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of Zinc, Autophagy, and Bacterial Clearance by Macrophages
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Abstract

Background & Aims—Continuous stimulation of pattern recognition receptors (PRRS),
including nucleotide-binding oligomerization domain-2 (NOD2) (variants in NOD2 have been
associated with Crohn's disease), alters the phenotype of myeloid-derived cells, reducing
production of inflammatory cytokines and increasing clearance of microbes. We investigated the
mechanisms by which microbial clearance increases in macrophages under these conditions.

METHODS—Monocytes were purified from human peripheral blood mononuclear cells and
differentiated to monocyte-derived macrophages (MDMs). We also isolated human intestinal
macrophages. Bacterial clearance by MDMs was assessed in gentamicin protection assays. Effects
of intracellular zinc and autophagy were measured by flow cytometry, immunoblot, reverse
transcription PCR, and microscopy experiments. Small interfering RNAs were used to knock
down specific proteins in MDMs. NOD2-/- and C57BL/6J mice, maintained in a specific
pathogen-free facility, were given antibiotics, muramyl dipeptide (to stimulate NOD2), or dextran
sodium sulfate; intestinal lamina propria cells were collected and analyzed.

RESULTS—Chronic stimulation of human MDMs through NOD2 upregulated the expression of
multiple genes encoding metallothioneins, which bind and regulate levels of intracellular zinc.
Intestinal myeloid-derived cells are continually stimulated through PRRs; metallothionein
expression was upregulated in human and mouse intestinal myeloid-derived cells. Continuous
stimulation of NOD?2 increased levels of intracellular zinc, thereby increasing autophagy and
bacterial clearance. The metal-regulatory transcription factor-1 (MTF-1) was required for
regulation of metallothionein genes in human MDMs. Knockdown of MTF-1 did not affect
baseline clearance of bacteria by MDMs. However, the increase in intracellular zinc, autophagy,
and bacterial clearance observed with continuous NOD?2 stimulation was impaired in MDMSs upon
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MTF-1 knockdown. Addition of zinc or induction of autophagy restored bacterial clearance to
MDMs following metallothionein knockdown. NOD?2 synergized with the PRRs TLR5 and TLR9
to increase the effects of metallothioneins in MDMs. In mice, the intestinal microbiota contributed
to the regulation in expression of metallothioneins, levels of zinc, autophagy, and bacterial
clearance by intestinal macrophages.

CONCLUSIONS—In studies of human MDMs and in mice, continuous stimulation of PRRs
induces expression of metallothioneins. This leads to increased levels of intracellular zinc and
enhanced clearance of bacteria via autophagy in macrophages.
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Introduction

Loss-of-function polymorphisms in NOD2 confer the highest genetic risk for developing
Crohn's disease (CD). Muramyl dipeptide (MDP) is the minimal component of
peptidoglycan that stimulates the cytoplasmic bacterial sensor NOD223, Acute NOD2
stimulation with MDP induces inflammatory cytokines®. As peripheral monocytes migrate
into the intestinal lamina propria, they are chronically exposed to microbial products,
including MDP®. With chronic NOD2 stimulation in myeloid-derived cells, cytokine
secretion is decreased®8 while microbial clearance is enhanced®. These dual outcomes
parallel the phenotype observed in intestinal macrophages!?, and likely contribute to
microbial clearance in a manner that minimizes tissue injury. Moreover, human peripheral
macrophages derived from CD-associated homozygote or compound heterozygote NOD2
variants do not demonstrate either of these outcomes upon chronic NOD2 stimulation®:9-10,
As the pro-inflammatory cytokines that contribute to mechanisms mediating microbial
clearance are significantly attenuated after chronic NOD2 stimulation, the goal of this study
was to determine cytokine-independent mechanisms contributing to enhanced microbial
clearance upon chronic NOD?2 stimulation. Interestingly, upon chronic LPS stimulation of
mouse macrophages, pro-inflammatory transcripts are downregulated, while select
transcripts contributing to microbial clearance are upregulated'2. Similarly, in a microarray
examining LPS-induced endotoxin tolerant human mononuclear cells, proinflammatory
mediators were downregulated, whereas multiple metallothionein genes were upregulated!3.
The specific contributions of the upregulated transcripts, including metallothioneins, to the
unique phenotype of chronic PRR stimulated cells, in particular to putative increased
microbial clearance, were not investigated in these studies.

Metallothioneins (MTs) are intracellular cysteine-rich proteins that maintain intracellular
zinc homeostasis. A single report suggested reduced bactericidal activity in peritoneal
macrophages from MT~/~ micel4. Additionally, zinc can improve intestinal inflammation in
both mouse and human studies®16-18, However, mechanisms for these beneficial intestinal
effects are not well understood. There is increasing recognition for the role of micronutrients
such as zinc in modulating immune function and immune-mediated diseases, which points to
the importance of dissecting the mechanisms through which zinc mediates its effects. Given
the relationship between zinc and MTs, we hypothesized that the upregulated MT genes
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would contribute to the enhanced microbial clearance observed under chronic PRR
stimulation in human macrophages.

