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A function-impairing mutation (feeble) or genomic deletion of SLC15A4 abolishes
responses of nucleic acid–sensing endosomal toll-like receptors (TLRs) and significantly
reduces disease in mouse models of lupus. Here, we demonstrate disease reduction in
homozygous and even heterozygous Slc15a4 feeble mutant BXSB male mice with a
Tlr7 gene duplication. In contrast to SLC15A4, a function-impairing mutation of
SLC15A3 did not diminish type I interferon (IFN-I) production by TLR-activated plas-
macytoid dendritic cells (pDCs), indicating divergence of function between these
homologous SLC15 family members. Trafficking to endolysosomes and function of
SLC15A4 were dependent on the Adaptor protein 3 (AP-3) complex. Importantly,
SLC15A4 was required for trafficking and colocalization of nucleic acid–sensing TLRs
and their ligands to endolysosomes and the formation of the LAMP2+VAMP3+ hybrid
compartment in which IFN-I production is initiated. Collectively, these findings define
mechanistic processes by which SLC15A4 controls endosomal TLR function and sug-
gest that pharmacologic intervention to curtail the function of this transporter may be a
means to treat lupus and other endosomal TLR-dependent diseases.
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Engagement of endosomal toll-like receptors (TLRs) by self-nucleic acids and, in certain
instances, microbe-derived nucleic acids is central to the pathogenesis of lupus and likely
many other autoimmune diseases (1–3). Consequently, efforts have sought to identify the
relevant innate and adaptive cellular components and the mechanistic pathways involved
in the trafficking of these inducer molecules into the appropriate subcellular compart-
ments where endosomal TLR-mediated innate responses are initiated. Thus, it has been
shown that type I interferon (IFN-I) and other proinflammatory cytokines constitute
major disease mediators, plasmacytoid dendritic cells (pDCs) and B cells are required
(4–7), and certain trafficking molecules, such as UNC-93B1, Adaptor protein 3 (AP-3),
and BLOC-1/2, and the histidine–peptide cotransporter SLC15A4 are needed for optimal
responses by endosomal TLRs (5, 8, 9). Among these molecules, SLC15A4 has received
particular attention because it is expressed in both pDCs and B cells and may be suscepti-
ble to pharmacologic intervention.
Our early studies with congenic lupus-predisposed C57BL/6 Faslpr mice carrying the

function-impairing feeble mutation of Slc15a4 (5) and subsequent studies by others in
the Slc15a4-deleted pristane model (10) and in the spontaneous NZB/W F1 lupus
model (11) all showed significant disease reduction. These studies complemented earlier
indirect evidence from genome-wide association studies that SLC15A4 may be one of
the multitudes of loci contributing to systemic lupus erythemasosus (SLE) and other
autoimmune syndromes (12–16).
Despite these findings, the mechanistic processes by which SLC15A4 affects the func-

tion of nucleic acid–sensing TLRs remained unclear. An early study with mouse B cells
presented evidence that the absence of SLC15A4 disrupts the metabolic mammalian tar-
get of rapamycin (mTOR) pathway, presumably by impairing vacuolar ATPase (v-
ATPase) integrity, thereby leading to failure of the interferon regulatory factor (IRF)
7–IFN-I circuit and defective endolysosomal TLR signaling (10). In support of this find-
ing, others have previously shown that mTOR complex 1 (mTORC1) senses lysosomal
amino acids through a mechanism that requires v-ATPase (17). Furthermore, inference
of mTOR involvement in Slc15a4 signaling was also made in studies with the human
CAL-1 pDC line, and an effect on autophagy was suggested (18). Although these pro-
cesses might occur within the confines of the endolysosomes, as we have previously
hypothesized (5, 9), malfunction-inducing mutation or deletion of SLC15A4 may also
compromise the trafficking of TLR and ligands into the late endosomes and/or affect the
generation of subcellular organelles required for optimal recognition of nucleic acids. Here,
we report the results of our investigation using high- and enhanced-resolution confocal

Significance

A large body of evidence has
indicated that recognition of
self-nucleic acids by endosomal
toll-like receptors (TLRs) is central
to the pathogenesis of lupus-like
systemic autoimmunity in
spontaneous mouse models, and
the solute carrier SLC15A4 is
required for this recognition. Here
we describe a mechanism in
which SLC15A4 is a major
contributor to the proper
trafficking of TLRs and their
ligands to endolysosomes,
wherein recognition and signaling
is initiated. This finding supports
ongoing efforts to identify
pharmacologic inhibitors for this
carrier as a means to treat lupus
and other inflammatory disorders.

Author affiliations: aDepartment of Immunology
and Microbiology, The Scripps Research Institute, La Jolla,
CA 92037; bCore Microscopy, La Jolla Institute for
Immunology, La Jolla, CA 92037; cDepartment of Chemistry,
The Scripps Research Institute, Jupiter, FL 33458; and
dCenter for the Genetics of Host Defense, University of
Texas SouthwesternMedical Center, Dallas, TX 75390

Author contributions: I.R., R.B., J.R.T., C.G.P., D.H.K., and
A.N.T. designed research; I.R. and R.G.-Q. performed
research; X.L. and B.B. contributed new reagents/
analytic tools; I.R. and W.B.K. analyzed data; I.R. and
A.N.T. wrote the paper; I.R. conceived the study; R.B.,
D.H.K., and A.N.T. supervised and conceived the study;
W.B.K. assisted with confocal microscopy and image
analysis; and J.R.T. and C.G.P. advised on pDC isolation,
activation, and cytokine expression.

