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Abstract

TNFa-induced protein 8 (TNFAIP8 or TIPE) is a newly described regulator of cancer and
infection. However, its precise roles and mechanisms of actions are not well understood. We
report here that TNFAIP8 regulates Listeria monocytogenes infection by controlling pathogen
invasion and host cell apoptosis in a RAC1 GTPase-dependent manner. TNFAIP8 knockout mice
were found to be resistant to lethal L. monocytogenes infection and had reduced bacterial load in
the liver and spleen. TNFAIP8-knockdown in murine liver HEPA1-6 cells increased apoptosis,
reduced bacterial invasion into cells, and resulted in dysregulated RACL1 activation. TNFAIP8
could translocate to plasma membrane and preferentially associate with activated GTP-RAC1. The
combined effect of reduced bacterial invasion and increased sensitivity to TNFa-induced
clearance likely protected the TNFAIP8 knockout mice from lethal listeriosis. Thus, by controlling
bacterial invasion and the death of infected cells through RAC1, TNFAIP8 regulates the
pathogenesis of L. monocytogenes infection.
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Introduction
TNFa-induced protein 8 (TNFAIP8 or TIPE), also known as SCC-S2, OXl-a, GG2-1,
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NDED, and MDC-3.13, is the first described member of the TNFAIP8 family. It is an NF-
kB inducible protein upregulated in metastatic head and neck squamous cell carcinoma cell
lines, and to protect cancer cells from TNFa-induced apoptosis (1, 2). Overexpression in
tumor cell lines also enhanced proliferation and migration (3). TNFAIP8 has been found to
be a risk factor for non-Hodgkin’s lymphoma in humans and Staphylococcus aureus
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infection in mice (4). A few TNFAIP8 interacting partners have been identified, including
activated Gai3 and Karyopherin a2 (5). TNFAIP8L2 (TNFAIP8 — Like 2), a closely related
TNFAIP8 family protein, has been reported to interact with RAC1 and to protect against
Listeria monocytogenes infection (6).

Listeria monocytogenes is a predominantly food-borne pathogen with ~10 cases per million
inhabitants in most industrialized countries. Despite having a lower incidence of infection
than most other food-borne pathogens, listeriosis carries a high risk of mortality ranging
between 20-30%, and accounts for 19% of food-borne disease-related deaths in the USA (7,
8). L. monocytogenes is an intracellular gram-positive bacterium that infects a number of
cell types including hepatocytes, neurons, and immune cells. Immune cell-mediated
apoptosis of L. monocytogenes-infected cells such as hepatocytes is important for resolving
infection (9, 10). One of the major mechanisms of immune defense against infectious
intracellular microbes is to eliminate the infected cells by programmed cell death or
apoptosis. We sought to determine the molecular pathways regulated by TNFAIP8 and their
relationship with L. monocytogenes infection and clearance. In this study, we show that
TNFAIP8 sensitizes mice to lethal L. monocytogenes infection, by potentially blocking
apoptosis of infected cells and promoting the invasion by L. monocytogenes through RAC1.
These results may provide new insights into TNFAIP8’s regulation of cell death in listeriosis
and carcinogenesis.

Materials and Methods

Animals

Wild type C57BL/6 (B6) mice were purchased from The Jackson Laboratory. The
Tnfaip8~/~ B6 mice were generated by germline gene targeting (our unpublished data). All
mice used in this study were housed under pathogen-free conditions in the University of
Pennsylvania Animal Care Facilities. All animal protocols used were pre-approved by the
Institutional Animal Care and Use Committee of the University of Pennsylvania.

Macrophage and Neutrophil Preparations

To generate bone marrow-derived macrophages (BMDMs), bone marrow cells were flushed
from the femurs and tibias of donor mice. The red blood cells were lysed with ACK solution
(8.29g NH,4CI, 1g KHCO3, 37.2mg Na,EDTA in 1L of water). Cells were washed twice in
ice-cold 1xDPBS and cultured for 7 days in 30% L-929 cell culture supernatant and 70%
DMEM containing 10% (vol/vol) heat-inactivated FBS, 2 mM L-glutamine, and 100
units/mL penicillin/streptomycin (D10). Cells were washed twice with cold DPBS and
collected with 5 mM EDTA in DPBS. After centrifugation, they were resuspended in D10
and rested for 24 h before experimentation. BMDMs were >95% CD11b+ and F4/80+ as
determined by flow cytometry. Morphologically mature neutrophils were purified from
murine bone marrow by Percoll gradient centrifugation. Briefly, bone marrow cells were
harvested from mice using neutrophil isolation buffer (1x HBSS without Ca2+ and Mg2+
containing 0.25% BSA). After RBC lysis, cells were layered on a 62% Percoll gradient.
Following centrifugation at 1,200 x g for 30 min at room temperature, pelleted cells were
removed and washed once with isolation buffer before being used in the experiment.
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Neutrophil viability was >95% according to results from trypan blue staining. Purity was
typically 75-85% as assessed by flow cytometry based on forward and side scatter and Grl
staining.

Bone Marrow Chimeras

Bone marrow cells were flushed from the femurs and tibias of donor mice. The red blood
cells were lysed with ACK solution (8.29g NH,4CI, 1g KHCOs3, 37.2mg Na,EDTA in 1L of
water). Cells were washed twice and re-suspended in cold PBS. Recipient mice were sub-
lethally irradiated with 500 rads twice separated by 4 hours. The irradiated mice received a
total of 10x108 donor bone marrow cells by tail vein injection one or two hours after
irradiation. Mice were used seven to eight weeks later for experiments.

