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TLR4, TRIF, and MyD88 are essential for myelopoiesis
and CD11c™ adipose tissue macrophage production in

obese mice
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Obesity-induced chronic inflammation is associated with
metabolic disease. Results from mouse models utilizing a high-
fat diet (HFD) have indicated that an increase in activated
macrophages, including CD11c* adipose tissue macrophages
(ATMs), contributes to insulin resistance. Obesity primes mye-
loid cell production from hematopoietic stem cells (HSCs) and
Toll-like receptor 4 (TLR4), and the downstream TIR domain—
containing adapter protein—inducing interferon-f (TRIF)- and
MyD88-mediated pathways regulate production of similar
myeloid cells after lipopolysaccharide stimulation. However,
the role of these pathways in HFD-induced myelopoiesis is
unknown. We hypothesized that saturated fatty acids and HFD
alter myelopoiesis by activating TLR4 pathways in HSCs, differ-
entially producing pro-inflammatory CD11c* myeloid cells that
contribute to obesity-induced metabolic disease. Results from
reciprocal bone marrow transplants (BMTs) with Tlr4~/~ and
WT mice indicated that TLR4 is required for HFD-induced
myelopoiesis and production of CD11c* ATMs. Experiments
with homozygous knockouts of Irakm (encoding a suppressor of
MyD88 inactivation) and 77if in competitive BMTs revealed
that MyD88 is required for HFD expansion of granulocyte
macrophage progenitors and that 7rif is required for pregranu-
locyte macrophage progenitor expansion. A comparison of WT,
Tlr4~'~, Myd88~'~, and Trif '~ mice on HFD demonstrated
that TLR4 plays a role in the production of CD11c* ATMs, and
both Myd88~'~ and Trif '~ mice produced fewer ATMs than
WT mice. Moreover, HFD-induced TLR4 activation inhibited
macrophage proliferation, leading to greater accumulation of
recruited CD11c* ATMs. Our results indicate that HFD poten-
tiates TLR4 and both its MyD88- and TRIF-mediated down-
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stream pathways within progenitors and adipose tissue and
leads to macrophage polarization.

Three decades of research have established the association
among obesity, inflammation, and metabolic disease (1). Many
of the associated co-morbidities of overnutrition in obese indi-
viduals (including insulin resistance, type 2 diabetes, athero-
sclerosis, cardiovascular disease, and some cancers) have been
attributed to chronic low-grade inflammation, also known as
meta-inflammation. More specifically, these obesity-induced
diseases have been strongly correlated with an increase in mye-
loid leukocyte populations (macrophages and neutrophils) (2).

Obesity-induced alterations of tissue inflammatory macro-
phages, both in number and in activation state, have been
directly associated with tissue dysfunction. Whereas local
macrophage proliferation contributes to this accumulation (3),
circulating pro-inflammatory Ly6c™ monocyte populations are
an important source of tissue macrophages (4). Ly6c™ mono-
cytes polarize and traffic into adipose tissue, giving rise to
CD11c™ macrophages, specifically in the visceral white adipose
tissue (WAT)? of obese individuals (5). CD11c* adipose tissue
macrophages (ATMs) are distinguished by a CD64"/CD11c™
phenotype in murine models and a CD206"/CD11c™ pheno-
type in humans and are recruited through chemokines and adi-
pocyte signals that promote chemotaxis of monocytes (6-11).
CD11c" ATMs accumulate disproportionately in visceral
WAT and form ring structures known as crown-like structures
(CLS) around damaged adipocytes in obese individuals. In con-
trast, CD11c™, anti-inflammatory resident macrophages pre-
dominate in lean individuals (4). The presence of CLS is indic-
ative of a pro-inflammatory state, as these macrophages have
been found to secrete cytokines such as tumor necrosis factor-o
and interleukin-1 (12) and are thus important contributors to

2 The abbreviations used are: WAT, white adipose tissue; ATM, adipose tissue
macrophage; HSC, hematopoietic stem cells; TLR, Toll-like receptor; TRIF,
TIR domain-containing adapter-inducing interferon-g; MyD88, myeloid
differentiation primary response 88; IRAKM, interleukin-1 receptor-
associated kinase-M; cfu, colony-forming unit(s); HFD, high-fat diet; ND,
normal diet; PA, palmitic acid; GWAT, gonadal white adipose tissue; IWAT,
inguinal white adipose tissue; GM, granulocyte macrophage; APC, allophy-
cocyanin; CLS, crown-like structures; LPS, lipopolysaccharide; BMT, bone
marrow transplant; FFA, free fatty acid; DC, dendritic cell; BM, bone mar-
row; SVF, stromal vascular fraction.
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Figure 1. Reciprocal BMTs demonstrate that hematopoietic TIr4 '/~ animals respond to high-fat diet. WT and TIr4 '~ C57BI6/J male mice were irradiated
at 8 weeks of age and then transplanted with marrow of the opposite genotype: WT marrow into Tlr4 '~ (WT—TIr4~'~) versus TIr4~’~ marrow into WT mice
(Tlr4~/~—WT), with appropriate WT—WT and TIr4~/~—TIr4~/~ controls. 6 weeks after BMT, animals were started on HFD and assessed after 16 weeks for
weight (A), GWAT weight (B), percentage GWAT (C), and GWAT adipocyte cross-sectional area distribution at 16 weeks of HFD (D). *, p < 0.05; **, p < 0.01; ***,
p < 0.005; ****, p < 0.001.n = 6-8in WT—WTand TIr4~/~—Tlr4 '~ and n = 10-14 in WT—TIr4~’~ and TIr4~/~—WT groups. Error bars, S.E.