We found that MTs were highly upregulated in human macrophages upon chronic NOD2
stimulation, as well as in ex vivo human and mouse intestinal myeloid-derived cells. NFxB
and caspase-1 regulated MT induction in chronic NOD2-stimulated MDMs. We found that
metal-regulatory transcription factor-1 (MTF-1) was a critical transcription factor regulating
the expression of MT genes in human macrophages. Through targeting MTF-1, we
identified that MT upregulation led to increased intracellular zinc and subsequent zinc-
induced autophagy, which was critical for the enhanced intracellular bacterial clearance
observed after chronic NOD2 stimulation of MDMs. Interestingly, the MTs did not
contribute to baseline microbial clearance in macrophages, but rather selectively contributed
to the enhanced microbial clearance observed with chronic NOD2 stimulation. Furthermore,
NOD?2 synergized with other PRRs, such as TLR5 and TLR9, to enhance MT-mediated
outcomes. Reduction in intestinal microbiota in mice in vivo decreased, whereas enhanced
intestinal microbial exposure increased, MT expression, intracellular zinc, autophagy and
microbial clearance in intestinal macrophages. These studies demonstrate a novel
mechanism through which microbial clearance is enhanced under the chronic PRR
stimulation conditions observed in the intestine, and highlight zinc regulation as a
potentially important therapeutic target in intestinal inflammation.

Materials and Methods

Recruitment and genotyping

Informed consent was obtained per protocol approved by Yale University IRB. We
performed genotyping by TagMan SNP genotyping (Applied Biosystems, Foster City, CA)
or Sequenom platform (Sequenom Inc., San Diego, CA). We utilized cells from healthy
individuals not homozygous for R702W, G908R or Leu1007insC NOD2 mutations.

Primary MDMs and intestinal mononuclear isolation

Mice

Monocytes were purified from human peripheral blood mononuclear cells by positive CD14
selection (Miltenyi Biotec, Auburn, CA) and cultured with 10 ng/ml M-CSF (Shenandoah
Biotechnology, Warwick, PA) for MDMs differentiation. Human intestinal macrophages
were isolated as described®.

NOD2~ mice (C57BL/6J) (Jackson Laboratory, Bar Harbor, ME) were maintained in a
specific pathogen-free facility and used between 2-4 months of age. Experiments were per
agreement with the Yale University Institutional Animal Care and Use Committee and
according to National Institutes of Health guidelines.

MDM stimulation

Cultured MDMs were treated with 100 pg/ml MDP (Bachem, King of Prussia, PA). Zinc
chloride, rapamycin (Sigma-Aldrich, St. Louis, MO), BAY-117082 (Calbiochem, La Jolla,
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CA), JNK inhibitor Il, PD98059, SB203580 (Invivogen), YVAD-cmk (Bachem), DMSO or
IL-1 receptor antagonist (IL-1Ra) (GenScript, Piscataway, NJ) were used as indicated.

Transfection of small interfering RNAs (SiRNAS)

SMARTpool siRNA against MTF-1, NEMO, NOD2 or caspase-1 (four pooled siRNA for
each gene, Dharmacon, Lafayette, CO) or scrambled siRNA were transfected into MDMs
(Amaxa, San Diego, CA).

RNA isolation and RT-PCR

RNA was isolated, reverse transcribed and quantitative PCR performed as in1® on the ABI
7500 (Applied Biosystems). Sample were run in duplicate and normalized to GAPDH.
Primer sequences are available on request.

Protein expression analysis

Western blot was performed as per® using anti-MTF-1, anti-MT-1/2 (Abcam, Cambridge,
MA), anti-MT-1A (Sigma-Aldrich), anti-MT-1B/H/X (Santa Cruz Biotechnology, Dallas,
TX), anti-LC3-11 (Cell Signaling, Danvers, MA), or anti-GAPDH antibodies (EMD
Millipore).

Intracellular zinc measurement

Intracellular zinc was measured with 1 pM FluoZin-3 AM (Invitrogen, Carlsbad, CA)
according to manufacturer instructions. TPEN (8 uM; Sigma-Aldrich) was utilized to chelate
intracellular zinc.

Intracellular bacterial killing

Cells were infected with Salmonella typhimurium (S. typhimurium) (10:1), adherent invasive
E. coli (AIEC) strain LF82 (10:1) (generous gift from Dr. Emiko Mizoguchi) or
Staphylococcus aureus (S. aureus) (1:1) for a total of 2h. Gentamicin protection assay was
performed as in® beginning 1h after bacterial infection.

Microscopy

Nuclear staining was performed with TOPRO-3 (Invitrogen). Image capture was done with a
confocal laser-scanning microscope (LSM 510 META inverted Axiovert 200; Carl Zeiss).

