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SUMMARY

In obese adipose tissue, Toll-like receptor signaling in macrophages leads to insulin resistance in
adipocytes. Similarly, Toll signaling in the Drosophila larval fat body blocks insulin-dependent
growth and nutrient storage. We find that Toll acts cell autonomously to block growth but not
P1(3,4,5)P3 production in fat body cells expressing constitutively active PI3K. Fat body Toll
signaling blocks whole-animal growth in rictor mutants lacking TORC2 activity, but not in larvae
lacking Pdkl. Phosphorylation of Akt on the Pdk1 site, Thr342, is significantly reduced by Toll
signaling, and expression of mutant Akt"342D rescues cell and animal growth, nutrient storage, and
viability in animals with active Toll signaling. Altogether, these data show that innate immune
signaling blocks insulin signaling at a more distal level than previously appreciated, and they
suggest that manipulations affecting the Pdk1 arm of the pathway may have profound effects on
insulin sensitivity in inflamed tissues.

In Brief

Innate immune signaling through Toll family receptors induces insulin resistance. Roth et al. find
that phosphorylation of Akt by Pdk1 is inhibited by Toll signaling in the Drosophila larval fat
body. Toll-dependent impairments in fat body cell growth, nutrient storage, and peripheral growth
are rescued by mimicking Akt activation loop phosphorylation.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
gorrespondence: mlb2eg@virginia.edu.
Present address: Internal Medicine Research Unit, Pfizer, Inc., Cambridge, MA 02139, USA
4Lead Contact
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures, four figures, and one table and can be found with this
article online at https://doi.org/10.1016/j.celrep.2018.02.033.
DECLARATION OF INTERESTS
M.J.B. is a full-time employee of Pfizer, Inc.

AUTHOR CONTRIBUTIONS
Conceptualization, M.J.B. and M.L.B.; Methodology, M.L.B.; Investigation, S.W.R., M.D.B., and M.L.B.; Writing, M.L.B.; Funding
Acquisition, M.J.B. and M.L.B.


http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.celrep.2018.02.033

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Roth et al.

Page 2

Toll inactive Toll ACTIVE Toll ACTIVE
Akt ACTIVE Akt inactive Akt™® RESCUE

cell growth
triglycerides

cell growth
triglycerides

CELL-AUTONOMOUS: Akt activation in fat body

2 i

CELL-NONAUTONOMOUS: peripheral growth

INTRODUCTION

Throughout the animal kingdom, loss-of-function mutations in insulin signaling molecules
such as the kinase Akt disrupt cell, organ, and animal growth and derail glucose
homeostasis. In humans, insulin resistance and diabetes are rarely due to single-gene
mutations. Rather, obesity is a major risk factor for diabetes, and one characteristic of obese
adipose tissue is an increased number of macrophages (Weisberg et al., 2003; Xu et al.,
2003). Macrophages can account for up to 40% of cells in obese fat, and most monocytes
that infiltrate obese fat differentiate into macrophages that express proinflammatory
cytokines. Toll-like receptor 4 (TLR4) signaling in these cells drives secretion of cytokines
that interfere with insulin signaling in adipocytes (Lackey and Olefsky, 2016). Deletion of
T1r4 in macrophages and other bone marrow-derived cells or in hepatocytes or adipocytes
reduces insulin resistance in high-fat diet-fed mice (Jia et al., 2014; Saberi et al., 2009; Tao
etal., 2017), indicating that TLR4 expression is required in immune and metabolic tissues
for diet-induced insulin resistance.

How innate immune signaling promotes insulin resistance is unknown. In mammals,
inhibition of insulin signaling by cytokine and TLR signaling is associated with serine
phosphorylation of insulin receptor substrate (IRS) proteins by kinases such as JNK and
IKK (Boura-Halfon and Zick, 2009). Surprisingly, knockin mutations that prevent /rs1
serine phosphorylation lead to impaired rather than enhanced insulin sensitivity. This calls
into question the role of these sites in the mechanism of insulin resistance and suggests that
more distal steps of the pathway are subject to regulation (Copps et al., 2010, 2016; Hoehn
et al., 2008).