metabolic syndrome, specifically in visceral adipose tissue of
males (13).

Given that the associated cytokines produced by ATMs
mimic the inflammation from lipopolysaccharide (LPS) stimu-
lation (14, 15), the Toll-like receptor 4 (TLR4) pathway has
been implicated in obesity-induced inflammation. TLR com-
plexes recognize pathogen-associated molecular patterns and
signal via either an MyD88-dependent or -independent path-
way (12). Downstream of TLR4, the MyD88 pathway activates
the early phase of NF-«kB, whereas the MyD88-independent or
TRIF pathway activates interferon-regulatory factor (IRF3) and
the late phase of NF-«B activation (16). NF-«B activation plays
a key role in the regulation of both innate and adaptive immu-
nity and consequently has been the target for many anti-inflam-
matory interventions. The role of TLR4 in the context of
diet-induced adipose tissue inflammation and metabolic dys-
function is still unclear. Some investigators have reported a
metabolic and inflammatory role for TLR4 (17, 18), whereas
others have reported that TLR4 knockout does not improve
metabolic function (19). The relative contribution of TRIF and
MyD88 pathways to TLR4-mediated obesity—induced meta-
bolic impairments and inflammation is unknown.

Whereas it has been shown that in obesity TLR4 deficiency
significantly promotes alternative macrophage activation (19)
and adipose tissue fibrosis (20), recent work in our laboratory
demonstrated an additional role for TLR4 in the expansion of
hematopoietic stem cells (HSCs) in obesity (2) and a role for
MyD88 in the generation of myeloid progenitors in obesity.
TLR4 activation in differentiated ATMs with fatty acids (17) in
a high-fat diet environment is one possible mechanism explain-
ing macrophage polarization, but a second mechanism of fatty
acid activation within the hematopoietic progenitor cells prob-
ably exists as well.

There is a paucity of information on the possible dual role for
TLR4, TRIF, and MyD88 pathways in hematopoietic precur-
sors and in mature tissue macrophages. Therefore, we chose to
investigate these pathways together in the context of diet-in-
duced obesity. This is critical to understand, as interventions on
these inflammatory pathways probably play a role in both the
generation of myeloid cells and the activation profile of macro-
phages in obesity. Based on the literature and prior studies, we
sought to evaluate the hypothesis that TLR4, TRIF, and MyD88
are required for hematopoietic stem and progenitor cell
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responses and tissue macrophage activation with obesity. Stud-
ies were carried out using hematopoietic knockout models and
in vivo and in vitro assays of progenitor and macrophage acti-
vation to determine the contribution of TLR4, TRIF, and
MyD88 pathways to diet-induced inflammation. We demon-
strate that these pathways contribute significantly to produc-
tion of CD11c™ ATMs and myelopoiesis during HFD challenge.

Results

Hematopoietic-specific TLR4 knockout animals have reduced
meta-inflammation compared with WT animals after HFD
challenge

Whereas prior studies have demonstrated that hematopoi-
etic Tlr4~’~ mice have improved metabolism (18), it is unclear
whether TLR4 deficiency has a direct impact on myeloid cell
induction. Because it has been demonstrated that T/r4 /™ ani-
mals have fewer activated CD11c* ATMs with HED (19), we
sought to assess whether the production of CD11c™ ATMs
depended upon hematopoietic TLR4 expression by generating
bone marrow transplant (BMT) chimeras. Young WT and
Tlr4~'~ animals were irradiated and given BM of the opposite
genotype, generating WT—TIlr4~'~ and Tlr4~'~—WT ani-
mals. Control animals included WT—WT and Tlr4é '~ —
Tlr4~'~. 6 weeks after BMT, animals were started on HFD.
After 16 weeks of HFD, WT—W'T animals were heavier, but
there were no differences in weight between the reciprocal
groups (WT—TIr4 '~ and Tlr4 '~ —WT) (Fig. 1A). The same
pattern was seen with gonadal white adipose tissue (GWAT)
weight (Fig. 1B), but the percentage of GWAT per whole-body
weight was higher in Tlr4~'~—WT animals (Fig. 1C) com-
pared with TIr4 '~ recipient animals. Subcutaneous inguinal
white adipose tissue (IWAT) and liver weights were similar in
all groups (Fig. S1, A-C), whereas spleen weights were slightly
higher in WT recipient animals (WT—WT and Tlr4 '~ —WT
(Fig. S1D). Although average adipocyte size was not different in
the GWAT of both groups, there was a shift toward larger adi-
pocytes in animals with T7r4 /" marrow (Fig. 1D). These find-
ings suggest that TLR4 deficiency in either BM or non-BM cells
impairs HFD response, as demonstrated by differences in
weight gain and adiposity.

