!, this study focused on deciphering the IL-13 signalling mecha-
nisms lung cDCs employ under different IL-13 conditions (different viral vector-based vaccination conditions),
to induce vastly different adaptive immune outcomes.

Results

rFPV vaccination significantly up-regulated IL-13Ra2 expression on lung cDCs 24 h post i.n.
vaccination. Knowing that rFPV priming, which induced low ILC2-derived IL-13 and CD11b* CD103~
cDCs?, was associated with high avidity T cells', this study aimed to unravel the underlying mechanisms by
which IL-13 regulated cDC recruitment, following intranasal (i.n.) rFPV vaccination. Hence, IL-4/IL-13 receptor
expression on lung cDCs (MHC-II* CD11ct CD11b* CD103~) were evaluated 24 h post delivery using flow
cytometry. Data revealed that infiltrated lung cDCs in response to 24 h of i.n. rFPV vaccination exhibited signifi-
cantly higher proportion of intracellular and extracellular expression of IL-13Ra2 compared to the unimmunised
control (p <0.0001; Fig. 1a,b). In the context of other IL-4/IL-13 associated receptors, IL-4Rc, IL-13Ral and
~c were marginally or not expressed on cDCs (p < 0.001; Fig. 1a,b). Upon vaccination although intracellular
IL-13Ral expression was up-regulated compared to the unimmunised control (p =0.0019), no such difference
was observed extracellularly (Fig. 1a,b). Moreover, unlike the other receptors, significantly higher IL-13Ra2 den-
sity was also observed on vaccinated lung cDCs compared to the unimmunized control (p =0.0006) (Fig. 1c,d).
Note that to validate the specificity of IL-4/IL-13 receptor antibodies, expression of these receptors was assessed
on several different immune cells as well as tissue types. Interestingly, elevated IL-13Ra2 expression was only
observed on vaccinated lung DCs not splenic (systemic) DCs or other immune cells (CD4" T cells, CD8" T cells
and B2207 B cells) tested from both tissue types (Fig. Slc,d), indicating that the IL-13Ra2 expression pattern was
lung DC-specific.

Interestingly, QPCR analysis of IL-4/IL-13 mRNA expression on lung ¢cDCs at 24 h post rFPV vaccination
revealed that Il13ra2 mRNA expression was significantly lower (associated with high Ct) (Figs. le, Sle) compared
to all the other receptors, where Il4ra and gC mRNA expression levels were much greater than I113ral and Il13ra2
(I113ra2 vs Il4ra p =0.0034, 1113ra2 vs gC p=0.0018), (Fig. le). However, in the context of IL-13Ra2, at 72h
post rFPV vaccination, elevated mRNA followed by reduced protein expression was observed (inverse to 24 h)
(Fig. 1f,g), indicative of a non-linear mRNA-protein regulation of this receptor.

To further confirm the expression profiles of IL-13Ra2, IL-13Ral and IL-4Ra 24 h post rFPV vaccination
on lung DCs, immunofluorescence staining was also performed as described in methods and Fig. S2a. Data
showed that elevated proportion of lung CD11c* DCs expressed IL-13Ra2, compared to IL-13Ral or IL-4Ra,
(p <0.0001) in accordance with flow cytomtery data (Fig. 1h,i).

IL-13 stimulation conditions lead to differential expression of IL-13Ra1 and IL-13Ra2 on
CD11c*t lung DCs. As different viral vector-based vaccines have shown to induce different levels of IL-13
at the lung mucosae, which influence DC activity?’, in vitro IL-13 stimulation was performed to mimic these
vaccination conditions in order to study the effect of IL-13 on IL-4/IL-13 receptors. Flow cytometric analysis
showed that when unimmunized lung cells from BALB/c mice were stimulated with a range of IL-13 concen-
trations, at different time intervals, IL-13Ral and IL-13Ra2 were differentially expressed. Within 30 minutes of
low IL-13 (100 pg/ml) stimulation, IL-13Ra.2 was expressed, and was sustained even at 10000 pg/ml (10 ng/ml)
IL-13 concentration (Fig. 2a). In contrast, only very high IL-13 concentrations, 10000 pg/ml (10 ng/ml) lead to
the expression of IL-13Ral and the expression was time dependent, where at 6 h the expression level was similar
to the baseline control, unlike IL-13Ra2 (Fig. 2b). Confocal imaging as described in methods and Figs. S2b,c and
S3 further confirmed that very high IL-13 10000 pg/ml (10 ng/ml) can induce elevated expression of IL-13Ral
on lung CD11c* DCs compared to no or low IL-13 (100 pg/ml) conditions (p < 0.0001) (Fig. 2c top and bottom
panels). In contrast, both high and low IL-13 conditions, showed no difference in IL-13Ra2 expression on lung
CD11c" DCs, consistent with flow cytometry (Fig. 2¢ top and middle panels). Moreover, an average 77% and 15%
of lung CD11c* DCs were found to co-express IL-13Ra2 and IL-13Ral under high and low IL-13 conditions
respectively (Fig. 2d). Confocal microscopy also further confirmed that there was no IL-4Ra activity following
IL-13 stimulation (data not shown).

STAT3 inhibition significantly up-regulated IL-13Ra.2 and down-regulated IL-13Ra1 on lung
DCs. IL-13Ral signalling is known to activate STAT6', and in some cases STAT3*%%, and IL-13Ra2 has
shown to activate STAT3 and TGF-31>%. Furthermore, our recent studies have shown Stat3, Stat6 and Tgfb1
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Figure 1. Evaluation of IL-4 and IL-13 receptors on lung cDCs 24 h post rFPV vaccination. BALB/c mice (n=3-5
per group) were intranasally (i.n.) immunised with rFPV. 24 h post vaccination, lungs were harvested and single
cell suspensions were stained for MHC-II* CD11c¢* CD11b* CD103~ ¢DCs to evaluate receptor expressions on
lung cDCs using flow cytometry as described in methods and Fig. S1a-d. Representative flow cytometry plots
(left panel) and bar graphs (right panel) show the percentage of cDCs expressing IL-13Ra2, IL-13Ral, IL-4Ra
and ~c at the (a) intracellular and (b) extracellular levels compared between rFPV vaccinated and unimmunised
mice. (c) FACS histogram plot and (d) bar graph show a comparative extracellular IL-13Ra2 expression density
on lung ¢cDCs from rFPV vaccinated (solid red) compared to unimmunised mice (red line) and isotype control
(solid grey). In all graphs, error bars represent Standard Error of mean (SEM) and p values were calculated using
One-way ANOVA followed by Tukey’s multiple comparison test (black), and paired Student’s t-test (grey). Bar
graphs show mRNA expression level of (e) I113ra2, Il13ral, Il4ra and gC at 24h and (f) Il13ra2 at 24 and 72h

post rFPV vaccination, in 500 sorted lung cDCs, evaluated using qPCR, represented as 45-ACt, as described in
materials and methods. (g) Bar graph represents percentage of lung cDCs expressing IL-13Ra2 at 24 and 72 h post
rFPV vaccination measured using flow cytometry as described in methods. Error bars represent Standard Error of
mean (SEM) and p values were calculated using One-way ANOVA followed by Tukey’s multiple comparison test.
*p <0.05, ¥*p < 0.01, ¥**p < 0.001, ****p < 0.0001. (h) Representative immunofluorescence images show lung
cells from i.n. rFPV vaccinated BALB/c mice (n=5) 24 h post-delivery, expressing IL-13Ro2* and IL-13Ral ™
(top panel) and IL-13Ra2* and IL-4Ra™ (bottom panel) at magnification x60, as described in methods and