The highly conserved insulin and Toll signaling pathways operate in the same cells of the fat
body in the model organism Drosophila melanogaster. Insulin signaling in the fat body
promotes nutrient storage, fat body cell growth, and whole-animal growth (Arrese and
Soulages, 2010; Géminard et al., 2009). In response to infection, Toll signaling in the fat
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body drives secretion of antimicrobial peptides that kill invading microorganisms (Buchon et
al., 2014). In flies, as in mammals, the insulin signaling pathway and innate immune system
interact. Infection of adult flies with the bacterial pathogen Mycobacterium marinum leads
to progressive wasting and reduced Akt phosphorylation (Dionne et al., 2006). Reduced IRS
function in adult chico mutants improves survival in response to infection (Libert et al.,
2008). Activation of Toll signaling in the larval fat body, either genetically or by infection,
inhibits insulin signaling and whole-animal growth (DiAngelo et al., 2009). Here, we show
that Akt phosphorylation by Pdk1 is strongly inhibited in response to Toll pathway
activation in the Drosgphila larval fat body.

Toll Signaling Blocks Insulin Signaling in a Cell-Autonomous Manner

To identify the point of interaction between fat body Toll and insulin signaling pathways, we
carried out genetic epistasis experiments using Akt phosphorylation, cell and animal growth,
and triglyceride storage as readouts for insulin signaling. Following insulin receptor (InR)
activation, phosphatidylinositol 3-kinase (P13K) generates PI(3,4,5)P3, which recruits Pdk1,
mMTORC2, and Akt to the plasma membrane where Pdk1 and mTORC2 phosphorylate Akt
on Thr342 and Ser505 (T308 and S473 in mAkt1), respectively. Expression of constitutively
active Toll receptors (Toll1%0) in larval fat body under control of r4-GALA4 led to reduced
Akt S505 phosphorylation in this organ, in agreement with previous findings (Figure 1A)
(DiAngelo et al., 2009). Using an antibody that we generated to recognize Akt
phosphorylated on T342 (Figure S1A), we found that phosphorylation on this site was also
decreased in fat bodies expressing Toll1%, while total Akt levels were unchanged (Figure
1A). Larvae expressing GFP or Toll10 in fat body had equivalent hemolymph levels of
Drosophila insulin-like peptide 2 (Dilp2), an InR ligand secreted by insulin-producing cells
in the brain (Figure 1B) (Brogiolo et al., 2001), suggesting that Toll signaling induces
insulin resistance rather than insulin insufficiency. To test this, we asked whether Toll
signaling could disrupt insulin signaling in animals with elevated Dilp2. Transgenic
misexpression of Dilp2 in fat body led to increased Akt phosphorylation in whole larvae,
and this was blocked when Toll1% was co-expressed (Figure 1C). Similarly, fat body Toll
signaling blocked triglyceride storage in larvae misexpressing Dilp2 in fat body (Figure
S2A).

Because fat body Toll signaling blocked Akt activation in animals with normal or elevated
Dilp2 levels, we asked whether the Toll pathway acted cell autonomously to induce insulin
resistance. We generated mosaic fat bodies containing clones of cells expressing Toll10P
alone or with transgenes encoding active insulin signaling pathway components (Figure 1D).
Endoreplication in fat body cells leads to tandem increases in nuclear and cell size; we
therefore measured nuclear area as a proxy for cell growth (Britton et al., 2002). Nuclear
area was equivalent in GAL4", Cd2~ cells lacking UAS transgenes and their wild-type (WT)
GAL4~, Cd2* neighbors. In contrast, GAL4+, Cd2-cells expressing Toll1% were small with
significantly smaller nuclei than WT cells (Figures 1E and 1F). Expression of constitutively
active InRA1325D drove an increase in nuclear area, and this was blocked by co-expression of
Toll1% (Figures 1G and 1H). We noted that Toll signaling reduced whole-cell area in cells
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expressing INRA325D perhaps by blocking nutrient storage. Indeed, triglyceride levels were
reduced when Toll1%P was expressed alone or with INRA1325D (Figure S2B).