To determine the impact of hematopoietic TLR4 on metab-
olism, animals were assessed throughout the course of HFD. At
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Figure 2. Hematopoietic TIr4~/~ animals have improved glucose tolerance. Metabolic assessments were performed on WT—Tlr4 /", Tlrd '~ —WT
animals, and controls. Fasting glucose (A), fasting insulin levels (B), and fasting FFAs (C) were measured after 10 weeks of HFD. D, fed glucose levels at 16 weeks
of HFD. E, glucose tolerance testing in WT—TIr4~/~ and Tlr4~/~— WT animals after 12 weeks of HFD, including area under the curve. F, fed insulin values at 16
weeks of HFD. *, p < 0.05; **, p < 0.01;n = 5-8in WT—WTand TLR4/~ —TIr4~/~ and n = 10-14 in WT—TIr4 '~ and Tlr4~’/~—WT groups. (For fed insulin

levels, n = 2 for WT—WT and n = 4 for TlIr4~/~—TIr4 /=) Error bars, S.E.

10 weeks of HFD, there were no differences in fasting glucose or
fasting insulin levels (Fig. 2, A and B), but fasting free fatty
acids (FFAs) were higher in WT—Tlr4 '~ compared with
Tlr4~'~—WT animals (Fig. 2C). At 12 weeks of HFD, a glucose
tolerance test demonstrated that T/r4 '~ —WT animals had
overall improved glucose tolerance (Fig. 2E), and after 16 weeks
of HED, even with similar fed glucose levels, insulin levels were
lower in Tlr4 '~ recipient animals (Fig. 2, D and F). These
results suggest that both hematopoietic Tlr4 '~ and whole-
body Tir4~'~ contribute to the regulation of fatty acid and
insulin levels, whereas glucose tolerance is related to hemato-
poietic TLR4 deficiency.

Leukocytes were evaluated in blood 2 weeks after BMT, and
animals with WT BM had more B220™ cells in circulation, sug-
gesting faster reconstitution (Fig. S2A4). Two weeks after HFD
exposure, there was a significant increase in circulating B220,
Ly6G, and CD115™ myeloid cells in both WT recipient animals,
but Ly6c™ populations were similar (Fig. 34). Adipose tissue
evaluation at 16 weeks of HFD by flow cytometry (Fig. 3B)
demonstrated equal CD45™ leukocytes and ATMs in GWAT
(Fig. 3D) but a larger CD11c"CD64" ATM population in
WT—Tlr4~'~ compared with Tlr4~'~—WT (Fig. 3E). Fur-
ther quantification showed a significant increase in CD11c™
ATMs in GWAT of WT donor animals, whereas CD11c™
ATMs and dendritic cells (DCs) were equal in both groups (Fig.
3F). Gene expression showed a slight but nonsignificant
decrease in Tlr4 expressionin Tlr4~'~—WT GWAT (Fig. S2B)
due to nonhematopoietic TLR4-expressing cells in adipose
tissue.

To confirm appropriate reconstitution of these mice, hema-
topoietic progenitors and mature leukocytes were evaluated.

SASBMB

CD3" and CD4™" cells were decreased in BM of Tlr4~'~—WT
mice compared with WT—TIr4 "'~ (Fig. S2C). Hematopoietic
stem and progenitor cells were generally similar in both groups
of reconstituted mice (Fig. S2D). Myeloid cells, however, were
reduced in the spleen (CD11c* and CD115") with an increase
in CD19™" cells (Fig. S2E). In the blood, CD115" and Ly6c™
monocytes were also reduced, whereas circulating CD4 " cells
were increased in mice with TLR4 ™/~ BM (Fig. S2F). Both cir-
culating and splenic monocyte profiles were consistent with a
reduction in myeloid response to HFD in the absence of TLR4.

