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Summary

Cytosolic innate immune sensing is critical for protecting barrier tissues. NOD1 and NOD2 are
cytosolic sensors of small peptidoglycan fragments (muropeptides) derived from the bacterial cell
wall. These muropeptides enter cells, especially epithelial cells, through unclear mechanisms.

We previously implicated SLC46 transporters in muropeptide transport in Drosophila immunity.
Here we focused on S/c46a2, which was highly expressed in mammalian epidermal keratinocytes,
and showed that it was critical for the delivery of diaminopimelic acid (DAP)-muropeptides

and activation of NODL in keratinocytes, while the related transporter S/c46a3 was critical
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for delivering the NOD2 ligand MDP to keratinocytes. In a mouse model, S/c46a2- and Nod1-
deficiency strongly suppressed psoriatic inflammation, while methotrexate, a commonly used
psoriasis therapeutic, inhibited S/c46a2-dependent transport of DAP-muropeptides. Collectively
these studies define SLC46A2 as a transporter of NOD1activating muropeptides, with critical
roles in the skin barrier, and identify this transporter as an important target for anti-inflammatory
intervention.

eTOC Blurb

Innate immune receptors NOD1/2 detect bacterial peptidoglycans that access the cytosol.
However, the mechanisms by which peptidoglycan fragments reach the cytosol are unclear.
Bharadwaj et a/. reveal that Slc46a2 is critical for transporting DAP-type peptidoglycans into
keratinocytes, that it is inhibited by the anti-inflammatory methotrexate, and that it works with the
NOD1 pathway to incite psoriatic inflammation.
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Introduction

Cytosolic innate immune receptors play critical roles in host defense by sensing microbial
products that access the cell interior and activating potent immune and inflammatory
responses.2 These receptors include several nucleic acids sensors, such as cGAS, RIG-I,
NLRP1, and AIM2, as well as others that respond to bacterial products (NOD1, NOD2,
NAIPs and NLRC4) or danger signals (NLRP1 or 3).2~7 In some cell types, ligands for
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these cytosolic sensors can be imported into the cytosol.8-12 For instance, fragments of
the bacterial cell wall, or muropeptides, enter the cytosol and drive potent inflammatory
responses by activating NOD1 or NOD2 and NF-xB.13-14 Muropeptides that contain

the amino acid diaminopimelic acid (DAP), common to gram-negative bacteria and gram-
positive bacilli, are potent NOD1 agonists, while muramyl-dipeptide (MDP), derived from
nearly all bacterial peptidoglycan, activates NOD2.

While muropeptides can enter into some cell types, the underlying mechanisms of entry
are unclear.1® Several reports have linked the solute carrier 15 (SLC15) family of peptide
transporters to cytosolic muropeptide delivery.16-21 However, these solute carriers have
not been directly demonstrated to transport muropeptides and are not specifically required
for NOD signaling, but instead have recently been linked to IRF5 activation following
stimulation of TLRs as well as NODs.22:23 On the other hand, we recently identified

the SLC46 family as candidate muropeptide transporters in Drosophila and mammalian
cells.24 In particular, human or mouse SLC46A2or SLC46A3, but not SLC46A1 (encoding
the Proton Coupled Folate Transporter), strongly enhance muropeptide-triggered NOD-
dependent NF-xB reporter activity in cell lines. SLC46AZ2is highly effective in facilitating
the DAP-containing muropeptide tracheal cytotoxin (TCT) activation of the cytosolic innate
immune receptor NODL in these reporter assays, yet it is expressed in only a limited set
of tissues. Analysis of publicly available databases and previous publications reveals that
Sle46a2 is predominantly expressed in the skin epidermis as well as cortical epithelial
cells of the thymus.25-27 Skin is a critical barrier defense against micro-organisms in

the environment and an important immune-responsive organ.28:29 NOD-mediated bacterial
recognition plays a critical role in the interaction between gut microbiota and the intestinal
epithelia3, yet much less is known about the role of the NOD receptors in other barrier
tissues, like the skin.31 Similar to the gut microbiome, the skin microbiome constantly
interacts with the epidermis, modulating local and systemic immune responses, and is
implicated in inflammatory skin diseases such as psoriasis.32-3% However, the role of
NOD1/2 sensing in this tissue has not been evaluated.

While SLC46A1 has little effect on NOD1 or NOD2 sensing of muropeptides in NF-

xB reporter assays, it is an established transporter of folates and anti-folates.24:36 The
anti-folate Methotrexate (MTX) is both an anti-proliferative agent, used to treat blood
cancers, and a potent anti-inflammatory drug commonly used as a first-line treatment for
psoriasis, rheumatoid arthritis, and other immune-mediated inflammatory disorders.37:38
For cancer therapy, MTX inhibits cell proliferation by interfering with dihydrofolate folate
reductase and other folate-dependent enzymes required for thymidine and purine synthesis.
However, the anti-inflammatory mechanism of action for MTX is less clear and is not
linked to its antiproliferative activity. While several mechanisms have been suggested,

one leading hypothesis argues that MTX, by inhibiting the folate-dependent enzyme 5-
aminoimidazole-4-carboxamide ribonucleotide (AICAR) transformylase (ATIC), indirectly
leads to elevated extracellular adenosine which in turns inhibits inflammatory signaling

via the adenosine receptors Ay, and A3.3? However, other mechanisms have also been
proposed, including effects on NF-xB, lincRNA-p21, and NO synthase. Yet, demonstrating
any of these mechanisms of action as central to the response of patients to MTX has

been challenging. Nonetheless, it is clear that MTX accesses the cytosol where it is

Immunity. Author manuscript; available in PMC 2024 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bharadwaj et al.

Results

Page 4

often polyglutamated and potently inhibits several folate-dependent enzymes. The role of
SLC46A2 or SLC46A3, which are ~30% identical to SLC46A1, in MTX uptake has not
been extensively examined.

Here we characterized a mouse deficient in S/c46a2, demonstrating the essential function
of SLC46A2 for delivery of DAP-muropeptides and NOD1 activation in keratinocytes, and
identifying a DAP-muropeptide-triggered epidermal inflammatory response. This response
involved caspase-1- and gasdermin D-dependent plasma membrane permeabilization of
epidermal keratinocytes and the release of IL-1a. In the mouse, this response drove the
rapid recruitment of neutrophils to muropeptide-challenged skin and was essential for the
development of psoriatic inflammation. Moreover, we also show that this pathway was
inhibited by methotrexate, indicating an additional mechanism of action for this commonly
used anti-inflammatory drug.3” Human keratinocytes, in the context of 3D skin organoids,
also similarly respond to DAP-muropeptides driving an IL-1-dependent response.

NOD1 and NOD2 responses in vivo require Slc46a2 and Slc46a3

Previously, we implicated the SLC46 family of transporters in the delivery of muropeptides
to cytosolic innate immune receptors in Drosophilaand human cell lines.24 To determine
whether SLC46 family members contribute to mammalian responses to muropeptides /n
vivo, we used a classic assay to monitor NOD1 and NOD2 activaton in S/c46a2/~ and
Slc46a3~ mice (Fig. SLA-E).40-42 jE-DAP or MDP was injected intraperitoneally (IP)
and neutrophil recruitment to the peritoneum measured after 3 h (Fig. S1F). Like Nod1™/~
mice, Slc46a27!~ mice did not respond to iE-DAP but responded like wild-type to MDP. By
contrast, S/c46a3'~ mice phenocopied NodZ™'~ mice, responding normally to iE- DAP but
failing to respond to MDP (Fig. 1A).

Slc46a2is highly expressed in skin epidermis but not found in many other tissues (Fig.
S1G and #344). As the activity of NOD1 agonists in skin has not been extensively
characterized3!, the DAP-muropeptide tracheal cytotoxin (TCT), or LPS as a control,

was injected intradermally (ID) in the pinnae and Gr-1* leukocyte recruitment to the

ear was monitored, between 1 and 24 h (Fig. S1H); leukocyte recruitment following
DAP-muropeptide was rapid and robust, peaking at 3 h. Using this intradermal challenge
assay, Slc46a27'~ mice failed to respond to iE-DAP, but responded normally to MDP,
phenocopying NodZ™'~ mice (Fig. 1B). Moreover, Slc46a3'~ mice were significantly
defective in responding to MDP, like Nod2”~ animals. Gr-1* leukocytes recruited to the
pinnae by iE-DAP challenge were multilobed, consistent with neutrophils, and parallel
analysis with Ly6C and Ly6G antibodies similarly showed robust, S/c46a2-dependent
recruitment of Ly6GN neutrophils (Figure S11). At this 3 h timepoint, recruitment of T-cells
(CD3") or Ly6CN macrophages was trending but did not reach significance. H&E staining
of pinnae sections confirmed that neutrophils, as well as other immune cells, were recruited
to the skin in response to DAP-muropeptide challenge in a NodZ- and S/c46a2-dependent
manner (Fig. S1K, multi-lobed neutrophil nuclei marked with arrows). These results, with
IP or ID challenge assays, demonstrate that S/c46aZis selectively required for the NOD1
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pathway while S/c46a3is critical for the NOD2 pathway, consistent with the idea that they
each transport NOD1 or NOD?2 ligands, respectively, into the cytosol.

To further probe the specificity of SLC46A2 in the response to DAP-muropeptides, we
compared three different NOD1 agonists with increasing sizes (iE-DAP, Tri-DAP, and TCT)
with ID challenge in the pinnae. S/c46a2-deficient mice displayed significantly reduced
neutrophil recruitment in response to TCT, iE-DAP, and Tri-DAP challenge when compared
to WT mice (Fig.1D). Further, topical application of DAP-muropeptides on tape-stripped
mouse skin also triggered robust S/c46a2- and NodI-dependent neutrophil recruitment (Fig.
S2A). Similarly, tape-stripped skin treated with live Corynebacterium accolens, a common
commensal with DAP-type peptidoglycan known to modulate local and systemic immunity
when associated with the skin32, resulted in robust neutrophil recruitment in WT skin

that was significantly decreased in either the S/c46a2 or NodI mutants (Fig. 1E). These
results support the hypothesis that SLC46A2 functions in the skin epidermis to deliver
DAP-muropeptides to cytosolic NOD1, triggering a rapid neutrophilic influx.

