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Figure 6. RORgT-Cre-Mediated Cell-Type-Specific Expression of STING N153S Diminishes Numbers of Single-Positive T Cells in the Thymus
and Spleen

(A) Schematic of the floxed-STOP STING N153S construct. Mice with Cre-dependent expression of the STING N153S gene in the ROSA locus (floxed-stop
STING N153S mice) were generated using transcription activator-like effector nucleases (TALENS).

(B) PCR amplification of transcriptional stop containing ROSA homology arms from double-negative (DN; CD8 CD4~) and double-positive (DP; CD8*CD4")
thymocyte DNA from an adult RORyT-Cre™ floxed-STOP STING N153S mouse.

(C) Images of H&E staining on lungs of 13-week-old RORyT-Cre™* floxed-STOP STING N153S mice (right panel) and floxed-STOP STING N153S control animals
(left panel). n = 3 mice per genotype.

(D—H) Thymocytes from 3-to-4-week-old RORyT-Cre* floxed-STOP STING N153S mice and floxed-STOP STING N153S control animals were harvested, and
single-cell suspensions were prepared for FACS analysis. (D) Representative FACS plots of CD4 and CD8 expression gated on CD45"CD19—NK1.1~ cells.
Percent and number of DN (E), DP (F), CD4* (G), and CD8* (H) cells. Data represent the mean of five mice per group pooled from two independent experiments.
(I-L) Splenocytes from 3-to-4-week-old RORyT-Cre-positive floxed-stop STING N153S mice and floxed-stop STING N153S control animals were harvested, and
single-cell suspensions were prepared for FACS analysis. Percent and number of CD3™ (I), CD4* (J), CD8" (K), and NK1.1* (L) cells.

Data represent the mean of 10 mice per group pooled from at least two independent experiments. Results were analyzed by unpaired t test. *p < 0.05; **p < 0.01;

**p < 0.001; **p < 0.0001.

to transgenic RORyT-Cre animals and confirmed excision of the
STOP cassette in DP but not double-negative (DN) thymocytes
(Figure 6B). We previously found that ap T cells drive STING-
N153S-associated lung disease (Luksch et al., 2019), but we
did not examine whether the expression of the mutant in
T cells was sufficient to cause disease. Here, we found that
STING N1538S expression induced by RORyT-Cre was sufficient
to cause perivascular lung inflammation in 13-week-old mice
(Figure 6C), suggesting that the expression of STING N153S in
T cells may be necessary and sufficient for certain features of
disease in STING N153S mice. Flow cytometric analysis of thy-
mocytes from 3-to-4-week-old RORyT-Cre* floxed-stop STING
N153S mice and Cre-negative littermate control animals re-
vealed a reduced frequency of single-positive T cells, but not
DN or DP T cells, in RORyT-Cre-positive mice (Figure 6D). STING
N153S expression resulted in an increase in the percent of DP
thymocytes but without affecting DN thymocytes (Figures 6E,
6F, and S7A-S7D). This likely reflects a block in T cell differenti-

ation caused by the expression of STING N153S at the DP stage
(Figure 6F). Indeed, there was a corresponding reduction in the
percent and number of both CD4* and CD8" single-positive
T cells expressing the STING N153S mutant (~7-fold reduction
in CD4* T cells, p < 0.001; ~2-fold reduction in CD8"* T cells,
p < 0.01) (Figures 6G and 6H). Thus, STING N153S expression
at the DP stage causes a reduction in the number of single-pos-
itive thymocytes without impacting the numbers of DN thymo-
cytes. Flow cytometric analysis of splenocytes confirmed an ef-
fect of cell-type-specific expression of STING N153S on
numbers of T cells but not B cells or myeloid cells (Figures 61-
6L and S7E-S7J).

STING N153S Expression in RORgT" Fetal LTi Cells Is
Sufficient to Interfere with LN and Peyer’s Patch
Development

RORyT expression during fetal development is restricted to LTi
cells (Sun et al., 2000), which act in concert with LTo cells to
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Figure 7. Expression of STING N153S in LTi
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initiate LN and Peyer’s patch organogenesis (van de Pavert and
Mebius, 2010). We found that expression of STING N153S, spe-
cifically in RORyT* LTi cells, was sufficient to prevent LN and
Peyer’s patch development based on visual assessment and
Evans blue staining of LNs (Figures 7A and 7B). However, we still
observed very small mesenteric LNs and occasionally a single
unilateral inguinal, brachial, or axillary LN in some animals that
express the STING N153S mutant in LTi cells (Figure 7B). The
sporadic presence of a residual LN despite the expression of
STING N153S in LTi cells might suggest additional effects of
STING N153S on nonhematopoietic cells. Alternatively, sporadic
residual LNs might result from the incomplete excision of the
floxed-STOP by Cre, which would be expected to occur in a
small subset of LTi cells.