TLR4~"~ ATMs proliferate more robustly in response to HFD
compared with WT ATMs

Based on our findings of decreased recruited CD11c™ ATMs
in animals with TIr4 '~ marrow, we anticipated that resident
Tlr4~'~ ATMs may expand earlier in HFD challenge, reducing
the requirement for recruitment of myeloid cells to the adipose
tissue. TLR4 activation in nonhematopoietic cells has been
shown to inhibit cell proliferation (21, 22). To understand the
initial macrophage response to adipose tissue expansion in
TLR4 knockout animals, a short-term diet model was used
wherein mice at 10 weeks of age were challenged with HFD
until 12 weeks of age. After 2 weeks of HFD, body weights
remained consistent with normal diet (ND)-fed animals in both
WT and Tlr4~'~ groups (Fig. 4A). GWAT pads expanded in
both WT and Tlr4 /" animals (Fig. 4B), and GWAT immuno-
fluorescence demonstrated more proliferating (Ki67 ") cells in
the Tlr4~'~ animals (Fig. 4C). Flow cytometry demonstrated
that T/r4~'~ mice fed HFD had more ATM:s (Fig. S3A and Fig.
4D). CD11c* ATMs were increased in both WT and Tlr4~ '~
mice after 2 weeks of HFD, but only T/r4~’~ mice showed
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Figure 3. Decreased CD11c* ATMs in hematopoietic TIr4~/~ animals on high-fat diet. A, blood leukocytes were determined by flow cytometry 2 weeks
after starting HFD. B, flow cytometry plot of CD45™" cells in stromal vascular fraction. Shown is quantitation of CD45™" cells in SVF (C), ATMs (D), CD11c* ATMs
(F), and CD11c™ ATMs, and dendritic cells (DCs) (F). *, p < 0.05; ***, p < 0.005; n = 5-7 in WT—WT and TIr4 '~ —Tir4~’~ and n = 11-14 in WT—TIr4 /" and

TIr4~/~—WT groups. (For 2-week HFD blood monocytes, n = 2-4in WT—WT,n = 3-7in Tlrd /'~ —Tlr4~/~

groups.) Error bars, S.E.

expanded CD11c™ ATMs (Fig. 4D). DCs were unchanged in
either group. When we assessed proliferation, HFD caused pro-
liferation of both ATM types; however, there was enhanced
proliferation in CD11c™ ATMs of Tlr4 '~ animals compared
with WT CD11c™ ATMs (Fig. 4E). This increase in ATM pro-
liferation was not seen after chronic HFD feeding in GWAT
and IWAT, where a large number of both WT and Tird~'~
leukocytes were proliferating compared with ND-fed animals
(Fig. S3, B and C). We further challenged 10-week-old
Myd88~'~ and Trif '~ mice to 2 weeks of HFD and found that
Myd88~'~ mice mimic the results seen with the Tlr4 /" ani-
mals (Fig. 4E). These data demonstrate that TLR4 and MyD88
inhibit the ability of resident ATMs to proliferate with adipose
tissue expansion in short-term HFD exposure.

Hematopoietic TRIF and MyD88 pathways contribute to
myeloid expansion in obesity

We have previously shown that TLR4 and MyD88 pathways
both regulate the generation of obesity-induced inflammation.
Although TLR4 pathways were mostly necessary for long-term
HSC expansion, MyD88 was mostly required for myeloid pro-
genitor expansion, monocyte production, and hence ATM
accumulation in obesity (2). Two competitive BMTs were
designed to further define the role of MyD88, as well as to deter-
mine the role of the noncanonical TRIF (Ticam1) pathway in
inflammation. First Trif '~ (CD45.2) and WT (CD45.1) BM
was injected in a 1:1 ratio into irradiated CD45.1/CD45.2
heterozygous mice (Fig. 5A4). These animals were started on
HFD at 6 weeks post-BMT for 16 weeks. TRIF was required to
expand pre-GMs, blood monocytes, and ATMs of both types, as
seen from lower Trif '~ BM contribution to these cell types. To
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,andn =6-12in WT—Tlr4 '~ and TIr4~/~—WT

further delineate the role of MyD88 pathways, IRAKM, a neg-
ative regulator of MyD88 activation, was studied. Irakm '~ BM
was competed with WT BM (Fig. 5B). Irakm ™'~ animal BM
contributed to a greater number of pre-GMs, blood monocytes,
and both types of ATMs, emphasizing a role for MyD88 path-
ways in generating bone marrow— derived myeloid cells during
obesity (Fig. 5B). This same phenomenon for IRAKM pathways
has been shown in LPS treatment of animals (23).

TLR4, TRIF, and MyD88 pathway knockouts respond with
increased adiposity and glucose intolerance with HFD

WT, Tlrd~'~, Trif '~, and Myd88 '~ mice were placed on
60% HEFD for 16 weeks. Animals in all groups gained weight
(Fig. 6A), visceral fat (Fig. 6B), and subcutaneous fat (Fig. 6C)
when challenged to HFD. Interestingly, liver mass did not
increase in Trif '~ and was smaller overall in both Trif '~ and
Myd88~'~ mice with HFD compared with WT (Fig. 6D).
Spleen weights were significantly larger after HFD in WT and
Trif '~ mice (Fig. 6E). GWAT demonstrated increased adi-
pocyte hypertrophy in all groups on HED (Fig. 6F). Hematoxy-
lin and eosin images of GWAT showed similar adipocyte
hypertrophy but an increase in CLS and fibrosis in WT HFD-
fed mice (Fig. 6G). Purely based on weight and adiposity, all
groups were susceptible to obesity with HFD exposure.