Expression of Toll1% throughout the fat body impairs whole-animal growth, and this is
rescued by co-expression of myristoylated Akt (myrAkt), a constitutively active Akt
transgene (DiAngelo et al., 2009). Fat body cells expressing myrAkt were large with large
nuclei. In contrast to results with INRA325D cells co-expressing Toll1% and myrAkt had
significantly larger nuclei than their WT neighbors (Figures 11 and 1J). Expression of myr-
Akt also rescued triglyceride storage in larvae with active Toll signaling (Figure S2C).
Together, these data show that Toll acts cell autonomously to block cell growth and
triglyceride storage downstream of InR and upstream of Akt.

Toll Acts Independently of TORC2 to Block Insulin Signaling

Clonal expression of Dp110CAAX 3 constitutively active PI3K catalytic subunit, produced
extremely large cells with massive nuclei. Toll1% co-expression blocked growth driven by
Dp110CAAX (Figure 2A). We saw robust recruitment of the P1(3,4,5)P3 reporter tGPH
(Britton et al., 2002) to the plasma membrane of cells expressing Dp110CAAX alone or with
Toll100, suggesting that the Toll pathway acts downstream of PI(3,4,5)P5 to block insulin
signaling (Figure 2B). Similarly, PI3K activation led to elevated Akt phospho-S505 signal in
cells expressing Dp110SAAX alone or with Toll1% compared with surrounding WT cells
(Figure 2C).

We formally tested whether mTORC2 mediates the ability of the Toll pathway to inhibit
insulin signaling by asking whether Toll1% could reduce growth and nutrient storage in
larvae lacking the essential MTORC2 component rictor. In Drosophila, null mutations in
rictor abolish mTORC2 activity, block Akt S505 phosphorylation, and lead to a minor
whole-animal growth defect (Hietakangas and Cohen, 2007; Lee and Chung, 2007). Akt
S505 phosphorylation was undetectable in lysates of larvae hemizygous for the null allele
rictor®? (Figure 2D). Nonetheless, fat body expression of Toll1% reduced triglyceride
storage (Figure 2E) and whole-animal growth (Figures 2F and 2G) in rictor? heterozygotes
and hemizygotes.

Toll Signaling Acts at or Downstream of Pdkl1 to Block Growth

Larvae homozygous for the strong hypomorphic Pakz433 allele (Cheng et al., 2011) lack
detectable phosphorylation of Akt T342 (Figure S1B) and weigh 60% less than
heterozygotes. Expression of Toll1%P in fat body reduced growth in Pak2433 heterozygotes,
but not homozygotes (Figures 3A and 3B). Fat bodies expressing Toll10° had elevated PdkI
MRNA levels compared with controls, a finding that was echoed for other insulin signaling
intermediates (Figure S3). Toll1%P expression had no effect on endogenous Pdk1 protein
levels in fat body (Figure 3C), as measured using a PdkZ allele with a C-terminal myc tag,
inserted using CRISPR/Cas9 (Figure S4).

The resistance of Pak1433 homozygotes to the growth-reducing effects of fat body Toll
signaling suggested that the Toll pathway targets Pdk1 to block insulin signaling. To test this
hypothesis, we asked whether elevated Pdk1 expression could rescue Toll10P-dependent
phenotypes. GAL4-driven expression of Pdk1 in fat body clones led to increased cell and
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nuclear size. However, as with the INRA1325D and Dp110CAAX transgenes, this growth
advantage was completely suppressed by co-expression of Toll10 (Figures 3D and 3E).
Animals expressing Toll1% throughout the fat body, with or without Pdk1 co-expression,
were smaller than controls (Figures 3F and 3G). Forced expression of Pdk1 drove Akt T342
phosphorylation relative to control fat bodies with no effect on phospho-S505 or total Akt
levels. Toll signaling considerably reduced Pdk1-driven T342 phosphorylation without
affecting Pdk1 trans-gene expression (Figure 3H).