Postnatally, RORyT is expressed in mature ILC3s, including
LTi-like cells (Sawa et al., 2010; Sun et al., 2000; Takatori
et al,, 2009). In the adult gut, we found that there was a
similar percentage and number of CD45" cells in WT and
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the total number of these cell types (Fig-

ures 7J-7M). Collectively, these results

demonstrate that the expression of
STING N153S in DP T cells, ILC3s, and LTi-like cells is sufficient
to reduce their numbers. Furthermore, our results suggest that
STING gain-of-function signaling can impact the differentiation
of progenitor cells as well as the lifespan of mature T cells and
ILCs. Finally, expression of STING N153S in fetal LTi cells is suf-
ficient to prevent the development of LNs and Peyer’s patches,
revealing a deleterious role of STING gain-of-function during
lymphoid tissue organogenesis in mice.

DISCUSSION

We discovered that the STING N153S gain-of-function muta-
tion disrupts LN and Peyer’s patch organogenesis and inter-
feres with LTi cell differentiation. Furthermore, we demon-
strated that expression of STING N153S in RORyT-positive
lineages is sufficient to interfere with the development of LNs
and Peyer’s patches. Thus, STING gain-of-function dysregu-
lates lymphoid tissue organogenesis in mice by interfering
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with the development of LTi cells and by reducing the numbers
of mature LTi cells.

An effect of STING gain-of-function in lymphoid tissue organ-
ogenesis was unexpected, especially since other pattern recog-
nition receptors have not been implicated in lymphoid tissue
organogenesis. Furthermore, the impact of STING signaling in
ILCs is incompletely understood (Canesso et al., 2018; Marcus
et al., 2018). Since CRISPR/Cas9 can sometimes produce off-
target effects (Cradick et al., 2013; Frock et al., 2015; Fu et al.,
2013; Hsu et al., 2013; Pattanayak et al., 2013; Wang et al.,
2015), one potential question regarding the LN deficiency
phenotype is whether a second mutation due to an off-target ef-
fect may be responsible for this particular defect. However, we
corroborated the LN deficiency phenotype in independently
generated STING N153S mice, and a similar defect was
observed but not studied in another STING gain-of-function
mouse that has a mutation in the neighboring amino acid (STING
V154M mice) (Bouis et al., 2019). LN deficiency also occurred in
our heterozygous transgenic mice that express the STING
N153S cDNA from the ROSA locus. It is unlikely that an off-target
mutation elsewhere in the genome could explain the universal
absence of LNs and Peyer’s patches in four independently
generated heterozygous mouse models.

We previously found that STING N153S is sufficient to cause
an immunodeficiency during viral infection that is more severe
than that of STING goldenticket mice, which lack functional
STING signaling. The immunodeficiency of STING N153S
mice is also more severe than that of Fx’agf’* animals, which
lack adaptive immunity (Bennion et al., 2019). Severe immuno-
deficiency in STING N153S mice distinguishes the animal
model from the disease associated with the analogous STING
N154S mutation in humans. In contrast to what we observed
in mice, patients with the STING N154S mutation have LNs
(Liu et al., 2014). In mice, the deficiency of ILCs, LNs, and
Peyer’s patches likely contributes to the severe immunodefi-
ciency phenotype, including IgA deficiency and a failure to
adequately produce virus-specific IgG. We previously found
that STING N153S dysregulates virus-specific CD8* T cell re-
sponses after intranasal inoculation with yYHV68, leading to
reduced yHV68-specific CD8" T cell responses in the lung.
This might result from diminished antigen presentation as a
consequence of LN deficiency (Banchereau and Steinman,
1998). Finally, since CD4* T cells in the spleen help B cells to
undergo antibody class switching (Victora and Nussenzweig,
2012), the absence of T cell zones in the spleen may explain
the impaired ability of STING N153S animals to produce vi-
rus-specific IgG (Bennion et al., 2019).