Fig. S2a. White arrows indicate CD11c* DCs either IL-13Ro2* IL-13Ral * or IL-13Ro2* IL-4Rac*. (i) Bar graph
shows the significant differences between percentage of cDCs expressing IL-13Ra2", IL-13Ral ™, or IL-4Rac*. All
experiments were repeated three times, except mRNA studies, which were repeated twice.
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Figure 2. Evaluation of relative IL-13Ral and IL-13Ra2 expression on lung DCs following low and high IL-13
stimulation in vitro. Lung cells from unimmunised BALB/c (n =5 per group) were stimulated with 100 (low) or
10000 pg/ml (high) IL-13 for 0.5, 3 and 6 h. Lung suspensions were stained for MHC-II* CD11c* DCs and IL-13
receptor expression was evaluated using flow cytometry. Line graphs show percentage of lung cDCs expressing
(a) IL-13Ra2 and (b) IL-13Ral in response to low or high IL-13 concentrations over time. Lung suspensions
stained with anti-mouse CD11¢-FITC, IL-13Ral and IL-13Ra2 were also used for confocal microscopy as
described in methods and Fig. S2b,c. (¢) Representative images at magnification x60 show corresponding
CDlIc (top), IL-13Ra2 (middle) and IL-13Raul (bottom) expression as well as quantified mean intensity for
IL-13Ra2 (red bars) and IL-13Ral (magenta bars) at 10000 pg/ml (high) and 100 pg/ml (low) IL-13 conditions,
stimulated for 0.5h, as described in methods. White arrows indicate CD11c* DCs co-expressing IL-13Ra2

and IL-13Ral, whilst yellow arrows show expression of IL-13Ral only. (d) Bar graph indicates the percentage
of CD11c* DCs co-expressing IL-13Ra2 and IL-13Ral under low and high IL-13 stimulation conditions.
Error bars represent Standard Error of mean (SEM) and p values were calculated using paired Student’s t-test.
*p <0.05, ¥¥p < 0.01, ¥¥¥p < 0.001, ****p < 0.0001 and these experiments were repeated three times.

gene expression on lung ILC2s, 24 h following viral vector vaccination (Jaeson et al. submitted). Knowing that
ILC2-derived cytokines, especially IL-13, can impact DC recruitment®, in this study, 12 regulatory genes were
assessed by single cell Fluidigm 48.48 assay as described in materials and methods and Fig. S4. Data revealed
that, 40-60% of cDCs expressed Tgfbl, Stat3 and Stat6, 24 h post rFPV vaccination (Fig. 3a). Also, 15-20%
of cDCs were found to express Ifngrl and cd86. The cd86 expression as opposed to siglec-h further confirmed
that the sorted single cells were cDCs and not pDCs (Fig. 3a). Principal component Analysis (PCA) revealed
that, the probability of co-expression of Stat3 and TgfbI on cDCs was much greater (75%) than Tgfb1 and Stat6
(42%) (Fig. 3b), and co-expression of Stat3 together with Stat6 was (53%), 24 h post rFPV vaccination (Fig. 3b).
Furthermore, the probability of co-expression of Ifngrl with Stat3 whilst being 39%, Ifngrl with Tgfbl was
22%, which were much lower than co-expression of Ifngrl and Stat6 (46%) (Fig. 3b). Note that in these studies,
Ribosomal protein L32 (Rpl32), Stratifin (Ywhas) and Eukaryote elongation factor 2 (Eef2) were used as endoge-
nous positive control genes to validate the mRNA data (Table S1).
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Figure 3. Expression of IL-4/IL-13 receptors and related molecules following vaccination and in vitro IL-13
stimulation. BALB/c mice (n =3 per group) were vaccinated i.n. with rFPV and MHC-II* CD11c¢* CD11b*
CD103" single cDCs were sorted for Fluidigm 48.48 Biomark assay to analyse the expression of 12 selected
genes as described in methods. (a) Graphs represent the percentage of cDCs expressing the genes of interest
(left) and the expression level for each gene represented as 40~ (where 40 represent the maximum number
of qPCR cycles) (right). (b) Principal Component Analysis (PC1 vs PC2) was performed on the genes of
interest as described in methods. Correlation data indicate the level of expression where values closest to 1.00
represent the strongest correlation. (c) Graphs indicate expression of IL-13Ra2 on lung MHC-II* CD11c*
DCs from BALB/c mice (n=4) following STAT3, STAT6 or combined STAT3/STAT®6 inhibition under no
stimulation (unstimulated), 100 pg/ml (low) and (d) 10000 pg/ml (high) IL-13 concentrations for 3h, in vitro.
(e,f) IL-13Raul and IL-4Ra receptor expression under the same conditions and (g) IL-4Ra and ~C expression
on unimmunised lung DCs following 0, 10 and 50 ng/ml of IL-4 stimulation for 0.5h. Error bars represent
Standard Error of mean (SEM) and p values were calculated using One-way ANOVA followed by Tukey’s
multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Experiments were repeated two
to three times.

To understand the relationship between STAT3, STAT6 and IL-13Ra2 at the protein level (by mimicking
low and high IL-13 conditions at the vaccination site post different viral vector-based vaccination), when lung
cells were treated with small-molecule inhibitors of STAT3 or STAT6 in the presence of low (100 pg/ml) and
high (10000 pg/ml or 10 ng/ml) IL-13, differential regulation of IL-13Ra2 was detected on lung DCs. These
results clearly demonstrated that under low IL-13 stimulatory conditions, STAT3 inhibition caused significant
up-regulation of IL-13Ra2 compared to the uninhibited control (p < 0.001) (Fig. 3¢, S5a). In contrast, under
these conditions, although STAT6 inhibition showed some up-regulation of IL-13Ra2, combined STAT3/STAT6
inhibition did not show any change in IL-13Ra2 expression compared to STAT6 inhibition alone, although there
was some up-regulation compared to the control (p =0.026) (Figs. 3¢, S5a). But surprisingly, under high IL-13,
both STAT3 inhibition and combined STAT3/STAT6 inhibition induced elevated IL-13Ra2 expression on DCs
(Figs. 3d, S5b). Under all inhibitory conditions tested, the profiles of IL-13Ral and IL-4Ra expression mimicked
each other (Figs. 3e,f, S5¢,d). Specifically, STAT6 inhibition caused significant up-regulation of these two recep-
tors on DCs compared to the uninhibited control. In contrast, STAT3 and combined STAT3/STAT6 inhibition
showed a significant down-regulation of IL-13Ral and IL-4Ra compared to the uninhibited control (Figs. 3e,f,

SCIENTIFIC REPORTS |

(2020) 10:1017 | https://doi.org/10.1038/s41598-020-57815-z


https://doi.org/10.1038/s41598-020-57815-z

www.nature.com/scientificreports/

a 100 _—
@ emo Control STAT3 STAT6 staty state ) X
68.8% | . 541% | ‘
AT et g
44
a2
......................... G2
58
2

wr STAT6™-

(c)  Isotype pSTAT3 TGF-p1
0.84%| - ~75.0%| 50.0%]

TGF-p1
70.0%

—
o
-

O wr
3 STATE -

801

60+

pSTAT3/ TGF-B1

404

20

% pSTAT3* or TGF-B1* cDCs

PSTAT3 TGF-g1

IL-13Ra2

—_
3
—

=
=

100 . 100
v — v
§ 901 |-°v°-| a 901
=}
& in b °
E 80 g 8
M 60 & 60
] -
= 30 o 30
N 3
- S o 0
O N4 4
l—

Figure 4. Evaluation of TGF-81 on lung cDCs upon IL-13 stimulation in vitro, in the presence of STAT3 and
STAT6 inhibitors or post rFPV vaccination. Unimmunised BALB/c lungs (n =4) were treated with STAT3,
STAT6 or combined STAT3/STATS6 inhibitors overnight, followed by 100 pg/ml of low IL-13 for 3hours as
described in methods. (a,b) Indicate representative FACS plots and graphs showing TGF-B1 expression in

lung MHC-II* CD11c¢™ CD11b* CD103~ cDCs following in vitro STAT3 and STAT6 inhibition. (c,d) Indicate
lung cDCs expressing TGF-81 24 h post i.n. rFPV vaccination of STAT6~/~ and WT BALB/c mice (n=5). (e,f)
indicate IL-13Ra2 and (g,h) TGF-31 expression on unimmunised IL-137/~ and WT BALB/c mice (n=3 per
group). Error bars represent Standard Error of mean (SEM) and p values were calculated using paired Student’s
t-test. ¥p < 0.05, ¥¥p < 0.01, ¥**p < 0.001, ****p < 0.0001. These experiments were repeated two to three times.

S5¢,d). Note that, STAT6 inhibition induced IL-13Ral up-regulation, further confirming the association of
IL-13Ral with STAT6. Therefore, following STAT3 inhibition up-regulation of IL-13Ra2 was indicative of the
IL-13Ra2 association with STAT3. It is also noteworthy that, IL-4 receptors (IL-4Ra and ~c) were not regulated
on DCs even upon IL-4 stimulation (Figs. 3g, S6). This confirmed that the observed receptor regulation was trig-
gered by IL-13 not IL-4.

