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Pediatric patients with constitutively active mutations in the cytosolic double-stranded-
DNA-sensing adaptor STING develop an autoinflammatory syndrome known as
STING-associated vasculopathy with onset in infancy (SAVI). SAVI patients have ele-
vated interferon-stimulated gene expression and suffer from interstitial lung disease
(ILD) with lymphocyte predominate bronchus-associated lymphoid tissue (BALT).
Mice harboring SAVI mutations (STING V154M [VM]) that recapitulate human dis-
ease also develop lymphocyte-rich BALT. Ablation of either T or B lymphocytes pro-
longs the survival of SAVI mice, but lung immune aggregates persist, indicating that T
cells and B cells can independently be recruited as BALT. VM T cells produced IFNy,
and IFNYR deficiency prolonged the survival of SAVI mice; however, T-cell-dependent
recruitment of infiltrating myeloid cells to the lung was IFNy independent. Lethally
irradiated VM recipients fully reconstituted with wild type bone-marrow-derived cells
still developed ILD, pointing to a critical role for VM-expressing radioresistant paren-
chymal and/or stromal cells in the recruitment and activation of pathogenic lympho-
cytes. We identified lung endothelial cells as radioresistant cells that express STING.
Transcriptional analysis of VM endothelial cells revealed up-regulation of chemokines,
proinflammatory cytokines, and genes associated with antigen presentation. Together,
our data show that VM-expressing radioresistant cells play a key role in the initiation of
lung disease in VM mice and provide insights for the treatment of SAVI patients, with
implications for ILD associated with other connective tissue disorders.
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The lung is a critical mucosal barrier, which is continuously challenged by environmen-
tal stressors such as infection and pollution, that can precipitate inflammation and
compromise respiratory function. In genetically susceptible individuals, chronic inflam-
mation and lung damage can result in a heterogeneous category of diseases known as
interstitial lung disease (ILD). The processes that elicit ILD are poorly understood;
indeed, ILD is diagnosed in 70% of patients without a clear identification of etiology.
For those 30% of patients diagnosed with ILD of an attributable cause, over half are
thought to develop ILD as a presentation of rheumatic disease and are commonly
referred to as connective tissue disorder interstitial lung disease (CTD-ILD) (1-4).

The c¢GAS-STING double-stranded-DNA-sensing pathway serves as a frontline
of antiviral, antibacterial, and antitumor immunity, in part through the production
of type 1 interferons (IFEN). Gain-of-function (GOF) mutations in the dimerization
domain of STING result in constitutive ligand independent activation and precipitate
a severe autoinflammatory syndrome in pediatric patients known as STING-associated
vasculopathy with onset in infancy (SAVI). Over 80 SAVI patients have now been
identified. Surveys of these patients show a diverse presentation of clinical findings
including severe skin lesions, arthropathy, glomerulonephritis, colitis, and basal ganglia
calcifications. Importantly, nearly all SAVI patients develop severe ILD and commonly
succumb to respiratory failure early in life (5, 6).

Human SAVI ILD is characterized by abnormal pulmonary function, prominent
lung computed tomography (CT) findings, elevated neutrophil and lymphocyte counts
in bronchoalveolar lavage fluid, and histopathologic findings of lymphocytic infiltrates.
While other manifestations of SAVI disease respond to immune suppression, especially
by treatment with JAK-STAT inhibitors, SAVI ILD is highly recalcitrant to immuno-
suppressive therapies (6-8). It remains unknown why SAVI disease presents most con-
sistently as a lung disease and how STING initiates inflammation in the lung. A better
understanding of how STING promotes lung inflammation is not only relevant for the
treatment of SAVI patients but also may reveal when, where, and how this nucleic-
acid-sensing pathway contributes to pulmonary pathophysiology in other contexts.
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Significance

CGAS-STING is a DNA-sensing
pathway that protects against
pathogens and cancer, but
activating mutations in STING lead
to an autoinflammatory disease
known as STING-associated
vasculopathy with onset in infancy
(SAVI) that predominately features
interstitial lung disease (ILD). In
this study, a SAVI mouse model
was used to demonstrate that
IFNy and T cells promote lung
inflammation and reduce the
lifespan of SAVI mice. Moreover,
we discovered that SAVI ILD was
initiated by radioresistant
nonimmune cells and reveal that
SAVI endothelia are activated and
may contribute to this initiation.
These data not only identify key
mechanisms of SAVI disease but
also elucidate the underlying
biology of STING in the lung that
likely extends to other settings of
pulmonary inflammation.
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Mechanistic insights into human disease can be gleaned
from animal models. We and others have leveraged CRISPR-
Cas9 to engineer gene-targeted mice that express the two most
common SAVTI alleles seen in human patients, namely, STING
V154M (seen in about 60% of patients; VM), and STING
N153S (seen in about 25% of patients; NS) (6). These muta-
tions result in severe lung pathology associated with prominent
immune aggregates and reduced survival, with VM mice
expressing the more robust phenotype (9-11). These SAVI
mouse models have helped elucidate mechanistic underpinnings
of lung pathology. For example, while SAVI patients and mice
have elevated titers of type I IFN, increased expression of inter-
feron-stimulated genes (ISGs) and SAVI is commonly referred
to as a type 1 interferonopathy, deficiency of either IRF3 or the
IFNoR receptor fails to attenuate lung disease or improve sur-
vival in SAVI mice (11, 12). Instead, studies using the NS
model of SAVI have unveiled a central role for T cells but not
B cells in SAVI lung pathology (12). Moreover, crossing NS
mice to the OT-I TCR transgenic line to restrict the T cell
compartment to CD8 T cells specific for the irrelevant antigen
OVA also prevents lung pathology (13). Additionally, radiation
chimera experiments using SAVI mice have concluded that
features of myeloid expansion and lymphopenia are due to cell-
intrinsic STING GOF, whereas wild-type (WT) mice reconsti-
tuted with bone marrow (BM) from SAVI donors present with
minimal lung disease (11, 12). Interestingly, previous studies
indicated that chimeric NS mice reconstituted with WT BM
still developed severe lung pathology; however, because donor
and host cells were not allotypically distinct, the possibility of
radioresistant immune cells reinitiating disease could not be
ruled out (12).