Development of LNs requires LTi cells, which represent a sub-
set of ILC3s (Artis and Spits, 2015; Eberl et al., 2004). We found
that there were fewer CD4" LTi cells in STING N153S fetuses
compared to WT littermate fetuses, and this defect corre-
sponded with reduced CD4 staining in LN anlagen on E18.5.
Although RORyT lineage-restricted expression of STING
N153S blocked LN development, we cannot exclude contribu-
tions of STING N153S expression in other cell types. For
example, STING is also highly expressed in lymphatic endothe-
lial cells and may be expressed in LTo stromal cells (Heng et al.,
2008).
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An open question is whether alterations in the quantity or qual-
ity of LTi cells may explain the LN deficiency in STING N153S
mice. LN anlagen develops as LTa on LTi cells ligates the
LTBR on stromal LTo cells (Futterer et al., 1998; Rennert et al.,
1996; van de Pavert and Mebius, 2010). LTBR stimulation in-
duces noncanonical NF-kB signaling, which upregulates adhe-
sion molecules and chemokines to recruit more LTi cells as
well as T and B cells to the developing LN (Cupedo and Mebius,
2005; Dejardin et al., 2002; Ngo et al., 1999). Studies of LN devel-
opment in mice deficient in noncanonical NF-kB signaling have
suggested that LTi cell accumulation must exceed a threshold
level of cells for LN anlagen to develop and persist postnatally
(Kim et al., 2000; Onder et al., 2013). Our results are consistent
with the hypothesis that diminished numbers of LTi cells, below
a threshold, can cause LN deficiency. However, mice deficient
for the transcription factor Nfil3 also have reduced numbers of
LTi cells in the fetus, although Nfil3~/~ mice still develop LNs
(Xu et al., 2015). This may indicate that LTi cells are a heteroge-
nous population with only a subset of cells contributing to LN
development. In STING N153S mice, an alternative explanation
might be that the LTi cells, although reduced in number, also
are somehow unfit in their capacity to promote LN development.
An answer to this question will likely require more extensive
mechanistic phenotyping and subset analysis of LTi cells.

We found that SAVI patients have lower frequencies of circu-
lating ILCs in the blood. However, humans with STING gain-of
functions mutations have LNs (Liu et al., 2014). These species-
specific differences may reflect STING expression levels in ILC
subsets or, alternatively, differential effects of the STING mutant
in human and mouse cells. To better explain species-specific ef-
fects of STING gain-of-function on LN development, we would
have liked to assess LTi-like cells in SAVI patient samples. How-
ever, this was not possible, in part because ILC3s and LTi cells
are not readily detectable in circulation (Shikhagaie et al.,
2017). Future studies examining LTi and ILC3 cells from tonsils
or intestinal tissues from SAVI patients may help to further define
species-specific effects on these cell types.

Although we uncovered an immunological mechanism of LN
deficiency caused by STING gain-of-function, the molecular
mechanisms that underlie STING-N153S-mediated impairment
of ILCs remain elusive. STING gain-of-function mutations cause
pro-apoptotic and anti-proliferative effects in T cells (Cerboni
et al., 2017; Gui et al., 2019; Wu et al., 2019), and we observed
subtle effects on apoptosis in a cell culture differentiation system
of ILCs, but not in freshly isolated ILCs. If STING gain-of-function
induces apoptosis in ILCs, the effect appears to be subtle. Alter-
natively, STING N153S may cause ILC cytopenia via an alterna-
tive mechanism that remains to be identified.

Our group and others continue to pursue the molecular and
cellular effects of STING gain-of-function mutations (Cerboni
et al., 2017; Gui et al., 2019; Wu et al., 2019). Definitive reversal
of the physiological and immunological effects of STING gain-of-
function, which are established as type | IFN independent in mice
(Bouis et al., 2019; Luksch et al., 2019), will likely require charac-
terization of pathways that are less well understood, as well as
genetic approaches that rigorously confirm mechanism under
physiological conditions. This ongoing work may lead to a
greater understanding of WT and mutant STING biology, in
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addition to insights regarding fundamental mechanisms of LN
development and ILC differentiation and survival in humans
and in mice.
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