STAT3 inhibition significantly down-regulated TGF-31 on lung c¢DCs in vivo, associated with
IL-13Ra2.  Since Fluidigm 48.48 Biomark analysis of rFPV vaccinated lung cDCs revealed that Stat3 and
Tgfbl gene expression were strongly correlated, next association of STAT3 activation/phosphorylation with
TGEF-(1 at the protein level was evaluated. In vitro inhibition studies under low IL-13 (100 pg/ml) stimulation
revealed that STAT3 inhibition significantly down-regulated TGF-31 expression in cDCs whilst STAT6 inhibition
had no impact compared to the uninhibited control (Fig. 4a,b). To understand the relationship between IL-13,
IL-13Ra2, STAT3 and TGF-31, when STAT6 /'~ mice were vaccinated i.n. with rEPV (which induced low IL-13
at the vaccination site and enhanced IL-13Ra2 expression on lung cDCs, (Fig. 1)) and lung cDCs were assessed
24h post vaccination, phosphorylated STAT3 (pSTAT3) and TGF-$1 were both up-regulated on STAT6~/~ cDCs
compared to the wild type counterpart (p =0.0038 and 0.0003 respectively) (Fig. 4c,d), suggestive of IL-13Ra2
signalling. Moreover, significant up-regulation of IL-13Ra2 (Fig. 4e,f) and down-regulation of TGF-(1 (Fig. 4g,h)
were also observed in unimmunised IL-13~/~ ¢cDCs compared to WT. Taken together these observations sug-
gested that the measured TGF-31 and IL-13Ra2 expression profiles were linked to IL-13 activity.
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Figure 5. Evaluation of IL-13Ra2 and IFN-+R receptor expression on lung cDCs 24 h post rFPV vaccination.
BALB/c mice (n=>5-8 per group) were intranasally (i.n.) immunised with rFPV. 24 h post delivery, lung

cells were stained for MHC-II" CD11c¢™ CD11bt CD103~ ¢cDCs to evaluate receptor expressions using flow
cytometry as described in methods and Fig. S1a,b. (a,b) Representative flow cytometry plots and bar graph
show the percentage of cDCs expressing intracellular and extracellular IL-13Ra2 and IFN-AR on lung cDCs.
(c,d) Representative histogram plots and bar graph show a comparative extracellular IL-13Ra2 (solid red),
intracellular IL-13Ra2 (dotted red), extracellular IFN-~R (solid black) and intracellular IFN-~R (dotted black)
expression densities on lung cDCs from rFPV vaccinated mice compared to an isotype control (solid black).
Error bars represent Standard Error of mean (SEM) and p values were calculated using One-way ANOVA
followed by Tukey’s multiple comparison test and paired Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001,
*kH%p < 0.0001. (e,f) Representative flow cytometry plots and bar graph show single expression and co-
expression of IL-13Ra2 and IFN-AR on lung ¢DCs. (g,h) Representative confocal microscopy images and bar
graph show i.n. rFPV vaccinated (n =5) lung cells expressing IL-13R32 and IFN-+R at magnification x60 as
described in methods and Fig. S7. Each white arrow indicates a single CD11c* DC across all channels as well as
merge image, co-expressing IL-13Ra2 and IFN-+R. These experiments were repeated three times.

IL-13Ra2 and IFN-~R were co-expressed on lung cDCs 24 h following i.n. rFPV vaccina-
tion. Our previous studies have shown that 24 h post viral vector vaccination, ILC1/ILC3- derived IFN-
expression was inversely associated with ILC2-derived IL-13 at the vaccination site, which significantly impacted
¢DC recruitment'*?. Knowing that IFN-~ is a potent IL-13 inhibitor and can also mobilise IL-13Ra2 from intra-
cellular compartments to the cell surface?*>%, in this part of the study, the association of IFN-yR and IL-13Ra2
on lung cDCs, following i.n. rFPV vaccination was further investigated.

Data revealed that following i.n. rFPV vaccination, differential IL-13Ra2 and IFN-+R expression levels were
observed on lung cDCs (Fig. 5a-d). Specifically, the percentage of cDCs expressing intracellular IL-13Ra2 was
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Figure 6. Evaluation of IL-4/IL-13 receptors and related genes on cDCs following different viral vector
vaccinations. Graphs show evaluation of percentage of MHC-II* CD11c* CD11b*" CD103~ c¢DCs expressing
IL-13Ra2, IL-13Ral, IL-4Ra and ~c receptors at the intracellular and extracellular levels 24 h post (a) rFPV,
(b) rMVA and (c) Ad5 vaccination of BALB/c mice (n =4-8), as described in methods and Fig. S8. (d,e)
Representative histogram plots and bar graph show comparative extracellular pSTAT3, pSTAT6, TGF-31

and IFN-~R expression densities on lung cDCs (n = 3-5) from rFPV vaccinated (red), rMVA (black), Ad5
vaccinated (green) compared to FMO controls for PE as a negative control (solid grey). These experiments were
repeated three times. (f,g) Data show PCA (PC1 vs PC2) of Tgfbl, Stat3, Stat6, Ifngrl and Gc genes expressed
on single lung cDCs following rMVA and Ad5 vaccination, post Fluidigm 48.48 Biomark analysis (Note that
correlation analysis was performed between these genes, where values closest to 1.00 represent the strongest
correlation). (h) Stacked bar graphs represent viral vector dependent Stat3, Stat6, Tgfbl and Ifngrl gene co-
expression on ¢cDCs following rFPV, rMVA or Ad5 vaccination using PCA and K-means clustering analysis as
shown in Fig. S9. Each vaccine group represent 48 cells. Error bars represent Standard Error of mean (SEM)
and p values were calculated using One-way ANOVA followed by Tukey’s multiple comparison test and paired
Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. These experiments were repeated two
times.

significantly elevated compared to extracellular IFN-AR (p =0.0228) (Fig. 5a,b). Alternatively, extracellular
IL-13Ra2 was significantly elevated compared to intracellular IFN-~R (p < 0.0001), demonstrating an inverse
correlation of the two receptors (Fig. 5a,b). When analysis was performed to evaluate whether lung cDCs
co-expressed IL-13Ra2 together with IFN-~R following i.n. rFPV vaccination, flow cytometry data revealed that
the majority of the cDCs were double positive for the two receptors (85%) (Fig. 5e,f). This was further sub-
stantiated by confocal imaging on lung CD11c" DCs where ~75% of cells co-expressed IL-13Ra2 and IFN-yR
(Figs. 5g,h and S7).

rFPV, rMVA and Ad5 vaccinations differentially regulated IL-13 receptors, STAT3/STAT6
and IFN-AR on ¢DC 24 h post vaccination. Knowing that different viral vectors can induce different
ILC2-derived IL-13 levels and DC subsets at the vaccination site, which were associated with different vaccine-
specific adaptive immune outcomes?, next the IL-4/IL-13 receptor expression and regulation on lung cDCs post
i.n. rMVA and Ad5 delivery were compared to i.n. rFPV vaccination. Interestingly, even though all three vac-
cinations induced significantly elevated intracellular and extracellular expression of IL-13Ra2 on lung cDCs
(95-98%), elevated IL13Ral and IL-4Ra expression (intracellular) were only detected in cDCs, following rMVA
and Ad5 viral vector vaccination (Figs. 6a—c, S8). It was noteworthy that, both intracellular and extracellular
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expression of the latter two receptors was significantly lower (rFPV 1-12%, rMVA 1-58% and Ad5 2-30% respec-
tively) compared to IL-13Ra2 (95-100%) (Figs. 6a—c, S8).

Interestingly, although lung ¢cDCs obtained from rFPV, rMVA and Ad5 vaccine groups showed expression of
Stat6, Stat3, tgfbl and Ifngrl genes at a single cell level as well as at the protein level (pSTAT3, pSTAT6, TGF-31
and IFN-~R) (Fig. 6d-g), the expression profiles were significantly different between the three vaccine groups.
Specifically, the expression of both pSTAT3 and pSTAT6 were found to be in the order of rFPV >rMVA > Ad5
(Fig. 6d). The expression of TGF-31 was similar in rFPV and rMVA, but significantly lower in Ad5 (Fig. 6d).
In contrast, in the context of IFN-AR expression, the order was found to be rMVA > rFPV > Ad5 (Fig. 6d).
At the mRNA level, rMVA and Ad5 ¢cDCs showed a greater probability of Stat3 and Stat6 co-expression (79%
and 76% respectively) compared to the rFPV group (Fig. 6f,g). The probability of Stat3 or Stat6 co-expression
together with Ifngrl was found to be in the order of rFPV (30%, 46%) < Ad5 (64%, 60%) < rMVA (71%, 83%)
(Figs. 3b, 6f,g). The probability of Stat3 and Tgfbl co-expression was found to be very similar between rFPV
(75%) and Ad5 (77%) cDCs (Figs. 3b, 6g). However, Stat6 and tgfbl co-expression profile was in the order of
Ad5 > rMVA > rFPV (93%, 70%, 42% respectively) (Figs. 3b, 6f,g).