In this study, we hypothesized that lymphocytes would be
required for lung pathology in the VM SAVI mouse model but
that stromal and/or parenchymal lung cells expressing the VM
mutation would initiate their activation and recruitment. Tertiary
lymphoid organs in the lung known as bronchus-associated lym-
phoid tissue (BALT) are commonly observed in CTD-ILD and
are regarded as organizing centers of inflammation in tissues (14).
We demonstrate that organized BALT comprised of both B and
T cells accrue in the VM SAVI lung and that B and T cell defi-
ciency both improve survival. However, lymphocytes per se do
not need to express the VM mutation. Rather, VM-expressing
radioresistant stromal and parenchymal cells appear to trigger
BALT pathology. We identify endothelial cells as STING-
expressing stromal cells that up-regulate immune function in the
setting of STING GOF. Lastly, we provide evidence that SAVI
lung T lymphocytes promote mortality through IFNy production
and that IFNy also potentiates the antigen presentation function
of lung endothelium by up-regulating MHCIL

Results

VM Mice Develop ILD with BALT. While it is known that SAVI
mice spontaneously develop inflammatory histopathology, more
in-depth studies to assess the inflammatory infiltrate within
murine SAVI lung and its consequence on pulmonary function
have been lacking. To better understand how the murine VM
SAVI model compares to human SAVI disease, we performed a
detailed assessment of pulmonary pathology in 4- to 5-mo-old
VM mice.

Lung micro-CT scans showed that VM mice develop peril-
ymphatic nodular opacities (Fig. 14, Bottom), which were not
apparent in WT control mice (Fig. 14, 7op). Lung histopatho-

logic assessment of the same mice confirmed that these nodular
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Fig. 1. VM mice develop ILD with BALT. (A) Four- to 5-mo-old littermate-
and sex-matched WT and VM mice were assessed by micro-CT coronal
cross-sections of lung field from representative WT and VM mice and H&E
histology from the same individual mice. (B) IF imaging of 5-mo-old WT and
VM lung stained for CD3 (red), B220 (blue), CD11b (green), and DAPI (gray).
(C) Ventilography measurements from WT (n = 5) and VM (n = 5) mice
showing pressure-volume loop, elastance, and K (curvature of the upper
portion of pressure-volume loop deflation limb). Nonparametric Mann-

Whitney U tests were used to determine statistical significance (*P < 0.05,
**P < 0.01).

opacities corresponded to aggregates of immune cells that were
primarily arranged around bronchovascular bundles. Examina-
tion of these immune aggregates by immunofluorescent (IF)
microscopy found them to be organized and comprised of
a central B220" B cell zone and a surrounding CD3" T cell
zone as well as peripheral CD11b" myeloid cells (Fig. 1B),
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consistent with identification as BALT. Additionally, when
mice were euthanized at 4 to 5 mo of age, VM mice frequently
presented with a milky white exudative pleural effusion rich for
immune cells, particularly neutrophils (S Appendix, Fig. S1A).
Sampling of the bronchoalveolar space by lavage also demon-
strated an enrichment of neutrophils both by composition and
absolute number in VM mice, while total numbers of T cells
and SiglecF*CD11c" alveolar macrophages in this BALF were
similar in WT and VM mice (87 Appendix, Fig. S1B).

These inflammatory changes were associated with altered
pulmonary function. Quantification of respiratory mechanics
demonstrated that VM mice had a deflated pressure—volume
loop curvature along with higher elastance, consistent with a
restrictive pattern of pulmonary function (Fig. 1C). Together,
these findings support a presentation of follicular bronchiolitis
(EB) or lymphocytic interstitial pneumonitis (LIP), which are
both considered forms of ILD (15).

B and T Cells Independently Contribute to BALT Formation
and Reduce Survival of VM Mice. The abundant myeloid infil-
trates in VM mice seen by immunofluorescence microscopy
were consistent with previous studies demonstrating that VM
mice exhibit enhanced myelopoiesis (11). However, the pres-
ence of lymphocyte-rich BALT in the lung contrasted with pre-
viously documented peripheral lymphopenia of both B and T
cells. Thus, despite a paucity of splenic B and T cells, lympho-
cytes accumulated in the VM lung, and we hypothesized that
the lymphocytes accumulating in the VM lung contributed to
lung disease. Immune aggregate formation on whole-lung sec-
tions was quantified using a semiautomated pixel classification
approach. This strategy demonstrated significant enrichment of
these lesions in VM lung compared to WT (Fig. 2 A and B).

Next, to test the independent role of B and aff T cells on
VM disease, we crossed VM mice to mice with a pMT or
TCRp deficiency, respectively, and found BALT pathology
persisted in both VM pMT knockout (KO) and VM TCRp
KO mice (Fig. 2B). However, a morphologic comparison of
BALT between VM, VM TCRp KO, and VM pMT KO mice
suggested that B and T cells contribute to distinct aspects of
BALT organization (Fig. 24). While VM BALT are predomi-
nately large continuous aggregates that wrap around broncho-
vascular bundles, BALT in VM TCRp KO feature smaller,
separated, circular aggregates suggestive of B cell follicles;
whereas BALT in VM pMT KO show numerous small, scat-
tered lesions contiguous to bronchovascular bundles. Taken
together, these observations suggest that while B and T cells
can be independently recruited to the VM lung, both popula-
tions cooperate to form larger organized BALT structures
(Fig. 24).

Despite the persistence of BALT in both VM pMT KO and
VM TCRP KO mice, both circumstances extended the VM
SAVI lifespan (Fig. 2C). A total of 25% of VM mice died by
74 d, in comparison to VM TCRBKO mice at 152 d and VM
MMT KO mice at 109 d. Although the overall lifespan of VM
MMT KO mice did not significantly differ from VM (P =
0.2073), depleting B cells in VM mice with CD20 monoclonal
antibodies (mAbs) did confer a significant survival benefit com-
pared to isotype-treated controls. VM mice treated with CD20
mAbs also showed persistent BALT pathology (Fig. 2 D and E).
Together, these findings indicate that both B and aff T cells con-
tribute to VM SAVI mortality, although the survival benefit in
VM TCRP KO mice was more significant than that of VM
MMT KO and CD20-mAb-treated VM mice (Fig. 2D).
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VM SAVI T Cells Produce IFNy, and IFNyR Contributes to VM
SAVI Mortality. Given that aff T cells are recruited to the VM
lung and contribute to mortality, we sought to understand how
these aff T cells promote disease. To assess the cytokine-producing
potential of VM T cells, we assayed the culture supernatants of
purified CD4" splenic T cells stimulated with CD3 and CD28
mAbs. VM CD4" T cells secreted higher levels of IFNy but lower
levels of IL-4 and IL-17 compared to WT controls, pointing to a
Thl-like phenotype (SI Appendix, Fig. S2A). Additionally, puri-
fied VM CD8"* T cells also secreted higher levels of IFNy and
TNFa than WT controls, consistent with skewing toward a Tcl
state (SI Appendix, Fig. S2A). Moreover, splenic VM CD4 and
CD8 T cells stimulated with CD3 and CD28 mAbs in the pres-
ence of brefeldin A were significantly enriched for IFNy*-produc-
ing cells compared to WT controls as shown by cytoplasmic
staining (Fig. 3 A and B). VM splenic T cells treated with brefel-
din-A in the absence of additional stimulation also showed enrich-
ment for IFNy-producing CD4" T cells (ST Appendix, Fig. S2B).
When T cells isolated from the VM lung were treated with
brefeldin A, both CD4" and CD8" af extravascular (EV) T cells
showed a higher frequency of IFNy™ cells than WT control cells,
although CD8 T cell IFNY production did not reach statistical
significance of P < 0.05 (P = 0.1470) (Fig. 3 Aand B).