Mimicking Akt Thr342 Phosphorylation Rescues Toll-Dependent Phenotypes

Toll signaling does not further reduce growth in PakI mutants, and yet elevated Pdk1 is
insufficient to rescue growth in animals expressing Toll1% in fat body. These results suggest
that Toll signaling may inhibit Pdk1 activity or activate an Akt T342 phosphatase.
Consequently, we asked whether expression of a phospho-mimicking T342D Akt mutant
would rescue Toll1%-dependent growth and nutrient storage phenotypes. Unlike INRA325D,
Dp110CAAX Pdk1, and myrAkt, AktT342D did not increase nuclear area when expressed in
fat body cells. However, AktT342D expression substantially rescued growth in fat body cells
co-expressing Toll1% (Figures 4A and 4B). Co-expression of Toll1% with AktT342D, but not
with WT Akt, rescued impaired triglyceride storage caused by innate immune signaling
(Figures 4C and 4D). Expression of the AktT342D trans-gene completely rescued the whole-
animal growth defect caused by fat body Toll signaling (Figures 4E and 4F). The majority of
flies that express Toll10 in fat body die just before eclosion. This reduced viability can be
rescued by loss of the Toll pathway transcription factor Dif or by expression of AktT342D,
but not by transgenes encoding WT, S505D, T342A, or S505A Akt (Figure 4G). Together,
these data suggest that the reduction in insulin signaling, growth, and nutrient storage in
cells with active Toll signaling is due to inhibition of Akt T342 phosphorylation.

DISCUSSION

Using a genetic approach, we show that Toll signaling acts in a cell-autonomous manner to
inhibit insulin signaling downstream of IRS/chico and PI3K. Constitutive PI3K activity
drives PI(3,4,5)P3 accumulation and mTORC2 activity in cells expressing Toll1%, but these
two signaling events are uncoupled from cell growth when the Toll pathway is active. Our
data indicate that Akt phosphorylation on the Pdk1 site, T342, is the critical step regulated
by Toll signaling. Our data fit the consensus in the literature that phosphorylation on the
activation loop (T342) rather than on the hydrophobic motif (S505) is the more critical step
for insulin signaling. First, we find that elevated Pdk1 expression robustly drives cell growth
and T342 phosphorylation without affecting S505 phosphorylation or total Akt levels.
Second, loss of rictorleads to minor growth defects compared with loss of PdkZ (this study;
Cheng et al., 2011; Hietakangas and Cohen, 2007; Lee and Chung, 2007). Third, loss of
mTORC2 components in mice blocks mAkt S473 phosphorylation, but this affects only a
subset of Akt targets (Guertin et al., 2006; Jacinto et al., 2006; Kumar et al., 2010). Finally,
mAkt T308 phosphorylation promotes full Akt activity via activation of mMTORC2 and
subsequent S473 phosphorylation (Yang et al., 2015).
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Toll signaling does not reduce Pdk1 or Akt levels, and future work will be required to
determine whether regulation of T342 phosphorylation occurs through impaired interaction
between Pdk1 and Akt, reduced Pdk1 activity, or increased phosphatase activity toward
T342 (Figure 4H). Mammalian Akt is subject to post-translational modifications that
regulate translocation to the plasma membrane and, consequently, interaction with Pdk1
(Risso et al., 2015). Pdk1 activity is regulated by subcellular localization, activating tyrosine
phosphorylation, and auto-phosphorylation that reduces homodimerization and increases
activity toward Akt (Calleja et al., 2014). The phosphatases PP2A and Phlpp
dephosphorylate mAkt1 (Gao et al., 2005; Kuo et al., 2008), but knockdown of Phlpp fails to
rescue growth in fat body cells expressing Toll*0P (data not shown).

