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LPS-mediated activation of Toll-like receptor 4 (TLR4) in
macrophages results in the coordinated release of proinflamma-
tory cytokines, followed by regulatory mediators, to ensure that
this potentially destructive pathway is tightly regulated. We
showed previously that Rab8a recruits PI3K+y for Akt-depen-
dent signaling during TLR4 activation to limit the production
of the proinflammatory cytokines IL-6 and IL-12p40 while
enhancing the release of the regulatory/anti-inflammatory cyto-
kine IL-10. Here we broaden the array of immune receptors con-
trolled by Rab8a-PI3Ky and further define the Rab-mediated
membrane domains required for signaling. With CRISPR/Cas9-
mediated gene editing to stably knock out and recover Rab8a in
macrophage cell lines, we match Akt signaling profiles with cyto-
kine outputs, confirming that Rab8a is a novel regulator of the Akt/
mammalian target of rapamycin (mTOR) pathway downstream of
multiple TLRs. Upon developing a Rab8a activation assay, we show
that TLR3 and 9 agonists also activate Rab8a. Live-cell imaging
reveals that Rab8a is first recruited to the plasma membrane and
dorsal ruffles, but it is retained during collapse of ruffles to form
macropinosomes enriched for phosphatidylinositol 3,4,5-trisphos-
phate (PI(3,4,5)P;) and phosphatidylinositol 3,4-bisphosphate
(PI(3,4)P,), suggesting that the macropinosome is the location
where Rab8a is active. We pinpoint macropinosomes as the sites
for Rab8-mediated biasing of inflammatory signaling responses via
inducible production of anti-inflammatory cytokines. Thus, Rab8a
and PI3Kvy are positioned in multiple TLR pathways, and this sig-
naling axis may serve as a pharmacologically tractable target during
infection and inflammation.

Toll-like receptors (TLRs),? a key family of pattern recogni-
tion receptors, activate macrophages upon detection of patho-
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gens and/or danger signals (1). Members of this family respond
to molecular signatures of different pathogens, and the ensuing
signaling and transcriptional responses are required to mount
frontline innate immune defenses to help fight infection. These
responses include the expression and secretion of inflamma-
tory and regulatory cytokines and chemokines (2). Several
mechanisms serve to tailor the signaling output of TLR path-
ways toward immune responses against different types of
pathogens. The Toll/interleukin-1 receptor (TIR) domain-con-
taining adaptors at the plasma membrane as well as in endo-
somes or phagosomes provide spatiotemporal control of TLR
signaling (3). For example, myeloid differentiation primary
response gene 88 (MyD88) and MyD88-adapter-like (Mal) cou-
ple with TLR4 at the cell surface, whereas TRIF and TRAM
generate signaling from endosomal compartments in response
to LPS (4). Other TLR family members have thus far been
shown to only signal from either the cell surface or from endo-
somal compartments. Viral and host double-stranded RNAs
activate TLR3 (with TRIF) (5), whereas endosomal non-meth-
ylated CpG DNA motifs activate TLR9 (with MyD88) to signal
from endosomal compartments (6). The membrane domains
and signaling environments at the cell surface and in endo-
somal compartments are defined and differentiated by the
adaptors and by factors such as membrane phosphoinositides
(7). These factors vary signaling and cytokine outputs that drive
and define the regulatory or anti-inflammatory states that help
to curtail inflammation and avoid disease (8).

Class 1A PI3Ks contribute to signaling downstream of TLRs.
We revealed previously that the class1B PI3Kvy regulates Akt/
mTOR signaling downstream of LPS-activated TLR4 (9).
Unusually, the GTPase Rab8a recruits the PI3Kvy catalytic sub-
unit (p110y) to membranes for this role in TLR4 signaling.
Activation of Rab8a and PI3Ky constrains the secretion of the
proinflammatory cytokines IL-6 and IL-12p40 while enhancing
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domain; BMM, bone marrow-derived macrophage; CSF, colony-stimu-
lating factor; ANOVA, analysis of variance; PI(3)P, phosphatidylinositol
3-phosphate; PI(3,4)P,, phosphatidylinositol 3,4-bisphosphate; PI(4,5)P,
phosphatidylinositol 4,5-bisphosphate; PI(3,4,5)P;, phosphatidylinositol
3,4,5-trisphosphate; TRIF, TIR-domain-containing adaptor protein induc-
ing IFNB; TRAM, TRIF-related adaptor molecule; MAL, MyD88-adaptor-like;
OCRL, oculocerebrorenal syndrome of Lowe; PLC, phospholipase C.

JOURNAL OF BIOLOGICAL CHEMISTRY 4411


mailto:j.stow@imb.uq.edu.au
mailto:j.stow@imb.uq.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M116.766337&domain=pdf&date_stamp=2017-1-27

Rab8a and PI3Kvy Functions in Toll-like Receptor Signaling

the release of IFNS and IL-10 (9). Rab8a is initially recruited to
the membranes of dorsal ruffles on the macrophage cell surface,
where the TLR4-Mal-MyD88 complex is also located (9). Dor-
sal ruffles collapse to form macropinosomes or contribute to
the formation of phagosomes for the uptake of fluid phase sol-
utes or pathogens and particles, respectively (10-12). TLR4 in
ruffles is poised for incorporation into membranes of endo-
somal compartments, where a change in the signaling adaptors
to TRAM and TRIF facilitates the distinct switch in signaling
and gene expression outputs (7).