Cell lines and plasmids

The HEK293T and Hepal-6 cells were cultured in D10. Full-length TNFAIP8 cDNA was
generated by PCR and cloned in frame with an N-terminal Flag into vector pRK5. Human
wild-type RAC1, RAC1 T17N, RAC1 Q61L cDNAs were obtained from Addgene and
subcloned into pRK5 with Myc or HA tag at the N terminus. Truncated forms of Racl
lacking the N-terminal amino acids 1-47 and C-terminal amino acids 162-192 or 189-192
were generated by PCR and cloned in-frame with an N-terminal HA tag into vector pRKS.
cDNAs encoding TNFAIP8, wild-type RAC1, RAC1 T17N and RAC1 Q61L were
subcloned into the pEGFP-N3 plasmid.

Plasmid DNA transfection and viral infection

293T cells were transfected with plasmid DNA using Fugene 6 (Promega) reagent according
to the manufacturer’s instructions. For virus production, pLKO.1 (with puromycin
resistance) with shRNA-Tnfaip8 (purchased from Open Biosystems) or shScr (a non-
specific scramble shRNA purchased from Addgene) fragments and packaging constructs
were co-transfected into 293T cells. After 24 and 48 hrs, virus-containing medium was
filtered and used to infect Hepal-6 cell lines in the presence of 6.5 mg/ml of polybrene
(Millipore). Infected cells were selected using puromycin (Sigma) to establish ShRNA-Scr,
SshRNA-Tnfaip8-1 (SH1), and shRNA-Tnfaip8-2 (SH2) cell lines. Viral vectors were
produced from the pLKO.1 plasmid containing SH1 (AAAGGGATTGTACAAGGCAGC),
SH2 (TTGAACTGATTGTTCCTGTGG), or shRNA-scr
(CGAGGGCGACTTAACCTTAGG).

TNFa stimulation and death assays

Hepal-6 cell lines were serum starved for 16 hours in DMEM containing 2mM L-glutamine,
and 100 units/mL penicillin/streptomycin. Cells were treated with 10 ng/ml of TNFa for O,
1, 5, 15, 30, 60 minutes for protein lysates, or with 5 ng/ml TNFa plus 20 ng/ml
cyclohexamide (CHX) for 7 or 16 hours. Death was measured by flow cytometry using
Annexin V PE and 7-AAD (BD Pharmingen) staining. For measuring death following
RAC1 mutant transfections, EGFP positive cells were gated on for comparison. To inhibit
RAC1, cells were incubated with inhibitor 262954982 (Millipore) at 100uM for 30 min
prior to experimental treatment.
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Western blot

For Western blot analysis, cells were lysed for 20 min at 4°C in 1% Triton X-100 lysis
buffer containing protease and phosphatase inhibitors. Cell debris was removed by
centrifugation at 14,000 x g for 20 min at 4°C. For subcellular fractionation, membrane and
cytoplasmic proteins were separated using Qproteome Cell Compartment Kit (QIAGEN)
according to the manufacturer’s instructions. The protein concentration of the lysates was
determined by Bradford assay. Equal amounts of total protein were resolved by SDS-PAGE,
transferred to membranes, immunoblotted with specific primary and secondary antibodies,
and the signals were detected by chemiluminescence (Pierce). Primary antibodies against p-
AKT(S473), AKT, Myc, as well as anti-Myc conjugated to HRP, were purchased from Cell
Signaling Technology and used according to the manufacturer’s instructions. Anti-TNFAIP8
(1:500) was purchased from ProteinTech Group and Anti-RACL1 (1:500) was purchased
from Millipore. Anti-Flag (1:2000), anti-Flag-M2-HRP, anti-p-actin (1:3000) and anti-
GAPDH antibody (1:3000) were purchased from Sigma. HRP-conjugated secondary anti-
mouse and anti-rabbit 1gG (1:1500) were purchased from GE Healthcare. The densitometric
quantification of Western blot signals was performed using ImageJ software. Paired t-test
was used to evaluate the statistical significance of the results.

Immunoprecipitation

Immunoprecipitation was performed using Dynabeads protein G (Invitrogen). In brief, 1.5
mg protein-G Dynabeads was coated with 5 g specific antibodies or Ig control for 1 h at
room temperature with rotation. After removing unbound antibody, the bead—antibody
complex was incubated with 500 pL cell lysate for 4 h at 4 °C with rotation. The captured
Dynabead-Ab-Ag complex was washed four times with PBS and boiled in 2x Laemmli
buffer. The eluted proteins were fractionated by SDS-PAGE and detected by Western blot.

Loading of RAC1 with GDP and GTP

The 293T cells were transiently transfected with Myc-tagged RAC1 and Flag-tagged
TNFAIPS for 18 h. Cells were lysed in cell lysis buffer (50 mM Tris, pH 7.5, 10 mM EDTA,
0.2 M NacCl, 0.5% Nonidet P-40, and 1x protease inhibitors mixture) (Roche). A total of 1
mM GDPSS or 0.2 mM GTPyS (Enzo Life Sciences) was loaded to transfected cell extracts.
After 20 min incubation at 30 °C, samples were placed on ice immediately and MgCI2 was
added to a final concentration of 10 mM to stop nucleotide exchange.