To investigate differential regulation of Stat3 and Stat6 under different IL-13 conditions, a PCA was performed
with respect to Stat3, Stat6, Tgfbl and Ifngrl (Figs. S9, 6h). Distinct gene clusters with different combinations of
the four genes were analysed as described in methods and Fig. S9. The proportion of each co-expression com-
bination was represented as a stacked bar graph for each vaccine vector (Fig. 6h), rFPV vaccination induced the
highest proportion of cDCs expressing Stat3 and Stat6 together with TgfbI (rFPV 30% vs rMVA 8%, Ad5 21%).
Additionally, rFPV vaccinated cDCs expressing Stat6 only (21%) and enhanced Stat3 co-expression with other
genes, indicated that the rFPV response was STAT3 dominant. Following rFPV vaccination, much lesser propor-
tion of cDCs expressed Stat3 and Stat6 together with either Ifngrl (rFPV 6%, rMVA 20%, Ad5 0%) or Tgfbl and
Ifngrl (rFPV 15%, Ad5 42%) (Fig. 6h). In contrast, rMVA induced the highest proportion of cells expressing Stat3
and Stat6 together with either TgfbI and Ifngrl (44%) or Ifngrl only (rMVA 20%, rFPV 6%, Ad50%). Compared
to rFPV, rMVA induced lower proportion of cDCs expressing Stat3/Stat6 in combination with Tgfb1 (rMVA 8%,
rFPV 30%). Following Ad5 vaccination, the majority of the cDCs expressed Stat3 as well as Stat6 along with Tgfb1
and Ifngrl (Ad5 42%, rFPV 15%), comparable to the response exhibited with rMVA (44%). However, the pro-
portion of Ad5 cDCs expressing Stat3 as well as Stat6 together with Tgfb1 expression was intermediary to that of
rFPV and rMVA, however much higher proportion of Ad5 cDCs co-expressed Stat6 and Tgfbl (Ad5 10%, rMVA
8%, rFPV 3%). Also, Ad5 vaccinated cDCs exhibited a more predominant co-expression of other genes with Stat6
compared to Stat3, indicating that unlike rFPV, the Ad5 response was STAT6 dominant (Fig. 6h).

Discussion

Asthma, allergy and vaccination studies have shown that lung cDCs are highly responsive to IL-1
Interestingly, this study demonstrated that, IL-13Ral and IL-13Ra2 were differentially regulated on lung DCs
in an IL-13 concentration and time dependent manner. At the steady-state (prior to immunization) significantly
higher percentage of lung cDCs expressed IL-13Ra2 compared to IL-13Ral. Furthermore, both these receptors
were rapidly up-regulated on lung DCs upon IL-13 stimulation in vitro or 24 h post viral vector-based vaccina-
tion. Specifically, IL-13Ra2 expression was maintained under both low and high IL-13, whilst IL-13Rad was only
observed under high IL-13 conditions, suggesting, in lung cDCs IL-13Ra2 was the primary sensor and mediator
(master regulator) of IL-13 responses. Moreover, this was further substantiated by the presence of elevated stable
IL-13Ra2 protein and minimal mRNA expression at 24 h post rFPV vaccination, elucidating a distinct inverse
protein-mRNA regulation, unlike IL-13 mediated inflammatory conditions®>**~*. Non-linear protein-mRNA
regulation of other proteins®*’, cytokines, including IL-13* specifically, elevated protein and rapid mRNA deg-
radation associated with protein stability have been previously documented*~**. Moreover, presence of minimal
I113ra2 transcript levels in most mouse tissue types at steady-state!*>*7-**%> (NCBI Gene ID: 16165) and in human
cancers post-transcriptional regulation of IL-13Ra2 by alternative epigenetic pathways have also been reported*.
Knowing that lung is continuously exposed to many environmental invasions (pathogens and allergens), the
elevated stable IL-13Ra2 protein on lung DC may support the notion that, at the first line of defence (the lung
mucosae), high affinity IL-13 receptor, IL-13Ra2 acts as the primary IL-13 sensor to mediate early IL-13 regula-
tion/homeostasis and dysregulation of IL-13Ra2 could most likely be the cause of IL-13 mediated inflammatory
disease.

Previous studies in our laboratory have shown that transient inhibition of IL-4/IL-13 signalling via STAT6
(using an rFPV based IL-4R antagonist adjuvanted HIV recombinant viral i.n. rFPV prime/i.m. rMVA or rVV
boost vaccination strategy) or transient sequestration of IL-13 at the vaccination site (using IL-13Ra2 adjuvanted
HIV recombinant viral i.n. rFPV prime/i.m. rMVA or rVV boost vaccination strategy) can induce high avid-
ity/poly-functional mucosal and systemic T cells with better protective efficacy'>!”, which was associated with
elevated cDC recruitment'”'°. These studies also showed that IL-13 was necessary for effective antibody differ-
entiation'®, which was regulated via a STAT6 independent pathway®®. When trying to unravel how IL-13 modu-
lated these different vaccine-specific outcomes current study revealed that, i) under low IL-13 conditions/rFPV
vaccination (which induced low IL-13 at the lung mucosa), IL-13Ra2 expression was up-regulated on DC; ii)
under low IL-13/STAT3 inhibition IL-13Ra2 expression was up-regulated whilst TGF-31 was down-regulated on
lung DCs, as opposed to STAT6 inhibition; iii) Moreover, up-regulation of phosphorylated STAT3 and TGF-{1
was detected on STAT6~/~ cDCs post rFPV vaccination. There findings collectively suggested that, under low
IL-13 environments, cDCs most likely mediated IL-13 activity exclusively via IL-13Ra2 by promoting STAT3/
TGF-(31 activation, which was consistent with other findings>?". Also, the intriguing enhanced phosphorylated
STAT®6 expression on lung cDCs under low IL-13 signified a co-regulation of STAT3/STAT6 during this process.
However, performing vaccination studies in IL-13Ra2~/~ mice, to establish the ‘direct’ association of IL-13Ra2
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Figure 7. Proposed dual action of IL-13Ra2/STAT3 associated with IL-13 regulation in lung cDCs following
viral vector-based vaccination. Under low IL-13 conditions, IL-13Ra2 mediates IL-13 signalling via STAT3

to promote TGF-{31 expression. In contrast, under high IL-13 conditions, IL-13Ral mediates IL-13 signalling
via STAT®6, and IL-13Ra2 acts to sequester excess IL-13 in the milieu (does not signal) and activates STAT3, to
maintain IL-13 homeostasis at the vaccination site. Findings in the literature and our current study indicate that
STAT?3 and STAT6 can co-regulate each other to prevent immune dysregulation under both these conditions.

signalling via STAT3 to induce TGF-f31 would have added great value to our findings and this warrants further
investigation.

Under high IL-13, in addition to our study reconfirming the well-characterised IL-13Ra1/IL-4Ra signalling
via STAT6!, we also showed regulation of IL-13Ra2 and co-expression of both IL-13Ral and IL-13Ra2 on lung
DCs. These observations suggested that i) unlike low IL-13 conditions, DCs responded to high IL-13 predom-
inantly via IL-13Ral/STAT6 pathway and ii) under high IL-13 conditions, IL-13Ra2 likely regulated IL-13 in
a STAT3 dependent manner. Moreover, the unexpected up-regulation of IL-13Ra2 under high IL-13 and dual
STAT3/STATS6 inhibition also suggested the possible involvement of STAT3-independent IL-13Ra2 signalling
mechanisms, similar to IL-4 signalling via STAT1 and STAT5* (redundancies built into the system to regulate
IL-13). In inflammatory diseases and high IL-13 conditions, IL-13Ra2 is recognized to be a decoy receptor that
sequesters excess IL-13°>%. Interestingly, ’IMVA and Ad5 vaccination, which promoted high IL-13%, expressed
Stat6 mRNA and phosphorylated STAT6 on lung cDCs, associated with IL-13Ral signalling together with Stat3
and phosphorylated STAT3 activation. Knowing that IL-13Ra2 can regulate IL-4Ra/STAT6%, promote TGF-(31
expression and latter can also regulate STAT6*, we propose that elevated IL-13 in the milieu post viral vector
vaccination (i) can activate IL-13Ra1/STAT6 signalling whilst promoting IL-13 sequestration by IL-13Ra2 in
a STAT3 dependent manner on lung cDCs and (ii) IL-13Ra2 can also regulate STAT6 in a STAT3 dependent
manner, to prevent excessive IL-13 signalling on lung cDCs to maintain homeostasis at the lung mucosae (Fig. 7).