Given the spatial and temporal coupling between cell surface
dorsal ruffles and endocytic pathways and the distribution of
signaling sites for TLR family members across these membrane
domains, here we explored the potential for Rab8a to recruit
PI3Kyfor regulation of additional TLR pathways. Traditionally,
the leukocyte-specific PI3Ky has been viewed as a regulator
downstream of receptor tyrosine kinase (RTK) and G protein-
coupled receptor pathways, where its most prominent role is in
chemotactic recruitment of cells to sites of inflammation (13,
14). Pharmacologic inhibition of PI3Kvy is considered a possible
avenue for new therapeutics in cancer and inflammatory dis-
eases (15, 16). PI3K+y function downstream of TLRs/IL-1 recep-
tors (IL-1Rs) (16) and TLR4 (9, 15) expands the regulatory
sphere of this kinase beyond cellular recruitment, to the signals
that actually initiate inflammation. Exploring other members of
the TLR family will thus demonstrate the spectrum of exoge-
nous pathogen-derived and endogenous host-derived danger
signals that induce PI3K-y-mediated signaling. Here we exam-
ine the role of the Rab8a-PI3Kvy axis in skewing macrophage
inflammatory responses downstream of multiple TLRs.

Results

Rab8a Activation by TLR Agonists—We previously showed
that Rab8a recruits PI3Ky for Akt/mTOR signaling down-
stream of LPS-activated TLR4 (9). TLR3 and 9 signal as endo-
somal receptors (4), and here we compared the ability of TLR3,
4,and 9 agonists to activate Rab8a (Fig. 1). A GST fusion protein
comprised of the Rab binding domain from the PI(4,5)P,
5-phosphatase OCRL, another Rab8 effector protein (17), was
used for pulldowns of the active, GTP-bound Rab8a from
macrophage extracts. The assay was calibrated using extracts
preloaded with exogenous GDP or GTP at different concentra-
tions (Fig. 1, A and B). Pulldowns from cells treated with TLR
agonists for 0, 2, 10, and 60 min show rapid activation of Rab8a
(Fig. 1C). Both LPS/TLR4 and poly(L:C)/TLR3 result in an
~2.5-fold increase in active Rab8a 10 min post-stimulation,
whereas the TLR9 agonist CpG DNA (CpG) caused a more
modest but sustained activation of Rab8a over 60 min. Thus,
multiple TLR agonists activate Rab8a. In its active, GTP-bound
form, Rab8a should recruit effectors, and indeed, GFP-Rab8a
immunoprecipitates its effector PI3Kvy in response to all three
TLR agonists (Fig. 1D). These results reveal that activation of
Rab8a downstream of TLR4, 3, or 9 results in recruitment of
PI3KYy, suggesting a broader role for this GTPase-PI3K complex
in diverse TLR pathways.

Rab8a Is Localized to TLR Signaling Domains on Ruffles and
Macropinosomes—We showed previously that Rab8a is initially
enriched on membranes of dorsal ruffles at the cell surface (9)
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and now show in live cells that these domains are sites where
the dorsal ruffles close over into circular macropinosomes (Fig.
2A). These are confirmed to be genuine macropinosomes
because they are found loaded with dextran and are not
detected by post-fixation wheat germ agglutinin (WGA),
which does not access fully closed macropinosomes (Fig.
2B). Hence, although Rab8a is initially in ruffle membranes,
it is then found enriched in macropinosomes.

Co-expression of Rab8a with other endosomal markers
shows that GFP-Rab8a does not overlap with mCherry-Rab5a
on small punctate early endosomes in live cells, whereas time-
lapse analysis of macropinosomes reveals the conversion of the
membrane from Rab8a-enriched to Rab5a as the macropi-
nosome matures (Fig. 2C). Finally, tdTomato-Rab8a was coex-
pressed with markers that cycle between recycling endosomes
and the plasma membrane, namely transferrin (Tfn-647) and
GFP-VAMP3 (Fig. 2D). In triple-labeled, fixed cells, there is
significant overlap between VAMP3 and Tfn but little overlap
with Rab8a. This is further highlighted on line scans showing
that Rab8a peak fluorescence is at the plasma membrane and
macropinosomes (Fig. 2D, i) while being offset from recycling
endosome markers (Fig. 2D, ii). We can thus conclude that, in
macrophages, Rab8a is most prominent on dorsal ruffle mem-
branes and early macropinosomes.

The conversion of dorsal ruffles to macropinosomes is also
accompanied by a transition in phosphoinositides from plasma
membrane PI(4,5)P,, which is converted to PI(3,4,5)P; and
PI(3,4)P, (11, 18). This spatiotemporal control of phosphoi-
nositides can influence TLR signaling in two ways: the TLR
adaptor Mal dissociates from membranes (and TLRs) when
PI(4,5)P, is depleted from endocytic membranes (7), and
enhanced PI(3,4,5)P; is the first step in the activation of the
Akt/mTOR pathway (19). This transition can be tracked in
live cells with plasmid-encoded fluorescent phosphoinositide
probes such as PH-PLC8-GFP, which recognizes P1(4,5)P,, and
the PH domain from Akt, which recognizes both PI(3,4,5)P,
and PI(3,4)P, (Fig. 3, A and B). Coexpressed Rab8a is first pres-
ent on PI(4,5)P,-containing ruffles that close over into circular
macropinosomes that then lose PI(4,5)P, during scission from
the plasma membrane (Fig. 3A). Rab8a is retained on mem-
branes as they acquire PI(3,4,5)P,, peaking in intensity along-
side Akt-PH-GFP in early macropinosomes (Fig. 3B). Finally,
Rab8a labeling dissociates as the membranes accumulate early
endosome-associated PI(3)P, which is recognized by 2xFYVE-
mCherry on more mature macropinosomes (Fig. 3C), and
Rabb5a, which is responsible for the production of PI(3)P (Fig.
2C). These results are consistent with the enrichment of Rab8a
in newly forming signaling macropinosomes. Live-cell imaging
of full-length GFP-Akt additionally designates these early dor-
sal ruffles and macropinosomes as the site of Akt recruitment to
macropinosomes (supplemental Fig. S2). The results obtained
with the Akt-PH probe (Fig. 3B) and full-length proteins (sup-
plemental Fig. S2) thus indicate that Rab8a is enriched at sig-
naling domains along with PI(3,4,5)P5 and Akt.