DAP-muropeptide response in vivo requires IL-1a

To investigate the pathways involved in DAP-muropeptide-triggered S/c46a2and Nodl-
dependent neutrophil recruitment to the skin, Pycard- (encoding ASC) and Myd88-deficient
mice were analyzed. WT and Pycard-deficient mice showed similar responses to ID DAP-
muropeptide challenge, whereas the response was significantly reduced in Myd&8-deficient
mice, like the S/c46a2-deficient mice (Fig. 1F). Given that the DAP-muropeptide (TCT)
used in these assays is LPS and lipopeptide free?®, the MyD88 dependence suggests

that DAP-muropeptide challenge might trigger an IL-1 response. In fact, mice lacking a
functional IL-1 Receptor (//1r17/7) or deficient for both IL-1a and IL-1p encoding genes
(Il1aand //1b) showed significantly reduced responses to intradermal TCT challenge,
similar to Nod1™'~ or Slc46a27'~ mice (Fig. 1G). Importantly, the absence of Myd88 or
//1r1 did not significantly reduce the expression of S/c46a2, Slc46a3, Nod1, or Nod?2 in
primary mouse keratinocytes (Fig. S2B). We further dissected the individual role of these
cytokines (IL-1a and IL-1p); //2b-deficient mice did not show any defect in responding

to DAP-muropeptide (Fig. S2C). By contrast, //1a-deficient animals failed to respond to
intradermal DAP-muropeptide challenge (Fig. 1H). This phenotype was further confirmed
by inhibiting IL-1a using a neutralizing antibody (Fig. S2D). Keratinocytes are known

for their robust I1L-1a expression6 and this cytokine is known for its potent neutrophil
recruiting activity.4” These results suggest that SLC46A2-transported DAP-muropeptide
and ensuing NOD1 activation induces IL-1a release from keratinocytes and subsequent
recruitment of neutrophils in skin.

DAP-muropeptide-stimulated primary keratinocytes release IL-1a through a pyroptotic-like

process

To examine IL-1a production, primary mouse keratinocytes, which express S/c46a2 and
Nod1 (Fig. S2E), were isolated and cultured ex vivo, stimulated with DAP-muropeptide,
and supernatants assayed for cytokine production. As predicted, WT keratinocytes released
significant IL-1a protein 24 h post-challenge, whereas IL-1a. released by S/c46a2- or Nod1-
deficient keratinocytes was significantly reduced compared to WT, and not significantly
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increased compared to unstimulated cells (Fig. 2A). By contrast, primary dermal fibroblasts
did not respond to iE-DAP (Fig. S2F), consistent with no detectable expression of S/c46a2
and NodI in these cells (Fig. S2E). Further, conditioned media from DAP-muropeptide
stimulated WT keratinocytes, but not control conditioned media from unstimulated cells,
triggered significant neutrophil recruitment when injected IP into naive mice, while

the activity of supernatants from /L 1a-, Slc46a2- or NodI-deficient keratinocytes was
significantly reduced (Fig. S2G and 2B). Likewise, conditioned media from stimulated

WT keratinocytes depleted with anti-1L-1a displayed significantly less neutrophil-attracting
activity when injected IP (52H). Other cytokines, including TNF, IL-6, IL-1B, and IL-17
were not induced in iE-DAP-challenged keratinocytes and were unchanged in the absence of
Sle46a2 or Nod1 (Fig. S21), while IL-23 was not detected in any condition.

Alarmins like IL-1a are released by damaged or dying cells, triggering inflammatory
responses in nearby cells.*8 To monitor cell damage or death, we next examined
DAP-muropeptide-triggered keratinocyte permeabilization, quantifying the uptake of the
membrane-impermeable Sytox in a live cell imaging assay.#9°0 WT keratinocytes were
markedly permeabilized in response to DAP-muropeptide, while S/c46a2- and Nod1-
deficient keratinocytes were largely protected (Fig. 2C). Given the role of RIPK2 in

the NOD1 pathway, we also probed the role of this kinase in iE-DAP triggered cell
permeabilization. Keratinocytes from RIPK2 mutant mice were also protected from iE-DAP-
induced cell permeabilization, similar to S/c46a27' keratinocytes (Fig. 2D). Consistent
with these results, iE-DAP stimulation triggered RIPK2 phosphorylation in WT but not
Slc46a27'~ keratinocytes (Figure 2E). Thus, the iE-DAP triggered pathway in keratinocytes
likely diverges from the canonical NOD1 pathway downstream of RIPK2, leading to cell
permeabilization and IL-1a release but not cytokine gene induction.

In order to further probe this iE-DAP-triggered cell permeabilization, WT keratinocytes
were treated with the pan-caspase inhibitor zVAD-FMK which prevented DAP-muropeptide-
triggered permeabilization of WT keratinocytes (Fig. 2C). The role of caspases and
pyroptosis in this process was then analyzed with CaspI- and Gsdma-deficient mice

that were challenged with 1D iE-DAP injection, where they exhibited a strong defect in
neutrophil recruitment, similar to S/c46a27/~ animals (Fig. 2F). Keratinocytes from these
knockouts also showed significantly decreased permeabilization in response to iE-DAP
(Fig. 2G & H). A similar phenotype was also observed following treatment with dimethyl
fumarate (DMF), a potent inhibitor of gasdermin pore formation (Fig. 2H).%1 Altogether,
these data show that DAP-muropeptide stimulation of primary keratinocytes drives cell
permeabilization through a pathway requiring S/c46a2, Nod1 and RIPKZ, involving a
caspase-1 and gasdermin D pyroptosis-like process, leading to the release of IL-1a.

Slc46a2 delivers DAP-muropeptide into keratinocytes

To directly evaluate the role of SLC46A2 in DAP-muropeptide transport, we used two
complementary chemical biological approaches. First, a modified, biologically active alkyne
derivative of iE-DAP was synthesized and utilized to visualize uptake of this muropeptide
into primary keratinocytes using “click-chemistry.”>2 After 60 minutes, iE-DAP was clearly
detected within both WT and NodZ™/~ cells, but not in S/c46a2-deficient keratinocytes,
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by confocal microscopy or in cell lysates (Fig. 3A and S3A, respectively). By contrast,
Sle46a2 did not affect the intracellular delivery of click-modified MDP, which was instead
dependent on S/c46a3 (Fig. S3A & B). In an orthogonal approach, fluorescently labeled
lipid nanoparticles (NP) were loaded with iE-DAP and used to deliver the iE-DAP into
keratinocytes, which bypassed the requirement for S/c46a2, but not NodZ, in inducing
membrane permeability (Fig. 3B and S3C). Together, these results, visualizing with click-
modified muropeptides or delivering muropeptides with lipid nanoparticles, are consistent
with data in Figure 1 that implicated SLC46A2 in the NOD1 pathway and SLC46A3 for
NOD?2 responses. Moreover, they directly demonstrate a role for the SLC46A2 and A3
transporters in transporting DAP-type or MDP muropeptides, respectively, to the cytosol.

Common anti-inflammatory drugs inhibit SLC46A2-mediated delivery of muropeptides

SLC46A2 is a paralog of the proton-coupled folate transporter SLC46A1 (~30% identity),
which suggests folates and anti-folates could be common cargo for all SLC46 family
transporters. 3653 Methotrexate (MTX) is a potent anti-inflammatory drug commonly used
to treat psoriasis and rheumatoid arthritis, although its mechanism(s) of action as an anti-
inflammatory are not completely clear. 37-39 Anti-folates like MTX are known to compete
with folate for transport through SLC46A1.36 Given the similarity between SLC46A1

and SLC46A2, we hypothesized that MTX may also compete with DAP-muropeptides

for docking to and transport by SLC46A2. To test this idea, increasing concentrations

of MTX were added to the keratinocyte-based iE-DAP cell permeabilization assays.

In a dose-dependent manner, MTX inhibited DAP-muropeptide triggered keratinocyte
permeabilization and IL-1a release, similar to the S/c46a2-deficient keratinocytes (Fig. 3C
and S3D). Further, MTX blocked the cytosolic accumulation of “click”-iE-DAP, similar

to competition with unlabeled iE-DAP, as well as the cytosolic delivery of “click” MDP
(Fig. 3D and S3E) but failed to interfere with NP-mediated iE-DAP delivery, assayed by
cell permeabilization (Fig. 3E and S3F). Together these results demonstrate that MTX
inhibits SLC46A2-mediated DAP-muropeptide transport as well as SLC46A3-mediated
MDP delivery in mouse keratinocytes.

Sulfasalazine (SSZ), another common anti-inflammatory drug, has recently been reported

to block SLC46A2-mediated cGAMP transport in human monocytes.>* Therefore, we have
tested the effect of SSZ on iE-DAP responses in keratinocytes. High concentrations of SSZ
(1 mM or 500 pM), similar to what was reported in the cGAMP study, caused Sytox staining
to remain undetectable, below that of untreated cells, perhaps indicative of nonspecific
inhibition of this dye (Fig 3F). However, lower concentrations of SSZ significantly blocked
the cell permeabilization and IL-1a release in WT keratinocytes in a dose-dependent manner
(Fig. 3F, S3G). Together, these findings suggest SSZ may also interfere with SLC46A2-
mediated iE-DAP transport, similar to MTX.