These data suggested that T cell production of IFNy might
be a mechanism through which VM T cells promote lung
pathology and mortality. To test this hypothesis, VM mice
were intercrossed with IFNYR-deficient mice to generate VM
IFNyYR KO mice. While VM IFNyR KO mice still developed
BALT (Fig. 3 Cand D), survival was significantly improved as
in VM TCRB KO mice, with 25% of VM IFENyYR KO mice
dying at 132 d in comparison to 74 d for VM mice and 156 d
for VM TCRp KO mice (Figs. 2Cand 3E).

VM T Cells Promote Lung Lymphocyte Activation and Myeloid
Recruitment. Despite improvements in survival, VM TCR
KO and VM IFENyR KO mice persisted in the development of
BALT, suggesting that qualitative changes in the lung-resident
immune populations were playing a role in the severity of dis-
ease. To quantify the lung-resident immune cells of VM mice,
we used flow cytometry and distinguished intravascular immune
cells from EV immune cells by labeling circulating immune cells
with an intravenously-injected fluorophore-conjugated CD45
antibody, sacrificing the mice 3 min later, and then enzymati-
cally and mechanically dissociating the lungs to generate single-
cell suspensions. Consistent with the IF microscopy showing
BALT, VM lungs were significantly enriched for EV B and T
lymphocytes as well as myeloid cells (Fig. 4A4), whereas lungs
from uninflamed WT, pMT KO, IFNyR KO, and TCRp KO
mice showed similarly low numbers of EV immune cells consis-
tent with a lack of BALT pathology (SI Appendix, Fig. S3).
Because we had demonstrated that BALT persists in VM
MMT and VM TCRpP KO mice, we predicted that B and T
lymphocytes would accumulate in the lung independent of one
another. Indeed, we saw by fluorescence-activated cell sorting
that EV B cells persisted in VM TCRP KO mice and that EV
af T cells persisted in VM pMT KO mice (Fig. 44). VM
TCRp-deficient mice retain TCRyd T cells, and y8 T cells
undergo compensatory expansion in the absence of aff T cells
in the lung (87 Appendix, Fig. S4A). To rule out the possibility
that y8 T cells were involved in VM TCRaf KO BALT
pathology, we generated VM TCRf KO TCRS KO mice and
found BALT pathology persisted with enrichment of EV B cells
(S Appendix, Fig. S4 B and C), indicating that neither aff nor

¥d T cells are required for B recruitment and maintenance.
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Fig. 2. B and T cells independently contrib-
ute to BALT formation and survival of VM
mice. (A) Three- to 4-mo-old age- and sex-
matched WT (n = 14), VM (n = 20), VM pMT KO
(n = 5), and VM TCRp KO (n = 8) mice were
assessed by representative 4x field H&E his-
tology from sectioned lungs. (B) Quantification
of immune aggregates from scanned mouse
lung H&E sections using a pixel classifier
approach in QuPath. The percentage of
immune aggregates is calculated as the frac-
tion of pixels detected as immune aggregates
over the total area of lung tissue assessed. (C)
Kaplan-Meier survival analysis showing proba-
bility of survival over time for WT (n = 296),
VM (n = 173), VM TCRB KO (n = 51), and VM
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control mAb (VM, n = 9). Representative H&E
histology from a VM mouse treated with
CD20 mAb is shown. (D) Survival data for
6 wk following treatment as shown here by
Kaplan-Meier survival curves. Nonparametric
Mann-Whitney U tests were for pairwise com-
parisons, and a nonparametric Kruskal-Wallis
test was used for one-way ANOVA to deter-
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Together, this indicates that B and aff T cells can be indepen-
dently recruited to the VM lung.

We had previously found that despite VM splenic lympho-
penia, remaining lymphocytes showed significant up-regulation
of activation markers (11), and we hypothesized that the lym-
phocytes in the VM lung would also show evidence of activa-
tion. In fact, the VM EV B cell compartment contained an
increased percentage of AA4.1, IgM+, IgD™ cells (Fig. 4B, S
Appendix, Fig. S4D), indicative of a population of unswitched
memory B cells identified previously in autoimmune patients
and mice (16). Additionally, we observed that IgD* naive B
cells in VM mice expressed high levels of the activation marker
and costimulatory molecule CD86 (S/ Appendix, Fig. S5B).
VM EV T cells also showed an increased expression of CDG69
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mine statistical significance (***P < 0.001).
Statistical significance for survival was deter-
mined using a log-rank test (*P < 0.05, **P <
0.01, ****P < 0.0001).

(Fig. 4C) and increased proportions of CD44" CD62L~ CD4
and CD8 effectors (Fig. 4D). Moreover, we observed that CD4
and CD8 effectors from the VM mice expressed higher levels
of Tim3, a marker for short-lived effector T cells (17), and
lower levels of CD127, a marker for effector memory T cells
(81 Appendix, Fig. S5A4). While EV afT cells in VM pMT KO
mice retained enrichment for effectors and expression of CD69
(Fig. 4 Cand D), EV B cells in VM TCRp KO mice had a
lower frequency of IgD™ B cells (Fig. 4B). These data demon-
strate that off T cells promote the activation of B cells in the
lung, but activation of aff T cells in the lung can occur inde-
pendent of B cells.