Fasting glucose levels were not significantly different by gen-
otype after 10 weeks on HED but were lower in Myd88 '~ mice
on HFD compared with WT (Fig. 7A). Fasting insulin levels
were substantially lower in all genotypes compared with WT
(Fig. 7B). Glucose tolerance tests at 12 weeks on HFD were also
unaffected by genotype (Fig. 7, Cand D). Fed glucose levels were
higher in mice on HFD, but insulin levels, although elevated in

SASBMB


http://www.jbc.org/cgi/content/full/RA117.001526/DC1

TLR4, TRIF, and MyD88 in obesity-induced inflammation

Y
o

I ND
= HFD

w
o
*

Weight (grams)
> S
GWAT (grams) "

WT 2 weeks HFD TLR4"/- 2 weeks HFD

o

ATM % SVF
S
CD11c* ATM % SVF
CD11c” ATM % SVF

m
8

% Ki67+ ATMs
8
% Ki67+ CD11c* ATMs
% Ki67 CD11c” ATM

XX
X &

N X N N
«\3& <& o i «QS'( Oq"b

R

3

Figure 4. Increased CD11c~ ATM proliferation in TIr4~'~ and Myd88~"~
animals after short-term high-fat diet. 10-Week-old WT and TLR4 /™ ani-
mals were challenged to ND or HFD for 2 weeks. At 12 weeks of age, weight (A)
and GWAT (B) were assessed. C, immunostaining of GWAT with caveolin
(green), Mac 2 (magenta), 4',6-diamidino-2-phenylindole (blue), and Ki67
(red). D, ATM percentage of SVF, CD11c* ATM, and CD11¢~ ATM subsets as
determined by flow cytometry. E, Ki67 proliferation as determined by intra-
cellular flow cytometry staining in GWAT ATMs (CD11c™ and CD11¢c™ ATMs).
* p < 0.05; % p < 0.01; ** p < 0.005; ****, p < 0.001; ##, p < 0.01; ##t#, p <
0.005 between WT and knockout HFD (n = 4WTND,n =6 Tlr4~/~ ND,n = 4
WTHFD, n = 10 TIr4~’~ HFD, n = 4 Trif /=, and n = 5 Myd88~'~ HFD). Error
bars, S.E.

all groups, were lower in Myd88~ '~ animals (Fig. S4A). Fed
FFAs were increased in WT and T/r4 '~ animals on HFD,
whereas HFD-fed Trif '~ mice had lower FFAs in circulation
(Fig. S4B) and lower liver TGs and decreased steatosis by his-
tology (Fig. 4, C and D), consistent with the lack of increased
liver weight (Fig. 6D).

TLR4, TRIF, and MyD88 pathways are required for generation
of CD11c* ATMs

To next evaluate the adipose depot—specific inflammatory
responses in the knockout models, ATMs were measured in
both GWAT and IWAT by flow cytometry. WT, Tir4 /", and
Myd88 '~ animals expanded total leukocytes and ATMs on
HFD (Fig. 8, A and B), but Trif '~ animals preferentially
increased DCs in IWAT with no change in ATMs or total leu-
kocytes (Fig. 8E). Whereas WT, Tlr4~'~, and Myd88~ '~ ani-
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mals expanded CD11c* ATMs on HFD, CD11c™ ATMs were
significantly higher in WT HFD-fed animals when compared
with Tlr4~'~ and Myd88~'~ HFD-fed animals (p < 0.01) (Fig.
8C). CD11lc™ ATM populations also expanded in obese
Tir4~'~ and Myd88~'~ mice similarly to WT mice; however,
Trif '~ animals exhibited lower numbers of CD11c~ ATMs
(Fig. 8D). DCs were not significantly different in HFD-fed ani-
mals except for in the IWAT of Tlr4 '~ and Trif '~ animals,
and levels were increased in GWAT of Myd88 '~ mice (Fig.
8E). This pattern of increased CD11c* ATMs in WT mice was
supported by the appearance of more CLS in visceral adipose
tissue by immunofluorescence in WT HFD-fed mice (Fig. 8F).

Gene expression analysis was examined in GWAT to con-
firm lack of Tlr4, Ticam1 (Trif), and Myd88 in the appropriate
knockout animals (Fig. 8G). Evaluation of genes associated with
adipose function showed increased Tgfb expression in GWAT
with HFD, but no significant differences by genotype. Glut4 and
Insr expression levels were also reduced equally between geno-
types (Fig. 8G), consistent with a decrease in insulin sensitivity.
Mcpl was increased with HED in W'T, Tlr4~'~, Trif /~, and
Myd88~'~ animals, although I/1b was highest in WT HFD-fed
mice (Fig. 8G). Genes generally activated in CD11c¢™ alternative
resident macrophages, such as Argl and Tgfb, showed in-
creased expression in all groups. Hematopoietic compartment
analysis demonstrated that granulocyte macrophage progeni-
tors were only increased in WT animals on HFD (Fig. 8H),
whereas pre-GMs were increased in all groups except the
Myd88 '~ HFD animals. Overall, these experiments demon-
strate that the TLR4, TRIF, and MyD88 pathways are necessary
for CD11c*™ ATM accumulation and myeloid progenitor
expansion with HFD.