Overexpression of SLC46s is sufficient for muropeptide delivery

To further characterize SLC46-mediated DAP-muropeptide transport, we used a gain-of-
function approach in transfected HEK293T cells, similar to our previous study.?* Cells were
transfected with plasmids expressing Slc46al, Slc46aZ, or Slc46a3, challenged with click-
iE-DAP, and visualized with reaction to CalFluor 488-Azide. S/c46a2 expression resulted in
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robust cellular transport of iE-DAP, while S/c46a3 expression provided observable iE-DAP
uptake that is significantly less robust than S/c46a2 supported uptake (Fig 4A & quantified
in 4B). By contrast, S/c46a1 expression did not support the import of iE-DAP above what
was observed in empty vector (EV) control transfected cells.

Using this gain-of-function assay, the effect of folates and anti-folates on muropeptide
transport was further analyzed. MTX significantly blocked the iE-DAP import in S/c46a2-
expressing cells, to near background fluorescence, and also prevented the modest iE-DAP
import observed in S/c46a3-expressing cells (Fig. 4A and B). Pemetrexed (PTX), another
anti-folate used in cancer therapy, significantly but incompletely interfered with SLC46A2-
supported iE-DAP transport but did not affect (even increased) SLC46A3-mediated iE-DAP
uptake. Similarly, folic acid blocked iE-DAP transport by SLC46A2, but not by SLC46A3,
while MDP competed with SLC46A3-mediated iE-DAP transport more robustly than
SLC46A2-mediated transport, consistent with the selectivity of SLC46A3 for MDP. Figure
S4 provides the chemical structures of the compounds used in these studies and throughout.
These results argue that SLC46A2 and SLC46A3 prefer as cargo iE-DAP or MDP,
respectively. However, this selectivity for distinct muropeptides is not completely strict,

as revealed in these over-expression transfection-based assays. Similarly, different folates
and antifolates competed for muropeptide transport with distinct selectivity, with MTX
effectively inhibiting both SLC46A2- and A3-mediated transport while PTX preferentially
interfered with transport by SLC46A2, but not SLC46A3. Likewise, folic acid also
preferentially inhibited SLC46A2-mediated transport.

Slc46a2 and Nod1 are required for psoriatic inflammation in a mouse model

The above results show that SLC46A2 is inhibited by folates/anti-folates, like MTX,

as well as by SSZ. As shown in Figure 1, S/c46a2is necessary for an inflammatory

response in the skin to C. accolens, while Corynebacterium spp. are increased in psoriatic
lesions33:25-60 and C. accolens is known to exacerbate psoriasis-like phenotypes in a mouse
model.32 In fact, the imiquimod (IMQ) model of psoriatic inflammation requires an intact
microbiome.34:35:61 Therefore, we used the IMQ model to probe the role of S/c46a2and
Nod1 in psoriatic-like inflammation. With a 7-day course of topical IMQ application, WT
mice displayed the expected psoriatic-like inflammation, assayed by enhanced ear thickness
and H&E histology, while S/c46a2- and NodI-deficient mice were markedly resistant (Fig.
5A, B, and S5A). Application of IMQ for only 3 days followed by topical application C.
accolens similarly drove psoriatic-like inflammation in WT mice while both S/c46a2- and
Nod1-deficient animals presented reduced inflammation (Fig. 5C and S5B, C). Association
of C. accolenswas confirmed by counting colony forming unit (CFU) 24 h after bacterial
application to otherwise untreated mouse pinnae skin (Fig S5D). Further, topical application
of MTX reduced the psoriatic-like inflammation in WT skin, as assayed by ear thickness and
histology, while MTX had no observable effect on the residual inflammation in Slc46a27/~
and Nod1™'~ skin (Fig. 5D and S5E, F). These results show that SLC46A2 is required

for the progression of psoriatic inflammation in the IMQ mouse model, by transporting
bacterial-derived DAP-muropeptides and activating NOD1 signaling, while MTX suppresses
this psoriatic inflammation by interfering with the SLC46A2-NOD1 response.

Immunity. Author manuscript; available in PMC 2024 May 09.
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Human keratinocytes in the context of a 3D squamous epithelium respond to iE-DAP

To determine if iE-DAP-triggers inflammatory responses occur in human skin, we first
analyzed primary foreskin-derived human keratinocytes. For this experiment, keratinocytes
were infected with vesicular stomatitis virus (VSV) as a positive control, as it is known to
induce cell permeabilization via a GSDME-dependent pyroptotic pathway.>%:62 By contrast,
iE-DAP treatment failed to induce membrane permeabilization in these cells (Fig. 5E).
Consistent with this lack of response, primary human keratinocytes, in standard tissue
culture conditions, did not express SLC46A2 (Fig 5F). When these same keratinocytes are
cultured at an air-liquid interface on a bed of collagen-embedded dermal fibroblasts, they
differentiate into a multilayered squamous epithelium (known as Human Skin Equivalents
(HSE)), with many similarities to human skin.®3 In the context of the HSE, differentiated
human keratinocytes robustly expressed SLC46A2 and these organoids responded to iE-
DAP. Upon treatment of the HSE epidermis, but not the dermis, with 30 uM iE-DAP for
24 h, we observed the induction of CXCL&in underlying dermal fibroblasts (Fig. 5G and
S5G). Moreover, this response was prevented by concomitant treatment with recombinant
IL-1R antagonist (IL-1Ra), strongly implicating IL-1 release by keratinocytes in driving
CXCL8induction in HSE dermal fibroblasts. Likewise, in the mouse system, supernatants
from iE-DAP-stimulated primary keratinocytes triggered, via S/c46a2- and NodI-dependent
signaling, CXCL1 (KC) production in dermal fibroblasts (Fig. S5H). These findings in
human skin organoids argue that in human differentiating keratinocytes, like their mouse
counterpart, transport iE-DAP through SLC46A2 to stimulate NOD1 and induce IL-1
signaling.

Discussion

While it has been clear for many years that some cell types import muropeptides and
activate the cytosolic innate immune receptors NOD1 or NOD2,64 the underlying cellular
and molecular mechanisms that mediate the import of these molecules have remained
unclear. Initially, the SLC15 family of oligopeptide transporters was implicated in this
process 16-20, hut they have never been demonstrated to bind or transport muropeptides
while more recent studies instead have shown SLC15A4 functions as a scaffold involved

in IRF5 activation downstream of TLR as well as NOD activation.29-22 By contrast, our
initial work in Drosophilaimplicated SLC46s in this process,24 and here we show that
SLC46A2 has the properties of a transporter selective for delivering DAP-type muropeptides
for NOD1 activation in murine tissues, while SLC46A3 is critical for MDP delivery and
NOD?2 activation. Using /n vivo approaches in two different tissues, as well as ex vivo
studies with primary mouse keratinocytes, Slc46a2was required for the response to multiple
NOD1 activating DAP-muropeptides, while S/c46a3was critical for the response to the
NOD?2 activating muropeptide MDP. Moreover, two orthogonal approaches were used to
demonstrate that intracellular delivery of DAP-muropeptide requires S/c46a2. Intracellular
iE-DAP, directly detected via click chemistry dye labeling, required S/c46a2 but not Nod,
while intracellular MDP detection similarly relied on S/c46a3. When packaged in a lipo-
nanoparticle for direct intracellular delivery, iE-DAP activation of NOD1 no longer required
Slc46a2. Together, these immunological and cell biological data strongly argue for the
direct transport of DAP-muropeptides by SLC46A2 and implicate SLC46A3 in the selective
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delivery of MDP. Primary human keratinocytes, in standard tissue culture conditions, do not
express SLC46A2and do not respond to iE-DAP, while after differentiating into a squamous
epithelium in the HSE organoids, SLC46A2is expressed, and the epidermis responds to
DAP-muropeptide.

The data presented here show that S/c46a2is essential for ModZ responses, while the
Slc46a3 phenotypes with MDP and NOD2 activation in the skin/keratinocytes are robust but
partial. For example, with intradermal challenge, neutrophil recruitment following iE-DAP
challenge is near background in the S/c46a2 mutant, similar to Mod, while the response to
MDP in S/c46a3is significantly reduced but is not as low as the ModZ mutants. Likewise,
using click-MDP, a reduction in cellular MDP delivery was observed in the S/c46a3

mutant, but it was not reduced to the background signal in these assays; in fact, MTX
treatment was a more complete inhibitor of MDP uptake. From these data, we speculate

that SLC46A2, while selective for DAP-muropeptides, may to a lesser degree also transport
MDP. This lower MDP transporting activity could be immunologically relevant in the tissues
where S/c46a2is robustly expressed, like keratinocytes, but irrelevant in other cell types.
Likewise, in the HEK293T cell transfection assays, overexpression of S/c46a3 can support
the modest import of iE-DAP, suggesting selectivity, but not complete specificity, for distinct
muropeptides by these two SLC46 transporters. Analysis of a double mutant, S/c46a27/~,
Slc46a37' strain, is required to address the possible redundancy of these transporters in
muropeptide delivery. Alternatively, the SLC15 family could be involved, to a lesser degree,
in MDP transport. Future studies will address these possibilities and the potential interplay
between transporters.