PAK Pull-Down Assay

Hepal-6 cells were serum starved for 16 hours, and then treated with 10 ng/ml TNFa for 5
minutes. The cells were washed in PBS and lysed in PBD lysis buffer (50mMTris, pH 7.5,
10 mM MgCI2, 0.2 M NaCl, 2% Nonidet P-40, and 1x protease inhibitors mixture) (Roche).
The lysate was incubated with 20 ug of p21-activated kinase (PAK)-GST protein beads
(Cytoskeleton) for 30 min at 4 °C. After washing, protein on beads and in total cell lysates
was subjected to Western blot to determine the level of active Racl.
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F-actin Assay

Hepal-6 cells were plated on 12-well Nunc Multidishes with UpCell Surface (Thermo
Scientific) and incubated overnight at 37 °C. Cells were then serum-starved overnight and
washed with PBS before resuspending in ice cold PBS according to the manufacturer’s
protocol. Cells were fixed with 4% paraformaldehyde for 10 minutes and permeabilized for
5 minutes in 0.1% TRITON-X 100. The cells were subsequently stained with phalloidin-
FITC (SIGMA) for 30 minutes. Samples were analyzed by flow cytometry and mean
fluorescence intensity was calculated using FlowJo software.

Microbial Strains and Infection

Wild-type L. monocytogenes (10403s) were provided by H. Shen and Y. Paterson
(University of Pennsylvania). L. monocytogenes and Staphylococcus aureus (ATCC 29213)
were grown at 37 °C in brain-heart-infusion medium (Becton Dickinson), and Columbia
medium with 2% NaCl, respectively. For all assays, mid-log-phase bacteria were used.
Bacterial in vitro infection was assayed in 6-well plates. A total of 7.5 x 10° Hepal-6 cells
were seeded in each well, followed by culturing overnight in DMEM with 10% FBS. Cells
were the serum starved for 18-24 hours. Cells were infected with L. monocytogenes at
multiplicity of infection (MOI) of 50 in antibiotic-free media. Sixty minutes after the
inoculation, cells were washed three times with PBS, and fresh medium containing
gentamycin (150 pg/mL) was added. At 1.5 hours after infection, cells were lysed with 0.1%
Triton in PBS and serial dilutions of the homogenate were plated on brain-heart infusion
agar plates (BHI) (Becton Dickinson). The colonies were counted 24 hours later. For in vivo
bacterial infection, L. monocytogenes was grown in brain-heart-infusion medium until the
absorbance at 600 nm reached 0.1 of optical density. S. aureus was grown in Columbia
media with 2% NaCl. Six- to 7-wk old WT and TNFAIP8 KO mice were infected
intravenously with 2 x 10° L. monocytogenes in 200 uL PBS or 2 x 107 S. aureus in 200 pL
saline. For measurement of the bacterial burden in liver and spleen, mice were sacrificed 72
h after inoculation, organs were homogenized in 0.1%Triton in PBS, and serial dilutions of
the homogenate were plated on BHI agar plates. The colonies were counted 24 h later.
Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were
determined using the Infinity ALT or AST liquid stable reagent (Thermo).

Phagocytosis Assay

To prepare apoptotic cells for phagocytosis assay, thymocytes were harvested from 3- to 4-
wk-old C57BL/6 mice, loaded with 10 uM carboxyfluorescein succinimidyl ester (CFSE)
(Molecular Probes) for 10 minutes at 37°C and washed 2X in PBS. Apoptosis was induced
by incubation at 37°C in 5% CO, for 5 h in the presence of 5 uM dexamethasone (Sigma-
Aldrich). After dexamethasone treatment, cells were washed three times with PBS and
resuspended in DMEM with 2% FBS. This treatment routinely yielded over 70% apoptotic
thymocytes as measured by annexin V staining. Phagocytosis assay was performed in a 12-
well nontissue culture-treated plate (BD Falcon). A total of 1 x 108 BMDMs were seeded in
each well, followed by culturing overnight in DMEM with 2% FBS. CFSE+ apoptotic
thymocytes were then added at a ratio of 5:1, and centrifugation was performed at 500 x g
for 2 min to synchronize binding and internalization. After 30 min of incubation at 37 °C,
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plates were rapidly washed two times with ice-cold PBS, and cells collected with 5 mM
EDTA-PBS. Cells were then fixed with 2% paraformalhyde in PBS, stained with APC-
conjugated anti-F4/80, and analyzed by flow cytometry. Gates were set for macrophages in
FSC/SSC dot blots. Experiments using fluorescent latex beads (2 pm; Sigma-Aldrich) were
performed in a similar fashion. For bacterial phagocytosis assay, L. monocytogenes were
washed twice with sterile PBS and incubated (at 1 x 10%/mL bacteria) in 2 M CFSE for 20—
30 min under constant shaking at 37 °C. CFSE-labeled bacteria were washed three times
with PBS before being used. Live bacteria were fed to BMDMs at a ratio of 10:1 in DMEM
with 10% serum.

assay

Primary neutrophils were loaded with 5 uM Calcein AM in PBS supplemented with 2% FBS
for 30 minutes at 37°C. After 3 washes with PBS, neutrophils were resuspended to with 2 x
108 cells per ml of PBS. ChemoTX plates (Neuro Probe) were loaded with 50 pl of cell over
each 5.7mm diameter chamber with 5 um pores. The lower chambers were loaded with 30 pl
of PBS containing the specified concentration of IL-8. The Neutrophils were incubated for
one hour, and then the top chambers were washed off and the plates were read in a
fluorescent plate reader. Chemotactic index was calculated as the number of neutrophils in
the lower chambers of chemokine containing wells over the wells with no chemokines.

Sera were collected from WT and TNFAIP8 KO mice 72 hours after L. monocytogenes
infection and kept at —80°C. Antibodies used in ELISA were purchased from BD
Pharmingen and eBioscience, including purified and biotinylated rat anti-mouse TNFa.
Quantitative ELISA was performed using paired mAbs specific for corresponding cytokines
according to the manufacturer’s recommendations.