Elevated Pdk1 expression drives Akt T342 phosphorylation, and Toll signaling impairs this,
albeit incompletely. Nonetheless, fat body Toll signaling blocks growth in animals co-
expressing the Pdk1 transgene, but not in those co-expressing AktT342D. Several possibilities
could account for these results. First, there may be discordance between experimentally
observable Akt phosphorylation and the activity of its growth-promoting substrates such that
maximal Akt activity, achieved in the absence of Toll signaling, is needed for InNRA1325D
Dp110CAAX ‘and Pdk1 transgenes to drive growth. Indeed, our results with these trans-genes
indicate a considerable reserve capacity for Akt activity and cell growth /n7 vivo. Second, the
Toll and insulin signaling pathways may operate in parallel to regulate a downstream target
critical for growth, and the AktT342D transgene may more efficiently correct downstream
signaling compared with the Pdk1 transgene. Third, fat bodies that co-express Pdk1 and
Toll1% might maintain relatively elevated Akt T342 phosphorylation because of the kinetics
of induction of negative regulators of Pdk1 and/or T342 phosphorylation. Future work will
be required to distinguish among these possibilities.

Toll signaling in the fat body acts not only cell autonomously to disrupt insulin signaling,
but also cell nonautonomously to reduce whole-animal growth. Hemolymph Dilp2 levels are
not changed by Toll signaling, suggesting that reduced whole-animal growth caused by fat
body Toll signaling may be due to peripheral insulin resistance and not impaired Dilp
secretion from insulin-producing cells. Similarly, in mice, loss of insulin signaling in
adipose tissue leads to insulin resistance in liver and muscle (Abel et al., 2001; Kumar et al.,
2010; Shearin et al., 2016; Softic et al., 2016). A major question arising from these studies
and ours is the following: what mechanisms communicate a reduction in insulin signaling in
one organ to the rest of the animal? Genetic screens in model organisms such as Drosophila
may pave the way for addressing this outstanding matter.

In conclusion, our findings demonstrate that Toll signaling disrupts insulin signaling
downstream of IRS, PI3K, and Pdk1 by interfering with Akt phosphorylation on its
activation loop site. Our results echo findings in mammalian cells that many treatments that
provoke insulin resistance do so independently of IRS and through a variety of mechanisms
(Hoehn et al., 2008). Furthermore, our results define the point in the insulin signaling
pathway that is blocked by Toll signaling and provide a genetic model with robust
phenotypes that can be used to identify the cell-autonomous and cell-nonautonomous
mechanisms employed by the Toll pathway to disrupt insulin signaling.
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EXPERIMENTAL PROCEDURES

Drosophila Stocks and Husbandry

Flies were raised on standard food at 25°C, and 6- to 8-hr egg lays were conducted to
prevent overcrowding. Experiments were performed using mid-third-instar larvae (96-108
hr after egg lay) or white prepupae (0-5 hr after puparium formation). Stocks used in this
study, the UAS-AktT342D and UAS-Pdk1 transgenes, and the CRISPR/Cas9 strategy used to
generate a myc-tagged PakI allele are described in Supplemental Experimental Procedures.
Full genotypes are listed in Table S1.

Antibodies and Western Blotting

Sources and dilutions of primary and secondary antibodies used in this study are listed in
Supplemental Experimental Procedures. The rabbit anti-phosphoThr342-Akt antibody was
generated against the phosphopeptide YGRTTK(Tp)FCGTPE. Peptide synthesis,
immunization, and antibody purification were performed at Alpha Diagnostics International
(San Antonio, TX). Western blotting was performed using larval or fat body lysates as
described in Supplemental Experimental Procedures.

Mosaic Analysis of Cell Size

Actbe > Cd2 > GAL4 flies were crossed to AsFLPflies carrying UAS transgenes. After
overnight egg lays, embryos were heat shocked (37°C, 45 min) to induce FLP recombinase.
Larval fat bodies were subjected to immunostaining for Cd2 as described in Supplemental
Experimental Procedures. Z-stack images (2 um interval) were collected on a Perkin Elmer
UltraVIEW High Speed Confocal Imaging microscope with Volocity software or a Zeiss
LSM 700 confocal microscope with ZEN imaging software. Maximum intensity projection
images were colorized in Adobe Photoshop. For analysis of nuclear area, images of DAPI-
stained nuclei were imported into ImageJ and subjected to thresholding, and nuclear area
was calculated in Cd2* and Cd2™ cells.