In vivo studies

In some cases mice were first provided with a 4 week oral antibiotic regimen consisting of
vancomycin hydrochloride (500 mg/L; Hospira, Inc, Lake Forest, IL), ampicillin (1g/L;
DAVA Pharmaceuticals, Inc, Fort Lee, NJ), metronidazole (1g/L; Teva Pharmaceuticals,
Sellersville, PA, 18960) and neomycin sulfate (1g/L; MP Biomedicals, Solon, Ohio) as per2?
(96.5£1.1% reduction in fecal bacterial 16s rRNA levels). A subset of mice was treated with
PBS or 100 pg MDP i.p. x 3 sequential days prior to harvest. In other cases, mice were
given 1% (wt/vol) dextran sodium sulfate (DSS; MP Biomedicals, Santa Ana, CA) in their
drinking water.
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Intestinal lamina propria cell isolation

Small intestinal lamina propria cells were isolated as previously described?!, CD11b* cells
were then isolated utilizing anti-CD11b beads ((Miltenyi Biotech). CD11b purity was >90%.

Generation of BMM

Bone marrow single-cell suspensions from mice were cultured in RPMI 1640 10% L929-
conditioned medium to generate bone marrow-derived macrophages (BMM). Cultures were
fed fresh medium every 3d and used at 6-8d.

Statistical analysis

Significance was assessed using two-tailed Student t test or ANOVA when analyzing
multiple comparisons. p<0.05 was considered significant.

Results

Metallothioneins are upregulated after chronic NOD2 stimulation of primary human MDMs
and in intestinal myeloid-derived cells

We first questioned if MTs are induced after prolonged NOD?2 stimulation in primary human
MDMs. We previously found 48h of NOD2 stimulation to be optimal for downregulating
cytokine secretion upon restimulation through NOD2 or other PRRs®10 and for upregulating
intracellular bacterial clearance®. Human MT-1 consists of multiple isoforms, denoted by A,
B, E, F, G, H, M, X22, MT transcripts were mildly increased upon acute NOD2 stimulation
(4h), further increased after chronic stimulation (48h) and yet further increased in some
cases upon restimulation of NOD2 (Fig 1A). The upregulation ranged from 5- to 15-fold
upon restimulation relative to untreated cells for multiple MT-1 isoforms and for MT-2A
(Fig 1A), and was consistently observed for each individual (Supplementary Fig 1A). In
contrast, cytokine transcripts increased acutely, but decreased after chronic stimulation (Fig
1B). Consistent with the mRNA findings, MT-1 and -2 protein expression increased after
prolonged NOD2 stimulation (Fig 1C-D). Consistent with their chronic exposure to
microbial products, MTs were expressed at higher levels in ex vivo human intestinal
myeloid-derived cells relative to unstimulated peripheral-derived macrophages (Fig 1E).
Taken together, MTs are upregulated upon chronic NOD2 stimulation in human MDMs and
in myeloid cells in the intestinal environment where there is ongoing PRR stimulation.

Chronic NOD2 stimulation increases intracellular zinc and zinc-mediated bacterial
clearance in MDMs

Metallothioneins play a crucial role in regulating intracellular zinc homeostasis. Consistent
with the increased MT expression, chronic MDP treatment (48h) increased intracellular zinc
levels compared to unstimulated cells (Fig. 2A). To determine if increased intracellular zinc
contributes to the enhanced intracellular bacterial clearance after chronic NOD2 stimulation
in human MDMs, we utilized a cell-permeable, high affinity zinc chelator, TPEN (N,N,N’,N
’-tetrakis-(2-pyridylmethyl) ethylenediamine) to decrease intracellular zinc levels (Fig 2A).
Levels of calcium (Supplementary Fig 1B) and iron (Supplementary Fig 1C) were
unchanged under these TPEN-treated conditions. As previously observed®, upon chronic
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NOD?2 stimulation MDMs demonstrated increased S. typhimurium clearance (Fig 2B). In
contrast, reducing the increased intracellular zinc observed after chronic NOD2 stimulation
reversed the enhanced S. typhimurium clearance (Fig. 2B). Importantly, chelating
intracellular zinc did not significantly impair the ability of unstimulated MDMs to clear S.
typhimurium (Fig. 2B). A similar reversal in enhanced bacterial clearance with chronic
NOD?2 stimulation was observed upon binding intracellular zinc through a second approach
utilizing NBD-TPEA (Supplementary Fig 1D). Therefore, the increased MT expression
observed upon chronic NOD2 stimulation is associated with increased intracellular zinc; this
increased intracellular zinc contributes to the increased bacterial clearance observed after
chronic NOD?2 stimulation.