Rab8a and Akt enrichment in early macropinosomes is rele-
vant to this compartment as a locale for TLR-driven PI3K sig-
naling. Accordingly, Rab8a colocalizes both with Mal on ruffles
and newly forming macropinosomes in addition to the TLR
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FIGURE 1. Activated Rab8 recruits class IB PI3Ky in response to multiple TLR stimuli. A, schematic of the Rab8 activation assay. GST-OCRL-RBD, via its RBD,
specifically pulls down GTP-loaded Rab8. B,immunoblots of active Rab8 (GTP-Rab8) with various levels of GTP in RAW 264.7 macrophages. C,immunoblots of
active Rab8 (GTP-Rab8) in LPS, poly(l:C), CpG-activated RAW 264.7 macrophages. The level of Rab8 activation is quantified based on the ratio of active Rab8
relative to total Rab8 by using densitometry. D, GFP-Rab8a was stably expressed in RAW264.7 macrophages. Cells were treated with LPS, CpG, or poly(I:C) or not
treated, and the GFP antibody was used for immunoprecipitation (/P). Each experiment (B-D) was performed three times, and the gels are representative. IB,

immunoblot.

adaptor for endosomal signaling, TRAM (Fig. 3, D and E).
Therefore, Rab8a is on membranes that are positioned to sup-
port signaling from TLRs 4, 3, and 9, which act at both the cell
surface and/or only in endosomes (20).

Rab8a Modulates TLR Signaling from Macropinosomes—To
further explore roles for Rab8a in TLR signaling, we developed
CRISPR/Cas9-mediated Rab8a knockout cell lines from RAW
264.7 cells. Instead of isolation and expansion of clonal popu-
lations with insertion or deletion (INDEL) mutations, we used
homologous recombination to disrupt the first intron of Rab8a
using a neomycin expression cassette (supplemental Fig. S1).
This is of particular importance in maintaining a large hetero-
geneous population of cells in the RAW 264.7 cell line. After
selection, Rab8a protein expression was undetectable in KO
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cells, whereas expression of Rab8b was unaffected (supplemen-
tal Fig. S1D).

Using these Rab8a CRISPR KO cell lines, Akt phosphoryla-
tion was assessed over a time course in cells treated with LPS,
CpG, or poly(L:C) (Fig. 4A). Representative gels and densitom-
etry analysis revealed that, at early time points, there is a >50%
decrease in the phosphorylation of Akt in response to all three
agonists compared with controls. This early defect in Akt phos-
phorylation is recovered at later time points in Rab8a KO cells.
The decrease in p-Akt levels was the major pathway affected by
Rab8a depletion compared with the more subtle decrease in
phosphorylation of Erk1/2 observed after activation of TLR4, 3,
and 9 (Fig. 44 and supplemental Fig. S3A). Thus, loss of Rab8a
impairs TLR4, 3, and 9-mediated activation of Akt.
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FIGURE 2. Rab8a is localized to TLR signaling domains on ruffles and macropinosomes. A, live-cell imaging of RAW 264.7 macrophages transiently
transfected with td-Tomato-Rab8a and treated with 100 ng/ml LPS. Left panel, the presence of Rab8a on peripheral ruffles. Right panel, the collapsed ruffle
enriched in Rab8-positive macropinosome-like structures. B, RAW 264.7 macrophages transfected with GFP-Rab8a were pulsed with Alexa 647 dextran for 10
min. Fixed cells were co-labeled with Texas Red-WGA to label the cell surface. GFP-Rab8a can be found co-localized with dextran-positive macropinosomes. C,
live-cell imaging of cells transfected with GFP-Rab8a and mCherry-Rab5a. Cells were treated with 100 ng/ml LPS and imaged over a time course. Tracking
shows a Rab8a-enriched macropinosome converting to Rab5a as Rab8a is lost. D, RAW 264.7 macrophages transfected with tdTomato-Rab8a and Vamp3-GFP
were loaded with Tfn-647 for 10 min and chased for 10 min at 37 degrees. j, line scan (direction of arrow) analysis of surface ruffle and macropinosome. ii, line

scan analysis of recycling endosomes. Scale bars = 10 um.

To address the possibility of off-target effects, Rab8a recov-
ery cell lines were generated by stably expressing exogenous
V5-tagged Rab8a to restore Rab8a expression in the CRISPR/
Cas9 Rab8a KO cells to almost wild-type levels (supplemental
Fig. S3B, exo-Rab8). As matched controls, V5-empty vector was
used in both control and KO cells. Re-expression of Rab8a in all
cases restored TLR-inducible Akt activation (Fig. 4B), further
supporting the conclusion that Rab8a positively regulates Akt
signaling downstream of TLR4, 3, and 9.