Studies have shown that STAT6 and STAT3 can be differentially regulated, according to the state of viral
infection/vaccination. Specifically, in the context of viral vector-based vaccination whilst IL-13/STAT6 signalling
has been shown to dampen effective antiviral immunity'*?, however in acute and primary viral infections, it has
shown to improve antiviral immunity®>*!. This study showed that viral vector induced IL-13 “level” in the cell
milieu significantly altered the STAT3/STAT6 equilibrium. Specifically, rFPV vaccination, associated with low
ILC2-derived IL-13 at the vaccination site!®*2, exhibited enhanced STAT3 expression (both at mRNA protein
levels), which correlated with TGF-f1 on lung cDCs, suggesting a positive regulation of IL-13Ra2/STAT3 by
TGEF-B1. In contrast, a negative association of Stat3 with Ifngrl, was confirmed by the inverse correlation and
co-expression pattern of IFN-AR with IL-13Ra2 on cDCs, suggesting that IL-13Ra2 could be negatively regulated
by IFEN-~, under low IL-13 conditions, which is in agreement with studies by Daines et al.*’.

Data revealed that as opposed to rFPV vaccinated lung cDCs, rMVA vaccinated lung ¢cDC (associated with
high ILC2-derived IL-13 at the vaccination site*’), exhibited both STAT3 and STAT6 expression, associated with
an IFN-~R expression bias (both at the mRNA and protein levels). Interestingly, Ad5 vaccinated lung cDC, (asso-
ciated with moderate ILC2-derived IL-13, intermediate of rFPV and rMVA??), showed higher association of
STAT?3 with IFN-+R compared to TGF-(1 (both the mRNA and protein levels). Knowing that IFN-~ can regulate
IL-13 responses®, these observations indicated that following viral vector-based vaccination, at the cDC level the
differential environmental immune responses to IL-13 are not only determined/regulated by STAT3/STATS6, but
also by TGF-(31 and IFN-~ either collaboratively or independently, which was consistent with cancer/inflamma-
tion studies®~*. Interestingly, rapid STAT3 activation has shown to control some viral infections®-*”*® whilst,
STAT6 independent mechanisms have also been associated with effective antibody differentiation?®. Moreover,
IL-13 mediated enhanced IFN-~ signalling has been shown to exacerbate respiratory viral infections®*.
Collectively, our findings propose the notion that in the context of viral vector-based vaccination and recruitment
of DCs, vectors that promote low ILC2-derived IL-13, induce IL-13Ra2 signalling and STAT3/TGF-31 activation,
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are associated with effective T and B cell immune outcomes. In contrast, vectors that promote high ILC2-derived
IL-13 induce IL-13Ra1/STATS6 signalling and elevated IFN-~ activity, lead to suboptimal vaccine-specific T cell
outcomes. This may explain why in a prime-boost vaccine modality, choice of viral vector or adjuvant used in a
‘prime’ can crucially impact the vaccine-specific functional CD8 T cell avidity', (knowing that booster vaccina-
tion mainly expands the initial high or low avidity T cell subset generated during priming)"’.

In conclusion, our current study demonstrated a dual role of IL-13Ra2/STAT3 in IL-13 regulation at the lung
mucosae. Specifically, under viral vaccination-induced low IL-13, IL-13Ra2 functioned as a signalling receptor
on lung DCs, whilst, under high IL-13, mediated homeostasis by sequestration of excess IL-13 in the cell milieu,
both involving STAT3 activation and co-regulation of STAT3 and STAT6 (Fig. 7). Hence, fully understanding
these IL-13, STAT3/STAT6 regulatory paradigms, have high potential to help design more efficacious vaccines
against chronic pathogens and also therapies against other IL-13 related diseases.

Materials and Methods

Mice. Pathogen-free 6-8 weeks old female wild type BALB/c, IL-13~/~ and STAT6~/~ mice on a BALB/c back-
ground were purchased from the Australian Phenomics Facility, The Australian National University (ANU).
All animals were maintained, monitored daily, euthanized by cervical dislocation and experiments were per-
formed in accordance with the Australian NHMRC guidelines within the Australian Code of Practice for the
Care and Use of Animals for Scientific Purposes and in accordance with guidelines approved by the ANU Animal
Experimentation and Ethics Committee (AEEC), protocol number A2014/14 and A2017/15.

Immunisation and preparation of lungs. BALB/c mice were intranasally immunised with 1 x 107 plaque
forming units (pfu) of rFPV, rMVA, or 2 x 107 pfu of Ad5. Mice were vaccinated with a volume of 10 ul per nostril
(total 20 pl) under mild isofluorane anaesthetic. rFPV and rMVA were sonicated thrice for 15seconds in ice at
50% capacity using Branson Sonifier 450 immediately prior to vaccination.

Evaluation of lung DCs and IL-4/IL-13 and IFN-~ receptors using Flow cytometry. Lung tissues
were collected 24 h post vaccination as described in Li et al.'®. 2 x 10° cells from each sample were blocked with
anti-mouse CD16/CD32 antibody (BD Biosciences, USA) for 20 min at 4 °C and cells were surface stained with
APC-conjugated anti-mouse MHCII I-Ad (e-Biosciences, USA), biotin-conjugated anti- mouse CD11c (N418
clone, Biolegend, USA), followed by streptavidin Brilliant violet 421 (Biolegend, USA), anti-mouse CD11b
AlexaFluor 700 (M1170 clone, Biolegend, USA) and anti-mouse CD103 FITC (2E7 clone, e-Biosciences, USA)
for 30 min on ice as previously described in?. Cells were additionally extracellularly or intracellularly stained
with anti-mouse IL-4Ra (CD124) PE (I015F8 clone, Biolegend, USA), anti-mouse IL-13Ral (CD213a) PE
(I3MOKA clone, e-Biosciences, USA), Biotin-conjugated anti-mouse IL-13Ra2 (110815 clone, R&D systems,
USA), followed by streptavidin PE (Biolegend, USA), anti-mouse ~c (CD132) PE (TUGm2 clone, Biolegend,
USA) and biotin-conjugated anti-mouse IFN-+Ra chain (CDw119) (2E2 clone, Biolegend, USA), followed by
streptavidin PE (Biolegend, USA). For intracellular staining, cells were fixed using Fixation buffer (Biolegend,
USA) for 10 minutes at 4 °C followed by permeabilisation using 1x Intracellular staining permeabilisation wash
buffer (Biolegend, USA) for 10 minutes at 4 °C prior to intracellular staining. Cells were fixed using 1.5% para-
formaldehyde followed by resuspension in PBS and analysed using BD LSRII flow cytometer Becton Dickinson,
San Diego, CA). 5 X 10° events per sample were acquired and results were analyzed using Flow]Jo software v10.0.7.

In vitro STAT3 and STAT6 inhibition assays. Unimmunised BALB/c lung suspensions were treated with
either 100 nM of small molecule STAT6 inhibitor (Axon Medchem) or 20 pM Stattic (small molecule STAT3
inhibitor) in PBS overnight followed by low (100 pg/ml) or high (10,000 pg/ml) IL-13 stimulation for 3h or 0.5h
before evaluation of IL-4 and IL-13 receptor expression on lung DCs using flow cytometry as described above.

Biologically relevant inhibitor concentrations were used in this study as reported previously**.