Statistical analysis

Results

Quantitative data are presented as means£SEM of two or three experiments. Survival curves
were plotted via the Kaplan-Meier method and compared by the log-rank test. Two-tailed
Student t test was used for all other results and p<0.05 was considered statistically
significant. All statistical analysis was performed using Graphpad Prism Software.

TNFAIP8-knockout mice are resistant to lethal Listeria monocytogenes infection

It has been previously reported that TIPE2-deficient mice are resistant to L. monocytogenes
infection (6). We hypothesized that TNFAIP8-knockout mice might have a similar
phenotype. To test this, TNFAIP8 knockout and wild type C57BL/6 mice were
intravenously injected with a lethal dose of L. monocytogenes. As expected, TNFAIP8
knockout mice were found to be resistant to death (Figure 1A), and experienced reduced
weight-loss during infection (Figure 1B). Next we examined the bacterial load in the liver
and spleen 3 days post infection, and found reduced bacterial load in the knockout mice
(Figure 1C). We assessed liver damage by measuring serum levels of ALT and AST, but we
found no significant differences between wild type and knockout mice (Figure 1D). Serum
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TNFa and IL-6 levels were also assayed. TNFa and IL-6 are important for controlling L.
monocytogenes, and mice deficient in either of them have increased bacterial burden (11).
Although the knockout mice had less TNFa and more IL-6, the differences were not
statistically significant (Figure 1E). Therefore TNFAIP8 KO mice are resistant to lethal L.
monocytogenes infection, independent of serum cytokines and hepatocellular toxicity.

Immune system function does not sufficiently explain the resistance to lethal L.
monocytogenes in TNFAIP8-knockout mice

To test whether TNFAIP8 knockout immune cells are responsible for the resistance to L.
monocytogenes infection, we produced bone marrow chimeric mice using both wild type
and knockout irradiated mice as recipients of wild type bone marrow. After their immune
cells were replenished, the recipient mice were challenged with a lethal dose of L.
monocytogenes. We once again found that TNFAIP8 knockout mice still exhibited
significant resistance to death (Figure 2A). Next we tested whether there was a difference in
mouse survival with another gram-positive pathogen. We chose Staphylococcus aureus
since the Tnfaip8 gene was reported to be a risk factor for its infection, and it is an
extracellular pathogen (4). TNFAIP8 knockout (KO) and wild type (WT) mice were infected
intravenously with a lethal dose of S. aureus, but there was no difference in mouse survival
(Figure 2B). To investigate if there were any differences in innate immune cell function, we
isolated primary neutrophils from bone marrow and checked if there was a difference in
neutrophil chemotaxis. We found no significant difference between WT and KO cells in
chemotaxis towards IL-8 in a Boyden chamber assay (Figure 2C). Although IL-8 is not
expressed in mice, murine neutrophils express the functional 1L-8 receptor beta (CXCR2),
and IL-8 has been previously used to induce chemotaxis in mice (12, 13). We next studied
the phagocytic capacity of bone marrow-derived macrophages and found that there were no
differences between WT and KO cells in the phagocytosis of killed CFSE-labeled
thymocytes, fluorescently labeled beads, or L. monocytogenes (Figure 2D). To determine
whether TNFAIP8 deficiency affects the production of TNFa and IL-6 in response to
peptidoglycan (PGN), a major component of Gram-positive bacteria, we injected PGN into
WT and TNFAIP8 KO mice, and checked the serum levels of the cytokines. Again, we did
not find any significant differences between the two groups (Figure 2E). Similarly, bone
marrow-derived macrophages did not show a difference in the production of TNFa and I1L-6
upon stimulation with PGN in vitro (Figure 2F). Taken together, these results suggest that
the immune system does not play a primary role in the resistance to lethal L. monocytogenes
infection in TNFAIP8 knockout mice.

TNFAIP8 regulates L. monocytogenes infection and the death of infected cells in vitro

Since differences in immune function did not adequately explain the resistance to lethal L.
monocytogenes infection in TNFAIP8-knockout mice, we next investigated the roles of
TNFAIP8 in non-immune cells involved in bacterial infection. Since hepatocytes are a major
target of L. monocytogenes infection, we generated TNFAIP8 knockdown Hepal-6 murine
liver cells. Using a lentiviral vector expressing either a scrambled shRNA sequence or
sequences targeting TNFAIP8, we created several knockdown cell lines and determined the
protein levels of TNFAIP8 and AKT (Figure 3A). We found that sShRNA-tnfaip8-1 (SH1)
was a nearly complete knockdown, with increased AKT phosphorylation at Serine 473.
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AKT phosphorylation at Serine 473 is regulated by MTORC2 and PI3K and is important in
regulating apoptotic cell death, and PI3K itself is important in L. monocytogenes cell
invasion (14, 15).

Next we tested whether L. monocytogenes invasion of Hepal-6 cells was affected by
TNFAIPS8 depletion. After allowing the bacteria to invade cells for 1 hour, we found that the
knockdown cells had reduced bacterial burden, with or without TNFa treatment, and TNFa
did not provide any protective effect against bacterial invasion (Figure 3B). TNFa is
important in protecting mice against many bacterial pathogens. Hepatocytes produce TNFa
upon exposure to L. monocytogenes, and its depletion sensitizes mice to death by L.
monocytogenes (11, 16). Next we tested whether TNFAIP8 knockdown had an effect on L.
monocytogenes -induced cell death. We incubated the cells with L. monocytogenes overnight
with or without TNFa and found that the TNFAIP8 knockdown cells showed enhanced
sensitivity towards cell death only when treated with both L. monocytogenes and TNFa
(Figure 3C). Finally we assayed whether there was a difference in TNFa-induced cell death
by treating cells with TNFa and cycloheximide and found increased sensitivity in the
knockdown cell lines (Figure 3D). Our results suggest that the resistance to lethal L.
monocytogenes infection in mice could be caused by the resistance of host cells to bacterial
invasion and increased sensitivity to cell death following infection, thereby reducing
bacterial load in the organism.