To better characterize the increased lung EV myeloid com-
partment in VM mice, all cells expressing either CD11b and/
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Fig. 3. VM SAVI T cells produce IFNy, and
C D IFNYR contributes to VM SAVI mortality. Three-
to 4-mo-old age- and sex-matched WT and VM
mice were assessed via IFNy intracellular
staining of magnetic bead purified CD4* and
Qo 8— CD8* splenocytes stimulated with CD3 and
g4_ CD28 mAb antibody overnight (WT, n = 3 to 4;
O = VM, n = 4), and unstimulated lung suspen-
o 3] sions (WT n = 4, VM n = 5), both treated with
g’ Brefeldin A for 4 h before assessment. Repre-
© 2 sentative flow plots (A) and summary bar
% graphs are shown (B). (C and D) Three- to 4-
€1 mo-old age- and sex-matched WT (n = 14), VM
§ (n = 20), and VM IFNyRKO (n = 5) were
20— assessed by representative 4x field H&E his-

P (Survival)

100 150

or CD11c were further analyzed by flow cytometry. The most
striking differences were the increased presence of both
CD11b*Ly6G™ neutrophils and CD11b*Ly6C" inflamma-
tory monocytes in the VM lung (Fig. 4E), suggesting that the
increase in lung EV myeloid cells was due to infiltration by
circulating myeloid cells. Moreover, the overall increase in the
total infiltrating myeloid population was dependent on aff T
cells but not B cells (Fig. 44). Additionally, the percentage of
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tology from sectioned lungs (C). (D) Quantifica-
tion of immune aggregates from scanned
mouse lung H&E sections. (E) Kaplan-Meier
survival analysis showing the probability of
survival over time for WT (n = 296), VM (n =
173), and VM IFNyR KO (n = 69) mice. A black
dotted line that intersects the y axis at 75%
survival is shown. Colored lines intersecting
the x axis are shown that represent the life-
span at which 75% of mice from each line
were predicted to survive. Nonparametric
Mann-Whitney U tests were for pairwise com-
parisons, and a nonparametric Kruskal-Wallis
test was used for one-way ANOVA to deter-
mine statistical significance ("™P > 0.05, *P <
0.05, **P < 0.01). Statistical significance for
survival was determined using a log-rank test
(****p < 0.0001).

VM VM
IFNyR17

EV neutrophils in VM TCRP KO mice was reduced com-
pared to VM and similar to uninflamed WT, although this
observation did not reach statistical significance of P < 0.05
(Fig. 4E).

Because T cells in VM mice produce IFNy and IFNy con-
tributes to a reduced lifespan, we expected to find that many of
the lung immune phenotypes ameliorated in VM TCRp KO
mice to also be phenocopied by VM IFNyR KO mice. In fact,
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Fig. 4. VM T cells promote lung lymphocyte activation and myeloid recruitment. Three- to 4-mo-old age- and sex-matched WT (n = 15), VM (n = 17), VM
TCRBKO (n = 8), VM uMT KO (n = 5), and VM IFNyRKO (n = 8) mice were assessed for total numbers of lung EV (CD45 IV™), B cells (CD19*B220"MHCII*), T cells

(CD3*TCRBY), and myeloid cells (CD11b*CD11¢~, CD11b*CD11c*, and CD11b C

D11c* populations) isolated from the left lung lobe and detected by flow

cytometry (A). (B) Percentage of IgD~ B cells out of lung EV B cells (CD45 IV-, CD19*B220*MHCII*). (C) Percentage of CD69* of lung EV af T cells (CD45 IV~
CD3*TCRp*). (D) Percentage of effector subset (CD44*CD62L") lung CD4* and CD8" of T cells assessed by flow cytometry. () Percentage of lung EV myeloid
cells (CD45 IV~ CD11b* and/or CD11c*) was assessed by flow cytometry for neutrophils (CD11b*Ly6G*) and inflammatory monocytes (CD11b*Ly6C™). Non-

parametric Mann-Whitney U tests were used for pairwise comparisons, and a no

nparametric Kruskal-Wallis test was used for one-way ANOVA to determine

statistical significance ("*P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

like VM TCRPp KO mice, VM IFNyR KO had fewer
unswitched memory B cells (Fig. 4 A and B, SI Appendix, Fig.
S4D). Additionally, while lung EV aff T cells in the VM IFNyR
KO were still enriched for effector cells (Fig. 4D), expression of
CDG69 was significantly diminished (Fig. 4C). However, T-cell-
dependent recruitment of myeloid cells was not similarly rescued
by IFNyR deficiency (Fig. 44). Additionally, while infiltrating
neutrophils returned to levels similar to WT, the frequency of
inflammatory monocytes remained high in the VM IFNyR KO
lung, although these observations did not reach statistical signifi-
cance of P < 0.05 (Fig. 4F). Together, our findings demonstrate
that IFNYy production by T cells promotes VM mortality and
promotes activation of both T and B cells but is not required for
the recruitment of B, T, or myeloid cells to the VM lung.

T cells and IFNy Promote Proinflammatory Cytokine Production
in SAVI Disease. A previous comparison of WT and VM sera by
multiplex enzyme-linked immunoassay (ELISA) documented
the increased production of proinflammatory cytokines and che-
mokines in VM mice (11). STING-driven cytokine production
is often attributed to IRF3 induction of type 1 IFNs and
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subsequent production of IFN-stimulated genes (18). However,
IFNoR deficiency did not improve VM survival (11). Since
both T cell deficiency and IFNy deficiency improved the sur-
vival of VM mice, we predicted that many of the up-regulated
inflammatory cytokines would be attributable to IFNy and T
cells but not type 1 IFNE.

To test this possibility, we compared the cytokine profiles of
sera from collected from 3- to 4-mo-old VM mice and VM
mice deficient for IFNaR, IFNyYR, or TCRp, by multiplex
ELISA. As expected, serum cytokine levels were comparable
in uninflamed WT, IFNaR KO, IFNyR KO, and TCRp
KO mice (S7 Appendix, Fig. S6). Comparing VM to WT sera,
the most significantly up-regulated cytokines (fold change >
1.75%; p.gj < 0.15) included CXCLI1, CXCL10, CCLS5,
CCL12, CXCL9, CCL2, GM-CSF, IL-6, TNFa, and G-CSF
(Fig. 5 A and B). Of these cytokines, only CXCL1 and
CXCL10 were diminished by IFNaR deficiency (Fig. 5B, S/
Appendix, Fig. S7A). In contrast, a much larger set of cytokines
were decreased in IFNyR-deficient VM mice. These included
CCL5, CCLI12, CXCLY9, and CCL2 (Fig. 5 Band O), in addi-
tion to CXCL1 and CXCL10 (87 Appendix, Fig S7A).
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In line with the observation that VM T cells produce IFNy,
cytokines found to be IFNYR dependent were also largely afp T
cell dependent (Fig. 5 B and C, SI Appendix, Fig. S7A). Addi-
tionally, the up-regulation of the myelopoietic cytokine GM-
CSF was dependent on aff T cells but not IFNYy (87 Appendix,
Fig. S7B). This matched the observation that the recruitment
of myeloid infiltrates into the VM lung was dependent on off
T cells but not IFNYy and suggested that T-cell-dependent GM-
CSF may regulate the maintenance of myeloid cells (19-21) in
the VM lung. Additionally, elevation of several cytokines in
VM above the baseline of uninflamed WT mice was indepen-
dent of IFNoR, IFNYR, or aff T cells. For example, cytokines
like CXCL10 and CCL12 were only found to be partially
reduced in VM IFNyR KO and TCRP KO mice (Fig. 5C, 7
Appendix, Fig. S7A), whereas elevation of cytokines like G-
CSF, IL-6, and TNFa were entirely independent of IFNaR,
IFNYR, and af T cells (S Appendix, Fig. S7C).