Immunofluorescence assays. Single cell suspensions of lungs were washed to remove media and blocked
with anti-mouse CD16/CD32 Fc Block antibody (BD Biosciences, USA) for 20 min at 4°C and cells were sur-
face stained with FITC- conjugated anti-mouse CD11c (N418 clone, Merck, Germany), anti-mouse IL-4Ra
(CD124) PE (I015F8 clone, Biolegend), anti-mouse IL-13Ral (CD213a) PE (13MOKA clone, e-Biosciences,
USA), Biotin-conjugated anti-mouse IL-13Ra2 (110815 clone, R&D systems, USA), followed by streptavidin
APC (Biolegend, USA) and biotin-conjugated anti-mouse IFN-yRa chain (CDw119) (2E2 clone, Biolegend,
USA), followed by streptavidin PE (Biolegend, USA). Cells were fixed using 1.5% Paraformaldehyde (Biolegend,
USA) and suspension cells were centrifuged onto Poly-L-Lysin (Sigma, USA) coated glass cover slips. Cover
slip containing cell pellet was covered with 10 pl of Antifade Vectashield mounting medium with or without
4/,6-diamidino-2-phenylindole (DAPI) from Vector Laboratories, USA and mounted onto a clean glass slide.
Slides were imaged and analysed using Leica TCS SP5 confocal microscope (Leica, Germany) at 60x magnifi-
cation. DAPI® CD11c" cells were identified as viable lung DCs for receptor expression. To quantify receptor
co-expression, each CD11c* DC double positive for a given receptor combination (IL-13Rad and IL-13Ra2,
IL-4Ra and IL-13Ra2, or IL-13Ra2 and IFN-AR) was identified and quantified per imaged area as described
in Fig. S7. Proportion of each receptor combination was calculated as a percentage of the total number of viable
DCs per imaged area. Data were represented as an average of 5 imaged areas from each experiment. To quantify
IL-13/IL-4 receptor intensity, Image] software v 1.52e (for Windows) was used. During this process, DAPI*¥
CD11c" cells expressing the receptor of interest were identified (Fig. S3). Next, each cell was identified as a region
of interest (ROI) and the software generated integrated density of the ROI was used to calculate receptor intensity
as; IL-13/IL-4 receptor intensity = (Integreated density of ROI/Area of ROI).
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cDC sorting for Fluidigm 48.48 Biomark and qPCR assays. Single (n =48 per vaccine group) or 500
cDCs were sorted into 5l or 25 pl pre-amplification mixture respectively using a BD FACS Aria II cell sorter,
using the gating strategy described in (Fig. S4). The pre-amplification mixture contained 2x reaction buffer,
SuperScript® ITT RT/Platinum® Taq Mix, 0.2x pooled assays, SUPERasee In™ RNase Inhibitor and DEPC treated
water per well.

Sorted ¢DCs in pre-amplification mixture were centrifuged at 1454 x g to release mRNA as previously
described®!. The cDNA was synthesised using thermo-cycling program: 1x cycle of 50 °C for 15 minutes, 95°C
for 2 minutes followed by 14-20 cycles (for single or 500 cells) of 95°C for 15seconds and 60 °C for 4 minutes,
followed by storing samples at —20 °C until use.

Real-time quantitative PCR (RT-qPCR) analysis of IL-4/IL-13 receptors. RT-qPCR for 500 cells
was performed using TagMan qPCR mix (containing 1 pL of each gene expression assay (IL-4/IL-13 primers -
Table S1), 5uL of 2X TagMan Universal PCR master mix, 1 pL cDNA and 4.5L of DEPC treated water), using a
7900HT thermocycler program: 50 °C for 2 minutes, 95 °C for 10 minutes, and 45 cycles of 95 °C for 15 seconds
and 60 °C for 1 minute. The targeted primer-probe FAM fluorescence was detected by normalising to ROX (6-
carboxy-X-rhodamine) intensity. SDS 2.4 for Windows software was used to obtain the cycle threshold (Ct) val-
ues (ranging from 0 to 45) and the mRNA amplification profiles. Ct values were subject to quality control using
SDS 2.4 analysis software where, 0 indicated a high expression and values closer to 45 indicated low expression
levels.

Fluidigm 48.48 Biomark gene expression assay. Fluidigm 48.48 gene expression assay was performed
as previously described®!. Briefly, prior to loading the integrated fluidic chip (IFC) (Fluidigm), the cDNA was
diluted 1:1 cDNA:DEPC treated water. Following chip priming, 2.5uL of diluted cDNA (in DEPC water) and
0.25pL of 20X GE Sample Loading Reagent was loaded onto the sample side of the chip. Subsequently, 2.5 pL of
each gene expression assay (Fig. S9) and 2.5 pL of 20X GE Assay Loading Reagent was loaded onto the assay side
of the IFC. Next, the IFC was loaded onto the IFC Controller MX and gene expression assay was performed and
analysed using the GE 48.48 Standard.pcl program on the Fluidigm Biomark™. The fluorescence values obtained
from the Fluidigm Biomark™ were normalised to ROX (6- carboxy-X-rhodamine) intensity. Ct values (ranging
from 0 to 40) were subject to quality control using the Biomark Real-time qPCR analysis software where, 0 indi-
cated a high expression and values closer to 40 indicated low expression levels. Binary analysis was performed to
determine the proportion of cells expressing a certain gene using RStudio and Microsoft Excel 2016 software and
analysed using GraphPad Prism 7.0.

Statistical analysis. Lung MHC-II* CD11ct CD11b* CD103~ cDC proportions were represented as a per-
centage of total MHC-II* CD11c" DCs and receptor proportions were calculated as a percentage of parent cDC
population as described in?’. The p-values were calculated using either two-tailed, paired parametric Student’s
t-test or Ordinary One-way ANOVA with Tukey’s multiple comparison post-test. Gene expression was first ana-
lysed as percentage of cDCs expressing a gene of interest. For each gene of interest, the Ct value for the house-
keeping gene (132) was subtracted from each sample Ct value to determine ACt, and the gene expression level
was calculated as 4072 or 45-2C, All experiments were repeated minimum two times. Principal Component
Analysis (PCA) was performed to analyse the relationship between the genes, using a correlation matrix created
using Spearman’s rho (p) as described previously®!. To determine the co-expression profile with respect to only
Stat3, Stat6, tgfbl and Ifngrl, following PCA, a k-means clustering algorithm using RStudio was used to identify
clusters. To determine statistical significance with respect to co-expression studies, a Fisher’s exact test was imple-
mented with False Discovery Rate (FDR) correction.

Data availability
The authors declare that all data supporting this study are available in the paper and Supplementary files.

Received: 19 September 2019; Accepted: 30 December 2019;
Published online: 23 January 2020

References
1. Tabata, Y. & Khurana Hershey, G. K. IL-13 receptor isoforms: breaking through the complexity. Curr Allergy Asthma Rep 7, 338-345
(2007).
2. Fichtner-Feigl, S., Strober, W., Kawakami, K., Puri, R. K. & Kitani, A. IL-13 signaling through the IL-13alpha2 receptor is involved
in induction of TGF-betal production and fibrosis. Nat Med 12, 99-106 (2006).
. Gordon, S. & Martinez, F. O. Alternative activation of macrophages: mechanism and functions. Immunity 32, 593-604 (2010).
. McCormick, S. M. & Heller, N. M. Commentary: IL-4 and IL-13 receptors and signaling. Cytokine 75, 38-50 (2015).
. Webb, D. C. et al. Integrated signals between IL-13, IL-4, and IL-5 regulate airways hyperreactivity. ] Immunol 165, 108-113 (2000).
. Oeser, K., Maxeiner, J., Symowski, C., Stassen, M. & Voehringer, D. T cells are the critical source of IL-4/IL-13 in a mouse model of
allergic asthma. Allergy 70, 1440-1449 (2015).
7. Ranasinghe, C. et al. Mucosal HIV-1 pox virus prime-boost immunization induces high-avidity CD8+ T cells with regime-
dependent cytokine/granzyme B profiles. The Journal of Immunology 178, 2370-2379 (2007).
8. Morse, M. A, Lyerly, H. K. & Li, Y. The role of IL-13 in the generation of dendritic cells in vitro. ] Immunother 22, 506-513 (1999).
9. Pope, S. M. et al. IL-13 induces eosinophil recruitment into the lung by an IL-5- and eotaxin-dependent mechanism. J Allergy Clin
Immunol 108, 594-601 (2001).
10. Halim, T. Y. et al. Group 2 innate lymphoid cells are critical for the initiation of adaptive T helper 2 cell-mediated allergic lung
inflammation. Immunity 40, 425-435 (2014).
11. Zhu, Z. et al. Pulmonary expression of interleukin-13 causes inflammation, mucus hypersecretion, subepithelial fibrosis, physiologic
abnormalities, and eotaxin production. J Clin Invest 103, 779-788 (1999).
12. Dalessandri, T., Crawford, G., Hayes, M., Castro Seoane, R. & Strid, J. IL-13 from intraepithelial lymphocytes regulates tissue
homeostasis and protects against carcinogenesis in the skin. Nat Commun 7, 12080 (2016).