TNFAIPS8 regulates RACL1 activation by TNFa

RACL1 is an important regulator of cell death following TNFa stimulation, and TNFAIP8
has been found to protect against TNFa-induced cell death (2, 3, 5, 17, 18). RAC1 has also
been found to regulate L. monocytogenes invasion into endothelial cells (6, 19). To test
whether there is a difference in RAC1 activation, PAK-GST beads were used to pull down
RAC1. PAK only binds to active RAC1-GTP and is routinely used to assay for RAC1
activity. Knockdown and control cells were stimulated with TNFa for 5 minutes and the
amount of RAC1 pulled down with PAK-GST beads was compared (Figure 4A). We found
dysregulated RACL1 activation in TNFAIP8 knockdown cells, with higher basal levels of
RAC1-GTP, but limited induction following TNFa stimulation. Next we checked whether
there were any differences in RAC1 trafficking to the membrane and found impaired RAC1
translocation following TNFa stimulation (Figure 4B). In control cells, TNFAIP8 seemed to
primarily localize to the cytosol, but surprisingly, there was more TNFAIP8 on the
membrane than in the cytosol in the knockdown cells. To determine the consequence of
increased basal RACL1 level, we assayed F-actin by flow cytometry and found increased F-
actin in TNFAIP8 knockdown cells (Figure 4C).

To test whether the differences in knockdown cell death are RAC1-dependent, we
transfected cells with the constitutively active RAC1-61L or inactive RAC1-17N and treated
them with TNFa and cycloheximide (CHX) (Figure 4D). We found that the dominant
negative mutant partially rescued cell death while the constitutively active mutant greatly
sensitized the control cells to death, but had a limited effect on the knockdown cells. We
next tested the relevance of RAC1 signaling to L. monocytogenes invasion of the
knockdown cells. We infected TNFAIP8 knockdown and control cells with L.
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monocytogenes, with or without RAC1 inhibitor treatment, and found that the inhibitor
effectively protected cells from bacterial invasion, and negated any differences between
control and TNFAIP8 knockdown cells (Figure 4E). Taken together, these results indicate
that RAC1 activation is dysregulated in TNFAIP8 knockdown cells, which likely
contributes to the altered response to TNFa-induced cell death and L. monocytogenes
invasion.

TNFAIP8 associates with RAC1 with a higher affinity towards active RAC1-GTP

We first tested whether Flag-tagged TNFAIP8 associates with endogenous RAC1. We
transfected 293T cells with a plasmid encoding Flag-tagged TNFAIP8 and
immunoprecipitated cell lysates with anti-Flag antibody or control IGG and blotted for
RAC1 and Flag-TNFAIP8 (Figure 5A). We found that endogenous RACL1 co-
immunoprecipitated with TNFAIP8. We then tested whether this interaction was dependent
on a particular region of RAC1. We created several HA-tagged Racl mutants and
transfected them into 293T cells along with Flag-tagged TNFAIP8. We pulled down Flag
and blotted for HA and found that RAC1 association was impaired with the A162-192
RAC1 mutant, which lacks the polybasic region (PBR) and CAAX motif (Figure 5B). The
PBR is critical for RAC1 interaction with certain proteins and proper cellular localization
(20, 21). The CAAX motif is responsible for post-translational modification and is crucial
for the proper function of RACL1 (22, 23).

To test whether TNFAIP8-RACL interaction is dependent on the activation status of RAC1,
we loaded 293T lysate expressing Myc-tagged RAC1 and Flag-tagged TNFAIP8 with non-
hydrolyzable forms of GTP (GTPyS) and GDP (GDPS). We found increased TNFAIP8
association with GTPyS loaded RAC1, suggesting that TNFAIP8 preferentially associates
with the active form of RAC1 (Figure 5C). These results demonstrate that TNFAIP8
associates with active RAC1 and that this association may be responsible for the TNFAIP8
effect in L. monocytogenes infection.

Discussion

The role of TNFAIP8 in cell death appears to be condition-dependent. In most tumor cells, a
protective effect of TNFAIPS8 is reported; however in thymocytes, TNFAIP8 has been found
to promote gluococorticoid-induced apoptosis (24). The molecular pathways of cell death
that are regulated by TNFAIP8 are still largely unknown. Previous work suggests that
TNFAIP8 protects against death through its ‘death effector domain (DED)’, but that
hypothesis has been largely debunked by the structural analysis of TIPE2, which revealed a
novel fold instead of a DED domain (3, 25). Others have suggested that TNFAIP8 works
through Gal(i) proteins, and have shown that TNFAIP8 is important for the function of
dopamine-D2short receptors in protecting against TNFa-induced cell death (5). Recently,
TNFAIP8L1, another TNFAIP8 family member, has been implicated in activating mTOR to
protect against oxidative stress in dopamine neurons by blocking autophagy (26). The
mTOR protein itself plays an important role in promoting cancer, protecting against cell
death, and increasing susceptibility to lethal L. monocytogenes infection, and has also been
found to be regulated by the small GTPase RAC1 (27-29). We show here that TNFAIP8
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associates with RAC1 and regulates TNFa-induced cell death and lethal L. monocytogenes
infection in mice. We propose that it does so by regulating RAC1 signaling.