In summary, we found that the up-regulation of a large sub-
set of inflammatory cytokines in VM were dependent on off T
cells and IFNy but not type 1 IFNs. This is consistent with
attenuated mortality in TCRB- and IFNyR-deficient, but not
IFNoR-deficient, VM mice. However, the increased titers of
cytokines not regulated by T cells or IFNY suggest that inflam-
matory cytokines are also produced by other cell types in VM
and likely include myeloid cells, stromal cells, and parenchymal
cells.

SAVI Expression by CD45" Cells Is Not Required for VM Lung
Pathology. Since T cell deficiency markedly improved the sur-
vival of VM mice and led to a reduced recruitment of proin-
flammatory neutrophils and monocytes to the lung, we initially
assumed that lymphocyte expression of the VM mutant con-
ferred the relevant T cell effector functions that led to ILD. To
better understand the role STING GOF in BM-derived hema-
topoietic cells, we used radiation chimeras. Lethally irradiated
WT CD45.1 recipient mice, reconstituted with VM CD45.2
donor BM (VM —WT chimeras), were evaluated at 9 wk post-
transplant. Despite the presence of B cells, T cells and myeloid
cells in the VM—WT mice, there was minimal BALT forma-
tion in these mice as shown by lung histology (Fig. 64) and no
significant immune infiltrate by flow cytometry (Fig. 6B). We
previously reported that VM donor BM cells were able to
reconstitute the splenic myeloid compartment of the irradiated
WT mice but poorly reconstituted the splenic B and T cell
compartments (11). Similarly, in the current set of chimeras,
radioresistant recipient-derived WT cells were a major compo-
nent of the splenic T cell and B cell but not myeloid compart-
ments (SI Appendix, Fig. S8). A similar trend was observed for
the cells that infiltrated the chimeric lungs, with VM myeloid
and B cells contributing poorly to the EV compartment and the
complete absence of EV VM aff T cells (Fig. 6C). However, we
did observe a minor but significant decrease in survival of
VM—WT chimeras, which we postulate to be secondary not to
lung disease but instead due to a failure of the VM donor BM
to sufficiently engraft the hematopoietic compartment (Fig. 6F).

The failure of VM—WT chimeras to develop ILD could
have reflected the absence of VM-donor-derived T cells or VM-
expressing radioresistant cells. To address this question, lethally
irradiated VM CD45.2 mice were reconstituted with WT
CD45.1 donor BM (WT—VM chimeras). Unlike the VM—WT
chimeras, the WT—VM chimeras developed robust lung disease
and exhibited even more extensive BALT formation (Fig. 64),
consistent with an accumulation of B cells, T cells, and myeloid

cells in the lungs as shown by flow cytometry (Fig. 6B).
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Fig. 5. T cells and IFNy up-regulate proinflammatory cytokines in SAVI dis-
ease. Sera from 3- to 4-mo-old age- and sex-matched WT (n = 3 to 7), VM
(n =6 to 12), IFNAR KO (n = 6), VM IFNAR KO (n = 5), IFNyR KO (n = 5), VM
IFNyR KO (n = 6), TCRp KO (n = 5), and VM TCRp KO (n = 6) mice were
assessed by a multiplex Luminex ELISA for cytokine levels. (A) Volcano plot
showing multiple comparisons testing of 41 analytes between WT and VM
sera; analytes highlighted in red and labeled are >1.75x elevated in VM
with an adjusted P value of <0.15. (B) Venn diagram showing the overlap of
sera analytes up-regulated in VM, VM IFNaR KO, VM IFNyR KO, and VM
TCRP KO compared to WT controls. (C) Sera analytes down-regulated in VM
IFNYR KO and VM TCRp KO compared to VM. For C, the black line labeled
“WT" represents the average level of the cytokine detected in the sera
of WT control samples. Multiple -comparison testing was performed as
nonparametric multiple-Mann-Whitney U testing with a false discovery rate
of 25%. Nonparametric Kruskal-Wallis test was used for one-way ANOVA
to determine statistical significance ("P > 0.05, *P < 0.05, **P < 0.01,
**%p < 0.001).
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Fig. 6. SAVl-expressing CD45" cells are not required for VM BALT pathology. WT and VM mice were lethally irradiated at 6 wk of age and then reconstituted
with donor BM to generate WT—WT (n = 18), VM—WT (n = 4 to 11), and WT—VM (n = 7 to 11) chimeric mice and assessed 9 wk later. (A) Representative
H&E histology of lungs from WT—WT, VM—WT, and WT—VM chimera lungs, and the quantification of percent immune aggregates is as described above. (B)
Total numbers of lung EV (CD45 V') B cells (CD19*B220*MHCII™), T cells (CD3*TCRp*), and myeloid cells (CD11b* and/or CD11c™) cells assessed by flow
cytometry. (C) Percentage of engrafted EV B, af T, and myeloid cells in the lung that were derived from donor cells as determined by flow cytometry. (D) Per-
centage of donor lung EV myeloid cells (CD45 IV~ CD11b* and/or CD11c*) that were neutrophils (CD11b*Ly6G™) and inflammatory monocytes (CD11b*Ly6-
cM). (E) Percent CD69* of donor lung EV of T cells (CD45 IV~ CD3*TCRpB*). (F) Kaplan-Meier survival curves for WT—WT (n = 38), VM—WT (n = 10), and
WT—VM (n = 25). A black dotted line that intersects the x axis at 56 d is shown, indicating the time that engraftment of donor BM was expected to have
been completed. Nonparametric Mann-Whitney U tests were used for pairwise comparisons, and a nonparametric Kruskal-Wallis test was used for one-way
ANOVA to determine statistical significance ("*P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). Statistical significance for survival was deter-

mined using a log-rank test (**P < 0.01, ****P < 0.0001).

Importantly, VM CD45.2" radioresistant cells were not detected
in either the spleen (SI Appendix, Fig. S8) or lungs (Fig. 6C) of
WT—VM chimeras. Thus, it was unlikely that radioresistant
CD45" VM cells reinitiated ILD. Other similarities between the
WT—VM chimeras and VM EV lung cells included activated T
cells, enrichment for neutrophils, and enrichment for inflamma-
tory monocytes, although this latter observation did not reach the
statistical cutoff of P < 0.05 (P = 0.0991) (Fig. 6 D and E).
Furthermore, WT—VM chimeras showed a dramatic increase in
mortality that was notably exacerbated at 8 wk post-BM transfer,
suggesting that engraftment of WT donor immune cells is
sufficient for the development of lung pathology and mortality
(Fig. 65).