The Effector PI3Ky Is Required for TLR-induced Akt/mTOR
Signaling and Regulation of Cytokine Responses—Having shown
previously that PI3K<y is the Rab8a effector that modulates
Akt/mTOR signaling in response to LPS/TLR4 (9), we next
used BMMs from pl10y catalytic subunit knock-out mice
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(PI3Ky /) to compare TLR-mediated signaling events. Phos-
pho-Akt levels are markedly decreased in PI3Ky /'~ BMMs
after challenge with LPS, as identified previously (9). Represent-
ative densitometry analysis of Akt phosphorylation in macro-
phages stimulated with poly(:C) or CpG reveal that this
response is reduced at early time points (Fig. 5, A and B), reflect-
ing the result obtained after depletion of Rab8a. The down-
stream influence of this delay in Akt phosphorylation in
PI3Ky /= BMMs was assessed by phosphorylation analysis of
the Akt substrate PRAS40, mTOR, and one of its substrates,
p70S6K. Overall, delayed or reduced Akt phosphorylation
results in reduced levels of PRAS40 across all TLR pathways
(Fig. 5A). Other responses show some divergence between TLR
pathways. Phosphorylation of mTOR and its substrate p70S6K
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FIGURE 3. Rab8a colocalizes with PI(3,4,5)P during macropinosome formation. A and B, live-cell imaging of RAW 264.7 cells co-expressing full-length
tdTomato-Rab8a, and PH-PLC3-GFP (A) or Akt-PH-GFP (B) was used to assess the enrichment of PI(4,5)P, or PI(3,4,5)P; in Rab8a-positive macropinosomes. C,
RAW264.7 cells cotransfected with full-length GFP-Rab8a and 2xFYVE-mCherry were used to examine the enrichment of PI(3)P in Rab8a-positive macropi-
nosomes. D, image of RAW264.7 macrophages transfected with Mal-Cerulean and tdTomato-Rab8a showing the co-localization at macropinosomes. E,image

of RAW264.7 macrophages transfected with TRAM-GFP and tdTomato-Rab8a showing the co-localization at macropinosomes. Arbitrary unit (A.U.) =

age of maximum fluorescence intensity. Scale bars = 10 um.

are decreased after LPS and poly(I:C) stimulation but not
in CpG-stimulated cells. Interestingly, this is reflected in
decreased phosphorylation of the CREB transcription factor by
LPS and poly(I:C), which is indirectly downstream of p70S6K
(21). PI3Ky /= BMMs showed only a very modest enhance-
ment of LPS-induced p65 phosphorylation at 15 min post-stim-
ulation, suggesting that NF-«B activation is not a major target
of this kinase downstream of TLR engagement. Finally, in
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percent-

PI3Ky /~ BMMs, there is a modest increase in TLR-inducible
Erk1/2 phosphorylation compared with wild-type cells (Fig. 54
and supplemental Fig. S44). Based on these results, we con-
clude that Rab8a-recruited PI3Ky contributes to Akt signaling
downstream of not only TLR4 but also of TLR3 and 9. More-
over, this signaling module appears to be particularly important
for mTOR activation downstream of TLR4 and 3 in comparison
with TLRO.
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We reported previously that loss of PI3Ky impaired neither
LPS-induced macropinocytosis nor the internalization of TLR4
itself (9). Here we show that Rab8a-deficient and PI3Ky /™
macrophages exhibit comparable levels of dextran loading
compared with control cells (supplemental Fig. S5). Therefore,
although Rab8a and PI3Ky are recruited to membranes under-
going macropinocytosis, they do not influence this process per
se but, rather, contribute specifically to enhancing the signaling
environment of the membrane subdomains, which results in
enhanced phosphorylation of Akt from macropinosomes.

TLR signaling directs transcriptional programs of inflamma-
tory and regulatory cytokines. In PI3Ky~/~ BMMs, LPS stim-
ulation results in increased secretion of proinflammatory IL-6
and IL-12p40 and reduced secretion of the regulatory cytokine
IL-10 (Fig. 5C). CpG stimulation revealed similar patterns for
the proinflammatory response; however, there are no differ-
ences in IL-10 secretion between PI3Ky '~ and WT macro-
phages (Fig. 5C). In contrast, in response to poly(I:C) stimula-
tion, IL-12p40 secretion was similar in PI3Ky /~ and WT
macrophages, whereas IL-10 secretion was markedly reduced
(Fig. 5C). IL-6 secretion in response to poly(I:C) was not detect-
able under these experimental conditions. Thus, altered signal-
ingin PI3Ky /" cells changes cytokine outputs from the endo-
somal TLRs but with variable effects on the inflammatory

4416 JOURNAL OF BIOLOGICAL CHEMISTRY

response. Therefore, Rab8a-recruited PI3Ky is required for
Akt/mTOR signaling and inflammatory cytokine responses
generated by both plasma membrane-initiated TLR4 as well
as endosomal TLR3 and 9. This highlights the early macropi-
nosome and the associated Rab8a-PI3Ky complex as major
functional components that dictate the cytokine program initi-
ated during TLR activation.

PI3K+y Attenuates TLR-driven Proinflammatory Cytokine
Responses in Human Macrophages—As PI3Ks are known to
have both enzymatic and scaffolding functions in vivo (22), we
inhibited the function of PI3K'y using the +y-selective inhibitor
AS605240. As this inhibitor is only 7.5-fold more selective for
PI3Kvy than PI3Ke, we performed a titration of AS605240 in
BMMs derived from PI3Ky /™ mice that were stimulated with
CSE-1. The results from the AS605240 titration experiment
show that the optimal concentration for the inhibitor is 1 um,
whereas, at higher concentrations of 10 and 20 M, the inhibitor
showed significant off-target effects (supplemental Fig. S4B).
Next, we examined the phosphorylation of Akt in response to
LPS and CpG in both mouse macrophages and in human mono-
cyte-derived macrophages (HMDMs) (Fig. 6, A-D). In keeping
with the effects of genetic ablation of PI3Kvy, pharmacologic inhi-
bition decreases the phosphorylation of Akt in response to LPS
and CpG in both mouse and human cells. This supports an active
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FIGURE 5. PI3Ky regulates TLR-mediated endosomal signaling and cytokines in macrophages. A, BMMs derived from WT and PI3Ky~

/= animals were

subjected to a 60-min time course of LPS or a 120-min time course of poly(l:C) and CpG. Cell extracts were analyzed for PI3Ky, Akt, Erk1/2, mTOR, p70SékK,
PRAS40, CREB, and p65 phosphorylation and GAPDH. B, quantification of the phosphorylation of Akt and total GAPDH was performed by densitometry analysis.
The graphs indicate representative quantification of p-Akt relative to GAPDH for each time course. C, cytokine concentrations in medium were measured by
ELISA after LPS, poly(l:C), or CpG treatment. Each data point is the mean = S.D. (n = 5). Statistical analyses were performed using two-way ANOVA with Sidak's
post-test for multiple comparisons (¥, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).

kinase function for PI3Kyin modulating Akt signaling in macropi-
nosomes during TLR-induced activation of macrophages.