Reviewers: G.K., Medical School, National and
Kapodistrian University of Athens; and G.C.T., Beth Israel
Deaconess Medical Center, Harvard Medical School.

The authors declare no competing interest.

Copyright © 2022 the Author(s). Published by PNAS.
This open access article is distributed under Creative
Commons Attribution-NonCommercial-NoDerivatives
License 4.0 (CC BY-NC-ND).
1To whom correspondence may be addressed. Email:
bruce.beutler@utsouthwestern.edu, dkono@scripps.
edu, or argyrio@scripps.edu.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2200544119/-/DCSupplemental.

Published March 29, 2022.

PNAS 2022 Vol. 119 No. 14 e2200544119 https://doi.org/10.1073/pnas.2200544119 1 of 9

RESEARCH ARTICLE | IMMUNOLOGY AND INFLAMMATION OPEN ACCESS

https://orcid.org/0000-0001-8280-8887
https://orcid.org/0000-0001-8509-9289
https://orcid.org/0000-0001-8357-5587
https://orcid.org/0000-0002-3639-246X
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:bruce.beutler@utsouthwestern.edu
mailto:dkono@scripps.edu
mailto:dkono@scripps.edu
mailto:argyrio@scripps.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2200544119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2200544119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2200544119&domain=pdf&date_stamp=2022-04-01


microscopy and intracellular localization analysis techniques
toward defining the potential effects of SLC15A4 in these pro-
cesses as they may be manifested in primary pDCs.

Results

The Slc15a4 feeble Mutation Inhibits Severe Disease in the BXSB
Lupus Model. The disease-inhibiting effect of the endosomal
TLR function-impairing Slc15a4 feeble mutation was shown
initially in the spontaneous C57BL/6 Faslpr lupus model (5)
and subsequently in the Slc15a4-deleted pristane lupus model
(10). Disease in these models, however, is generally of low
grade, and some of the histologic manifestations of lupus, such
as glomerulonephritis, are minimal or lacking. In addition, the
principal role of IFN-I (19) and of pDCs (7) in the BXSB
lupus model has been documented. We, therefore, here directly
examined the effect of the feeble mutation in congenic BXSB
male mice, in which early-life severe disease is primarily caused
by a Tlr7 duplication on the Y chromosome (20, 21). Indeed,
the homozygous feeble mutation led to significant disease reduc-
tion, as shown by increased survival and decreases in histologic,
cellular, and humoral disease parameters compared to wild-type
male BXSB mice (Fig. 1 A–G). Interestingly, increased survival
and reduced disease were also observed in the feeble heterozygous
state, although some parameters were not as strongly affected.

Because the feeble mutation affects the production of IFN-I and
proinflammatory cytokines but not the development of pDCs,
these results further indicate that the pathogenic role of pDCs is
primarily through the production of cytokines rather than other
postulated functions of pDCs, such as antigen presentation (22).

Nonoverlapping Effects between SLC15A3 and SLC15A4. The
SLC15 family of proton-coupled transporters encompasses four
members, of which the highly similar (∼50% amino acid
sequence identity) SLC15A3 and SLC15A4 are broadly defined
as histidine–dipeptide transporters (23, 24). However, whether
the function of these transporters is indeed identical has not been
thoroughly examined. We first compared the expression of
SLC15 family members by quantitative real-time-PCR. We
found that unlike Slc15a1 and Slc15a2, both Slc15a3 and
Slc15a4 are expressed in pDCs and B cells (Fig. 2A). In addition,
feeble mutant pDCs retain high expression of Slc15a3 (Fig. 2B),
suggesting that this histidine–dipeptide transporter cannot com-
pensate for the absence of SLC15A4 in endosomal TLR
responses. More directly, we compared TLR9 ligand responses of
pDCs from mice carrying either the feeble Slc15a4 mutation or a
newly identified Slc15a3 mutation that introduces a premature
termination codon at amino acid 8 (25). The results depicted in
Fig. 2C showed that in contrast to feeble mutant pDCs, in which
production of IFN-alpha upon TLR9 stimulation was completely

Fig. 1. Reduced autoimmunity in feeble homozygous and heterozygous BXSB males. Mutant and wild-type mice were analyzed for disease manifestations. (A)
Survival (n = 6–9/group). (B) Spleen weight at 5 to 7 mo (n = 2–7/group). (C) Proteinuria (n = 6/group). (D) Glomerulonephritis at 5 to 7 mo (n = 5–7/group). (E)
Total IgG subclass 2a (IgG2a) levels at 5 mo (n = 2–6/group). (F) IgG2a antichromatin autoantibodies (n = 4–6/group). (G) IgG anti-ribonucleoprotein (RNP) autoanti-
bodies (n = 4–12/group). Slc15a4+/+ (open black circles, solid black line), Slc15a4feeble/+ (open yellow squares, solid yellow line), Slc15a4feeble/feeble (open red triangles,
dashed lines). B and D include the two surviving +/+ mice (open circles) plus additional controls of the same age (n = 5; filled circles). Mean (columns) and SEM
(error bars) are indicated. GN, glomerulonephritis; OD, optical density. ns, P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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extinguished, Slc15a3 mutant pDCs exhibited IFN-alpha
responses very similar to those of wild-type cells. Hence, there
appears to be functional divergence between these two carriers.