MTF-1 regulates MT expression in human macrophages

We next sought to determine if the upregulated MT expression after chronic NOD2
stimulation in MDMs directly regulates the increased intracellular zinc and enhanced
bactericidal activity observed in these cells. As MT-1M was one of the most upregulated
MTs after chronic NOD2 stimulation, we utilized siRNA to reduce MT-1M (Supplementary
Fig. 2A). Upon reduction of MT-1M expression, we observed a significant, but only partial
reversal of the enhanced bacterial killing observed after chronic NOD2 stimulation
(Supplementary Fig. 2B). Consistently, intracellular zinc levels were only partially
decreased with reduced MT-1M expression (Supplementary Fig. 2C).

We hypothesized that the modest reversal of NOD2-enhanced bacterial killing upon MT-1M
knockdown was due to compensation by the other upregulated MTs. We therefore sought to
reduce expression of multiple MT isoforms simultaneously. Previous reports found that the
transcription factor MTF-1 regulates endogenous MT genes in mouse systems23. Whether
MTF-1 can regulate expression of MT genes in human cells or under PRR stimulation has
not been assessed. MTF-1 was upregulated after acute NOD2 stimulation (Fig. 3A). Peak
MTF-1 expression (Fig. 3A) occurred prior to the peak induction of MTs after NOD2
stimulation (Fig. 1A), consistent with the potential for this transcription factor to mediate
MT induction. To examine the ability of MTF-1 to regulate MT expression, we utilized
siRNA to MTF-1 and observed an effective decrease in baseline and NOD2-induced MTF-1
mRNA (Fig 3B) and protein expression (Fig. 3C). Importantly, upon MTF-1 knockdown,
both basal and chronic NOD2-induced mRNA (Fig 3D) and protein expression (Fig 3E) for
multiple MT isoforms was reduced. In summary, MTF-1 regulates baseline and NOD2-
induced expression of MT isoforms in human MDMs, thereby providing an approach to
address the role of MTs in NOD2-enhanced bacterial clearance.

MTs are critical for the enhanced intracellular bacterial clearance in chronic NOD2
stimulated macrophages

We next decreased MT-1 and MT-2 isoforms by knocking down MTF-1 expression and
examined bacterial clearance. Reduced MTs did not impair intracellular S. typhimurium
clearance in untreated human MDMs (Fig 3F), similar to the zinc chelation studies (Fig 2B).
In contrast, the enhanced bacterial clearance after chronic NOD2 stimulation was
completely reversed (Fig. 3F). We observed similar results upon infection with other
bacteria, including AIEC (Fig. 3F), which colonize the ileum of Crohn's disease patients

Gastroenterology. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Lahiri and Abraham

Page 7

with increased frequency?# and S. aureus (Fig. 3F). Of note, reduced MT expression did not
affect bacterial entry at early time points (Supplementary Fig 3A) or alter the reduced
cytokine secretion in chronic NOD2-stimulated MDMs (Supplementary Fig 3B). Taken
together, the upregulated MTs in chronic NOD2 stimulated human MDMs play a critical
and selective role in enhancing bacterial clearance.

NFxB and caspase-1 regulate MT induction in chronic NOD2-stimulated MDMs

We next sought to determine the signaling pathways regulating MT induction upon chronic
NOD2-stimulation. We examined MTF-1 as the overall transcription factor regulating MTs,
as well as two of the more upregulated MTs, MT-1G and MT-1M. We first ensured that
MTF-1 and MT induction after chronic MDP treatment was specific to NOD2-mediated
signaling through NOD2 knockdown (Supplementary Fig. 4A, Fig. 4A).

We next considered signaling pathways in human MDMs activated upon NOD2 stimulation,
including the NFxB, MAPK and PI3K pathways?>:19, We initially used pharmacological
inhibitors to assess the role of these signaling pathways, and confirmed findings with
independent knockdown approaches described later. Upon NFxB inhibition, chronic NOD2
stimulation failed to upregulate MTF-1, MT-1G or MT-1M, whereas inhibition of ERK,
p38, JNK, or PI3K did not impair MT upregulation (Fig. 4B). To ensure these inhibitors
were blocking expected downstream outcomes, we confirmed effective inhibition of NOD2-
mediated TNF secretion with each of the inhibitors (Supplementary Fig. 4B). Cell viability
was intact in the presence of the inhibitors. We previously found that NOD2 signaling leads
to rapid caspase-1 activation, which in turn is required for subsequent select downstream
responses!®25, Hence, we blocked caspase-1 signaling by YVAD and found that MDP
treatment failed to upregulate MTF-1, MT-1G or MT-1M (Fig. 4C). As expected, YVAD
treatment effectively decreased NOD2- mediated IL-1 secretion (Supplementary Fig. 4C).
To verify the role of NFxB and caspase-1 in NOD2-induced expression of MTs through a
non-pharmacological approach, we utilized sSiRNA to NEMO and to caspase-1
(Supplementary Fig. 4D&E), respectively. Consistent with the pharmacological inhibitor
results, chronic MDP treatment failed to induce MT genes in MDMs transfected with either
NEMO (Fig. 4D) or caspase-1 siRNA (Fig. 4E). Caspase-1 activation leads to cleavage of
pro-1L1 and subsequent secretion of active IL-1. We previously showed in human MDMs
that this caspase-1-dependent autocrine IL-1 is critical for optimal signaling and cytokine
secretion upon acute NOD2 stimulation, and the enhanced bacterial clearance observed upon
chronic NOD2 stimulation®1. Through use of physiological IL1Ra to block IL-1B
signaling, we found that autocrine IL-1 was critical for NOD2-mediated MTF-1 and MT
induction (Fig 4F). Therefore, the NOD2-mediated induction of MT expression is dependent
upon NFxB and caspase-1-mediated IL-1 secretion.