It is known that irradiation can initiate lung inflammation and
fibrosis in both man and mouse (22, 23). To rule out potential
radiation artifacts in the development of disease in WT—VM
chimeras, we generated chimeric mice using the chemotherapeu-
tic agent busulfan to deplete hematopoietic stem cells. Consistent
with WT—VM radiation chimeras, WT'—VM busulfan chime-
ras also developed BALT (87 Appendix, Fig. S9A), accumulation
of EV immune cells (S/ Appendix, Fig. S9B), and features of
immune activation (SI Appendix, Fig. S9D), although due to our
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small sample size, these findings did not reach statistical signifi-
cance. Importantly, 95% of CD45" cells in the lungs of
WT—VM busulfan chimeras were donor derived, indicating a
minimal contribution from busulfan-resistant VM CD45% cells
(ST Appendix, Fig. S9C). These results further demonstrate that
VM CD45™ cells are not required for the development of BALT
pathology in VM mice. Instead, stromal and/or parenchymal cells
expressing the VM mutation robustly promote BALT pathology,
and WT BM-derived cells are recruited to the VM lung as acti-
vated lymphocytes and infiltrating myeloid cells, recapitulating
the phenotype of unmanipulated VM SAVI.

SAVI Lung Endothelial Cells Express STING and Show a
Transcriptomic Signature Indicating Activation and Elevated
Immune Function. SAVI, as its name suggests, is associated with
significant small vessel vascular pathology (6-8), suggesting VM
endothelial cells are involved in pathogenesis. Endothelial cell
STING expression has been noted in several single-cell RNA and
protein atlases for both mice and humans (24, 25). To confirm
the expression of STING in mouse lung endothelial cells, we iso-
lated RNA from sorted WT and VM CD317 lung cells and per-
formed bulk RNA sequencing (RNAseq). Comparable levels of
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Fig. 7. SAVI lung endothelial cells express STING and show the gene signature indicating activation and elevated immune function. (A) Expected transcript
counts for STING, VWF (Endothelial marker gene), and EPCAM (epithelial marker gene) from bulk RNAseq of sorted lung endothelial cells
(CD31*CD45 CD326 CD140a Ter1197) from WT (n = 4) and VM (n = 5) mice. (B) Intracellular staining for STING was performed on perfused and elastase
digested lungs from WT (n = 5), VM (n = 4), and STING KO (n = 1). We report STING geometric mean fluorescence intensity (gMFI) of WT and VM lung in spe-
cific populations above the baseline STING gMFI measured in the same population identified in a STING KO control sample. The populations we show are
lymphatic endothelia (CD45 CD326 CD31*CD38"), vascular endothelia (CD45 CD326 CD31*CD387), epithelia (CD45 CD31 CD326"), fibroblasts
(CD45-CD31-CD326~GP38™), B cells (CD45"B220*MHCII*CD3CD11b™), T cells (CD45"CD3*B220-CD11b~), and myeloid cells (CD45*CD11b*CD37B2207). (O)
Heatmap of selected differentially expressed genes from bulk RNAseq of sorted VM (n = 5) lung endothelia compared to WT (n = 4) controls, expressed as
the log, fold change of gene expression of VM samples compared to the average WT value. Genes are grouped by functional or ontological classification and
by whether they are up- (shown as red) or down- (shown as blue) regulated. Percentage of MHCII expression (D) and gMFI (E) for surface CD86 was measured
for lymphatic endothelia and vascular endothelia in elastase digested WT and VM lungs. (F) Percentage of MHCII expression was measured for CD31% lung
endothelia in WT (n = 16), VM (n = 15), VM IFNyR KO (n = 5), and WT—VM chimeric mice (n = 5). (G) Surface MHCI (H2/kb) gMFI for CD31* endothelial cells
from WT (n = 3), VM (n = 5), VM IFNyR KO (n = 5), and WT—VM chimeric mice (n = 5). Nonparametric Mann-Whitney U tests were used for pairwise comparisons,
and a nonparametric Kruskal-Wallis test was used for one-way ANOVA to determine statistical significance ("*P > 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

the STING transcript were detected in lung endothelial cells
from both strains and were higher than nonendothelial markers
like EPCAM, although lower than endothelial associated markers
like VWF (Fig. 7A4). We further evaluated STING expression by
flow cytometry, comparing lung suspensions from WT and
STING-deficient mice. STING expression was detected in lung-
resident immune cells including B, T, and myeloid cells (Fig.
7B), consistent with previous literature demonstrating that
STING is ubiquitously expressed in both lymphocytes and mye-
loid cells (26). Among the CD45 ~ stromal and parenchymal
lung cells, WT CD326" epithelia, CD31" endothelia, and
CD317CD326 GP38" fibroblasts all expressed STING above
the level of their respective STING KO control populations but
expressed less STING overall than CD45™ hematopoietic-derived
cells (Fig. 7B). Moreover, we were able to stratify CD31*GP38™

PNAS 2022 Vol.119 No.25 2202327119

lymphatic endothelium and CD31" GP38~ vascular endothelia
and showed that both express STING.

To assess the phenotype of lung endothelial cells in VM mice, we
further analyzed bulk RNAseq from sorted CD31" WT and VM
lungs and observed robust changes in the transcriptomic profile of
VM lung endothelial cells indicative of an elevated immune response.
Differential gene expression analysis identified 237 genes that were
significantly up-regulated (p,g; < 0.1) in VM endothelia by at least
twofold, and 83 genes that were significantly down-regulated by at
least twofold (SI Appendix, Fig. S10A). Gene ontology analysis of
the up-regulated genes identified terms related to immune function
including antigen presentation, chemotaxis, and IFN responses as
significantly enriched (87 Appendix, Fig. S10B). Up-regulated genes
included ISGs, chemokines, IL-1 family cytokines, antigen presen-

tation, and complement genes, and representative genes are shown
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(Fig. 7). In contrast, gene ontology of down-regulated genes iden-
tified terms primarily related to actin-mediated cell contraction (57
Appendix, Fig. S10B), and representative genes are shown (Fig. 70).

To confirm that gene transcription related to antigen presen-
tation reflected a protein-level phenotype, we assessed WT and
VM lung endothelial cells by flow cytometry. MHCII (IA/IE)
was significantly up-regulated on both lymphatic and vascular
VM endothelia (Fig. 7D), and the costimulatory marker CD86
was up-regulated on lymphatic endothelium (Fig. 7). Overall,
these data demonstrate that lung endothelial cells express
STING and that VM endothelia have the potential for enhanced
immune function.