pDC Activation and Signaling Defects. Previous studies have
shown that despite the defect in cytokine production, Slc15a4
feeble or Slc15a4-deleted B cells retained normal acquisition of
activation markers and nuclear factor kappa-light chain-
enhancer of activated B cells (NF-ŒB) signaling following endo-
somal TLR engagement (5, 10). We similarly assessed feeble
pDCs and found that in contrast to B cells, expression of the acti-
vation markers CD86 and CD69, as well as p65 NF-ŒB nuclear
translocation, were defective compared to wild-type pDCs (SI
Appendix, Fig. S1 A–E). These findings indicate that SLC15A4 is
required for endosomal TLR-dependent pDC activation.

AP-3 Is a Cofactor in SLC15A4 Trafficking to Endolysosomes. A
major question regarding SLC15A4 biology in pDCs is its exact
localization in intracellular organelles and the nature of the acces-
sory molecules that might be required for its proper trafficking. As
shown by high-resolution confocal microscopy and colocalization
analysis of TLR9-activated primary pDCs, SLC15A4 expression
was detected in the endoplasmic reticulum (KDEL+) and the
trans-Golgi network (GM130+) and progressively increased from
the early endosomes (RAB5+) to late endosomes (RAB7+), ulti-
mately being highest in LAMP2+ endolysosomes (Fig. 3A).
The presence of a dileucine motif at the N terminus of

SLC15A4 led to the hypothesis that the clathrin-associated
AP-3 complex may interact with this solute carrier and promote
its trafficking from the trans-Golgi to lysosome-related organ-
elles (LROs) (9, 26). We directly examined this by assessing
whether a nonfunctional mutant of the tetrameric AP-3 [pearl,
lacking the B3a subunit (27)] altered SLC15A4 trafficking to
endolysosomes (LAMP2+). Indeed, upon TLR9 stimulation for
1.5 h, using high-resolution confocal microscopy combined
with quantification of colocalization in three-dimensional (3D)
images, there was increased retention of SLC15A4 in RAB5+

early endosomes (Fig. 3B), together with significantly reduced
levels in LAMP2+ endolysosomes (Fig. 3C). These effects
were associated with reduction in IFN-I production (wild type
21.0 ng/mL, pearl 7.0 ng/mL; P < 0.0001, n = 2). Hence,
proper intracellular trafficking of SLC15A4 to endolysosomes is
AP-3 dependent and is required for effective TLR responses
and cytokine production by pDCs.

Reduced Lysosomal Acidification in Slc15a4 feeble pDCs Is
Insufficient to Affect TLR Processing. A potential mechanism
by which the Slc15a4 feeble mutation leads to defective endoso-
mal TLR signaling might be reduced acidification due to com-
promised transport of histidine from the endolysosome to the
cytosol. By flow cytometry, we found that lysosomal content
(defined by LysoTracker) was normal but acidification (defined
by LysoSensor) was significantly reduced in feeble compared to
wild-type pDCs (Fig. 4A), although less severely than in
bafilomycin-treated cells. Acidification reduction in feeble pDCs
was also detected by time-lapse confocal microscopy (Fig. 4B).

Because cathepsin-mediated processing of endosomal TLRs is
required for efficient signaling (28, 29), we then examined
whether the impaired acidification was of sufficient magnitude
to impact this process. We found that cleavage of the TLR9 N
terminus was similar in both wild-type and feeble pDCs at steady
state, as well as after class A CpG oligodeoxynucleotide (CpG-A)
stimulation (Fig. 4C). Thus, the reduced acidification in feeble
pDCs is not of sufficient magnitude to compromise TLR9 cleav-
age, as was the case in bafilomycin-treated pDCs, where luminal
acidification is completely abrogated. Therefore, defective endo-
somal TLR responses in feeble pDCs cannot be explained by
impaired TLR processing due to reduced acidification.

SLC15A4 Is Required for Trafficking of TLR and Ligands to
Endolysosomes. An alternative mechanistic possibility for the
defect of TLR signaling in Slc15a4 mutant pDCs might be com-
promised trafficking of TLRs and their ligands to endolysosomes.
We found that at 90 min postactivation, there was a significant