TLR4, MyD88, and TRIF are required for hematopoietic
responses to saturated fatty acid

We employed in vitro myeloid colony-forming unit (cfu)
assays to assess stem cell capacity in the obese knockout mice.
Compared with WT HFD-fed controls, TLR4, TRIF, and
MyD88 knockouts generated fewer myeloid colonies (Fig. 94).
To understand the mechanism of this effect, we stimulated BM
with fatty acids or LPS ex vivo and then performed myeloid CFU
assays. For these assays, we used saturated fatty acids (palmitic
and stearic acid, 10 uM) and unsaturated fatty acids (linoleic
and oleic acid, 10 um). Whereas WT marrow increased cfu
generation in response to saturated fatty acids, Tird™'~,
Trif '~, and Myd88 '~ marrow did not respond with a similar
increase in cfu (Fig. 9B). Similar results were seen with LPS
treatment. Overall, oleic acid (an unsaturated fatty acid)
decreased the saturated fatty acid response (Fig. 9B).

To determine whether this fatty acid response in myeloid
cells was due to stimulation of mature cells or progenitors, we
isolated lineage-negative (Lin~) cells (immature noncommit-
ted bone marrow cells), followed by treatment of isolated cells
with palmitate. Palmitic acid stimulated WT lineage negative
marrow (Fig. 9C), whereas Tlr4 '~ lineage-negative BM was
resistant to this stimulation and yielded lower colonies com-
pared with WT lineage-negative PA treatment (p = 0.06).
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Comparison of WT and T/r4~ '~ ND and HED animals showed
abrisk response to PA in ND WT mice that was blunted in HFD
WT mice. Tlr4~"~ mice on ND or HED failed to induce colony
formation in response to PA in Lin~ cells (Fig. 9D). Lin~ TRIF
and MyD88 knockout mice demonstrated that Myd88~, but
not Trif, was required for myeloid expansion in response to PA
(Fig. 9E); however, both pathways yielded lower myeloid colo-
nies compared with WT mice. This was consistent with our
prior research (2) that determined that MyD88 pathways are
critical for myeloid inflammation in obesity. Gene expression
studies in harvested cells treated with PA (Fig. 9F) demon-
strated that palmitate stimulation in WT mice, but not Tlr4 '~
animals, induced McpI expression (analysis of variance, p <
0.05).

Discussion

Our findings show that there are distinct roles for TLR4,
TRIF, and MyD88 in the inflammatory response to obesity.

8782 . Biol. Chem. (2018) 293(23) 8775-8786

Prior studies have identified a role for TLR4 and NF-«B (24) in
obesity-induced inflammation and insulin resistance (25). Our
studies demonstrate that TLR4 reduces local (CD11c¢™ ) macro-
phage proliferation in response to adipose tissue expansion,
promotes recruitment of CD11c™ ATM accumulation, and is
also necessary for the generation of bone marrow—derived
macrophages in response to saturated fatty acid.

Spontaneous mutants lacking TLR4 function are protected
from insulin resistance (26), but studies have shown mixed
effects of TLR4 knockouts in the metabolic response to HFD.
Our reciprocal BMTs suggest that this may be because of
opposing TLR4 function in bone marrow— derived and nonhe-
matopoietic compartments, such as adipocytes. Whereas ani-
mals reconstituted with Tlr4~’~ BM had improved metabo-
lism, glucose tolerance in nonirradiated T/r4 '~ mice on HFD
showed similar impairment as WT HFD-fed animals (Fig. 7).
Tlr4~'~ mice gained significantly more weight when nonirra-
diated, suggesting that the protection conferred by hematopoi-
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etic TLR4 deficiency may be overcome by excess adiposity.
TLR4 has a known role in adipocytes (27), especially in short-
term HFD, and in recruitment of inflammatory leukocytes (28).
Once chronic obesity has led to expansion of adipose tissue,
there is probably a secondary role for TLR4 in the generation of
fibrosis, promoting further adipose tissue dysfunction (20).