We also examined the downstream cytokine responses to
LPS in human cells using both primary HMDMs (Fig. 6) and a
human cell line (supplemental Fig. S4C) to monitor regulated
gene expression. Inhibition of PI3Ky with AS605240 results in a
significant increase in mRNA expression of the proinflamma-
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tory cytokines IL-6 and IL-12p40 in response to LPS compared
with cells treated with DMSO (Fig. 6E). In contrast, mRNA
levels of IL-10 are significantly suppressed in AS605240-treated
cells at every time point analyzed. This supports our previous
findings in mouse macrophages, thus demonstrating that
PI3Kvy inhibition works equivalently in murine and human
macrophages to affect the acute inflammatory response.
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FIGURE 6. Pharmacological inhibition of PI3Ky and TLR responses in both human and mouse macrophages. A and B, RAW 264.7 cells were treated with
either vehicle (DMSO) or 1 um AS605240 for 30 min before addition of (A) LPS or (B) CpG over a 60- or 90-min time course, respectively. Cell extracts were
analyzed for phosphorylation of Akt and Erk1/2 compared with GAPDH as a control. C and D, HMDMs were treated with either vehicle (DMSO) or 1 um of
AS605240 for 30 min before addition of (C) LPS or (D) CpG over a 60- or 90-min time course, respectively. Cell extracts were analyzed for phosphorylation of Akt
and Erk1/2 compared with GAPDH as a control. Quantification of representative (n = 3 each) p-Akt levels for each blot is shown. E, transcriptional responses
were analyzed by quantitative RT-PCR in both control (DMSO) or AS605240-treated HMIDMs subjected to a 6-h LPS time course. Graphs represent mean *+ S.D.
(n = 4 each). Profiles were analyzed by two-way ANOVA, and the significance of individual time points was measured by Sidak post-test for multiple

comparisons.

Discussion

Signaling pathways downstream of activated TLRs in macro-
phages are necessarily complex to elicit responses to a range of
pathogens. This includes triggering varied transcriptional pro-
grams that shape the profile of secreted inflammatory cyto-
kines. We previously introduced the multifunctional GTPase
Rab8a, with PI3Ky as its effector, as a signaling platform that
regulates Akt/mTOR activation downstream of LPS-acti-
vated TLR4 to constrain inflammatory responses (9). Here,
by exploring additional pathogen-associated molecular pat-
terns (PAMPs) and their cognate TLR receptors, we reveal that
Rab8a-PI3KYy also serves to moderate downstream Akt signal-
ing and cytokine profiles for TLR3 and 9. Notably, this includes
regulation of signaling and cytokine responses elicited from
endosomal locales. Our data pinpoint the site of action for
Rab8a recruited PI3Ky to early macropinosomes. Mechanisti-
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cally, our findings suggest that PI3Kvy contributes to formation
of PI(3,4,5)P;, for attraction of signaling kinases, including Akt,
in macropinosomes for the modulation of cytokine output.
The Rab8a localization we show in activated macrophages is
commensurate with its presence on membranes at cell surfaces,
at leading edges and on membrane vesicles, and from the sur-
face (23, 24). Within this distribution, we show a specific and
dramatic recruitment of Rab8a first to dorsal ruffles on the sur-
face of LPS-activated macrophages, along with adaptors of the
surface TLR4 complex. Rab8a remains on these highly dynamic
dorsal ruffle membranes as they collapse and form macropi-
nosomes, where Rab8a is enriched along with the signaling
phosphoinositide PI(3,4,5)P;. It should be noted that additional
PI3K isoforms are recruited for macropinosome closure (11),
and neither loss of PI3Kvy (Ref. 9 and supplemental Fig. S5) nor
Rab8a (supplemental Fig. S5) affects macropinocytosis itself.
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Therefore, Rab8a recruits its effector PI3K+y to signaling-com-
petent membranes that transition between the cell surface and
macropinosome.

The molecular mechanism of PI3K activation by TLRs and
their adaptors is poorly understood. So far, only class 1A PI3Ks
have been described in this context. A pioneering study by
Arbibe et al. (25) suggested that YXXM motifs in TLRs are
necessary for the recruitment of class IA PI3K, via the p85 reg-
ulatory subunit, to the signaling complex. Another study sug-
gests that the TLR signaling adapter MAL links TLR2 signaling
to PI3K activation (26). We showed previously that, although
TLR4 results in the activation of Rab8a and the recruitment of
PI3K, neither this GTPase nor the kinase bind directly to the
TLR4 complex (9). As an independent unit, Rab8a and its class
IB effector, PI3Ky, are potentially available to be recruited by
other receptors. Mechanistically, this explains how Rab8a-
PI3Kvy, as an independent regulatory unit, is available to be
recruited for multiple TLR pathways where this complex func-
tions to modulate or customize Akt signaling. Ultimately, the
method for recruiting PI3K+y to membranes via a Rab GTPase
instead of its traditional Ras partner and the Gy subunit of an
activated G protein-coupled receptor complex (13) will have to
be elucidated.