Dilp2, Triglyceride, and Animal Weight Measurements

Statistics

Hemolymph was collected on ice from 10 to 12 larvae, and 1 pL of pooled hemolymph was
used for Dilp2 measurement by ELISA (Park et al., 2014). Triglycerides were measured as
described (Bland et al., 2010). Pupae were weighed in groups of 4-6 following removal of
food from the cuticle.

Statistical analyses were performed using GraphPad Prism 7. Sample sizes (referring to
biological replicates of cells or animals) are listed in the figure legends. Unpaired two-tailed
t tests were used to assess differences in nuclear area between Cd2*, GAL4~, and Cd2™,
GALA4* cells and between rictor® and Pak143% heterozygotes or homo/hemizygotes
expressing GFP or Toll1% in fat body. For other triglyceride and body weight experiments,
one-way ANOVA was used to determine differences between groups.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

Toll acts cell autonomously to induce insulin resistance in the Drosophila fat
body

Fat body Toll signaling reduces growth and triglyceride storage without
altering circulating Dilp2 levels

Toll signaling acts at or downstream of the kinase Pdk1 to reduce Akt
phosphorylation

Mimicking Akt activation loop phosphorylation rescues Toll-dependent
phenotypes
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Figure 1. Toll Signaling Blocks Insulin Signaling in a Cell-Autonomous Manner

(A) Western blot analysis of phosphorylated (pT342 and pS505) and total Akt in fat bodies,
n = 4/group (gp).

(B) Hemolymph Dilp2 levels in mid-third-instar larvae, n = 4/gp.

(C) Western blot analysis of pT342, pS505, and total Akt in whole larvae, n = 3-4/gp.

(D) Mosaic analysis using the FLP; Act5c > Cd2 > GAL4 system.

(E-J) (E), (G), and (1): micrographs of fat bodies containing WT, Cd2*, GAL4™ cells (red)
and transgene-expressing, Cd2~, GAL4* cells (arrowheads). Nuclei are stained with DAPI
(blue). Scale bar, 50 um. (F), (H), and (J): nuclear area in Cd2*, GAL4™ (red), and Cd2™,
GAL4* (gray) cells. ****p < 0.0001 versus Cd2*. UAS-transgenes expressed in Cd2™,
GAL4* cells are as follows: (E and F) left, no transgene (Cd2*, n = 169; Cd2~, n = 36), and
right, Toll19P (Cd2*, n = 368; Cd2~, n = 108); (G and H) left, InRA325D (Cd2*, n = 56;
Cd27, n = 22), and right, INRA1325D + To|110b (Cd2* n = 246; Cd2™, n = 45); (1 and J) left,
myrAkt (Cd2*, n = 100; Cd2~, n = 57), and right, myrAkt + Toll10P (Cd2*, n = 176; Cd2™, n
= 81). Data are presented as mean + SD. See also Table S1 and Figures S1 and S2.
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Figure 2. Toll Signaling Acts Independently of TORC2 to Block Insulin Signaling
(A-C) Micrographs of fat bodies containing Cd2* WT cells (red, nuclear area, left: 240.0

+80.2 um?, n = 101; right: 245.6 + 99.0 um?, n = 118) and Cd2~, GAL4" cells (arrowheads)
expressing Dp110CAAX (left, nuclear area: 648.7 + 193.0 um2, n = 31, p < 0.0001 versus
Cd2*) or Dp110CAAX + Toll10b (right, nuclear area: 334.3 + 119.5 ym?, n = 33, p < 0.0001
versus Cd2*). Nuclei are stained with DAPI (blue). Scale bars, 50 pm. (A)
Immunocytochemistry for Cd2 (red). (B) Plasma membrane localization of the ubiquitously
expressed P1(3,4,5)P3 reporter tGPH (green) in cells expressing Dp110CAAX alone or with
Toll1%_ (C) Immunocytochemistry for Akt pS505 (green).