Listeria monocytogenes pathogenesis is dependent on a number of factors related to both
immune and non-immune systems. Hepatocytes are quickly invaded by L. monocytogenes
upon infection, and apoptotic cell death is important in releasing TNFa and other cytokines
to trigger an immune response to the infected liver (9, 16, 30, 31). Neutrophils are attracted
to the infected organs to phagocytose and kill bacteria. If the pathogen is not controlled, L.
monocytogenes will escape to other organs and the organism can die of sepsis. Protecting
immune cells from death has been found to be an important aspect in preventing lethal L.
monocytogenes infection (32, 33). But promoting cell death in hepatocytes or blocking
cellular invasion might be equally important for the survival of the organism (16, 19, 34).

Our results show that TNFAIP8 knockout animals are resistant to lethal L. monocytogenes
infection with decreased bacterial load in the liver and spleen, similar to what has been
previously observed with TIPE2 (6). However, unlike TIPE2 knockout mice that show
heightened immunity to L. monocytogenes, there was little difference in phagocytosis,
chemotaxis, or cytokine production between WT and TNFAIP8 KO innate immune cells.
TNFa and IL-6 are important in the resistance to L. monocytogenes infection, and both were
previously studied in TIPE2 knockout mice (2, 6, 11). In addition to these cytokines, IFNYy is
also very important for immunity to L. monocytogenes (30, 35). However, due to limitations
in serum quantities collected, we could not investigate IFNy in this study. Despite reports
suggesting a role for TNFAIP8 in Staphylococcus aureus infection, we found no difference
in survival between WT and TNFAIP8 KO mice (4). This suggests that TNFAIP8 knockout
mice are not resistant to extracellular pathogens, and that the immune system is no more
capable of handling pathogens than that of WT mice. Rather the non-immune cells of the
host may be more important in protecting themselves against intracellular pathogens.

Apoptosis of host cells is an important defense mechanism against intracellular pathogens
like L monocytogenes (10). Hepatocyte apoptosis may inhibit L. monocytogenes spread
within the liver and allow access of the pathogen to professional phagocytes (31). Previous
work has focused on leukocyte-mediated cell death of hepatocytes, and it has been
discovered that depletion of Fas or the downstream Caspase-8 enzyme in hepatocytes
reduced CD8" T-cell-mediated cell death and resulted in increased bacterial burden in the
liver (36, 37). The leukocytes responsible for lysis of hepatocytes during the early stages of
infection are not clear, with both neutrophils and macrophages likely involved (38, 39). We
therefore decided to investigate L. monocytogenes infection in the non-immune hepatoma
cell line Hepal-6. We found that TNFAIP8 knockdown Hepal-6 cells were more sensitive
to death by L. monocytogenes when treated with TNFa, and were resistant to L.
monocytogenes invasion. TNFa is critical for protecting against lethal L. monocytogenes
infection, which can block certain aspects of TNFa signaling to protect itself (11, 40).
Therefore, it stands to reason that TNFAIP8-knockout mice are protected against lethal L.
monocytogenes infection by first reducing hepatocyte invasion and second by increasing
apoptosis of infected hepatocytes in response to TNFa, thus blocking a productive infection
of the pathogen.
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We observed an increase in pAKT at serine 473 in TNFAIP8 knockdown cells, suggesting
that mMTOR may also be regulated by TNFAIP8. RACL has been implicated in regulating
mTOR complexes by its interaction with mTORC1 and mTORC2 proteins (29). In addition,
TNFAIP8L2 has been found to associate with RAC1 (6). This led us to investigate whether
TNFAIP8 effector functions are dependent on RAC1 signaling because both RAC1 and
mTOR are implicated in L. monocytogenes invasion of cells and apoptosis (15, 19, 28).

After testing several conditions using TNFAIP8 knockdown cells, we concluded that
TNFAIP8’s regulation of cell death is RAC1 dependent. By introducing the dominant
negative mutant of RAC1, TNFa-induced cell death in TNFAIP8 knockdown cells is
partially rescued. Furthermore, the constitutively active mutant had a stronger effect on the
control cells than they did on the knockdown cells, presumably because the RAC1 signaling
was already heightened in knockdown cells. We observed increased RAC1-GTP at basal
levels in knockdown cells and enrichment of TNFAIP8 in the membrane fraction when
compared to the controls. The localization of TNFAIP8 in knockdown cells suggests that the
membrane association is crucial for proper cell function and that it may be related to the
increased RACL1 activation. In addition, we found increased levels of F-actin in knockdown
cells at the basal state, supporting the heightened level of RAC1-GTP in these cells. This led
us to the conclusion that TNFAIP8 knockdown cells are more susceptible to TNFa-induced
cell death because there is insufficient TNFAIP8 present to inhibit RACL.

Bacterial entry into knockdown cells is inhibited in spite of increased RAC1 activation and
reports that RAC1 activation is necessary for bacterial entry (19, 41). The RAC1 inhibitor
did inhibit bacterial invasion of both knockdown and control cells and eliminated the
differences in bacterial counts, suggesting that RACL is responsible for the differences in
bacterial invasion. A possible explanation for reduced bacterial invasion of knockdown cells
in the face of elevated RAC1 activation is that RACL1 is activated nonspecifically throughout
the cellular membrane in TNFAIP8 deficient cells, increasing ROS production and
activating molecular pathways that do not require localized activation. Functions that require
localized activation, like the internalization of a L. monocytogenes cell on a host membrane,
may be inhibited because there is too much background RAC1 activation to efficiently
recruit the required proteins to a specific location and internalize the bacterium. An
alternative explanation is that infected TNFAIP8 knockdown cells are dying rapidly,
reducing the total number of bacteria protected from the gentamycin treatment. This
explanation, however, seems unlikely due to the short incubation time with L.
monocytogenes for the infection experiments, and that no difference in death induced by L.
monocytogenes was observed after 24 hours compared to control cells.