TLR signaling pathways use complex series of kinases and
substrates to drive transcription of pro- and anti-inflammatory
cytokines (27). Rab8a and PI3K depletion show consistent
changes in activation of Akt and its substrate across all three
TLR pathways examined. This and previous studies (9, 28)
show that the LPS/TLR4 pathway drives an Akt/mTOR axis
that can bias cytokines toward a less inflammatory profile. Our
comparison of three TLR pathways here reveals that mTOR
signaling is activated by LPS and poly(I:C) but not significantly
by CpG. Accordingly, activation of CREB (21, 29) in the TLR4
and 3 pathways might contribute to the anti-inflammatory
cytokine output influenced by PI3Ky, but additional transcrip-
tional control must be invoked in the TLR9 response. Detailed
links between PI3Ky-mediated signaling and transcription,
downstream of TLRs, have yet to be elucidated.

TLR signaling also depends on the selective use of different
adaptor combinations by different TLRs. Rab8a and PI3Ky are
downstream of TLR4, which transits between cell surface (ruf-
fle) complexes with MyD88-MAL to an endosomal complex
with TRIF-TRAM. Rab8a and PI3Ky are also invoked by endo-
somal complexes of TLR3 (TRIF-TRAM-dependent) and TLR9
(MyD88-dependent). We show that Rab8a is on membranes,
where it overlaps with Mal (on surface ruffles), and in macropi-
nosomes, where it overlaps with TRAM. The patterns of cyto-
kine responses altered by Rab8a-PI3Kvy suggest that this regu-
latory complex can influence the cytokine profile elicited from
both sets of adaptors. There are some differences in the impact on
specific cytokines, and the molecular mechanisms underlying
these remain to be determined. Our data in Fig. 5C support a
model in which PI3Ky negatively regulates IL-6 and Il-12p40 in
MyD88-dependent signaling (LPS, CpG), whereas it positively
regulates IL-10 in the TRIF pathway (LPS, poly(I:C)). Both the
localization and functional outputs of Rab8a-PI3Ky are consistent
with this complex being downstream of both MyD88-Mal and
TRIF-TRAM adaptors on the surface and in macropinosomes.
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PI3K+y has attracted interest as a potential drug target in can-
cer and other diseases (15, 30). PI3Ky-specific inhibitors are
currently undergoing clinical trials in patients with advanced
solid tumors, including non-small cell lung cancer and mela-
noma (31). Kaneda et al. (15) recently showed that inhibition
of PI3Ky reprograms macrophages and enhances anti-tumor
immune responses by releasing pro-inflammatory cytokines
that activate cytotoxic T cells. However, in the context of
bacterial and viral infections, our results suggest that PI3K+y
inhibition bears the risk of hyperinflammatory responses.
Further studies are needed to dissect the role of PI3Ky and
the clinical consequences of inhibitory targeting of PI3Ky
during infections.

Experimental Procedures

Antibodies and Reagents—Primary antibodies recognizing
PI3Kvy (4252), phospho-mTOR (5536), phospho p65 (3033),
phospho-CREB (9198), phospho-PRAS40 (2997), phospho-p70
S6 kinase (Thr-389, 9234), phospho-Akt (Ser-473, 4962), phos-
pho-Erk1/2 (4370), and GAPDH (5174) were purchased from
Cell Signaling Technology (Beverly, MA). Mouse anti-Rab8
(610845) was purchased from BD Transduction Laboratories
(Lexington, KY). Anti-GFP antibody (A6455) was purchased
from Life Tech Australia (Scoresby, VIC, Australia). GST anti-
body (71-7500) was purchased from Invitrogen. Alexa Fluor
488/594-conjugated (A21208) and 647-conjugated (A31573)
secondary antibodies, 10,000 molecular weight Alexa Fluor
647-dextran 70,000 molecular weight Oregon Green-dextran,
and Texas Red-WGA were purchased from Molecular Probes
(Invitrogen). HRP-conjugated goat anti-mouse and anti-rabbit
antibodies (81-6520) were obtained from Zymed Laboratories
Inc. (San Francisco, CA). LPS, purified from Salmonella
enterica serotype Minnesota Re 595, was purchased from Sig-
ma-Aldrich (Castle Hill, NSW, Australia). The CpG-containing
oligonucleotide ODN-1688 (5'-tccatgacgttcctgatgcet-3’, where
all nucleotides are phosphorothioate-modified) was purchased
from Genscript. The synthetic double-stranded RNA poly(I:C)
was purchased from Integrated Sciences (Chatswood, NSW,
Australia). LPS, poly(I1:C), and CpG DNA were used at 10-100
ng/ml, 10 pg/ml, and 0.3 uMm, respectively, unless otherwise
stated. AS605240 was purchased from Sigma-Aldrich. All other
chemicals and reagents were from Sigma-Aldrich. Gibson
Assembly® Master Mix was from New England Biolabs (E2611,
Ipswich, MA). The GeneArt® genomic cleavage detection kit
(A24372) was from Invitrogen (Thermo Fisher Scientific).

Plasmid and Constructs—Rab8a was subcloned into pEGFP-
C1, pm-Cherry-C1, and ptd-Tomato-C1, which had been gen-
erated from pCMV-tdTomato (Clontech, Clayton, VIC, Aus-
tralia). Constructs containing Akt-PH-GFP, PH-PLC3-GFP,
and 2xFYVE-mCherry were kindly provided by Frederic
Meunier (University of Queensland). Mal-Cerulean was a gift
from Nicholas J. Gay (University of Cambridge). Full-length
TRAM was cloned from RAW 264.7 cDNA into the Clontech
vector pEGFP-N1 using the BamHI and HindIII restriction
sites and the following primers: forward, 5'-AATTGGATCC
CGGGCAATGAACTGTTTCTG-3'; reverse, 5'-AATTAAG-
CTTATGGGTGTTGGGAAGTCT-3'. pSpCas9n(BB)-2A-GFP
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(PX461) was from Feng Zhang (Addgene plasmid 48140).
Human OCRL (residues 539 —901) was cloned into pGEX-6p-1.