Fig. 2. Nonredundancy of Slc15a3 and Slc15a4. (A and B) Slc15 family member mRNA expression in (A) wild-type pDCs and B cells and (B) wild-type and fee-
ble pDCs. Relative mRNA determined by qPCR using validated primer pairs. One of two independent experiments is shown. (C) CpG-A-induced IFN-I
responses for pDCs from wild-type, Slc15a3�/� nonsense mutation and homozygous feeble mutant pDCs. Sorted bone marrow–derived pDCs were stimu-
lated with CpG-A overnight, and IFN-alpha levels determined by ELISA (n = 3 mice/group; shown by squares). Mean (columns) and SEM (error bars) are
shown. WT, wild-type. ns, P > 0.05, *P < 0.05, ***P < 0.001, ****P < 0.0001.
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reduction in the trafficking of TLR9 and fluorescent-tagged
CpG-A ligand to the LAMP2+ organelle, as well as in the coloc-
alization of TLR9 and CpG-A within this organelle, in feeble
compared to wild-type pDCs (Fig. 5 A and B). Interestingly,
defective colocalization of these components was also observed in
AP-3–deficient pearl pDCs (Fig. 5B), in which, as noted earlier,
SLC15A4 is expressed but does not traffic to endolysosomes.
Collectively, a major function of SLC15A4 is that of a required
factor for the efficient trafficking of TLRs and ligands to endoly-
sosomes in which TLR processing and signaling are initiated.

The Slc15a4 feeble Mutation Interferes with the Generation of
the LAMP2+VAMP3+ Hybrid Compartment Involved in IFN-I
Production. An additional possibility is that malfunction of
SLC15A4 may interfere with the generation of an essential sub-
cellular organelle required for the induction of TLR responses in
pDCs. We, therefore, examined whether the hybrid compartment
(LAMP2+VAMP3+), recently reported to subserve such a func-
tion (30), was affected in Slc15a4 feeble mutant pDCs. As shown
by 3D quantification of high-resolution confocal images, the cel-
lular content of this hybrid compartment, although being

equivalent in unstimulated wild-type and feeble pDCs, was signif-
icantly increased upon 3 h of TLR9 stimulation in wild-type, but
not feeble, pDCs (Fig. 6A). In addition, time-course analysis using
enhanced-resolution Airyscan confocal microscopy indicated
that following a 20-min pulse with CpG-A, formation of the
LAMP2+VAMP3+ organelle peaked at 6 h poststimulation in
wild-type pDCs, whereas this response was significantly reduced
in feeble pDCs (Fig. 6 B and C). Thus, in addition to trafficking
defects, the Slc15a4 feeble mutation compromises the induction
of this subcellular organelle that appears to be essential for the
initiation of IFN-I production.

Discussion

Herein we report findings on the biology of SLC15A4 and the
mechanisms by which a function-impairing mutation of this
transporter inhibits endolysosomal TLR engagement and devel-
opment of autoimmunity in predisposed mouse models.

The ENU-induced, function-impairing feeble mutation of
Slc15a4 was initially reported in C57BL/6J mice, and thus our
early assessment on the effects of this mutation in lupus-like

A

B

C

Fig. 3. Defective subcellular localization of SLC15A4 in Ap3b1pearl/pearl mutant pDCs. (A) Percent of SLC15A4 in the subcellular compartments of pDCs. Wild-type
pDCs were stimulated with CpG-A for 1.5 h, stained for SLC15A4 and subcellular compartments, and then analyzed by confocal microscopy. (Left) Left to right are
MIP confocal images of fluorescent labeled markers for the subcellular compartments (greyscale); SLC15A4 (greyscale); a merged composite image (red, subcellular
compartment; green, SLC15A4; blue, nucleus), and a binary image showing areas of overlap between SLC15A4 and quantitatively colocalized subcellular compart-
ment (white). Right panel, percent SLC15A4 colocalization in the indicated compartments derived from Mander’s correlation coefficients in >50 individual cells. Data
from 2-5 independent experiments. Statistical comparisons are versus the endolysosome (LAMP2+) value. (B and C) Percent SLC15A4 in RAB5+ (B) or LAMP2+

(C) compartments in wild-type and pearlmutant pDCs. Left panels, representative MIP confocal images of SLC15A4 localization to compartments as in (A). Right panels,
levels of SLC15A4 fluorescence in the indicated subcellular compartments were quantified from 3D image stacks in Imaris. Results in (B) are from one of two experi-
ments with at least 30 cells per genotype examined using the same wild-type datasets from (A). Results in (C) are from one of three experiments different from (A).
Unfilled circles (B and C) are individual cells. Mean (shaded columns) and SEM (error bars) are indicated.WT, wild-type. *P< 0.05, ***P<0.001, ****P<0.0001.
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disease was ascertained in predisposed C57BL/6J Faslpr mice.
However, because the disease in this model does not fully repli-
cate the human disorder, here we assessed the effectiveness of
this mutation in the BXSB male model, in which early-life
severe disease is primarily attributed to Tlr7 duplication due to
a translocation from the X to the Y chromosome (20, 21). Of
considerable interest, the disease-inhibiting effect was also
observed in the heterozygous feeble state, albeit not as pro-
foundly as in the homozygous state. Recently, others have also
reported similar disease-reducing effects in homozygous and
heterozygous Slc15a4-deleted NZB/W F1 lupus-predisposed
mice (11). These results are of considerable significance since
they suggest that even partial pharmacologic inhibition of this
transporter may be sufficient to reduce disease progression in
humans. Notably, TLR7 gain-of-function mutations have been
identified in SLE and other interferonopathies (31). Moreover,
the TLR7 gene escapes from X chromosome inactivation in
females and thus might be a contributor to the sexual dimor-
phism of SLE (3, 32).
Among the four members of the SLC15 family, the SLC15A1