(D-G) r4-GAL4 was used to drive GFP or Toll1% in fat bodies of larvae heterozygous or
hemizygous for rictor?2. (D) Western blot analysis of Akt (pS505 and total) in whole-larval
lysates, n = 2-4/gp. (E) Whole-animal triglycerides, n = 8/gp. *p = 0.0326 and **p = 0.0011
versus GFP. (F) Images of pupae. Scale bar, 2 mm. (G) Pupal body weights, n = 14-16/gp
except rictor?]Y; r4-GAL4 > Toll10b n = 6. **p = 0.0020 and ****p < 0.0001 versus GFP.
Data are presented as mean + SD. See also Table S1.
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Figure 3. Toll Signaling Acts at or Downstream of Pdk1 to Block Growth
(A) Images of Pdk1453 mutant pupae expressing GFP or Toll1% in fat body. Scale bar, 2

mm.
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(B) Pupal body weights, n = 19-22/gp for Pak1433/+, n = 6-10/gp for Pak1433 Pak1433,

***p = 0.0002 versus GFP.

(C) Western blot analysis of endogenous Pdk1 with a C-terminal myc tag (Pdk1™®) in fat

bodies expressing GFP or Toll1%, n = 2/gp.

(D) Micrographs of fat bodies containing Cd2~, GAL4™ cells (arrowheads) expressing Pdk1
(left) or Pdk1 + Toll1% (right). WT cells are Cd2* (red); nuclei are stained with DAPI (blue).

Scale bar, 50 pm.

(E) Nuclear area in Cd2*, GAL4™ cells (red, Pdk1, n = 262; Pdk1+Toll1%, n = 379) and

Cd2-, GAL4" cells (gray, Pdk1, n = 50; Pdk1+Toll10P, n = 55), ****p < 0.0001 versus Cd2*.

(F) Images of pupae. Scale bar, 2 mm.

(G) Pupal body weights, n = 14-15/gp. ****p = 0.0001 versus RFP + GFP.
(H) Western blot analysis of pT342, pS505, and total Akt, transgenically expressed Pdk1

(myc-tagged) and Histone H3 (HisH3) in fat bodies, n = 3-4/gp. Data are presented as mean

+ SD. See also Table S1 and Figures S1, S3, and S4.
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Figure 4. Mimicking Akt Thr342 Phosphorylation Rescues Toll-Dependent Phenotypes
(A) Micrographs of fat bodies containing Cd2~, GAL4" cells (arrowheads) expressing

AktT342D (left) or AktT342D + Toll100 (right). WT cells are Cd2* (red); nuclei are stained
with DAPI (blue). Scale bar, 50 pm.

(B) Nuclear area in Cd2*, GAL4™ cells (red, AktT342D, n = 138; AktT342D+TolI10, n = 260),
and Cd2-, GAL4" cells (gray, AktT342D n = 42; AktT342D+To|110b 1 = 40). ****p < 0.0001
versus Cd2™.

(C and D) Whole-animal triglycerides in animals expressing Toll1%P in fat body with
AktT342D (C) or WT Akt (D), n = 11-13/gp. ***p = 0.0005 and ****p < 0.0001 versus RFP
+ GFP.

(E) Images of pupae. Scale bar, 2 mm.

(F) Pupal body weights, n = 9-14/gp. ***p = 0.0001 versus RFP + GFP.

(G) Percent recovery of viable adult r4-GAL4, UAS-Toll1% flies co-expressing indicated
trans-genes in fat body, n = 78-146 adults/cross. Data in (B), (C), (D), and (F) are presented
as mean + SD. See also Table S1.

(H) Model for inhibition of T342 phosphorylation by Toll signaling.
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