In both humans and mice, S/c46a2is expressed in only a limited set of tissues, including
the epidermis.#344 By contrast, S/c46a3 is expressed widely including in the skin, many
myeloid cells, and the gut epithelium.85 While the role of S/c46a3in these other tissues
awaits future study, the limited expression pattern of S/c46a2led us to explore, in more
detail, the role of SLC46A2 and NOD1-dependent responses in the skin. We found a robust
neutrophilic response to intradermal DAP-muropeptide challenge that required S/c46a2 and
Nod1. Similarly, we also found that murine skin, once the outer waxy stratum corneum

was removed, responded to topical application of either iE-DAP or the DAP-producing
commensal C. accolensthrough Slc46a2and Nodl. Likewise, primary mouse keratinocytes
ex vivo responded to DAP-muropeptides with cell permeabilization and the release of active
IL-1a. Similar to the /n vivo neutrophilic response, the cell permeabilization pathway in
keratinocytes involved Caspl and Gsamd in addition to S/c46a2and Nod1. Together these
results demonstrate that skin keratinocytes respond to DAP-muropeptides via intracellular
delivery by SL46A2 and activation of NOD1, which in turn drives IL-1a release via a
pathway that involves caspase-1 and gasdermin D cell permeabilization, and perhaps cell
death. The rapidity of the response /n vivo suggests this is not a transcription-dependent
response, although the response is slower in isolated keratinocytes. Future studies are
necessary to more fully characterize the molecular mechanisms linking NOD1 and RIPK2,
to this pyroptosis-like response.

Given the established link between C. accolens and psoriasis in the mouse model,32 and
the increased Corynebacterium spp. in psoriasis lesions,3355-60 the role of the SLC46A2-
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NOD1 pathway in psoriatic inflalmmation was also examined in the IMQ mouse model.
Animals deficient for either S/c46a2 or Nod1I were resistant to psoriatic inflammation

and unresponsive to C. accolens-triggered pathology. Given the previous work linking C.
accolens to the activation of 1L-17-producing y8T cells in the skin32, it will be exciting

to learn if the SLC46A2-NOD1-pathway in the skin also drives this IL-17-producing y6
response, in addition to the strong neutrophilic infiltration. Corynebacterium have also been
linked to I1L-17-producing & T-cells responses in the eye®, and it will also be exciting to
determine if NOD1 and SLC46A2 are also involved in that model.

Immune-mediated inflammatory diseases, like psoriasis, are often treated with the first-

line drug methotrexate. MTX is a historically complicated drug, originally developed as

an antiproliferative due to its interference with folate-dependent enzymes required for
nucleotide biosynthesis and DNA replication. Although more than 50 years old, MTX is
still used as a cancer therapy. Subsequently, MTX was found to be effective in psoriasis,
rheumatoid arthritis, and other immune-mediated inflammatory diseases, but at much lower
doses that do not impact cell proliferation.37:39:67 The mechanisms of action of MTX as

an anti-inflammatory drug are controversial. The leading model argues that MTX functions
as a traditional anti-folate interfering with the enzyme AICAR transformylase, leading to
increased intracellular AICAR and eventually increased extracellular Adenosine, a known
anti-inflammatory molecule that acts via adenosine receptors, such as Ay 39 In addition,
MTX has been argued to interfere with NF-xB activation through unknown mechanisms.
Here we present another mechanism of action for the anti-inflammatory activity of MTX
that does not involve interfering with folate-dependent enzymes. Instead, the data here show
that MTX competes with muropeptides for delivery into the cytosol, phenocopying Slc46a2-
deficiency, in three separate assays, ex vivo in keratinocytes assays as well as with an /n
vivo model of psoriatic inflammation. /n vivo, MTX application in the S/c46a2and Nod1
mutants had no effect on the residual inflammation still observed in the psoriasis model,
while it strongly suppressed psoriatic-like inflammation in WT mice, exhibiting reduced
inflammation similar to that observed in the S/c46a2 or Nod1 mutants. In addition, using a
gain-of-function approach in a transfected cell line, MTX potently inhibited iE-DAP import
by both SLC46A2 and SLC46A3, while the anti-folate PTX and folic acid more selectively
inhibited SLC46A2. Consistent with the selectivity for MDP, SLC46A3-mediated transport,
but not SLC46A2-mediated transport, was competed with the excess MDP. Together, these
in vivo, ex vivo, and in vitro findings argue that MTX competes with muropeptides as cargo
for the transporters SLC46A2 and SLC46A3, and thereby directly interferes with two central
inflammatory responses, the NOD1 and NOD2 pathways.

In the future, biophysical approaches will be necessary to probe the cargo binding activity
and selectivity of SLC46A2 and SLC46A3, as well as the related transporter SLC46A1
(the established proton-coupled folate/anti-folate transporter); all three members of the
SLC46 family share approximately 30% amino acid identity. These approaches can also

be used to determine if the glutamic acid moiety shared between muropeptides and folates
underlie their connectivity as cargo for the SLC46 transporters. Future work will also focus
on precisely mapping the anatomical location(s) of these responses within the epidermis
and probe the connection between SLC46A2-NOD1-mediated response in keratinocytes to
activation of 1L-17 producing 8 T cells.32:68
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Through a combination of immunology, chemical biology, and biomedical engineering
approaches, we demonstrate that SLC46A2 and SLC46A3 function to deliver DAP-
muropeptides or MDP, respectively, to the cytosol of keratinocytes, driving a robust
IL-1a-dependent inflammatory response and neutrophil recruitment in mouse skin. This
response is critical for psoriatic-like inflammation in a mouse model, while human skin
organoids respond similarly although the connection to psoriasis awaits future analysis.
Additionally, the anti-inflammatory drug MTX phenocopies S/c46a2 deficiency in vivo,
ex vivoin primary mouse keratinocytes, and in transfected cells, arguing that SLC46A2
is a direct anti-inflammatory target of this drug. More generally, these findings identify
disease mechanisms and therapeutic targets that could be applicable to a broad number
of inflammatory conditions and highlight the role of SLC46 family in host-microbiome
interactions.

Limitations of the study

As mentioned above, the possibility of redundancy between S/c46a2and Slc46a3, especially
in regard to MDP delivery in tissues with high levels of S/c46a2 expression, requires further
study. Similarly, the connection between SLC46 muropeptide delivery and role of SLC15s
in these pathways was not examined here. The response kinetics to DAP-muropeptides

was discrepant between the /in vivo and ex vivo assays. /n vivo skin challenge triggered

a rapid neutrophilic influx, readily detectable as early as 1 hr post injection, while in

vitro the response in primary keratinocytes was noticeably slower; muropeptide-triggered
keratinocyte permeabilization was detectable only starting at ~12 hr. While the underlying
cause of this differential timing is unknown, we speculate that the involvement of a full

of array of differentiating keratinocytes, immune cells, and underlying dermal fibroblasts

in the intact tissue supports the rapid /7 vivoresponse, while /n vitro the undifferentiated
primary Kkeratinocyte in isolation may not be optimal for responding to NOD1 activation.
Future work is necessary to define which epidermal layer(s) express Slc46a2and

respond via NOD1 activation. Another limitation is the partial phenotype observed in cell
permeabilization assays with Caspase-1and Gasdermin-D mutant keratinocytes after DAP-
muropeptide challenge, compared to NodZ or Slc46a2 mutant keratinocytes, which opens
the possibility of involvement of additional cell permeabilization or cell death factors, such
as Caspase-3 or Gasdermin-E, in SLC46A2-NOD1-mediated keratinocyte pyroptosis. The
molecular connection between NOD1 and Caspase-1 is also unknown; both proteins include
Death Domains and they could interact directly, perhaps in a multi-subunit complex along
with RIP2K (also a Death Domain protein). However, these Death Domains, when examined
in isolation do not interact in a binary fashion.®® Future studies are required to address these
limitations and untangle these complex immunological signaling responses.

RESOURCE AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the lead contact, Neal Silverman (neal.silverman@umassmed.edu)
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Materials availability

Reagents generated or used in this study are available on request from the lead contact
with a completed Materials Transfer Agreement (MTA). Click-modified muropeptides are
available from Catherine Leimkuhler Grimes at the University of Delaware, via an MTA,
however, these chemical reagents are available in very limited supply. Information on
reagents used in this study is available in the key resources table. Mouse strains and other
reagents will be shared with a simple MTA.

Data and code availability

. All data are available in the main text or the supplementary materials.
. This paper does not report the original code.
. Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All animal studies were performed in compliance with the federal regulations set forth in
the Animal Welfare Act (AWA), the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health, and the guidelines of the UMass
Chan Medical School Institutional Animal Use and Care Committee. All protocols used in
this study were approved by the Institutional Animal Care and Use Committee at the UMass
Chan Medical School (protocol 2056). All mice used in this study were maintained and bred
in a pathogen-free environment. All mouse strains were backcrossed and maintained on a
C57BI/6J background. If not otherwise indicated, mice of the same sex and age were paired
and assigned into experimental groups.

For generating S/c46a27!~, ES cells harboring S/c46a2 locus targeted with Zen-Ub1
cassette were purchased from Mutant Mouse Resource and Research Center (MMRRC)

at the University of California at Davis, an NIH-funded strain repository, and were

donated to the MMRRC by The KOMP Repository, University of California, Davis;
originating from David Valenzuela, George Yancopoulos, Regeneron Pharmaceuticals, Inc
(RRID: MMRRC_062453-UCD) 79, ES cells were used to generate chimeric founder

mice by standard microinjection into albino C57BL/6J blastocysts, by the UMMS
transgenic mouse core. Chimeras were mated to albino C57BI/6J mice to identify germline
transmission. Heterozygous animals were identified using PCR (see Key Resources Table
for oligos). Wildtype (S/c46a2*) and mutant (S/c46a277) lines were established from these
heterozygous and used in all experiments. S/c46a237'~ mice (Slc46a3m1-LKOMP)VIcg) yere
generated by KOMP-Regeneron and acquired from Jackson Labs. For /n vivo analysis of
NOD1/2 responses in mouse skin, mixed male and female mice aged 4-6 weeks were used,
while for IP NOD1/2 challenge assays male mice aged 6-12 weeks were used.

For genotyping, mice were anesthetized, and ear-punch or tail samples were collected in a
sterile blade in a PCR tube. 75 pl of DNA extraction buffer (25 mM NaOH and 0.2 mM
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EDTA) was added to the sample, and it was heated at 95°C for 1 h in a thermocycler.
Samples were then treated with 75 pl of neutralizing buffer (40mM Tris Ph-5.5) and stored
at analyzed by PCR. Primer sequences are reported in the KRT.