and SLC15A2 variants are thought to be highly promiscuous in
transporting an almost endless number of peptides, whereas
SLC15A3 and SLC15A4 are specific transporters of histidine and
a limited number of dipeptides (23, 24). However, the present
findings showing suppressed TLR responses in Slc15a4 mutant,
but not in Slc15a3 mutant, pDCs, together with the disease-
reducing effects of the Slc15a4 mutation or deletion in
SLC15A3-sufficient lupus models, strongly suggest a significant
degree of heterogeneity between these two transporters. Further

evidence of heterogeneity is the recent finding that TLR adaptor
interacting with endolysosomal SLC154 (TASL), a newly identi-
fied partner of SLC15A4 required for endosomal TLR signaling,
does not interact with SLC15A3 (33). In addition, in the human
monocytic cell line THP1, it was shown that inactivation of
SLC15A4 or TASL suppressed TLR7 responses, whereas inactiva-
tion of SLC15A3 was inconsequential. Yet in contrast to the pre-
sent conclusion, egress of muramyl dipeptide from endosome to
cytosol and engagement of the nucleotide-binding oligomeriza-
tion domain 2 (NOD2) sensor were compromised when either
of these carriers was absent (34). However, no defect in NOD
responses was shown recently in the absence of TASL or
SLC15A4 (33), further supporting our conclusion of nonredund-
ancy in the function of SLC15A3 and SLC15A4 transporters.

Previous studies by us (5, 9) and others (10) with Slc15a4-
deficient B cells showed that proliferation and acquisition of
activation markers were normal. However, here we show that
Slc15a4 mutant pDCs failed to acquire activation markers and
were defective in NF-ŒB translocation and production of
inflammatory cytokines. The divergence of results may be
attributed to differences between B cells and pDCs, although
others using the CAL-1 pDC line also reported that lack of
SLC15A4 expression caused defects in the activation of IRF5
but not of the mitogen-activated protein kinase (MAPK) and
NF-ŒB pathways (33). These inconsistent results may be
resolved upon further experimentation.

Not unexpectedly, since histidine exerts a significant buffer-
ing effect by its imidazole side chain (35), reduction of endoso-
mal acidification in Slc15a4 mutant or deleted B cells and

Fig. 4. Moderate decrease in endosomal acidification of feeble pDCs, but no defect in TLR9 processing. (A) Cellular acidification in naive sorted bone
marrow–derived pDCs assessed with cells stained with LysoTracker Red (Top) and LysoSensor Green (Bottom) and flow cytometry. Fluorescence emissions are
shown as a histogram (Left) for one representative experiment and as a bar graph (Right) depicting individual experiments as dots. (B) Live cell confocal micros-
copy of wild-type and feeble pDCs stained with LysoSensor yellow/blue. MIP image stacks (Left), with cells outlined in green, display relative endosomal acidifica-
tion (color gradient) calculated by ratiometric image analysis. Bar graph (Right) shows the average endosomal acidification per cell. Representative data from
two independent experiments, each with >30 cells per genotype. (C) Western blot for the N-terminal fragment of TLR9. Representative blot with quantification
of band intensity (Bottom) and bar graph with data points from two to three independent experiments per treatment (Top). Unfilled circles are individual cells.
Mean (columns) and SEM (error bars) are indicated. MFI, mean fluorescence intensity; WT, wild-type; LS, LysoSensor. ns, P > 0.05, **P < 0.01, ***P < 0.001.
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pDCs has been documented in the present study, as well as in
a previous study (10). In the Kobayashi study (10), reduced
acidification was suggested to lead to a v-ATPase–mediated
mTOR lysosomal defect, and mTOR defects have previ-
ously been noted in macrophages of lupus-prone mice (36).
However, the possibility that decline in acidification might
interfere with TLR processing and signaling (28, 29) was not
ascertained in Slc15a4 mutant or deleted B cells. In the present
study with feeble pDCs, as well as in another recent study with
the SLC15A4- or TASL-deficient human THP1 monocytic cell
line (33), no overt impairment in TLR processing was noted.
Therefore, if there is an effect of reduced acidification in TLR
function, it is more likely attributable to broader effects on
lysosomal integrity.
Homing of nucleic acid–sensing TLRs in proper subcellular

compartments has been shown to be dependent on a family of
accessory molecules (37, 38), but the exact composition of the
involved macromolecular complexes has not been fully defined.
Here, we show that the tetrameric AP-3 is required for trafficking
of SLC15A4 to endolysosomes, strongly suggesting that the previ-
ously reported TLR-defective responses in AP-3 mutant pDCs (9)
may ultimately be due to the defective trafficking of SLC15A4. It
should be noted, however, that AP-3 may participate, together
with other trafficking molecules, such as BLOC-1/2, in the genera-
tion of certain subcellular organelles broadly defined as LROs.
Function-affecting mutations in these molecules, but not in
SLC15A4, have been shown in both animal models and humans
to exhibit a broad spectrum of cellular defects and clinical manifes-
tations related to Hermansky-Pudlak syndrome (39, 40).