TLR4 and MyD88 have specifically been reported to be crit-
ical for ATMs that are “metabolically activated” and play an
important role in adipose tissue homeostasis (30). Our results
suggest that MyD88 deficiency protects from meta-inflamma-
tion because MyD88 is required for accumulation of activated
ATMs and enhanced myelopoiesis. Our results are consistent
with previous studies (31, 32) that have implicated MyD88 in its
contribution to obesity-induced adipose tissue inflammation
(31), atherosclerosis (31, 33), and improved glucose sensitivity
(34). Studies have previously demonstrated that MyD88 is nec-
essary for TLR2 and TLR4 saturated fatty acid—induced inflam-
matory activation of mature macrophages (35). Additionally,
our results demonstrate that MyD88 pathways are also respon-
sible for the HSC responses to saturated fatty acids in obesity.

Whereas MyD88-independent TRIF signaling has been
implicated in hematopoiesis (36) and atherosclerosis (37), there
is a paucity of data on the role of TRIF in meta-inflammation.
We found that Lin~ Trif '~ progenitors produced myeloid col-
onies in response to palmitate stimulation in vitro. In vivo, how-
ever, Trif '~ animals had fewer myeloid progenitors and
ATMs with HFD challenge when compared with WT animals.
It is interesting to note that although these animals gained
weight and adiposity, Trif '~ mice were protected from hepatic
steatosis and triglyceride accumulation during HFD. This find-
ing is contrary to what has been observed in models of nonal-
coholic steatohepatitis, where Trif '~ animals generally have
increased inflammation and fibrosis due to enhanced stellate
cell chemokine and cytokine activation of the MyD88 pathway,
demonstrating that TRIF is probably important for inhibiting
inflammation in the liver (38, 39). However, inflammation is
provoked in those studies through amino acid deficiency as
opposed to HFD-induced obesity stimulation. This highlights
the importance of source and degree of stimulation when eval-
uating steatosis and hepatic inflammation (40, 41). This also
emphasizes that there may be a potential different role for TRIF
pathways in the adipose tissue protecting HFD-fed Trif '~
mice from adipose tissue inflammation and dysfunction, lead-
ing to protection from fatty acid release and steatosis.

The role of TLR4 pathways in biasing hematopoietic progen-
itor expansion (42) toward myelopoiesis (43) with LPS stimula-
tion has been demonstrated in acute settings but remains unre-
solved in the chronic inflammatory state of obesity. The studies
here reveal that TLR4 through TRIF and MyD88 signaling cas-
cades are important for hematopoietic contribution to myeloid
cells and macrophage polarization in obesity-induced inflam-
mation. The importance of TLR4 in bone marrow—derived
myeloid cells for insulin resistance during obesity has only
recently been characterized (2, 44, 45), but with a limited
understanding of its triggers. Our BM studies indicate that sat-
urated fatty acids have a direct role in enhancing myeloid pro-
genitors via stimulation of TLR4, TRIF, and MyD88 pathways.

SASBMB

Whereas this direct effect of fatty acids on hematopoietic
progenitors is novel, it is probably one of many factors altered
with HFD, given that increased endotoxins (46) and microbiota
changes have also been demonstrated to enhance ATM recruit-
ment via TLR4 (47).

Another limitation of our studies is that the TRIF and
MyD88 knockout animal results are possibly confounded by
signaling pathways from other TLRs that are activated during
an obese state, including TLR2 (48, 49). Also, it is not clear
whether this increased TLR4 activation in hematopoietic pro-
genitors through TRIF pathways leads to tolerance or exhaus-
tion in chronic HED, as has been demonstrated in LPS stimu-
lation (36, 50). Timing and dose of stimulation are critical in
LPS studies (51) and hence may not mimic findings in obesity.
Further, whereas we were able to characterize the role of TLR4
via MyD88 for inhibition of local CD11c™ ATM proliferation
and the role of both TRIF and MyD88 for myeloid progenitor
expansion, the downstream pathways from this initial signaling
are yet to be determined.

Overall, our studies demonstrate that TLR4, TRIF, and
MyD88 play critical roles in the profile of ATMs in visceral fat
after acute and chronic HFD exposure. In addition, deficiency
of any of these pathways reduces myeloid stimulation of bone
marrow with saturated fatty acids. These results emphasize that
when evaluating obesity-induced inflammation, the tissue-spe-
cific macrophage response may only be part of the underlying
effect and that there is an additional myeloid progenitor alter-
ation that occurs with obesity.

Experimental procedures
Animal models and treatments

C57Bl/6] (WT), Tir4~'~ (B6.B10ScN-Tlr4'Ps-<!/jthJ;
007227), and Myd88~'~ (B6.129P2 (SJL)-Myd88"™ 1P/},
009088) mice on C57Bl/6] background were purchased from
Jackson Laboratories. Trif '~ mice were donated from Dr.
Gabriel Nunez’s laboratory, originally from the Akira labora-
tory (52). Irakm ™'~ mice were donated from a colony bred on a
B6 background that was established at the University of Mich-
igan (53). All mice were male and were fed ad libitum either a
control ND consisting of 4.5% fat (5001; LabDiet) or an HFD
consisting of 60% of calories from fat (Research Diets, Inc.,
D12492) starting at 6 weeks of age for 16 weeks duration. Glu-
cose tolerance (with 0.7 g/kg) and insulin tolerance (with 1 unit/
kg) testing were performed after 6 h of fasting. Animals were
housed in a specific pathogen-free facility with a 12-h light/
12-h dark cycle and given free access to food and water. Animal
protocols were in compliance with the Institute of Laboratory
Animal Research Guide for the Care and Use of Laboratory
Animals and approved by the University Committee on Use
and Care of Animals at the University of Michigan (animal wel-
fare assurance number A3114-01).