There are several different forms of endocytosis, and L. monocytogenes has been shown to
take advantage of Clathrin dependent MET receptor-mediated endocytosis to gain entry into
the cell (42). Contrary to the differences observed with L. monocytogenes invasion of the
Hepa 1-6 cell lines, phagocytosis by TNFAIP8 knockout bone marrow-derived macrophages
showed no abnormalities. One possible explanation is that the lack of TNFAIP8 in the
knockout macrophages is compensated by the presence of TIPE2. TIPE2 protein is
undetectable in Hepa 1-6 cells (data not shown), but is expressed in macrophages where it
regulates phagocytosis (6). A second potential explanation is that the molecular mechanism
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for phagocytosis of L. monocytogenes in macrophages is sufficiently different from the
endocytosis of L. monocytogenes in Hepa 1-6 cells that TNFAIP8 deficiency can affect one
but not the other.

Finally, we showed that TNFAIP8 associates with RAC1 by co-immunoprecipitation. We
were forced to use transiently expressed TNFAIP8 due to the very weak binding affinity of
the commercial TNFAIP8 antibodies. We further found that the TNFAIP8 association is
dependent on the C-terminus of RAC1, which contains the PBR and CAAX motif. These
two regions are responsible for protein interactions, membrane localization signaling, and
post-translational modifications. Our finding that the association is dependent on whether
RACL1 is primed with GTP or GDP, suggests that RACL1 interaction with TNFAIP8 is
enhanced with RAC1 activation. Understanding the molecular interaction of TNFAIP8 with
RACL is important in identifying therapeutic targets for treating a wide variety of diseases,
including bacterial infections and cancer.

Here, we propose that TNFAPS8 regulates TNFa-induced cell death by its inhibition of
RAC1 (Figure 6). The TNFa signaling cascade activates pro-death pathways through
caspase cleavage and ROS production by the NAPDH oxidase complex, and pro-survival
pathways through the activation of the NF-xB transcription factor. Inhibition of RAC1 and
the associated NADPH oxidase activation has been documented to protect cells against both
apoptotic and necrotic cell death following TNFa stimulation (17, 18). TNFAIP8 expression
is reported to be up-regulated by TNFa signaling through NF-xB (2, 43). Our findings
suggest that NF-xB can protect against cell death by preventing ROS production through
RACL inhibition by the expression of TNFAIPS.

We also propose that RAC1 regulation by TNFAIP8 is important for L. monocytogenes
invasion of host cells. L. monocytogenes Internalin A and B surface proteins bind to MET
(also known as the hepatocyte growth factor receptor), B-integrin and E-cadherin receptors
to activate RACL1 and induce F-actin cytoskeletal remodeling that allow for bacterial entry
into the cells (41). We hypothesize that TNFAIP8 functions to reduce background RAC1
activation, allowing for precise control of RAC1 signaling. Insufficient TNFAIP8 likely
interferes with this aspect of bacterial infection by preventing localized RAC1 signaling at
the site of bacterial entry thus preventing the recruitment of F-actin and inhibiting bacterial
internalization. In conclusion, our results indicate that TNFAIP8 regulates RAC1 signaling
during TNFa receptor activation and L. monocytogenes invasion of cells, and that this
regulation is crucial for controlling cell death and lethal L. monocytogenes infection of mice.
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Figure 1. TNFAIP8-knockout mice areresistant to lethal Listeria monocytogenes infection
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Wild type (n=5) and TNFAIP8 knockout mice (n=7) were infected with 2x10° CFUs of L.

monocytogenes through the tail vein. (A) Mouse Kaplan-Meier survival curve after L.

monocytogenes injection (P = 0.01). (B) Changes in body weight following infection (P =

0.04). Mice were sacrificed at day 3 post infection and their livers, spleens, and sera

collected. (C) Spleen and liver bacterial load was measured by a colony-forming assay. (D)
Serum levels of aspartate aminotransferase (AST) and alanine aminotransferase (ALT). (E)
Serum TNFa and IL-6 levels were measured by ELISA. The results are representative of at

least two independent experiments. N.S., not significant; * P < 0.05.
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Figure 2. Immune system function does not sufficiently explain the resistanceto lethal L.
monocytogenes of TNFAIP8-knockout mice

(A) Bone marrow chimeras were produced by irradiating wild type (N=6) and TNFAIP8
(N=6) knockout mice and transferring wild type bone morrow into them. Mice were given 8
weeks to reconstitute their immune system before being infected with 2x10° CFUs of L.
monocytogenes. The difference in survival between the two groups is statistically significant
(P =0.02). (B) Wild type (N=5) and TNFAIP8 knockout mice (N=7) were challenged with
2x107 CFUs of Staphylococcus aureus. The difference in survival between the two groups is
not statistically significant. (C) Calcein AM-labeled primary neutrophils were incubated for
1 hour in a Boyden chamber filled with or without 50 ng/ml or 500 ng/ml of IL-8. The rate
of chemotaxis was determined using a fluorescent plate reader. (D) Bone marrow-derived
macrophages (BMDMs) were incubated with 2-um fluorescent beads at a ratio of 1:20,
apoptotic CFSE-labeled thymocytes at a ratio of 1:5, or CFSE-labeled L. monocytogenes at a
ratio of 1:10 for 30 minutes. The rate of phagocytosis was measured by flow cytometry. (E)
Wild type and TNFAIP8 knockout mice were intravenously injected with PGN (10 mg/kg)
and serum was collected after 8 hours to assay TNFa and IL-6 levels by ELISA. (F)
BMDMs were treated with PGN (10 pg/ml) for 8 hours and TNFa and IL-6 levels were
assayed in the supernatant. The results are representative of at least two independent
experiments. N.S., not significant.
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Figure 3. TNFAIP8 regulates L. monocytogenes infection and the death of infected cellsin vitro
Hepal-6 knockdown cells were generated using the pLKO.1 lentiviral vector to express