Of major interest regarding SLC15A4 biology was the recent
finding noted above of its interaction with TASL, a molecule
encoded by the CXorf21 gene (33). Notably, the CXorf21 gene has
previously been described as a risk allele for lupus and Sj€ogren’s
syndrome (41), and high messenger RNA (mRNA) expression lev-
els were noted in peripheral blood leukocytes of SLE patients,
particularly during disease flares (42, 43). Of further interest, lyso-
somal pH appears to be regulated in a sex-dependent manner in
cells expressing CXorf21 (41), and this gene escapes X inactivation,
strongly suggesting the contribution of TASL and by extension of
SLC15A4 in the female predominance of SLE (32).

Classically, SLC15A4 functions as an endosomal membrane-
associated histidine–peptide transporter, and thus mechanistic
studies have primarily been focused on the lysosomal homeosta-
sis perspective. The alternative possibilities that malfunction of
SLC15A4 may compromise TLR and ligand trafficking to
endosomes and/or generation of a subcellular organelles
required for efficient signaling have not been considered. Our
study addressed these possibilities through enhanced-resolution
confocal microscopy and quantitative colocalization analysis
and showed that indeed Slc15a4 mutant pDCs were defective
in the trafficking of TLR9 and its CpG-A ligand into the endo-
lysosomes, an absolute requirement for proper engagement of
nucleic acid–sensing TLRs. Since the Slc15a4 feeble mutation
or deletion have also been shown to impair TLR7 signaling and
cytokine production by pDCs (9, 11), we believe that defects
similar to those described above for TLR9 are likely to be
equally applicable to TLR7 responses, with confirmation
required in future experiments.

Fig. 5. Impaired localization of TLR9 and CpG-A to endolysosomes. (A) Localization of TLR9, LAMP2, and CpG-A in wild-type, feeble, and pearl pDCs by confocal
microscopy. MIP images of single-channel grayscale and merged composite image stacks (green, TLR9; orange, CpG-A; red, LAMP2; blue, nuclear stain) and
binary images show colocalized regions of overlap (white) between indicated markers. (B) Percentage of TLR9 (Left) or CpG-A (Middle) fluorescence signal inten-
sity in LAMP2+ compartments. (Right) Percentage of fluorescence signal intensity from both TLR9 and CpG-A in LAMP2+ compartments containing both TLR9
and CpG-A. Quantification was derived from 3D image stacks. Representative results are from one of three experiments, each with >100 cells per genotype.
Unfilled circles are individual cells. Mean (columns) and SEM (error bars) are indicated. WT, wild-type. ns, P > 0.05, **P < 0.01, ***P < 0.001, P < 0.0001.
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Finally, we examined whether the trafficking defects in feeble
pDCs may also be associated with abnormalities in the genera-
tion or induction of a key subcellular organelle, characterized as
LAMP2+VAMP3+, representing a unique feature of pDCs that
is centrally involved in IFN-I induction (30). It is likely that
this organelle constitutes a major component in the unique
endowment of pDCs to hyperproduce IFN-I, a characteristic
previously attributed to constitutive expression of IRF7 (44) or
protracted retention of TLR9 ligands, together with the
MyD88-IRF7 complex in endosomal vesicles (45). We found
that induction of this hybrid organelle upon TLR9 engagement
was defective, and thus this abnormality may be an additional
contributor to defects in IFN-I production by feeble pDCs.
In summary, the present study provides significant findings

on the role of SLC15A4 in the biology of endosomal TLRs.
Considering that proton-coupled transporters are thought to be
proper targets for pharmacologic intervention (46–49), it is
likely that the present findings will enhance efforts to identify
such inhibitors for SLC15A4, thereby providing avenues for
the treatment of SLE and other immunologic diseases in which
endosomal TLRs and IFN-I have been implicated as major
mediators (3). Application of a chemoproteomic fragment-
based assay developed by one of us (50) has provided prelimi-
nary evidence that discovery of such inhibitors will be possible.

Materials and Methods

Mouse Strains. C57BL/6J wild-type and C57BL/6J pearl (B6Pin.C3-Ap-3b1 pe/J)
mice were obtained from the Department of Animal Resources of The Scripps

Research Institute and the Jackson Laboratory, respectively. C57BL/6J mice carry-
ing a function-impairing Slc15a4 feeble or Slc15a3�/� (SLC15A3E8Stop) nonsense
mutation (Research Resource Identifiers [RRID]: MMRRC_034296-JAX and
MMRRC_038349-MU) were developed at the Beutler laboratory and obtained
from the Mutant Mouse Resource and Research Center (MMRRC). Congenic
male BXSB mice homozygous and heterozygous for the feeble mutation were
derived by repeated backcrossing of C57BL/6J feeble with BXSB using
microsatellite-assisted markers of this strain on chromosome 1, as we have previ-
ously described (51). Mice were housed under specific pathogen-free conditions,
and experimental protocols were approved by the Scripps Institute Animal Care
and Use Committee.