MTs regulate intracellular zinc levels

We next sought to understand the mechanism(s) through which MTs mediate enhanced
bacterial killing in human MDMs after chronic NOD2 stimulation. Chronic NOD2
stimulation enhanced both expression of MTs (Fig 1) and intracellular zinc (Fig 2A), and the
upregulated intracellular zinc was critical for NOD2-enhanced bacterial clearance (Fig 2B).
Therefore we asked if MTs regulate the NOD2-enhanced zinc levels in human MDMs. Cells
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transfected with MTF-1 siRNA failed to upregulate zinc upon chronic NOD2 stimulation
(Fig. 5A). Importantly, adding exogenous zinc to complement the deficient intracellular zinc
levels after MTF-1 knockdown restored the enhanced bacterial clearance observed after
chronic NOD?2 stimulation (Fig. 5B). Taken together, upon chronic NOD2 stimulation of
MDMs, expression of MTs is induced, which in turn upregulates intracellular zinc, thereby
leading to enhanced intracellular bacterial clearance.

MT-mediated zinc accumulation plays a crucial role in NOD2-induced autophagy and
subsequent enhanced intracellular bacterial clearance

We next sought to further define the mechanism wherein the increased MT expression and
intracellular zinc levels enhance intracellular bacterial clearance after chronic NOD2
stimulation. Zinc can regulate ROS production?6. We previously found that ROS increased
with chronic NOD2 stimulation in MDMs due to increased expression of NADPH oxidase
complex members; this increased ROS contributes to enhanced microbial clearance®.
However, reducing intracellular zinc with TPEN did not impair ROS production with
chronic NOD2 stimulation of MDMs (Supplementary 5A). We therefore considered
modulation of other microbial clearance mechanisms. Zinc and zinc ionophores can induce
autophagy in neuronal cells2”+28, Acute NOD2 stimulation can also induce autophagy, which
in turn, can contribute to bacterial clearance?9-31. Whether autophagy is enhanced under the
chronic NOD?2 stimulation conditions observed at sites of ongoing microbial exposure, and
whether MTs and/or zinc contribute to this process in human macrophages has not been
examined. Chronic NOD2 stimulation induced autophagy as demonstrated by an increase in
cells with LC3 punctae (Fig 5C) and an increase in LC3-11 by western blot (Fig 5D). In
contrast, autophagy was not increased after chronic NOD2 stimulation in MTF-1 siRNA-
transfected cells (Fig 5C&D). We observed similar autophagic induction after zinc addition
alone (Fig 5D). Moreover, addition of exogenous zinc to MTF-1 siRNA-transfected, chronic
NOD2-stimulated cells was able to restore LC3-11 levels (Fig 5D), consistent with the
restoration of intracellular bacterial clearance with addition of exogenous zinc (Fig 5B).
Cathepsin D activity in chronic NOD2-stimulated and zinc-treated macrophages was not
decreased, and in fact, was increased relative to unstimulated macrophages (Supplementary
Fig 5B), such that increased LC3-I1 was not due to lysosomal dysfunction. Moreover, with
chronic NOD?2 stimulation, p62 expression was decreased in the context of the increased
LC3-11 expression (Supplementary Fig 5C), which can serve as a measure of effective
autophagy32. Finally, inducing autophagy through an independent approach utilizing
rapamycin was able to completely restore the enhanced bacterial killing in MTF-1 siRNA-
transfected, chronic NOD2 stimulated MDMs (Fig 5E). Rapamycin did not alter early
bacterial entry (Supplementary 5D). In summary, NOD2-induced MTs and the subsequent
increase in intracellular zinc are critical for inducing autophagic-mediated clearance of
intracellular bacteria in human MDMs.