either a scrambled shRNA (Scr) or one of the two antisense sequences targeting TNFAIP8
(SH1 and SH2). (A) Western blot was performed for the indicated proteins in the lysates of
untransfected control (UT) and shRNA-treated Hepal-6 cells. (B) L. monocytogenes
infection of control and TNFAIP8 knockdown Hepal-6 cells was measured in a colony
formation assay. Cells were infected with 50 MOI of L. monocytogenes for 1 hour with or
without 50 ng/ml of TNFa. NT, not treated with TNFa. Cells were washed and then treated
with 150 pg/ml Gentamycin for 30 minutes to kill extracellular bacteria before being lysed
to release the intracellular bacteria. (C) Hepal-6 TNFAIP8 knockdown and control cells
were challenged with L. monocytogenes (L) at 60 MOI with or without 50 ng/ml of TNFa
(T) for 16 hours. Death was quantified by flow cytometry after Annexin V staining. (D)
Hepal-6 knockdown and control cell lines were treated with or without 5 ng/ml of TNFa
and 20 ng/ml of cycloheximide (CHX) for 6 hours. Cell death was determined by flow
cytometry after Annexin V and 7-AAD staining. The results are representative of at least
two independent experiments. N.S., not significant; ** P < 0.01; *** P < 0.001.
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Figure4. TNFAIP8 and RACL1in L. monocytogenes infection and cell death
The levels of RAC1-GTP was determined by a PAK-GST pull down assay for control and

TNFAIP8 knockdown Hepal-6 cells stimulated with or without 50 ng/ml of TNFa for 5
minutes. Relative band intensities: 1, 1.5, 1.7, and 1.54 for Scr and SH1 with no treatment,
and Scr and SH1 with TNFa treatment, respectively. (B) Control and TNFAIP8 knockdown
Hepal-6 cells were stimulated with 50 ng/ml of TNFa for 0, 2, 5, or 15 minutes. Lysates
were fractionated into membrane [M] and cytoplasmic [C] portions, and TNFAIP8, RAC1,
and actin were detected by Western blot. Relative band intensities: 1, 1.61, 2.86, 1.84, 1.72,
1.42, 1.91, and 2.04 for Scr with 0, 2, 5, and 15 minutes of TNFa treatment and SH1 with O,
2, 5, and 15 minutes of TNFa treatment, respectively. Band intensities were determined by
ImageJ software. (C) Control and TNFAIP8 knockdown Hepal-6 cells were stained with
phalloidin-FITC to quantify their total levels of F-actin by flow cytometry. (D) Control and
TNFAIP8 knockdown Hepal-6 cells were transiently transfected with pEGFP vectors
containing either the EGFP cDNA alone [E], or EGFP plus RAC1-17N [R-] or RAC1-61L
[R+] cDNAs. Cells were treated with 5 ng/ml of TNFa and 20 ng/ml of cycloheximide for 6
hours. EGFP positive cells were gated by flow cytometry and cell death was detected by
Annexin V and 7-AAD staining. (E) Control and TNFAIP8 knowdown Hepal-6 cells were
infected with 50 MOI of L. monocytogenes for 1 hour with or without RAC1 inhibitor 11
[RI] 262954982 at 100 uM. Cells were washed and then treated with 150 ug/ml Gentamycin
for 30 minutes to Kill extracellular bacteria before being lysed to release the intracellular
bacteria. The results are representative of at least two independent experiments. * P < 0.05;
** P <0.01; *** P <0.001.
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Figure 5. TNFAIP8 associateswith RAC1 with a higher affinity towards active RAC1-GTP
(A) 293T cells were transfected with the pRK5 expression plasmids containing Flag-tagged

TNFAIP8. Anti-FLAG antibody or control mouse IGG was used to immunoprecipitate the
Flag-tagged TNFAIP8 along with endogenous RAC1 and Western blotting was performed
using the indicated antibodies. (B) HA-tagged RAC1 mutants were co-expressed with Flag-
tagged TNFAIPS8 in 293T cells, and IP was performed using anti-Flag. Western blots were
developed using anti-HA antibody to identify RAC1 mutants co-immunoprecipitated with
TNFAIPS8. (C) 293T cells were cotransfected with Flag-tagged TNFAIP8 and Myc-tagged
RAC1 or empty pRKS5 vector. Total cell lysates were then treated with or without GTPyS or
GDPBS, and anti-Myc antibody was used to immunoprecipitate RAC1. TNFAIP8 and RAC1
were determined by Western blotting. The results are representative of at least two
independent experiments.
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Figure 6. Model of TNFAIP8 molecular function in cell death
TNFa activates the tumor necrosis factor receptor (TNFR), which results in RAC1 and NF-

kB activation. RAC1 then activates the NAPDH oxidase complex to generate reactive
oxygen species (ROS) that promote cell death. The NF-xB transcription factor promotes
TNFAIP8 expression to inhibit RACL activation and protect against cell death.
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