IFNYR is ubiquitously expressed by hematopoietic, stromal,
and parenchymal cells, and stimulation of endothelial cells by
IFNYy has been shown to enhance endothelial activation and anti-
gen presentation (27, 28). To determine whether IFNY contrib-
uted to the up-regulation of MHCII on VM lung endothelial
cells, we compared MHCII expression in VM and VM IFNyR
KO cells and found that MHCII was dramatically reduced on
VM IFNyR KO endothelial cells (Fig. 77. MHCII was also up-
regulated on lung endothelial cells from WT—VM chimera mice
(Fig. 7F), which feature a population of activated tissue-resident
T cells. Moreover, MHC I (H2-kb) was up-regulated on VM
endothelial populations, although this finding did not reach sta-
tistical significance of P < 0.05 compared to WT (P = 0.16)
(Fig. 7G). However, endothelial expression of MHCI was signifi-
cantly attenuated in VM IFNyR KO mice compared to VM and
remained elevated in WT—VM chimera mice. Overall, these
data suggest that up-regulation of endothelial cell MHCII in the
VM lung is regulated by IFNy-producing T cells recruited to the
lung by radioresistant stromal and parenchymal cells.

Discussion

In this study, we examined the pulmonary inflammation and
pathology resulting from STING VM GOF mutations in mice
by using a combination of histological, flow cytometric, and
functional approaches. We conclude that VM mice develop a
form of restrictive ILD best described as FB or LIP, with signifi-
cant parallels to the lung disease described for pediatric SAVI
patients. We further demonstrated a key role for af T cells in
the development of lung pathology that partially depends on the
production of IFNy. However, inherent expression of the VM
mutation by T cells is not required. Rather, nonhematopoietic
cells expressing the VM mutation are sufficient for pulmonary
BALT development, T cell activation, and reduced lifespan.

The BALT in VM mice appeared to correspond to nodules vis-
ible on micro-CT, a CT finding also noted in human SAVI
patients (6). VM SAVI mice also recapitulate neutrophilic alveoli-
tis frequently observed in SAVI patients (6), as well as restrictive
pulmonary dysfunction (6, 29). Despite these similarities, differ-
ences exist between VM mice and SAVI patients. SAVI patient
lung CTs often reveal the presence of cysts and ground glass opac-
ities, which we did not observe in murine VM micro-CT studies,
potentially due to additional exacerbating environmental expo-
sures of SAVI patients. VM mice also frequently develop milky
pleural effusions, which have not been reported in SAVI patients
but that are reported in other CTD-ILD as a result of cholesterol
or chylous lymphatic effusions (30-32).

In general, VM mice develop a more robust disease phenotype
than other gene-targeted SAVI lines, including the commonly
studied NS mutation, as indicated by shorter lifespan, frequency
of mutant offspring, severity of lung disease, and extent of B cell
lymphopenia (11). Accordingly, B cells appear to play a more
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prominent role in our studies of VM ILD than previously
reported for the NS model (12), as activated B cells accumulate in
VM BALT and B cell depletion significantly improves survival.
This suggests that different SAVI mutations promote pathology
through activation of distinct immune populations.

Our studies demonstrate a more prominent role for T cells
than B cells in the development of ILD. T cells promote the
accumulation of myeloid cells to the VM lung, lead to the pro-
duction of inflammatory cytokines, and contribute to mortality.
Moreover, we identified IFNy production as an effector mecha-
nism that can account for many of the T-cell-dependent phe-
notypes observed in VM SAVI. Although other cell types
besides af T cells, such as natural killer cells and ILCs, can
contribute to IFNY production, our data support T-cell-derived
IFNY as the most likely explanation for our findings. We specu-
late that activated IFNy-producing T cells accrue in the VM
SAVI lung due to enhanced self-reactivity. Indeed, NS SAVI
mice with a restricted TCR repertoire, due to expression of the
OT-I transgenic TCR, develop much less severe systemic
inflammation and lung pathology than NS mice (13). How-
ever, OT-I mice are deficient in CD4 T cells, and this may also
contribute to attenuated pathology in NS OT-I mice. Consis-
tent with a role for CD4 T cells in SAVI lung pathology, our
findings show that VM lung CD4 T cells produce more IFNy
than lung CD8 T cells. Our future studies will seek to clarify
the role of CD4 and CD8 T cell autoreactivity in SAVI lung
disease.

The formation of BALT requires complex interactions
between hematopoietic immune cells and stromal tissues and
involves multiple parallel cytokine and chemokine pathways
(33). Thus, it is often unclear whether the initiation of BALT
results from hematopoietic or stromal/parenchymal responses
to inflammatory stimuli. Despite the major role of lymphocytes
in VM lung disease, our radiation chimera studies show that
the expression of the VM mutation by BM-derived cells was
not required for BALT pathology. Rather, VM mouse lung
stromal and parenchymal cells not only express STING but
also recruit WT (non-STING GOF) immune cells to form
BALT. We propose that the recruitment of immune cells
depends on the inherent expression of the VM mutation by
stromal and/or parenchymal cells. However, we cannot rule out
that factors independent of direct STING GOF modify the
lung environment prior to irradiation. The dependence on
radioresistant host cells in the VM lung model contrasts with
the spontaneous colitis that arises in NS SAVI mice, where T
cells, again either GOF or WT, are required for gut pathology,
but GOF myeloid cells serve as the initiators of the disease
process (34). SAVI patients show diverse, tissue-specific mani-
festations of disease, and therapeutic management of autoin-
flammation in the skin, lungs, or other tissues of SAVI patients
may need to be directed toward distinct initiating cell
populations.

Additionally, BALT pathology and the number of lung EV
B and T lymphocytes in WT—VM chimeras was more severe
than in the original VM SAVI mice. This corresponds to a dra-
matic increased rate of mortality at 8 wk posttransplantation.
We speculate that this reflects the improved survival of WT
lymphocytes compared to VM lymphocytes, where expression
of STING GOF mutations promotes cell death as a result of
elevated endoplasmic reticulum stress (13). Thus, VM SAVI
disease may be exacerbated by the increased presence of lym-
phocytes that do not have an intrinsic impairment in survival.