NOD?2 synergizes with TLR5 and TLR9 to upregulate MTs, intracellular zinc, autophagy and
microbial clearance

As intestinal macrophages are exposed to multiple PRRs, we next assessed if chronic
stimulation of other PRR similarly upregulates MT transcript expression in human MDMs,
and if these other PRRs might cooperate with NOD?2 to regulate MT-mediated outcomes.
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We examined TLR5 and TLR9 given their relevant roles in the intestine?. MTF-1 and MT
isoforms were upregulated after chronic stimulation of TLR5 (flagellin) or TLR9 (CpG);
NOD?2 synergized with these TLRs to further upregulate MT genes (Supplementary Fig.
6A). Moreover, NOD2 synergized with TLR5 and TLR9 to upregulate intracellular zinc,
autophagy and microbial clearance (Supplementary Fig. 6B-D). The MDP-mediated synergy
was dependent upon NOD2 as evidenced by NOD2 knockdown (Supplemental Fig 6).
Taken together, under the chronic microbial ligand exposure that occurs in the intestinal
environment, NOD2 can synergize with other PRRs to upregulate MTs and MT-mediated
outcomes.

Intestinal microbiota regulate levels of MTs, intracellular zinc, autophagy and microbial
clearance in intestinal macrophages in mice

Relative to peripheral macrophages, intestinal macrophages are more efficient in bacterial
clearancell. Given the ability of chronic microbial ligand exposure to upregulate MTs and
autophagy, we questioned if autophagy was increased in intestinal relative to peripheral
macrophages in mice. We first confirmed that similar to human intestinal myeloid cells (Fig
1E), CD11b* isolated small intestinal mouse macrophages express increased MTF-1, MT1
and MT?2 relative to peripheral BMM (Fig 6A). We further found that both baseline and
bacterial-induced autophagy was increased in intestinal macrophages relative to BMM (Fig
6B). Therefore, consistent with the consequences of chronic PRR stimulation in peripheral
macrophages, intestinal macrophages demonstrate increased MT expression and autophagy
relative to peripheral macrophages.

We next hypothesized that reducing exposure of intestinal macrophages to microbial ligands
in vivo would decrease MT expression and MT-mediated outcomes. We found this to be the
case, such that small intestinal macrophages harvested from mice after 4 weeks of oral
antibiotic treatment demonstrated decreased expression of MTs, intracellular zinc, and LC3-
I1, and decreased efficacy in microbial clearance relative to mice without antibiotic
treatment (Fig 6C-F). We then questioned if administration of MDP to mice treated with
antibiotics could rescue the defects observed in intestinal macrophages. We selected the
MDP treatment regimen used in’, as this was effective in reducing severity of experimental
colitis; improved bacterial clearance might be hypothesized to be a mechanism contributing
to the attenuated colitis. Three sequential days of intraperitoneal. MDP administration was
able to rescue the impaired expression of MTs, intracellular zinc, LC3-11 and clearance of
intracellular bacteria in intestinal macrophages from antibiotic-treated mice, as well as
enhance these outcomes under homeostatic conditions (Fig 6C-F).

We next hypothesized that increased exposure to microbial ligands in vivo would lead to
outcomes converse to those observed during antibiotic treatment. We treated mice with a
short duration (2d), low concentration (1%) of DSS. Intestinal macrophages isolated from
DSS-treated mice demonstrated increased expression of MTs, intracellular zinc, LC3-I1 and
clearance of bacteria (Fig 7A-D). Although NOD2™~ mice do not develop spontaneous
colitis, they are more susceptible to DSS colitis’ , such that we questioned if NOD2~/~
intestinal macrophages were impaired in MT-mediated outcomes upon DSS exposure.
Expression of MTs, intracellular zinc and autophagy was not impaired under homeostatic
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conditions in intestinal macrophages from NOD2~/~ mice (Fig 7A-C). However, NOD2~/~
intestinal macrophages were impaired in induction of these pathways upon DSS exposure
(Fig 7A-C). Under homeostatic conditions, NOD2~/~ intestinal macrophages demonstrated a
defect in intracellular bacterial clearance (Fig 7D). This is consistent with multiple studies
showing a role for NOD2 in bacterial clearance in peripheral macrophages?. Furthermore,
NOD2~/~ intestinal macrophages were unable to enhance bacterial clearance efficiency after
DSS treatment to the same levels as observed in NOD2*/* intestinal macrophages (Fig 7D).
Taken together, reduced microbial exposure in vivo decreases, whereas enhanced microbial
exposure increases, MT— mediated outcomes in intestinal macrophages.