Quantitative real-time PCR

RNA extraction was performed with an RNeasy kit (Qiagen)
followed by reverse transcription (Applied Biosystems) and
real-time PCR analysis using glyceraldehyde-3-phosphate de-
hydrogenase to normalize (SYBR Green, ABI Prism 7200
Sequence Detection System; Applied Biosystems). Relative
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Table 1
Primer sequences

Forward primer

Reverse primer

Gapdh TGAAGCAGGCATCTGAGGG

Il6 TAGTCCTTCCTACCCCAATTTCC
Mcpl TTAAAAACCTGGATCGGAACCAA
I1b AAATACCTGTGGCCTTGGGC
Argl CTCCAAGCCAAAGTCCTTAGAG
Tgfb GGACTCTCCACCTGCAAGAC
Tir4 ATGGCATGGCTTACACCACC
Ticaml CCAGCTCAAGACCCCTACAG
Myd88 AGGACAAACGCCGGAACTTTT

Ir TTTGTCATGGATGGAGGCTA
Glut4 GTGACTGGAACACTGGTCCTA

CGAAGGTGGAAGAGTGGGAG
AAGGAACCCTTAGAGTGCTTACT
GCATTAGCTTCAGATTTACGGGT
CTTGGGATCCACACTCTCCAG
AGGAGCTGTCATTAGGGACATC
GACTGGCGAGCCTTAGTTTG
GAGGCCAATTTTGTCTCCACA
CAAGGCACCTAGAATGCCAAA
GCCGATAGTCTGTCTGTTCTAGT
CCTCATCTTGGGGTTGAACT
CCAGCCACGTTGCATTGTAG

expression was assessed by the comparative CT method cor-
recting for amplification efficiency of the primers and per-
formed in duplicate as described previously (2). PCR primers
used are reported in Table 1.

Adipose tissue stromal vascular fraction (SVF) isolation and
flow cytometry

Adipose tissue fractionation and flow cytometry analyses
were performed as described previously after Fc blocking of
samples (54). SVF cells were stained with CD64 PE, CD45.2
€450, and CD11c-APC-Cy7 or APC (eBioscience) (55) for
ATMs.

Flow cytometry assessment of HSC and myeloid progenitors

Bone marrow from one femur was flushed with PBS and
made into single-cell suspension using a syringe and then cen-
trifuged. Thereafter, cell pellets were treated with RBC lysis
solution for 5 min. After resuspension in PBS, cells were stained
with lineage markers on APC (CD4, CD5, CD8, CD11b, B220
(CD45R), Grl, Terl19), CDI117-APC-Cy7, Scal-PECy7,
CD16/32 PerCP5.5 (eBioscience), CD150-PE, Endoglin-Pacific
Blue (Biolegend), CD48 FITC, and gating as described by Pronk
et al. (56) and Oguro et al. (57).

cfu assays

Bone marrow from a femur was flushed with Iscove’s modi-
fied Dulbecco’s medium. This marrow was then treated with
fatty acid—free BSA, with fatty acids (palmitic acid, linoleic acid,
oleic acid, stearic acid) (10 uM, purchased from Sigma) in fatty
acid—free BSA, or with 10 ug/ml LPS for 1 hat 37 °C. Cells were
then resuspended in MethoCult medium and plated at a density
of 10,000 cells/plate/protocol (Stem Cell Technology). After 7
days, colonies were counted. For sorted cfu assays, bone
marrow was isolated from animals, and lineage-negative
cells were separated using a stem-cell magnet column isola-
tion kit (EasySep™ hematopoietic progenitor cell enrichment
kit). After magnetic separation, 1000 cells were used per plate.

Bone marrow transplantation

Bone marrow cells were isolated from donor groups (58) and
injected retro-orbitally into lethally irradiated (900 rads)
6-week-old recipient mice (10 million cells/mouse). Animals
were treated with antibiotics (polymyxin and neomycin) for
4 weeks after BMT. Following 2 weeks of normal chow diet,
they were started on ND or HFD chow. Glucose tolerance test-
ing was performed as described previously (29).
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Statistics

Results are presented as mean * S.E. One-way or two-way
analysis of variance was performed with factors of genotype and
diet. If there was a main effect for either factor, then ¢ tests were
performed for WT versus knockout differences within each diet
or for diet groups within each group, respectively.
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