Nod1™=, Nodz =, IL1a ", IL1t7=, ILIR™=, Pycard™~, and MyD8&'~, Casp1™'~, and
Gasmad™'~ mice were reported previously 30.71~77_ Note that these Caspase-1 knockouts are
wild-type for Caspase-11.

HEK293T cell

HEK?293T cells are female and were maintained and cultured in DMEM high glucose
(Gibco) with 10% fetal bovine serum (FBS) and 1X penicillin and streptomycin (Corning).
Cells were maintained at 37°C with 5% CO, and 100% humidity. For passaging, cells were
washed with 1X PBS (Sigma) and incubated in TrypLE (Thermo) for 5 min at 37°C. Cells
were rinsed with complete DMEM and after counting, a known number of cells were plated.

Bacteria culture

C. accolens was cultured in brain-heart infusion (BHI) broth supplemented with 1%
Tween-80 overnight at 37°C shaking at 225 RPM. Bacteria were quantified by standard
bacteriology techniques, counting CFU and measuring OD at 600 nm.

METHOD DETAILS

Keratinocyte isolation, culture, and analysis

Adult (6-8 weeks) mouse keratinocytes were isolated from male or female animals using
protocols described previously /8. In brief, tail skin was incubated in 4mg/ml Dispase I
(Roche) overnight at 4°C. The epidermis was physically removed from the dermis with
tweezers and subsequently digested with TrypLE (Thermo) for 20 min at room temperature,
and keratinocytes were detached by vigorously shaking in culture medium and filtered with
a 70 um strainer (Fisher scientific). Isolated cells were seeded at a density of 10°cells/cm?
cultured with EpiLife (Gibco) in 12-well plates precoated with coating matrix (Gibco) at
37°C with 5% CO, and 100% humidity and used between 3 and 5 days after isolation.

Conditioned media preparation

For the preparation of conditioned media, keratinocytes were first stimulated with 8 uM
TCT 45, 30 uM iE-DAP (Invivogen), or 20 ng/ml LPS (Invivogen) for 1 hour (or left
unstimulated, control). Then cells were washed 3 times with culture medium to remove
agonists and cultured further in complete media for 24 hours when the media was collected
and centrifuged. 200 ul of conditioned media was intraperitoneally injected into naive mice
and leukocyte recruitment was assayed by using flow cytometry-

ELISA

For cytokine ELISAS, primary keratinocytes were challenged, or not, with 8 yM TCT or
30 uM iE-DAP for 24 h and culture medium was harvested. Media was centrifuged at 500
g for 5 mins and used for analyzing cytokine release by ELISA (R&D systems) using the
manufacturer’s protocol. In brief, 96-well ELISA plates were coated with capture antibody
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overnight at room temperature. The next day, the plate was washed three times with wash
buffer and incubated with media (100 pl) for 2 h followed by three washes and then probed
with a biotin-labeled detection antibody for 2 h. After three washes plates were incubated
with HRP-streptavidin, developed with TMB (3,3’, 5,5”-tetramethylbenzidine) substrate for
20 min at room temperature, and then stopped with 1N sulfuric acid. Then plates were
analyzed at 450 nm with wavelength correction at 540 nm.

Cell permeabilization assay

For cell permeabilization assays, 1X10° keratinocytes/well were seeded in a 96-well plate
(Denville scientific inc.). After reaching 80% confluency 30 uM iE-DAP was added with
1nM Sytox red dye (Thermo) and 0.2nM Hoechst stain (Thermo). The plate was then
cultured in the Cytation5 (BioTek) live-imaging microscope with quantitative imaging of 1
field of view in each well every 60 min for 24 hours. For analysis, a total number of intact
cell nuclei were quantified via Hoechst positive nuclei and the total number of permeabilized
cells was quantified by Sytox positive nuclei. The percentage of Sytox* cells was then
calculated.

Pinnae processing

Pinnae were cut into small pieces and incubated for 30 min at 37°C in a solution of 1mg/ml
collagenase (Sigma) in DMEM media containing 10% FBS (Gibco). Ice-cold FACS buffer
(2% FBS in PBS) was added to skin samples to stop the reaction. Then samples were
placed on 70um cell strainers and ground using a cell strainer pestle to create a single-cell
suspension. Cells were spun at 180g for 5min at 4°C and resuspended in FACS buffer.

Flow cytometry

Cytospin

Histology

For pinnae,1x10° cells were incubated in an Fc receptor block (anti-CD16) for 10 min
and stained with live/dead stain-aqua (Invitrogen) (1:5000), F4/80-PE/Cy7 (1:200), CD45-
alexaflour700 (1:200) and Gr1-PE (1:200), or Ly6C & Ly6G, or CD3-FITC for 30 min in
ice in the dark. Samples were washed thrice in FACS buffer and analyzed with a Cytek
Aurora cytometer. For peritoneal cells, 1x106 cells were incubated in an Fc receptor block
(anti-CD16) for 10 min and stained with CD45R, CD11c, CD11b, F4/80, Ly6C, Ly6G,
and live/dead stain for 30 min in ice. Samples were washed thrice in FACS buffer and
analyzed with a Cytek Aurora cytometer. All flow cytometry data were analyzed with
FlowJo software (Tree Star, USA).

Gr-1* FACS-sorted cells (BD FACS Aria Fusion) were centrifuged in 200 UL media onto a
microscope slide using a Cytospin Universal 320 (Hettich, Germany) and stained with H&E
stain. Images were acquired with a Nikon microscope equipped with a Canon A620 camera.

3h after DAP-muropeptide administration or 7 d after topical application of IMQ, pinnae
were isolated and fixed in PBS containing 10% formalin. Paraffin-embedded sections were
cut at 0.5 mm, stained with hematoxylin and eosin, and imaged by light microscopy.
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Isolation of RNA from mouse tissues and cells

qRT-PCR

Lungs: the whole lung was isolated from euthanized mice and 1mg lung tissue was
homogenized in Trizol using a homogenizer and cDNA was prepared as below.

Spleen: the whole spleen was isolated from euthanized mice and single-cell suspension was
prepared by meshing through a 70 pm cell strainer with a plunger. These splenocytes were
resuspended in Trizol and cDNA was prepared as below.

Gut: Gut was isolated from euthanized mice and 1 mg gut tissue was homogenized in Trizol
using homogenizer and cDNA was prepared as below.

Dermis and epidermis: whole skin was extracted from euthanized mice and incubated in
4mg/ml Dispase Il (Roche) overnight at 4°C. The epidermis was separated from the dermis
with forceps. These tissues were homogenized in Trizol and cDNA was prepared as below.

Bone marrow macrophages: tibia and femur bones were extracted from euthanized mice and
crushed using mortar and pestle in DMEM medium. This suspension of cells was passed
through a 70 um cell strainer and 2 x 10° cells/mL were plated in DMEM F12 media with
recombinant MCSF (25 ng/ml). After 7 days, cells were harvested in Trizol and cDNA was
prepared as below.

Peritoneal macrophages: 2ml of 3% Brewer thioglycollate medium was injected to elicit
peritoneal macrophages. 4 days later, peritoneal cells were harvested by injecting 5ml FACS
buffer in peritoneal cavity of euthanized mice and collected. These cells were resuspended in
Trizol and cDNA was prepared as below.

Dendritic cells: As per manufacturer protocol, Pan dendritic cells were isolated from
euthanized mice using Pan Dendritic Cell Isolation Kit from Miltenyi Biotec Inc. cDNA
was prepared as below.

Neutrophils: neutrophils were isolated from bone marrow cells. Marrow cells were isolated
as described and neutrophils separated from them using histopaque density gradient
(Histopaque 1119: Histopaque 1077 in 1:5(Sigma)). The middle layer containing neutrophils
was separated, cells resuspended in Trizol and cDNA was prepared as below.

Cells or tissue were lysed in TRIzol followed by RNA extraction per manufacture protocol.
In brief, TRIzol lysed samples were mixed with chloroform and spun at 12000g for 15min
at 4C. RNA from aqueous phase was precipitated with isopropanol and the RNA pellet was
washed with 80% ethanol and resuspended in water.

cDNA was prepared from 1ug RNA using iScript gDNA Clear cDNA Synthesis Kit per
manufacturer protocol. In brief, 1ug RNA was incubated with DNase mastermix at 25°C for
5 min and followed by reverse transcription for 20 min at 46°C. cDNA was diluted in 1:5
and used directly in gPCR reaction.
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Real-time quantitative PCR was performed with 0.4mM primer, 10 pL iQ SYBR Green
Supermix (BioRAD), in a final volume of 10 uL on the CFX96 real-time system (BioRAD).
All samples were run in triplicate. GAPDH was used to normalize. Primer sequences are
reported in KRT.

IMQ model of psoriasis-like dermatitis

Psoriasis-like inflammation on mouse pinnae skin was induced as previously described by
9, In brief, mice were treated daily for up to 6 d with 5 mg 5% IMQ cream topically applied
on one pinna, while the other pinnae were treated with a similar amount of petroleum jelly
(\VVAS), as vehicle control. Ear-skin thickness was measured daily using a digital caliper. The
change in ear-skin thickness over time was reported as the difference related to measurement
immediately prior to the initial IMQ or VVAS application. For bacterial association, 107
CFU/ml in 50% glycerol was applied daily by swab to one pinna and 50% glycerol was
applied to other pinnae.

To quantify C. accolens association, bacterial-associated and control ear pinnae were
swapped with a sterile cotton swab and soaked into 500ul BHI broth with 1% tween 80
and plated onto BHI agar plates. These plates were incubated overnight at 37°C and CFUs
were counted the next day.