Discussion

We have identified that upregulated metallothioneins serve as a critical mechanism to
enhance intracellular bacterial clearance under conditions of chronic PRR stimulation in
primary human MDMs. Under these chronic PRR stimulation conditions, the pro-
inflammatory cytokine secretion that generally contributes to intracellular bacterial
clearance is significantly attenuated, yet bactericidal activity is increased. Human intestinal
macrophages demonstrate a similar phenotype in which PRR-induced cytokine secretion is
decreased, while bactericidal activity is increased!?, which likely contributes to enhanced
bacterial clearance in a manner that minimizes tissue injury. We found that NOD2-initiated
NF«B and caspase-1 activation induce the expression of a broad range of MT isoforms.
These MTs upregulate intracellular zinc, which in turn, upregulate autophagy-mediated
bacterial clearance after chronic NOD2 stimulation of human macrophages. Human and
mouse intestinal macrophages express higher levels of MTs than peripheral macrophages,
consistent with the increased bactericidal activity in intestinal macrophages. Finally,
intestinal microbiota in vivo modulate MT expression and MT-mediated outcomes in
intestinal macrophages in mice. It remains possible that the antibiotics and DSS used to
decrease and increase microbial exposure, respectively, may also have microbiota-
independent effects influencing the outcomes observed. Of note is that we utilized a low
dose (1%) and duration (2d) of DSS exposure to reduce the degree of inflammation and
epithelial injury. Induction of MT-mediated outcomes in intestinal macrophages during
epithelial injury would provide a mechanism for improved clearance of the translocated
bacteria. Therefore, we identify the metallothionein regulation of intracellular zinc as a
critical mediator of enhanced bacterial clearance by macrophages under conditions of
chronic PRR stimulation (Supplementary Fig. 7).

An increase in cellular MT levels can lead to an efficient increase in the intracellular
available zinc pool. Our data clearly demonstrate a role for zinc in regulating autophagy-
mediated bacterial clearance after chronic PRR stimulation. In addition to its crucial role in
removing organelle and bacteria-containing cargo, autophagy is important in maintaining
intestinal immune homeostasis. This has been highlighted by both IBD genetic studies
identifying autophagy related genes33, and animal studies34:3°. Moreover, autophagy can
reduce inflammasome activation and cytokine secretion, thereby reducing inflammation34.
Therefore, that zinc can enhance autophagy in primary human macrophages highlights zinc-
mediated outcomes that can simulate phenotypic features of intestinal macrophages, wherein
cytokine production is decreased and bacterial clearance is increased. Zinc deficiency
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exacerbates!®, whereas zinc supplementation improves, the severity of experimental colitis
in rodents!’. In human IBD, serum zinc levels are reduced compared to the healthy
individuals3®. Interestingly, zinc supplementation improved intestinal permeability in a
small cohort of Crohn's disease patients1®. Furthermore, oral zinc supplementation is
recommended for treatment of acute diarrhea in the developing world due to its ability to
reduce the duration and severity of acute diarrheal symptoms!®. Our studies provide insight
into potential mechanisms through which zinc may be mediating its beneficial effects in
these conditions. Furthermore, as we find that defects in MT-mediated bacterial killing
under chronic PRR stimulated conditions are complemented by both zinc and by inducing
autophagy in an independent manner, careful monitoring of zinc levels and zinc
supplementation and/or additional interventions to induce autophagy may prove to be
effective therapeutic strategies in diseases of intestinal inflammation, including Crohn's
disease.
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Figure 1. Chronic NOD2 stimulation upregulates MT isoforms in MDM and intestinal
macrophages

(A) MDMs were treated with 100 ug/ml MDP for 4h, or pre-treated for 48h, washed, and
left untreated or restimulated for an additional 4h with MDP. Fold change MT isoform
MRNA+SEM (n=8; each subject served as their own control). (B) Fold change IL-6, IL-8
and TNF mRNA+SEM. Representative western blot for (C) total MT-1/2 (n=4), and (D)
(top) MT-1A and (bottom) MT-1B/H/X (n=4) in MDMs treated with 100 pg/ml for the
indicated times. (E) MT-1G, MT-1M and MT-1X mRNA expression was assessed in
untreated human ileal myeloid-derived cells (n=8) and peripheral MDMs (n=8). Pretx, pre-
treatment; Tx, treatment; M, MDP. Significance between treated compared to untreated or
select conditions as indicated. *, p<0.05; **, p<0.01; ***, p<0.001.
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Figure 2. Chronic NOD2 stimulation increases intracellular zinc and zinc is necessary for NOD2-

enhanced bacterial clearance

(A) MDMs were treated with MDP for 48h + TPEN for 1h. Intracellular zinc was measured

by flow cytometry utilizing the zinc-detecting dye FluoZin-3. (Left) Representative flow
cytometry plot with MFI values. (Right) Fold intracellular zinc induction after MDP

treatment normalized to untreated cells (n=7)+SEM. (B) MDMs (n=6) were stimulated with