Antibodies and Reagents. Primary and secondary antibodies for western blots
and immunofluorescence were obtained from commercial sources (SI Appendix,
Table 1). The TLR9-stimulating CpG-A oligonucleotide (D19, ggT GCA TCG ATG
CAg ggg gG) to be used in trafficking experiments was synthesized and linked
to Alexa Fluor 555 at the 50 end by TriLink Biotechnologies.

Cell Isolation, Activation Markers, and Gene Expression Levels. Bone
marrow cells from femurs and tibias were cultured in complete media supple-
mented with recombinant human FLT3L (200 ng/mL, R&D Systems) for 7 d at
5% CO2 and 37 °C to promote pDC development, with subsequent isolation by
fluorescence-activated cell sorting (FACS), using CD11c and B220 as pDC surface
markers (MoFlo Astrios EQ Cell Sorter, Beckman Coulter). For isolation of splenic
pDCs, single-cell suspensions were prepared from spleen (52) and pDCs were
sorted by FACS, using CD11c and B220 as cell surface markers.

Acquisition of activation markers by sorted pDCs was assessed by overnight
stimulation with a TLR9 ligand (ODN2216, 1 lM; InvivoGen) and staining for
CD69 and CD86 (BioLegend). Data of paraformaldehyde-fixed cells were acquired
on an Aurora cytometer (Cytek) and analyzed with FlowJo (BD Biosciences).

Fig. 6. Impaired formation of the IFN-I signaling hybrid compartment in feeble pDCs. (A) LAMP2+VAMP3+ hybrid compartment volume in wild-type and feeble
pDCs. High-resolution confocal microscopy and 3D image analysis before and after 3 h of continuous stimulation with CpG-A were used to determine colocaliza-
tion volumes per cell for LAMP2 and VAMP3. One representative of three experiments is shown, each with >20 cells per treatment. Unfilled circles are individual
cells. (B) Formation and time course of LAMP2+VAMP3+ hybrid compartment volume after pulse stimulation. pDCs were stimulated with a 20-min pulse of CpG-A,
and then the LAMP2+VAMP3+ hybrid compartment volume was determined by enhanced-resolution Airyscan confocal microscopy and 3D image analysis. One
experiment with more than five cells analyzed per time point. (C) Representative 3D rendering of LAMP2+VAMP3+ hybrid compartments (color coded by volume)
in individual cells (white outlines). pDCs 6 h after the CpG pulse were analyzed by Imaris software from enhanced-resolution Airyscan confocal images. Mean (col-
umns in A, points in B) and SEM (error bars) are indicated. WT, wild-type. ns, P > 0.05, ****P < 0.0001.
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Expression levels of cytokines Ifna, Ifnb, Il-6, Il-12, and Tnfa as well as Slc15
family members a1 to a4 at the mRNA level were ascertained by quantitative
real-time PCR on a CFX384 system from Bio-Rad Laboratories, using SYBR green
as an amplification readout (FastStart SYBR Green Master, Roche Diagnostics).
Corresponding primers (SI Appendix, Table 2) were purchased from Integrated
DNA Technologies. Each sample was run in triplicate, and relative expression lev-
els were calculated by the ΔCt method and normalized to Gapdh, Rps18, or
Actb. Total RNA extraction (RNeasy kit, Qiagen) and complementary DNA (cDNA)
synthesis (Superscript II, Invitrogen) were performed according to the manufac-
turer protocols.

Protein levels for the above cytokines in supernatants of pDCs stimulated
with the above TLR9 ligand were determined using Luminex multiplex assays
(Thermo Fisher and Bio-Rad on a MAGPIX system) and enzyme-linked immuno-
sorbent assay (ELISA) kits (PBL Assay Science).

TLR9 Processing. Total protein lysates were prepared from sorted pDCs supple-
mented with a protease inhibitor mixture (Roche Diagnostics). Prior to lysis, cells
were treated or not for 12 h with CpG-A (ODN2216, 1 lM) or bafilomycin A1
(1 lM; LC Laboratories), the latter to completely inhibit acidification and TLR9
processing by endosomal proteases. Proteins were reduced and separated under
denaturing conditions on NuPAGE 4 to 12% Bis-Tris gels (Invitrogen), transferred
to Immobilon-FL polyvinylidene difluoride (PVDF) membranes (EMD Millipore),
and probed with primary and dye-conjugated secondary antibodies. Fluorescent
images were recorded on an Odyssey system and quantified with Image Studio
Lite software (Li-COR).