N U W W

SCIENTIFIC REPORTS |

(2020) 10:1017 | https://doi.org/10.1038/s41598-020-57815-z


https://doi.org/10.1038/s41598-020-57815-z

www.nature.com/scientificreports/

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,
45.

46.

47.

48.

49.

50.

51.

Ranasinghe, C. & Ramshaw, I. A. Immunisation route-dependent expression of IL-4/IL-13 can modulate HIV-specific CD8(+) CTL
avidity. Eur ] Immunol 39, 1819-1830 (2009).

Wijesundara, D. K. et al. Use of an in vivo FTA assay to assess the magnitude, functional avidity and epitope variant cross-reactivity
of T cell responses following HIV-1 recombinant poxvirus vaccination. PloS one 9, €105366 (2014).

Jackson, R. J., Worley, M., Trivedi, S. & Ranasinghe, C. Novel HIV IL-4R antagonist vaccine strategy can induce both high avidity
CD8 T and B cell immunity with greater protective efficacy. Vaccine 32, 5703-5714 (2014).

Khanna, M. et al. Mucosal and systemic SIV-specific cytotoxic CD4(+) T cell hierarchy in protection following intranasal/
intramuscular recombinant pox-viral vaccination of pigtail macaques. Sci Rep 9, 5661 (2019).

Ranasinghe, C., Trivedi, S., Stambas, J. & Jackson, R. J. Unique IL-13Ralpha2-based HIV-1 vaccine strategy to enhance mucosal
immunity, CD8(+) T-cell avidity and protective immunity. Mucosal Immunol 6, 1068-1080 (2013).

Li, Z., Jackson, R. J. & Ranasinghe, C. Vaccination route can significantly alter the innate lymphoid cell subsets: a feedback between
IL-13 and IFN-gamma. NPJ Vaccines 3, 10 (2018).

Trivedi, S., Jackson, R. J. & Ranasinghe, C. Different HIV pox viral vector-based vaccines and adjuvants can induce unique antigen
presenting cells that modulate CD8 T cell avidity. Virology 468-470, 479-489 (2014).

Roy, S. et al. Viral vector and route of administration determine the ILC and DC profiles responsible for downstream vaccine-
specific immune outcomes. Vaccine 37, 1266-1276, https://doi.org/10.1016/j.vaccine.2019.01.045 (2019).

Cheng, E., Souza, R. F. & Spechler, S. J. Tissue remodeling in eosinophilic esophagitis. Am ] Physiol Gastrointest Liver Physiol 303,
G1175-1187 (2012).

Amit, U. et al. New Role for Interleukin-13 Receptor alphal in Myocardial Homeostasis and Heart Failure. ] Am Heart Assoc 6,
005108 (2017).

Miloux, B. et al. Cloning of the human IL-13R alphal chain and reconstitution with the IL4R alpha of a functional IL-4/IL-13
receptor complex. FEBS Lett 401, 163-166 (1997).

Fujisawa, T., Joshi, B., Nakajima, A. & Puri, R. K. A novel role of interleukin-13 receptor alpha2 in pancreatic cancer invasion and
metastasis. Cancer Res 69, 8678-8685 (2009).

Nakashima, H., Husain, S. R. & Puri, R. K. IL-13 receptor-directed cancer vaccines and immunotherapy. Immunotherapy 4, 443-451
(2012).

Sengupta, S., Thaci, B., Crawford, A. C. & Sampath, P. Interleukin-13 receptor alpha 2-targeted glioblastoma immunotherapy.
Biomed Res Int 2014, 952128 (2014).

Rahaman, S. O., Vogelbaum, M. A. & Haque, S. ]. Aberrant Stat3 signaling by interleukin-4 in malignant glioma cells: involvement
of IL-13Ralpha2. Cancer Res 65, 2956-2963 (2005).

Hamid, M. A, Jackson, R. J., Roy, S., Khanna, M. & Ranasinghe, C. Unexpected involvement of IL-13 signalling via a STAT6
independent mechanism during murine IgG2a development following viral vaccination. Eur ] Immunol 48, 1153-1163 (2018).
Daines, M. O. & Hershey, G. K. A novel mechanism by which interferon-gamma can regulate interleukin (IL)-13 responses.
Evidence for intracellular stores of IL-13 receptor alpha -2 and their rapid mobilization by interferon-gamma. J Biol Chem 277,
10387-10393 (2002).

Ford, J. G. et al. IL-13 and IFN-gamma: interactions in lung inflammation. J Immunol 167, 1769-1777 (2001).

Rynda-Apple, A. et al. Regulation of IFN-gamma by IL-13 dictates susceptibility to secondary postinfluenza MRSA pneumonia. Eur
J Immunol 44, 3263-3272 (2014).

Wynn, T. A, Eltoum, L, Oswald, L. P, Cheever, A. W. & Sher, A. Endogenous interleukin 12 (IL-12) regulates granuloma formation
induced by eggs of Schistosoma mansoni and exogenous IL-12 both inhibits and prophylactically immunizes against egg pathology.
J Exp Med 179, 1551-1561 (1994).

Wynn, T. A. et al. IL-12 exacerbates rather than suppresses T helper 2-dependent pathology in the absence of endogenous IFN-
gamma. ] Immunol 154, 3999-4009 (1995).

Webb, D. C., Cai, Y., Matthaei, K. I. & Foster, P. S. Comparative roles of IL-4, IL-13, and IL-4Ralpha in dendritic cell maturation and
CD4+ Th2 cell function. ] Immunol 178, 219-227 (2007).

Badalyan, V. et al. TNF-alpha/IL-17 synergy inhibits IL-13 bioactivity via IL-13Ralpha2 induction. J Allergy Clin Immunol 134,
975-978 €975 (2014).

Barderas, R., Bartolome, R. A., Fernandez-Acenero, M. J., Torres, S. & Casal, J. I. High expression of IL-13 receptor alpha2 in
colorectal cancer is associated with invasion, liver metastasis, and poor prognosis. Cancer Res 72, 2780-2790 (2012).

Chandriani, S. et al. Endogenously expressed IL-13Ralpha2 attenuates IL-13-mediated responses but does not activate signaling in
human lung fibroblasts. ] Immunol 193, 111-119 (2014).

Donaldson, D. D. et al. The murine IL-13 receptor alpha 2: molecular cloning, characterization, and comparison with murine IL-13
receptor alpha 1. J Immunol 161, 2317-2324 (1998).

Greenbaum, D., Colangelo, C., Williams, K. & Gerstein, M. Comparing protein abundance and mRNA expression levels on a
genomic scale. Genome biology 4, 117, https://doi.org/10.1186/gb-2003-4-9-117 (2003).

Moritz, C. P., Muhlhaus, T., Tenzer, S., Schulenborg, T. & Friauf, E. Poor transcript-protein correlation in the brain: negatively
correlating gene products reveal neuronal polarity as a potential cause. Journal of neurochemistry 149, 582-604, https://doi.
org/10.1111/jnc.14664 (2019).

Shebl, E. M. et al. Comparison of mRNA and protein measures of cytokines following vaccination with human papillomavirus-16 L1
virus-like particles. Cancer epidemiology, biomarkers & prevention: a publication of the American Association for Cancer Research,
cosponsored by the American Society of Preventive Oncology 19, 978-981, https://doi.org/10.1158/1055-9965.epi-10-0064 (2010).
Moss Bendtsen, K., Jensen, M. H., Krishna, S. & Semsey, S. The role of mRNA and protein stability in the function of coupled
positive and negative feedback systems in eukaryotic cells. Sci Rep 5, 13910 (2015).

Shao, W. et al. Comparative analysis of mRNA and protein degradation in prostate tissues indicates high stability of proteins. Nat
Commun 10, 2524, https://doi.org/10.1038/s41467-019-10513-5 (2019).

Wu, X. & Brewer, G. The regulation of mRNA stability in mammalian cells: 2.0. Gene 500, 10-21 (2012).