MDP for 48h, incubated with TPEN for 1h and intracellular S. typhimurium clearance is

shown as CFU + SEM.** p<0.01; ***, p<0.001.
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Figure 3. MTF-1 regulates NOD2-induced MT expression and bacterial killing
(A) MDMs were treated with MDP as in Fig.1. Fold MTF-1 mRNA induction. (B-F) MDMs

were transfected with MTF-1 siRNA for 24h and then treated with 100 pg/ml MDP for 48h.
(B) MTF-1 mRNA expression. (C) Representative western blot for MTF-1 expression. (D)
mRNA expression of MT isoforms. (E) Representative western blot using an antibody
recognizing both MT-1 and MT-2 isoforms. (F) Clearance of intracellular S. typhimurium, S.
aureus or AIEC. Mean + SEM for n=4 (A-C) or n=8 (D-F). Pretx, pre-treatment; TX,
treatment; scr, scrambled; *, p<0.05; **, p<0.01;***, p<0.001.
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Figure 4. NFxB and caspase-1 regulate MT induction upon chronic NOD2 stimulation in MDM
(A) MDMs (n=4) were transfected with scrambled or NOD2 siRNA for 24h, and stimulated

with MDP for 48h. (B&C) MDMs (n=8) were stimulated with MDP for 48h. Prior to
stimulation, MDMs were incubated for 1h with (B) 0.1 uM BAY-117082 (NFxB inhibitor),
PD98059 (inhibits ERK activator MEK1), SB202190 (p38 inhibitor), JINK inhibitor II, or
Ly294002 (PI3K inhibitor), or (C) 0.1 uM YVAD (caspase-1 inhibitor). (D, E) MDMs
(n=4) were transfected with scrambled, (D) NEMO siRNA or (E) caspase-1 (casp-1) sSiRNA
for 24h and then treated with MDP for 48h. (F) MDMs (n=4) were treated with I1L-1
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receptor antagonist (IL-1Ra) for 1h prior to treatment with MDP for 48h. (A-F) Fold
MTF-1, MT-1G and MT-1M mRNA induction+SEM. scr, scrambled; M, MDP. **, p<0.01;
**% p<0.001.
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Figure 5. MT-mediated intracellular zinc induction is necessary for enhanced autophagic-
mediated bacterial killing following chronic NOD2 stimulation

(A) MDMs were transfected with scrambled or MTF-1 siRNA for 24h, then treated with
MDP for 48h, and intracellular zinc was measured by FluoZin-3. (Left) Representative flow
cytometry plot with MFI values. (Right) Normalized FluoZin-3+SEM (n=6). (B-E) MDMs
were transfected with scrambled or MTF-1 siRNA for 24h, then treated with MDP for 48h
with or without 100 pM zinc (ZnCl,). (B) Clearance intracellular S. typhimurium (n=6). (C)
(Left) Representative image with nuclei stained with TOPRO-3 iodide dye (blue) and anti-
LC3 antibody (red). Scale bar=10uM. (Right) Percent LC3 punctae positive cells (50 fields

Gastroenterology. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Lahiri and Abraham

Page 20

for each n=2 from 3 independent experiments). (D) Representative western blot and
densitometric analysis (n=4) for LC3-I1. (E) Intracellular S. typhimurium clearance assessed
after rapamycin (1 pg/ml) treatment for 30 min. Significance comparisons are shown for
select conditions. **, p<0.01; ***, p<0.001. NT, no treatment; scr, scrambled; rapa,
rapamycin.
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Figure 6. Intestinal bacteria regulate MT expression, zinc, autophagy and bacterial clearance in
mouse intestinal macrophages

(A) MTF-1, MT-1 and MT-2 mRNA expression in small intestinal (SI) compared to BM
macrophages from C57BL/6 mice (n=4/group). (B) Representative western blot of LC3-11
from 2 of 4 mice £ S. aureus co-culture (4h) and densitometric analysis (n=4/group) for fold
increase in LC3-11+SEM. Significance is compared to uninfected BMM or as indicated. (C-
F) Mice were treated with oral antibiotics (ABX) % i.p. MDP (as per Materials & Methods)
and Sl lamina propria macrophages were isolated. (C) Fold change in MTF-1, MT-1 and
MT-2 mRNA expression. (D) Representative flow cytometry plot for intracellular zinc and
summary graph of FluoZin-3 MFI. (E) Representative LC3-11 western blot and quantitative
densitometry summary graph. (F) Intracellular S. typhimurium clearance. (C-F) Data is
shown as mean+SEM for n=3/group. Statistical significance compared to untreated samples
unless otherwise indicated. *, p<0.05, **, p<0.01; ***, p<0.001.
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Figure 7. NOD2 contributes to induction of MTs, zinc, autophagy and bacterial clearance in

mouse intestinal macrophages

NOD2** or NOD2~ mice were given 1% DSS or regular drinking water (DW) for 2 days
and lamina propria macrophages were isolated. (A) Fold change in MTF-1, MT-1 and MT-2
mRNA expression compared to DW-treated NOD2*/* mice (n=3/per group). (B)
Representative flow cytometry for intracellular zinc and summary graph of FluoZin-3 (n=6/
group)+SEM. (C) Representative western blot for LC3-11 expression and quantitative
densitometry graphs (n=5/per group)+SEM. (D) Clearance of intracellular S. typhimurium or
S. aureus CFU (n=3/group; representative of 2 independent experiments)+SEM. *, p<0.05,

** n<0.01; *** p<0.001.
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