Lysosomal Acidification. Lysosomal acidification was assessed in pDCs
stained with two separate approaches. The first approach used either the lysoso-
mal dye LysoTracker red (DND-99, 1 lM for 30 min; Life Technologies) or Lyso-
Sensor green (DND-189, 5 lM for 30 min) to stain FLT3L-differentiated, day 7
bone marrow cultures. Both dyes partition into acidic organelles in which the
fluorescence intensity of LysoSensor increases with increasing acidity, whereas
the intensity of LysoTracker is pH independent. Lysosomal dye staining intensi-
ties were recorded on a BD LSR II flow cytometer (BD Biosciences), pDCs were
identified by antibody staining against CD11c and B220, and data were analyzed
with FlowJo software (BD) (53). In the second approach, the ratiometric
pH-dependent LysoSensor yellow/blue (DND-160, 5 lM for 30 min) was used to
assess acidity in FACS-sorted pDCs by measurement of yellow and blue fluores-
cence emissions (54). The z stacks of high-resolution confocal fluorescence
images (average of nine slices with a z-step size of 0.9 lm) were recorded on a
Zeiss LSM 880 laser-scanning microscope (63×/1.4 numerical aperture objec-
tive; Zeiss Microscopy) equipped with a stage controlling temperature, humidity,
and CO2. Using Image Pro Premier software (Media Cybernetics), image stacks
were flattened by maximum intensity projection (MIP), lysosomal structures
were defined by segmentation based on fluorescence intensity and object size,
and yellow and blue lysosomal fluorescence was quantified as integrated density
per cell. Ratios of yellow and blue integrated densities were calculated in Micro-
soft Excel to describe relative levels of cellular acidification. For visualization of
acidification in microscopy panels, ratios of yellow and blue fluorescence chan-
nels were calculated in ZEN software (Zeiss Microscopy). The resulting image
stacks were maximum intensity projected, and values were displayed as a color
gradient in ImageJ software (55).

Localization of TLR, Ligands, and Trafficking Molecules. FACS-sorted
pDCs were washed with an acidic buffer (0.2 M acetic acid, 0.5 M NaCl, pH 3) to
remove fluorescent antibodies used for their initial isolation. For ligand-
trafficking experiments, sorted cells were stimulated with a fluorescent-tagged
CpG-A (D19, 1 lM) for 90 min. For LAMP2+VAMP3+ compartment formation
studies, pDCs underwent either continuous stimulation with CpG-A or pulse
stimulation, wherein cells were incubated with CpG-A for 20 min, followed by
wash steps with media to remove the ligand and additional incubation in

complete media for the indicated times. Cells were then washed, resuspended
in cold phosphate buffered saline (PBS), settled onto poly-L-lysine–coated cover-
slips, fixed in 4% paraformaldehyde, and permeabilized with 0.05% saponin.
Thereafter, cells were stained by indirect immunofluorescence with combinations
of antibodies to SLC15A4, TLR9, NF-ŒB, KDEL, GM130, RAB5, RAB7, VAMP3, and
LAMP2 (as specified in the Results section), and Hoechst dye for nuclei, and
embedded in ProLong gold mounting media (Life Technologies).

For high-resolution confocal microscopy, stitched multi-image z stacks were
acquired on an inverted Zeiss LSM 780 (63× 1.4 NA objective). The 8-bit image
stacks with an average of 10 slices were acquired, covering the full dynamic
intensity range (0 to 256) previously determined from the population of cells
having the medium to brightest fluorescent signals and with Nyquist resolution
parameters, using a 0.4-lm step size and optimal frame sizes. Images were
autostitched within ZEN software using 10% overlap (Zeiss Microscopy).

For enhanced-resolution microscopy, single-image z stacks with an average of
36 slices were acquired on a LSM Airyscan 880 laser-scanning confocal micro-
scope (100x 1.46 NA objective, z-step size of 0.17 lm). The 16-bit images were
linearly deconvolved and automatically Airyscan processed using the dedicated
ZEN software module.

Identical acquisition settings, including laser power and detector signal
amplification (digital gain), were used for all acquired experimental samples.
This included controls where baseline intensity thresholds for image analysis
were defined by both cellular autofluorescence and secondary antibody intensity
ranges for each experiment.

Images were analyzed for colocalization of SLC15A4 with various subcellular
markers in two dimensions (2D) using a ZEN module. Briefly, 2D image stacks
were resampled based on the z resolution limit, and the MIP of the basal to mid-
dle of the cell (cytoplasmic portion) was generated and analyzed in ZEN software.
Regions of interest were drawn around individual cells, and then previously
defined minimum intensity thresholds were inputted. Two fluorescent channels
were selected at a time, and the software automatically calculated pixel intensity
spatial overlap coefficients between them using Mander’s coefficient.

For assessment of intracellular localization of SLC15A4, TLR9, and CpG-A and
volume of the LAMP2+VAMP3+ organelle in 3D, confocal images were proc-
essed in Imaris software (Bitplane) as image stacks and not compressed as MIPs.
First, subcellular compartments were defined by creating isosurfaces either
directly from LAMP2 and RAB5 channels or from the colocalization channel of
the two (based on voxel gating of LAMP2 and VAMP3 channels). A conservative
baseline intensity threshold was used for all samples to account for autofluores-
cence and nonspecific signals. Second, these organelle compartments were fur-
ther processed in the Imaris cell module, whereby each was associated with the
single cells in which they reside, thereby generating per-cell parameters, such as
compartment volumes and fluorescence signal intensities within these compart-
ments. The results were exported to Excel for data analysis and plotted using
Prism software (GraphPad).

Statistics. Statistical analyses included unpaired two-tailed t test and one-way
ANOVA with adjustments for multiple testing when appropriate. Data are
shown as mean ± SEM. Significance is indicated as *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001, not significant (ns).

Data Availability. All study data are included in the article and/or SI Appendix.
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