Rab8 Activation Assay—The Rab8 activation assay utilizes a
GST fusion protein of the Ras-binding domain (RBD) of OCRL
(amino acids 539 -901) along with glutathione-Sepharose resin
to specifically pull down active GTP-loaded Rab8 detected with
an anti-Rab8 antibody for Western blotting. Briefly, cells were
lysed in lysis buffer (20 mm Tris (pH 7.4), 150 mm NaCl, 1%
Nonidet P-40 (Sigma), 5 mm MgCl,, and EDTA-free cOmplete
protease inhibitors (Roche Applied Science)). GST-OCRL-
RBD-Sepharose beads were incubated with cell lysate for 1 h
at 4 °C with agitation. MicroSpin columns (27-3565-01, GE
Healthcare) were used for all of the pulldowns. Beads were
washed with ice-cold lysis buffer (above), and elution was
achieved conventionally by boiling in 2X SDS-PAGE sample
buffer for 5 min. The samples were subjected to immunoblots.

Immunoprecipitation and Immunoblot—Immunoprecipita-
tion and immunoblots were performed as described previously
(32). Briefly, cells were lysed by passage through successively
smaller needles in lysis buffer (above), which also contained
phospho-Stop tablets (Roche Applied Science). After centrifu-
gation at 14,000 X g for 15 min, the supernatant was collected
and used as input. For immunoprecipitations, cell lysates were
incubated with GFP Nanotrap for 1 h at 4 °C. Beads were then
washed with excess lysis buffer, and bound proteins were solu-
bilized in SDS-PAGE sample buffer. Proteins were separated by
10% SDS-PAGE and analyzed by immunoblotting. For time
course analysis, Pierce BCA protein assay kits (23225) were
used to quantify total protein in cell lysates according to the
instructions of the manufacturer.

Generation of Rab8a CRISPR/Cas9-mediated KO in RAW
264.7 Macrophages—The first exon of Rab8a, which contains
the translation start site and downstream coding sequence, was
chosen to design two parallel CRISPRs that would “nick” the 5’
and 3’ strand to generate a specific double-stranded break (sup-
plemental Fig. S1A). Primer pairs were cloned into the px461
vector developed by Feng Zhang (33): px461-1, 5'-CACCGCA-
GCTTGAACAGGTAATCGT-3' (forward) and 5'-AAACAC-
GATTACCTGTTCAAGCTGC-3' (reverse); px461-25'-CAC-
CGTGATCGGG GACTCGGGGGTA-3’ (forward) and 5'-
AAACTACCCC CGAGTCCCCGATCAC-3' (reverse). For
cleavage analysis, RAW 264.7 macrophages were transfected
using the Lonza AMAXA nucleofection system (nucleofector
kit V-VCA-1003) and the D032 program. Cells were transfected
with the following modification from the instructions of the
manufacturer. For each nucleofection, 5 X 10° cells were trans-
fected with either 2.5 pg of individual px461-1 or px461-2
plasmids as controls or co-transfected with both plasmids. Each
transfection contained 2 ug of empty neomycin plasmid, and
cells were selected for 3 days before being harvested for cleav-
age analysis with the GeneArt® genomic cleavage detection kit,
which utilizes two primers (supplemental Fig. S1B, red) flank-
ing the CRISPR cut site (forward, 5'-AGATGTGACCACACC-
CATCG-3’; reverse, 5'-ACAAAGCACCCATCACGAGT-3')
that are predicted to generate an 877-bp amplicon (Fig. 1C). For
generation of the Rab8a donor vector for gene disruption, two
genomic arms flanking the left and right CRISPR cut sites were
cloned from RAW 264.7 genomic DNA. A nearly 2-kb left
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homology arm was PCR-amplified using 5'-TCGAGATTTAAT-
TAAGA TACGCGTGACGATTTTGGGCCAGAGAGAGC-
ACGAGG-3' (forward) and 5'-GAATAGGAACTTCGGTA-
AAGCTTATCCGATGCGAAAGCGGCGCAGAG (reverse).
The 1.4-kb right homology arm was PCR-amplified using 5'-
CGGTATATATATATATATGTCGACATGGTTATCGAC-
TCAGGATCCACTCGGGC-3' (forward) and 5'-AGATCTG-
CGATCGCAATCAATTGCTGGTTACCCTCTGCTTCCT-
CCAGACTGA-3' (reverse). Each primer contained 30 bp of
extended sequence, which allows for GIBSON assembly of the
donor vector that overlaps with the neomycin selection plasmid
containing diphtheria toxin A as a negative selection cassette
for random integration events (supplemental Fig. S1C). To gen-
erate stable cell lines with disruption of Rab8a, px461-1 and
px461-2 were co-transfected along with the donor vector for ho-
mologous recombination. 24 h post-transfection, cells were
selected with 0.1 ug/ul G418 for 5 days for mixed colony expan-
sion and testing for Rab8a KO by Western blotting (supplemen-
tal Fig. S1D).

Ethics Statement—All procedures involving animals were
approved by an Animal Ethics Committee of The University of
Queensland (approval no. IMB/026/15/NHMRC/ARC (NF)).
All experiments using primary human cells were approved by
the Medical Research Ethics Committee of the University of
Queensland (approval no. 2013001519).