Tape stripping

The upper most layers of the epidermal barrier, the stratum corneumn, of the dorsal pinnae
was disrupted by tape stripping: manually applying a small piece of surgical tape (Transpore
surgical tape) to the skin and removing, repeating 5 times with a fresh piece of tape for each
round 8. Then 107 cfu bacteria or 30uM iE-DAP in 20pl of 50% glycerol was applied to one
pinna and only 50% glycerol was applied to another pinna. 3 h later, mice were euthanized,
and pinnae were processed as described above.

Click-iE DAP preparation and imaging

iE-DAP and MDP with an alkyne handle for click-chemistry reaction were synthesized
using a standard 8-step chemical synthesis, for complete experimental details, see
(Bharadwaj et al, 2023)81,

Prior to use in experiments, the final click-muropeptides were purified by semi-prep
C18 HPLC and analyzed by NMR & MS. (Thermo Q-Exactive Orbitrap at the Mass
Spectroscopy Facility and Bruker AV 400 MHz, AV 111 600 MHz NMR at the NMR
laboratory, Department of Chemistry and Biochemistry, University of Delaware).

For visualization of muropeptide intracellular delivery, mouse keratinocytes or HEK 293T
cells (transfected overnight with pEF-V5, pEF-Slc46al-V5, pEF-Slc46a2-V5, and pEF-
Slc46a3-V5) were challenged with either click-iE-DAP (30 uM) or click-MDP (20 uM)
37°C for 30—60 min in presence or absence of different inhibitors (250 uM MTX, 250

UM PTX, 30 uM MDP, or 250 uM FA). Cells were washed 2X with 1XPBS to remove
access of click-muropeptides and fixed with 4% paraformaldehyde in PBS at RT for 10 min.
Fixed cells were permeabilized with 1% Triton-X in PBS for 10 min at RT and blocked
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with 1% BSA in PBS. These permeabilized cells were then incubated in click-reaction
conditions (250 UM CuSOQy, 35 UM BTAA, 60 uM sodium ascorbate) with 2.5 uM CalFluor
488 Azide at RT for 30 mins. Cells were then washed and mounted on slides, with DAPI
containing mounting media. Slides were imaged with a Leica SP8 confocal microscope.
For spectrometric quantitation, cells were lysed (T-PER buffer, Thermo) and lysates were
cleared by spinning at 13000 rpm for 30 min at 4°C. Click reaction was performed as stated
above and fluorescence was measured at 488 nM using a spectrophotometer (Biotek).

Nano-particle preparation and challenge

Human skin

A lipid/cholesterol matrix consisting of 1,2-dioleoyl-sn-glycero-3-phosphocholine

(DOPC, Avanti), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, Avanti), 1,2-dioleoyl-
sn-glycero-3-phospho-(1’-rac-glycerol) (DOPG, Avanti), cholesterol (Avanti), and 1,2-
distearoyl-sn-glycero3-phosphoethanolamine-methoxyl poly(ethylene glycol) 2000 (DSPE-
mPEG 2000, Laysan Bio) was used to formulate iE-DAP-encapsulated nanoparticles (NPs).
We adapted our previously published methods 82 to load iE-DAP into lipid-based NPs.
Briefly, a matrix of DOPC/DSPC/DOPG/cholesterol/DSPE-mPEG at 33.5/33.5/20/10/3
mol% was prepared in chloroform and dry lipid/cholesterol films were allowed to form.
Films were rehydrated with iE-DAP (Invivogen) prepared in PBS at 1.2 mg/mL and

these samples were vortexed for 30 sec every 10 min for 1 hr at 56°C to complete

this process. Following rehydration, samples were ultrasonicated in alternating 20 sec
pulse/10 sec off cycles for 5 min at an amplitude of 20% to form iE-DAP-encapsulated
lipid-based NPs. Samples were dialyzed for 1 hr following ultrasonication. Dynamic light
scattering (DLS) and zeta potential measurements using a Malvern Zetasizer were used

to characterize NP size and surface charge, respectively. NPs had an average 43.97 nm
hydrodynamic diameter, a polydispersity index (PDI) of 0.158, and a zeta potential of
-9.90 mV. Quant-1T assay (Thermo Fisher Scientific) measurements were used to measure
average iE-DAP encapsulation at 998.1 ug/mL and an average encapsulation efficiency of
57.1%. To visualize iE-DAP-encapsulated NPs, 0.1 mol% of the fluorescent lipid tracer
dye 3,3’-dioctadecyloxacarbocyanine perchlorate (DiO) were added to the lipid/cholesterol
films.

Mouse keratinocytes were challenged iE-DAP loaded NPs, or control empty NPs, at 37°C at
10ug/ml final concentration (~30 uM iE-DAP), and then monitored for Sytox uptake assay
for 24 h, as described above. To visualize NP delivery, cells were washed after 30-60 mins
2X with PBS to remove access NPs and fixed with 4% paraformaldehyde in PBS at RT for
10 min. Cells were blocked with 1% BSA in PBS, washed 3X with PBS and mounted on
slides with DAPI containing mounting media. Slides were then visualized with a Leica SP8
confocal microscope.

equivalent construction and infections

HSEs were constructed as previously described in Carlson et a/. 2008.53 In brief, human
foreskin fibroblasts (HFFs) were embedded in collagen for 7 days at 37°C with 5% CO,
and 100% humidity. Keratinocytes were added on top of the HFF-collagen matrix and
left to grow for another 6-8 days at an air-liquid interface at 37°C until full morphologic
differentiation and stratification were observed. For muropeptide challenge assays, 30pM
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iE-DAP diluted in PBS was added to the epidermal side of the HSE. For IL-1R inhibition
studies, 500 ng/ml of IL-1Ra (Biolegend) was added to 8 mL of HSE cornification media at
1 h post-iE-DAP challenge. Keratinocyte and fibroblast layers were separated by 5-10 min
incubation in a dispase Il containing buffer (150 mM NaCl, 10mM HEPES, 2mM CaCl2,
2.4 U/ml dispase 1) followed by gentle peeling of the two layers. Supernatants or individual
tissue layers were harvested at 24 h for transcriptional analysis.

Plasmids

pPEFVS5, pEF-Slc46al-V5, pEF-Slc46a2-V5, and pEF-Slc46a3-V5 plasmids used in this
study were generated previously by D. Paik et al, 2017.24

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed by GraphPad Prism software and enumerated as mean + standard error
of the mean (SEM). The number of independent replicates (n) and methods used to analyze
statical significance (P-values) are reported in individual figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

SLC46A2 is critical for cytosolic transport of DAP-muropeptides and NOD1
activation

NODL1 activation triggers epidermal keratinocyte pyroptosis through
caspase-1 and GSDMD

SLC46A2-NODL1 signaling axis is critical for the progression of psoriatic
inflammation

Methotrexate blocks SLC46A2-mediated DAP-muropeptide transport
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Fig. 1. Slcd6a2 is required for neutrophil recruitment in response to NOD1 stimulation in the

mouse peritoneum and skin

(A) Neutrophil recruitment in the peritoneum 3 h after intraperitoneal injection of 100 pl
iE-DAP (30 uM) or MDP (10 uM), shown as a percent of CD45* cells, in wild type,
Slc46a27~, Nod1™!=, Slc46a3-1- or NodZ™'~ mice. See also Figure SIA-F.
(B) Neutrophil recruitment to the skin 3 h after intradermal injection of 10 ul iE-DAP
(30 uM) or MDP (10 uM), shown as a percent of CD45™ cells, in wild type, Slc46a27-,
Nod1™!=, Slc46a3-1- or Nod2™~ mice. See also Figure S1G-H.
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(C) Images of FACS sorted GR1* neutrophils 3 h after iE-DAP challenge from WT mouse
skin. Cells prepared using cytospin and stained with Giemsa stain show multilobed nuclei.
(D) Neutrophil recruitment to the skin shown as a percent of CD45* cells, 3 h after
intradermal challenged with 10 pl different DAP-type muropeptides, TCT (8 uM), iE-DAP
(30 uM), or Tri-DAP (25 M), comparing wild type and S/c46a27'~ animals.

(E) Neutrophil recruitment measured 3 h after topical association of tape-stripped pinnae
skin with C. accolens, shown as a percent of CD45* cells, in wild type, Slc46a27, or
Nod1™~ animals. See also Figure S2A.

(F) Recruitment of neutrophils to pinnae 3 h after intradermal injection of 10 pl of 8 uM
TCT or PBS in WT, Slc46a2~, Myd88™~ or Pycard™!~ (Asc-deficient) mice, shown as a
percent of CD45* cells.

(G) Recruitment of neutrophils to pinnae 3 h after intradermal injection of 10 pl of 8 pM
TCT or PBS in WT, Slc46a27'=, H1r17/=, or Il1a~ & 11167/~, shown as a percent of CD45*
cells. See also Figure S2B and S2C.

(H) Recruitment of neutrophils after 3 h of intradermal injection of 10 ul of 30 uM iE-DAP
in WT, //1a~/=, or Nod1™'~ mice, shown as a percent of CD45" cells. See also Figure S2D.
Genotypes are indicated on all panels. Comparisons with two-way ANOVA with Tukey’s
multiple comparisons test to determine significance. **** P < 0.0001; *** P < 0.001; ** P
< 0.01; * P < 0.05; ns, not significant. Each dot represents an individual animal, data pooled
from two to four separate trials, except for panel C which shows a representative image from
three independent experiments. The scale bar is 10uM. See also Figures S1 & S2
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Fig. 2. Primary mouse epidermal keratinocytes respond to DAP-muropeptides via Slc46a2 and

Nod1

(A\) Primary keratinocytes from wild type, S/c46a27/~, or Nod1™/~ mice were isolated and

cultured ex vivo, stimulated with 30 uM iE DAP for 24 h, and supernatants were assayed
for IL-1a cytokine production by ELISA. See also Figure S2E-F and S21, where other
cytokines were similarly analyzed.