Tabata, Y. et al. Allergy-driven alternative splicing of IL-13 receptor alpha2 yields distinct membrane and soluble forms. J Immunol
177, 7905-7912, https://doi.org/10.4049/jimmunol.177.11.7905 (2006).

Wu, A. H. & Low, W. C. Molecular cloning and identification of the human interleukin 13 alpha 2 receptor (IL-13Ra2) promoter.
Neuro-oncology 5, 179-187, https://doi.org/10.1215/s1152851702000510 (2003).

Acacia de Sa Pinheiro, A. et al. IL-4 induces a wide-spectrum intracellular signaling cascade in CD8+ T cells. ] Leukoc Biol 81,
1102-1110 (2007).

Andrews, A. L. et al. The association of the cytoplasmic domains of interleukin 4 receptor alpha and interleukin 13 receptor alpha 2
regulates interleukin 4 signaling. Mol Biosyst 9, 3009-3014 (2013).

Heath, V. L., Murphy, E. E., Crain, C., Tomlinson, M. G. & O'Garra, A. TGF-betal down-regulates Th2 development and results in
decreased IL-4-induced STAT6 activation and GATA-3 expression. Eur ] Immunol 30, 2639-2649 (2000).

Sakala, I. G., Chaudhri, G., Eldi, P, Buller, R. M. & Karupiah, G. Deficiency in Th2 cytokine responses exacerbate orthopoxvirus
infection. PloS one 10, 0118685, https://doi.org/10.1371/journal.pone.0118685 (2015).

Zhou, W. et al. IL-13 is associated with reduced illness and replication in primary respiratory syncytial virus infection in the mouse.
Microbes Infect 8, 2880-2889 (2006).

SCIENTIFIC REPORTS |

(2020) 10:1017 | https://doi.org/10.1038/s41598-020-57815-z


https://doi.org/10.1038/s41598-020-57815-z
https://doi.org/10.1016/j.vaccine.2019.01.045
https://doi.org/10.1186/gb-2003-4-9-117
https://doi.org/10.1111/jnc.14664
https://doi.org/10.1111/jnc.14664
https://doi.org/10.1158/1055-9965.epi-10-0064
https://doi.org/10.1038/s41467-019-10513-5
https://doi.org/10.4049/jimmunol.177.11.7905
https://doi.org/10.1215/s1152851702000510
https://doi.org/10.1371/journal.pone.0118685

www.nature.com/scientificreports/

52. Roy, S. et al. Viral vector and route of administration determine the ILC and DC profiles responsible for downstream vaccine-
specific immune outcomes. Vaccine (submitted).

53. Cao, H. et al. IL-13/STAT6 signaling plays a critical role in the epithelial-mesenchymal transition of colorectal cancer cells.
Oncotarget 7,61183-61198 (2016).

54. Huang, Z., Xin, J., Coleman, J. & Huang, H. IFN-gamma suppresses STAT6 phosphorylation by inhibiting its recruitment to the IL-4
receptor. ] Immunol 174, 1332-1337 (2005).

55. Qing, Y. & Stark, G. R. Alternative activation of STAT1 and STAT3 in response to interferon-gamma. J Biol Chem 279, 41679-41685
(2004).

56. Tang, L. Y. et al. Transforming Growth Factor-beta (TGF-beta) Directly Activates the JAK1-STAT3 Axis to Induce Hepatic Fibrosis
in Coordination with the SMAD Pathway. ] Biol Chem 292, 4302-4312 (2017).

57. Ching, C. B. et al. Interleukin-6/Stat3 signaling has an essential role in the host antimicrobial response to urinary tract infection.
Kidney Int 93, 1320-1329 (2018).

58. Ivashkiv, L. B. STAT activation during viral infection in vivo: where’s the interferon? Cell Host Microbe 8, 132-135 (2010).

59. Ansar, M., Komaravelli, N., Ivanciuc, T., Casola, A. & Garofalo, R. P. Detrimental role of type I interferon signaling in respiratory
syncytial virus infection. The Journal of Immunology 200(60), 66-60.66 (2018).

60. Schust, J., Sperl, B., Hollis, A., Mayer, T. U. & Berg, T. Stattic: a small-molecule inhibitor of STAT3 activation and dimerization. Chem
Biol 13, 1235-1242 (2006).

61. Trivedi, S. et al. Identification of biomarkers to measure HIV-specific mucosal and systemic CD8(+) T-cell immunity using single
cell Fluidigm 48.48 Dynamic arrays. Vaccine 33,7315-7327 (2015).

Acknowledgements

The authors would like to thank Prof. Arno Mullbacher, for the Adenovirus (Ad5) vector; The Imaging and
Cytometry facility for providing support with flow cytometry and confocal microscopy studies; The Australian
Phenomics Facility, ANU for maintenance and housing of mice; and Dr. Zheyi Li for preparation of high
resolution figures. This work was supported by the Australian Centre for HIV and Hepatitis Virology Research
(ACH2) grant awarded to CR, The Gordon and Gretel Bootes Foundation grant awarded to CR and SR, including
Australian National Health and Medical Research Council (NHMRC) Development grants APP1093532 and
APP1136351 awarded to CR.

Author contributions

S.R. designed, performed the in vivo D.C. studies prepared some of the vaccine stocks, analysed the relevant
data and prepared the manuscript and figures. H.L. performed the IL-13 in vitro studies and data analysis. L.D.
performed the IL-4 in vitro experiments and data analysis. M.L.]. performed PCA and K mean cluster statistical
analysis of the single cell gene expression studies. C.R. conceived the idea, helped design the experiments, data
analysis, critical evaluation and preparation of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-57815-z.

Correspondence and requests for materials should be addressed to C.R.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

TEE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:1017 | https://doi.org/10.1038/s41598-020-57815-z


https://doi.org/10.1038/s41598-020-57815-z
https://doi.org/10.1038/s41598-020-57815-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Unique IL-13Rα2/STAT3 mediated IL-13 regulation detected in lung conventional dendritic cells, 24 h post viral vector vacci ...
	Results

	rFPV vaccination significantly up-regulated IL-13Rα2 expression on lung cDCs 24 h post i.n. vaccination. 
	IL-13 stimulation conditions lead to differential expression of IL-13Rα1 and IL-13Rα2 on CD11c+ lung DCs. 
	STAT3 inhibition significantly up-regulated IL-13Rα2 and down-regulated IL-13Rα1 on lung DCs. 
	STAT3 inhibition significantly down-regulated TGF-β1 on lung cDCs in vivo, associated with IL-13Rα2. 
	IL-13Rα2 and IFN-γR were co-expressed on lung cDCs 24 h following i.n. rFPV vaccination. 
	rFPV, rMVA and Ad5 vaccinations differentially regulated IL-13 receptors, STAT3/STAT6 and IFN-γR on cDC 24 h post vaccinati ...

	Discussion

	Materials and Methods

	Mice. 
	Immunisation and preparation of lungs. 
	Evaluation of lung DCs and IL-4/IL-13 and IFN-γ receptors using Flow cytometry. 
	In vitro STAT3 and STAT6 inhibition assays. 
	Immunofluorescence assays. 
	cDC sorting for Fluidigm 48.48 Biomark and qPCR assays. 
	Real-time quantitative PCR (RT-qPCR) analysis of IL-4/IL-13 receptors. 
	Fluidigm 48.48 Biomark gene expression assay. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Evaluation of IL-4 and IL-13 receptors on lung cDCs 24 h post rFPV vaccination.
	Figure 2 Evaluation of relative IL-13Rα1 and IL-13Rα2 expression on lung DCs following low and high IL-13 stimulation in vitro.
	Figure 3 Expression of IL-4/IL-13 receptors and related molecules following vaccination and in vitro IL-13 stimulation.
	Figure 4 Evaluation of TGF-β1 on lung cDCs upon IL-13 stimulation in vitro, in the presence of STAT3 and STAT6 inhibitors or post rFPV vaccination.
	Figure 5 Evaluation of IL-13Rα2 and IFN-γR receptor expression on lung cDCs 24 h post rFPV vaccination.
	Figure 6 Evaluation of IL-4/IL-13 receptors and related genes on cDCs following different viral vector vaccinations.
	Figure 7 Proposed dual action of IL-13Rα2/STAT3 associated with IL-13 regulation in lung cDCs following viral vector-based vaccination.