Primary Cells and Cell Lines—The mouse macrophage cell
line RAW 264.7 was sourced from the ATCC. RAW 264.7
macrophages were cultured in RPMI 1640 medium (Lonza)
supplemented with 10% heat-inactivated FCS (Thermo Fisher
Scientific) and 2 mMm L-glutamine (Invitrogen) at 37 °C in
humidified 5% CO,. THP-1 cells were maintained in RPMI
1640 supplemented medium with added 1 mm sodium pyruvate
and 10 mm HEPES. THP-1 cells were differentiated into mac-
rophage-like cells by culture for 72 h in normal THP-1 medium
containing 30 ng/ml phorbol 12-myristate 13-acetate (Sigma
Aldrich). After differentiation, cells were replaced in normal
medium without phorbol 12-myristate 13-acetate and used
thereafter. Mice deficient in the pl1107y catalytic subunit
(pik3cg2/2, PI3Ky '7) have been described previously (34).
Age-matched (12-16 weeks) and sex-matched C57BL/6 mice
were used as controls. Primary mouse bone marrow-derived
macrophages (BMMs) were obtained by ex vivo differentia-
tion of femur-derived bone marrow cells for 7 days in RPMI
medium supplemented with 10% fetal bovine serum, 20
units/ml penicillin, 20 ug/ml streptomycin, and 100 ng/ml
purified recombinant macrophage colony-stimulating factor 1
(CSE-1) (35, 36). HMDMs were prepared from CD14" mono-
cytes isolated from buffy coats supplied by the Australian Red
Cross Blood Service. Monocytes were differentiated into
HMDMs by culturing cells with 1 X 10* units/ml CSF-1 for 6
days as described previously (37).

Immunofluorescence and Microscopy—Immunofluorescence
staining was performed as described previously (38). For live-
cell experiments, RAW 264.7 macrophages were cultured on
glass-bottom 35-mm dishes (MatTek). Live-cell imaging was
captured using the Zeiss spinning disk confocal system (Zeiss
Axiovert 200 with a CSU-X1 scanhead), a Plan Apochromatic
X60/1.40 oil lens, and dual 512 X 512 cameras. Fixed cells were
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imaged using a Personal DeltaVision Olympus IX71 inverted
wide-field deconvolution microscope equipped with Olympus
U-Apochromat X40/1.35 oil and a Plan-Apochromat X60/1.42
oil lens and a 120-W xenon arc lamp. Images were captured
using a Roper Coolsnap HQ2 monochrome camera.

Dextran Uptake Assays—RAW 264.7 macrophages were
incubated with or without LPS for 30 min. Oregon Green-con-
jugated dextran (70,000 molecular weight) was then added to
the cells at a final concentration of 50 wg/ml in complete
medium for 10 min. Macropinocytosis was stopped by washing
cells in 4 °C PBS before fixing in 4% paraformaldehyde. Texas
Red-WGA and DAPI were used post-fixation to stain the cell sur-
face and nuclei, respectively. Cells were imaged using an Olympus
BX51 upright microscope and a Plan Apochromatic 20 X 0.75 dry
objective.

Enzyme-linked Immunosorbent Assays and Quantitative
Real-Time PCR—ELISAs were performed to quantify levels of
IL-6, IL-12p40, and IL-10 secreted from BMMs. 96-well Max-
isorp plates (Thermo Scientific) were coated with 50 ul of pri-
mary antibody in 0.1 M sodium bicarbonate at pH 9.6 overnight
at 4 °C. Plates were then washed with PBST (PBS/0.05% Tween
20), blocked with 200 wl of blocking buffer (10% FCS in PBS) for
2 h at 37 °C, and then incubated with 100 ul of standards or
samples overnight at 4 °C. Plates were again washed with PBST,
treated with 50 ul of secondary antibody made up in blocking
buffer for 1 h at 37 °C, and washed with PBST. 100 ul of extra-
vidin-peroxidase (1:1000) was added, and then samples were
incubated for 20 —-30 min at 37 °C. Peroxidase activity was mea-
sured colorimetrically by adding 50 ul of tetramethylbenzidine
substrate (Sigma-Aldrich), and the reaction was stopped by
addition of 50 ul of 2 M H,SO,. The absorbance was read at 450
nm using a Powerwave XS plate reader, and the sample concen-
trations were calculated. Quantitative RT-PCR was performed
as described previously (9). Briefly, RNA was extracted and iso-
lated using TRIzol® (Thermo Fisher Scientific, Australia), as
per the manufacturer’s instructions. cDNA was synthesized by
reverse transcription using 1 g of total RNA per sample using
the SuperScript™ III First-Strand Synthesis System (Invitro-
gen). All primers used are listed as follows: HPRT 5'-TCAG-
GCAGTATAATCCAAAGATGGT-3' (forward) and 5'-
AGTCTGGCTTATATCCAACACTTCG-3' (reverse); IL-6
5'-CTCAGCCCTGAGAAAGGAGACAT-3’ (forward) and 5'-
TCAGCCATCTTTGGAAGGTTCA-3' (reverse); IL-12p40
5'-GGAGACCATCAAGGAAGACATGA-3' (forward) and
5'-GACTCCCGTGCAGTCATCC-3’ (reverse); and IL-10 5'-
CGAAGGCCAACATCAATGTGG-3" (forward) and 5'-
TCCGGTGTGATTTTGACTCCC-3' (reverse).

Image Analysis Software—Imaging analyses of all data
were performed using Image] software (version 1.43,
National Institutes of Health). Adobe Photoshop CS6 was
used to crop regions of interest.

Statistics—Unless otherwise stated, data are presented as
arithmetic means = S.D. For quantitative RT-PCR, time
courses were analyzed by two-way ANOVA, and individual
time points were analyzed by correcting for multiple compari-
sons using Sidak’s post-test method. All analyzed experiments
used biological replicates to compute statistical significance. In
all statistical analyses, p < 0.05 was considered statistically sig-
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nificant. Statistics were calculated using GraphPad Prism ver-
sion 7.0 (GraphPad Software, San Diego, CA).
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