(B) Neutrophil recruitment to the peritoneum of naive wild type mice after IP injection of
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30 uM iE-DAP for 24 h, or unstimulated as a control, shown as a percent of CD45" cells.
See also Figure S2G and S2H.

(C) Using live cell imaging, WT, S/c46a27'~ and Nod1™'~ keratinocyte permeabilization
was measured with a Sytox dye uptake assay over a 24 h time course following 30 uM iE-
DAP treatment. Additionally, WT Keratinocytes were pre-treated with pan-caspase inhibitor
ZVAD-fmk (10um). An equal volume of DMSO was added to the media as vehicle control.
(D) Similar to (C) using live cell imaging, WT, Slc46a27'~ and RipkZ™!~ keratinocyte
permeabilization was measured with a Sytox dye uptake assay over a 24 h time course
following 30 UM iE-DAP treatment. Vehicle control was media alone.

(E) Immunoprecipitation-immunoblot of lysates from iE-DAP challenged keratinocytes
probed for phospho- RIPK2, total RIPK2, and p-actin from whole cell lysates.

(F) Neutrophil recruitment to pinnae 3 h after intradermal injection of 10ul of 30 uM
iE-DAP in WT, Slc46a2~, Casp1™'~ and Gasdma'~, shown as a percent of CD45* cells.
(G) Similar to (C), Sytox uptake was measured in WT, Slc46a27'~, Nod1™'~, or Casp1~!~
keratinocytes for 24 hours after challenge with 30 uM iE-DAP. Vehicle control was media
alone.

(H) Sytox dye uptake by keratinocytes over 24h following 30 UM iE-DAP challenge in
WT, Slc46a27~, and Gasdma™'=. WT keratinocytes were also treated with the Gasdermin
inhibitor DMF (50 uM). An equal volume of DMSO was added to the media as vehicle
control.

Genotypes are indicated on all panels. Panels A displays data from 3 independent
measurements and is representative of at least 3 separate trials, error bars represent
standard error of the mean (SEM) and analyzed by two-way ANOVA and Tukey’s multiple
comparisons tests. For panels B & F each dot represents an individual mouse, data pooled
from 2 separate trials, analyzed by two-way ANOVA and Tukey’s multiple comparisons
tests. In panels C, D, G, & H each data point represents the mean with SEM of at least
three independent measurements, and are representative of 2 to 4 separate trials, analyzed by
one-way ANOVA and Tukey’s multiple comparisons tests. Panel E shows a representative
image from three independent experiments. **** P < 0.0001; *** P < 0.001; ** P < 0.01; *
P < 0.05; ns, not significant. See also Figures S2.
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Fig. 3. DAP-muropeptide transport requires Slc46a2 and is blocked by methotrexate
(A) Confocal images of WT, S/c46a27'~ or Nod1™'~ keratinocytes after 1 h treatment with 30

UM “click-iE-DAP” or left untreated. Cells were fixed and then visualized with click-reacted
Calflour488-azide. See also Figure S3A and S3B.
(B) Using live cell imaging, WT, S/c46a27~ and NodI™'~ keratinocyte permeabilization was
measured with a Sytox dye uptake assay over a 24 h time course following challenge with
either 30 UM naked iE-DAP or lipid nanoparticles (NP) loaded with iE-DAP. See also Figure

S3C.
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(C) Similar to (B), Sytox uptake was measured in WT keratinocytes stimulated with 30
UM iE-DAP plus increasing concentrations of MTX, or vehicle, for 24hrs time course.
Slc46a27~ keratinocytes, without MTX, were included as an additional control. An equal
volume of DMSO was added to the media as vehicle control. See also Figure S3D.

(D) Confocal images of WT, S/c46a27'~ or Nod1™'~ keratinocytes after 1 h challenge with
30 uM “click-iE-DAP” or with 30uM “click-iE DAP” plus 250 uM methotrexate (MTX).
Cells were fixed and then visualized with click-reacted Calflour488-azide. See also Figure
S3E.

(E) Similar to (B), Sytox dye uptake using WT, S/c46a27~ and Nod1"keratinocytes over
24h following stimulation with naked iE-DAP plus 250 uM MTX, or lipid nanoparticles
(NP) loaded with iE-DAP, with or without 250uM MTX. See also Figure S3F.

(F) Similar to (C), Sytox uptake was measured in WT keratinocytes treated with increasing
concentrations of SSZ and challenged with 30 uM iE-DAP. See also Figure S3G.
Genotypes are indicated on all panels. In panels B, C, E, and F each data point shown as a
mean plus SEM of at least three independent results, representative of at least 2 to 4 separate
trials, analyzed by one-way ANOVA and Tukey’s multiple comparisons tests. Panels A and
D are representative images from at least three independent experiments. **** P < 0.0001;
*** P <0.001; ** P <0.01; * P < 0.05; ns, not significant. The scale bar is 10uM. See also
Figure S3 and Figure S4 for compound structures.
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Fig. 4. In SLC46-transfected cells, fand anti-folates inhibit iE-DAP transport to varying degrees
(A) HEK293T cells were transiently transfected with empty vector (EV), Slc46al, Slc46a2,

or Slc46a3 expression plasmids, and challenged with 30 uM click-iE-DAP with or without
folates/antifolates. 1 hr after the challenge, cells were fixed, and then iE-DAP entry was
visualized by confocal microscopy following reaction with CalFluor488-Azide. SLC46A2
more effectively transported iE-DAP, compared to SLC46A3, while SLC46A1 was inactive.
MTX (250 uM) blocked iE-DAP transport through SLC46A2 or SLC46A3 whereas another
antifolate, pemetrexed (PTX, 250 uM) and folic acid (FA) (250 uM) interfered with
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SLC46A2 mediated transport while MDP (30 uM) more potently inhibited SLC46A3
transport.

(B) Mean fluorescence intensity computed from images similar to panel (A) across three
independent replicates. Each dot in the graph represents fluorescence from a cell. N.1.
indicates no inhibitor.

In panel A, representative images are shown from at least three independent experiments.
Panel B uses a two-way ANOVA test and Tukey’s multiple comparisons test to determine
significance. **** P < 0.0001; *** P < 0.001; ** P < 0.01; * P < 0.05; ns, not significant.
The scale bar is 10uM. For inhibitor structures, see Figure S4.
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Fig. 5. Slc46a27/~ and Nod1 ™~ mice are resistant to IMQ-induced psoriatic inflammation
(A) 5% imiquimod (IMQ) was topically applied with daily for 7 days to pinnae to induce

psoriasis and ear inflammation was quantified daily by caliper measurement. Contralateral
pinnae were treated with Vaseline (VAS) as vehicle control. The mean thickness of the

pinnae and SEM are plotted.
(B) H&E-stained histology images of IMQ-treated pinnae on day 7 from the experiment in
(A). Genotypes are indicated on all panels. Vaseline control treated pinnae shown in Figure

S5A.
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(C) IMQ was applied for only 3 days, and then pinnae were treated daily for 3 days with
topical application of live C. accolens (10”7 CFU/ml), except for controls with either a full 7
days or just 3 days of IMQ treatment. Contralateral pinnae were treated with VVAS as vehicle
control or VAS with C. accolens. The mean thickness and SEM of the pinnae is plotted. See
also Figure S5B-S5D.

(D) is similar to (A) except IMQ was applied daily along with 50 pl of 250 uM MTX. The
mean thickness and SEM of the pinnae is plotted. See also Figure S5E and S5F.

(E) Propidium lodide (P1) uptake assay using primary human foreskin keratinocytes
challenged with indicated iE-DAP doses or VSV infection (MOI 10) as a positive control.
iE-DAP treatment did not induce cell permeabilization in human keratinocytes.

(F) Expression analysis of SLC46A2and NODZ1 in human keratinocytes grown in 2D
culture and 3D skin organoids (HSE).

(G) Induction of CXCLE&in skin organoid epidermal and dermal layers after PBS or iE-DAP
challenge of the epidermis in the presence and absence of IL-1 receptor inhibitor (IL-1RA).
High expression of CXCL8was observed in the dermis following the iE-DAP challenge of
the epidermis, and this was blocked by IL-1RA. See also Figure S5G and S5H.

In panels A, C, D, and E each data point displays the mean and SEM from 5 animals in each
group, data representative of 2 to 4 separate trials. Significance was analyzed by one-way
ANOVA with Tukey’s multiple comparisons tests. Panels B and G are representatives of
three independent experimental results. For panel F, each dot represents an independent
experiment result, with bar displaying mean and SEM indicated, analyzed by a two-way
ANOVA and Tukey’s multiple comparisons tests. **** P < 0.0001; *** P < 0.001; ** P <
0.01; * P < 0.05; ns, not significant. The scale bar is 100uM. See also Figure S5.
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Key resources table

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

RIPK2 antibody

Invitrogen, Carlsbad, CA

cat# MA5-17221

pRIPK2 antibody Sigma cat# SAB4504642
Phospho p65 antibody Cell Signaling cat# 3033

Total p65 antibody Cell Signaling cat# 8242
Beta-actin-HPR antibody Sigma cat# A3854
Mouse IL-1a Neutralizing antibody - Monoclonal Mouse IgG1 (6H7) | invivogen cat# mabg-milla
Mouse 1gG1 isotype control invivogen cat# mabgl-ctrim
Anti-mouse-HRP GE cat# NA931V
Anti-rabbit-HRP Biorad cat# 1705046

PE anti-mouse Ly-6G/Ly-6C (Gr-1) Antibody (RB6-8C5) Biolegend cat# 108408
APC anti-mouse/human CD11b Antibody (M1/70) Biolegend cat# 101212
Alexa Fluor® 700 anti-mouse CD45 Antibody (30-F11) Biolegend cat# 103128
PE/Cyanine7 anti-mouse F4/80 Antibody Biolegend cat# 123114
Bacterial and virus strains

WT VSV Whelan et al, 1995(62) N/A

Corynebacterium accolens

ATCC viaJ. Kang

strain# 49725

Biological samples

Normal human foreskin

UMass Memorial Hospital

N/A

NIH/3T3

ATCC

ATCC# CRL-1658

Chemicals, peptides, and recombinant proteins

KC basal medium (EpiLife)

Invitrogen, Carlsbad, CA

cat# MEPICF500

Defined Growth Supplement (dGS) Invitrogen, Carlsbad, CA cat# S0125
Dispase powder Invitrogen, Carlsbad, CA cat# 17105041
Coating Matrix Invitrogen, Carlsbad, CA cat# RO11K

TrypLE

Invitrogen, Carlsbad, CA

cat# 12604-013

CCK-8 cell viability Kit

Dojindo Molecular Technologies

cat# CK04-11

RPMI-1640 HyClone cat# SH30027.01
Fetal Calf Serum HyClone cat# SV30160.03
2-mercaptoethanol Sigma-Aldrich cat# M3148
Asparagine Sigma-Aldrich cat# A4159
Glutamine Sigma-Aldrich cat# G8540
Penicillin/Streptomycin HyClone cat# SV30010
Ethanol Merck Millipore cat# 107017
Collagenase D Roche Diagnostics cat# 11088866001
Pronase protease Merck Millipore cat# 53702
Geneluice® Transfection Reagent Millipore cat# 70967
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REAGENT or RESOURCE SOURCE IDENTIFIER
Tris buffer (pH 8) 1st BASE cat# 1415

0.5M EDTA (pH 8) 1st BASE cat# BUF-1053
10X Phosphate Buffered Saline (PBS) 1st BASE cat# BUF-2040
Trypsin-EDTA solution 10X Sigma-Aldrich cat# 59418C
Amphotericin B Sigma-Aldrich cat# A2492
Brewer thioglycollate medium Remel cat# R064702
DMEM F12 media Thermo Scientific cat# 12430112
Recombinant Murine M-CSF Peprotech cat# 315-02
DMEM (No Calcium) ThermoFisher cat# 21068028
Ham’s F-12 Nutrient Mix ThermoFisher cat# 11765054
Bovine Calf Serum HyClone SH30073.03
L-glutamine ThermoFisher cat# 25030081
Adenine Sigma cat# A8626-1G
Hydrocortisone Sigma cat# H-4881
Triiodothyronine Sigma cat# T5516
ITS-X Invitrogen cat# 51500-056
O-phosphorylethanolamine Sigma cat# p0503
Progesterone Sigma cat# P8783
Epidermal Growth Factor Peprotech cat# AF-100-15
Calcium Chloride Sigma cat# C7902
Sodium Ascorbate Sigma cat# A4034
Chelex 100 Sigma cat# C7901
T-PER Thermo fisher cat# 78510
Halt™ Protease and Phosphatase Inhibitor Cocktail (100X) Thermo fisher cat# 78440

PVDF membrane

Sigma-milipore

cat# IPVH00010

Protein-A agarose Thermo fisher cat# 20333
SDS-gel biorad cat# 3450418
Sytox Thermo fisher cat# S34859
1.5M Tris PH 8.8 Biorad cat# 1610798
0.5M Tris PH 6.8 Biorad cat# 1610799
TRIzol™ Reagent Invitrogen cat# 15596026

Chloroform Fisher Scientific cat# C607SK-1
Isopropanol Fisher Scientific cat# BP2618500
Ethanol Fisher Scientific cat# BP28184
Water Fisher Scientific cat# W9-1

iE DAP Invivogen cat# tlrl-dap
Tri-DAP Invivogen cat# tirl-tdap
C12-iE-DAP Invivogen cat# tirl-c12dap
MDP Invivogen cat# tirl-mdp
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REAGENT or RESOURCE SOURCE IDENTIFIER
TCT T. Kaneko et al., 2004(45) N/A
Alkyne-iE-DAP R. Bharadwaj et al. 20238Y) N/A
Alkyne-MDP R. Bharadway et al. 20258V N/A
1X PBS Sigma cat# D8537
Protenase K Sigma cat# P2308
hoechst Thermo fisher cat# 62249
Imiquimod cream perrigo NDC#45802-368-62
Histopaque 1119 Sigma-Aldrich cat# 11191
Histopaque 1077 Sigma-Aldrich cat# 10771
laemmli sample buffer BioRad cat# 161-0737
Copper Sulfate Sigma cat# PHR1477
BTTAA Click Chemistry Tools cat# 1236
sodium ascorbate Sigma cat# A4034
CalFluor 488 Azide Click Chemistry Tools cat# 1369
Recombinant human IL-1Ra Biolegend cat# 553902
Propidium lodide ThermoFisher cat# P1304MP
Monarch Total RNA Miniprep Kit NEB cat# T2010S
Tagman RNA-to-CT 1-Step Kit ThermoFisher cat# 4392653
18:1 (A9-Cis) PC (DOPC) Avanti Polar Lipids cat# 850375
18:0 PC (DSPC) Avanti Polar Lipids cat# 850365
18:1 (A9-Cis) PG (DOPG) Avanti Polar Lipids cat# 840475
Cholesterol (Ovine) Avanti Polar Lipids cat# 700000
DiO’; DiOC18(3) (3,3’-Dioctadecyloxacarbocyanine Perchlorate) ThermoFisher Scientific cat# D275
DSPE-mPEG 2000 Laysan Bio cat# MPEG-
DSPE-2000
Pierce Quantitative Peptide Assay and Standards (QuantIT) ThermoFisher Scientific cat# 23290

Critical commercial assays

Pan Dendritic Cell Isolation Kit

Miltenyi Biotech

cat# 130-100-875

IL-1a ELISA kit R&D systems cat# DY400
CXCL1 (KC) ELISA kit R&D systems cat# DY453

IL-6 R&D systems cat# DY406
IL-1B R&D systems cat# DY401
TNF-a R&D systems cat# DY410
iScript™ gDNA Clear cDNA Synthesis Kit Biorad cat# 1725034
Deposited data

None

Experimental models: Cell lines

HEK293T ATCC ATCC#CRL-3216
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Experimental models: Organisms/strains

ES cells for making S/c46a27"~ mice

KOMP Repository, University of
California

RRID:MMRRC_06
2453-UCD

Sle46a27' mice

This study

N/A

Slc46a3'~ mice

Jackson Labs

RRID:MMRRC_04

9738-UCD

Nod1- mice M. Chamaillard et a/,, 2003(") N/A

NodZ™'~ mice K. S. Kobayashi et al., 20050 N/A

IL1a~ mice R. K. S. Malireddi et al., N/A
202207

IL167- Mice M. B. Glaccum et af., 1997(75) N/A

Pycard”~ mice V. A. K. Rathinam et al,, N/A
20109

MyD88"~ mice T. Kawai, et al., 1999(73) N/A

CaspI™~ mice S. M. Man et al., 2017074 N/A

Gasma™'~ mice N. Kayagaki et al., 20152 N/A

Oligonucleotides

NOD1 FP GAAGGCACCCCATTGGGTT N/A

NOD1 RP AATCTCTGCATCTTCGGCTG | N/A
AC

GAPDH FP TCACCACCATGGAGAAGGC N/A

GAPDH RP §CTAAGCAGTTGGTGGTGC N/A

Slc46a2 FP EGCTGGACAAGTTCATTGG N/A

Slc46a2 RP gCCACAACACCAATTGGGA N/A

SLC46A3 FP g\CGACTCACTTGGGTTAGG N/A

SLC46A3 RP CGGTCGCTACCATTACCAGT | N/A

Slc46a2 TDF GGAGAATGATTTGGGACCA N/A
TGAAG

Slc46a2 TDR GTGCTGAAGACCTGACTCG N/A
TATC

Slc46a2 LacINF GGTAAACTGGCTCGGATTA N/A
GGG

Slc46a2 LacINR TTGACTGTAGCGGCTGATG N/A
TTG

Human GAPDH Tagman primer/probe ThermoFisher cat#

Hs02786624 g1

Human CXCL8 Tagman primer/probe

ThermoFisher

cat#
Hs00174103_m1

Recombinant DNA

PEFVS D. Paik etal,, 20174 N/A
pEF-mSlc46al-V5 D. Paik et al, 20174 N/A
pEF-mSlc46a2-V5 D. Paik et al,, 201724 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
pEF-mSIc46a3-V5 D. Paik et al., 2017@% N/A

Software and algorithms

Gen5 Software BioTek N/A

Graphpad Prism 9 GraphPad Software N/A

Other

Wiater bath GFL cat# 1002
Centrifuge Eppendorf cat# 5810R
Digital caliper Mitutoyo cat# 500-196-30

Transpore surgical tape

3M Transpore

cat# 1527-0

Semi-Prep, ZORBAX SB-C18 Agilent cat# AG880975-202
96 well plate Denville scientific inc. cat# T1006
centrifugal filters Milipore cat# UFC501024
Scissors Fisher Scientific cat# 08-940

Forcep Fisher Scientific cat# 13-812-211

0.2 uM syringe filter

Sartorius Stedim

cat# 16534

1.7 ml microcentrifuge tube Axygen cat# MCT-175-C
10 cm cell culture dish Greiner cat# 664160
15 ml conical bottom tube Greiner cat# 188271
50 ml conical bottom tube Greiner cat# 227261
70 um Cell Strainer Nylon mesh Corning cat# 352360
Insulin Syringe BD cat# 305937
6-well Deep Well TC-treated polystyrerene Plates Corning cat# 355467
6 well plate inserts Corning cat# 353091
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