Among a wide range of monogenic interferonopathies, only

SAVI and COPA patients develop lung disease (35, 36). Both of
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these diseases are driven by activaton of STING (36, 37), sug-
gesting that the lung may be particularly sensitive to STING-
induced pathology. Intriguingly, across all organs surveyed in
human data sets, STING is most highly expressed in the lung
(25), and single-cell RNAseq and immunohistochemistry further
demonstrate that STING is expressed in hematopoietic, stromal,
and parenchymal tissues of the lung in mice and men (24, 25).
While STING has been most well characterized in hematopoietic
cells, STING clearly plays a functional role in the regulation of
inflammation by stromal and parenchymal cell types. For exam-
ple, antitumorigenic STING agonists can induce endothelial cells
to secrete cytokines (38) and maintain barrier integrity to prevent
metastasis (39). Additionally, recent studies support a role for
lung endothelial STING activation in severe COVID lung
pathology (40). The lung is highly vascularized, requiring vascular
endothelia to mediate gas exchange, as well as lymphatic endothe-
lia to sample antigens. Vasculopathy of small capillaries is a key
finding in SAVI padents (7), and the lung is the largest capillary
bed in the body. Therefore, we reasoned endothelial cells may
contribute to lung pathology in SAVI disease.

Endothelial cells express functional pattern recognition recep-
tors and serve immunologic functions such as antigen presentation
and production of proinflammatory cytokines and chemokines
(27, 28, 41). Consistent with a potential role for endothelial cells
in SAVI lung autoinflammation, our transcriptional and flow
cytometric data demonstrate that endothelial cells from VM mice
up-regulate surface expression of MHCII and CD86, as well as
other genes related to antigen presentation, chemotaxis, IL-1 fam-
ily cytokines, and complement. Although antigen presentation by
endothelial cells is typically thought to promote self-tolerance
through the induction of regulatory T cells and formation of qui-
escent memory (42, 43), endothelial cell antigen presentation can
also enhance tssue damage under conditions of inflammation
(27). Our future experiments will use genetic models to define the
role of endothelial antigen presentation in SAVI lung autoinflam-
mation. Moreover, our data demonstrate that STING is expressed
by other stromal and parenchymal cells in the lung, including
fibroblasts and epithelial cells. Indeed, epithelial cells and fibro-
blasts secrete inflammatory cytokines in response to STING ago-
nists (44—46); thus, our future work will also seek to determine
whether other stromal and parenchymal populations beyond
endothelial cells might also contribute to SAVI lung pathology.

We find that SAVI ILD involves initiation by stromal and
parenchymal cells and exacerbation by adaptive immunity,
implicating targetable underlying mechanisms that may be
shared across CTD-ILD subtypes. One interventional strategy is
to mitigate the adaptive response central to disease, and we pro-
pose that SAVI patients may benefit from a combined depletion
of both B and T cells as well as IFNy-blocking regimens
(47-51). Because SAVI disease up-regulates several proinflamma-
tory cytokine pathways, much attention has been given to JAK-
STAT inhibitors that block signaling common to a multitude of
cytokine receptors, including IFNYR (6, 52). However, SAVI
ILD is recalcitrant to JAK inhibitors (6), potentially resulting
from off-target effects on protective cytokine pathways, and tar-
geted blockade of the IFNYR may prove to be more efficacious.
Therapeutic strategies to target lung stromal and parenchymal
cells should also be explored for the treatment of SAVI ILD. For
example, we postulate that lung transplantation would prevent
the subsequent reinitiation of lung disease in SAVI patients,
although there may be potential for reinitiation of disease by
residual activated T cells or revascularization of transplant tissue
with SAVI-expressing endothelial cells. Additionally, complica-
tions following lung transplantation are common (53) and
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require maintenance of tolerance by immunosuppressive agents.
Thus, additional work is needed to identify specific stromal and
parenchymal initiating factors and develop targeted therapeutics
against SAVI ILD. In conclusion, our findings suggest that the
interplay between lymphocytes and stromal/parenchymal cells is
critical for the development of SAVI ILD, and the mechanisms
that support such interactions warrant further investigation.

Materials and Methods

Mice. STING VM SAVI mice were generated as described (11). SAVI VM mice and
WT littermate controls were generated by crossing heterozygous male mice with
WT females. IFNAR KO mice were provided by Dr. J. Sprent (Scripps, La Jolla, CA)
(54). STING KO mice fully backcrossed to the C57BL/6 background were kindly pro-
vided by Dr. D. Stetson (University of Washington, Seattle, WA) (55). IFNyR KO,
TCRP KO, TCRB KO TCRS KO, and pMT KO mice were obtained from The Jackson
Laboratory. VM mice were intercrossed with IFNaR KO, IFNyR KO, TCRp KO, TCRB
KO TCRS KO, and pMT KO mice to generate each respective VM KO mouse line
and were maintained by true breeding for the KO genes. All mice used in these
experiments were maintained in the same room and racks. STING™MT (yM) and
STING"™TWT) littermate- and sex-matched controls were used for all experiments
and to generate survival curves. Roughly equal numbers of male and female mice
were used. The spontaneous death of mice was tracked until 5 mo of age to gener-
ate Kaplan-Meier survival curves and survival between VM gene-of-interest KO
mouse lines were compared to VM mice. Mice were euthanized by isoflurane fol-
lowed by cervical dislocation prior to harvesting the lung. Serum was collected by
cardiac puncture of euthanized animals. BALF was collected using ice cold Dulbec-
co's phosphate-buffered saline, and a flexible i.v. catheter. All animal experiments
were conducted in accordance with the Institutional Animal Care and Use Commit-
tees at the University of Massachusetts Chan Medical School.

Histology. Lungs were dissected, inflated intratracheally with 10% phosphate
buffered formalin (PBF) via a flexible catheter, fixed in 10% PBF at room temper-
ature for 48 h, transferred into 70% EtOH, paraffin embedded, sectioned, and
then stained by hematoxylin and eosin (H&E). Whole H&E lung slides were
scanned at 4x using an EVOS FL Auto microscope. Whole slide images were
then analyzed in QuPath (56) using trained pixel classifiers, namely, one trained
to identify tissue broadly and another trained to specifically identify immune
aggregates. Briefly, lung images were first annotated to remove any incidental
heart or other nonlung tissue that was present in the section. A pixel classifier
was then used to identify the total area of lung tissue in this annotation, and
then a subsequent pixel classifier identified the fraction of the lung tissue that
contained immune aggregates. The immune aggregates are expressed as a per-
centage of the total lung tissue area analyzed.

Flow Cytometry. Cells were incubated in CD16/32 (Biocell #BE0307) and
stained with antibodies as documented in S/ Appendix, Table S1. Samples were
fixed using Fluorofix buffer (Biolegend #422101). Intracellular staining was per-
formed using a BD Biosciences Fixation/Permeabilization kit (BD Biosciences
#554714) after stimulating cells for 4 h with Brefeldin A (Biolegend #420601).
Absolute cell counts were determined using counting beads (Biolegend
#424902). Cells were acquired on an LSRII (BD Biosciences) or an Aurora (Cytek)
cytometer and analyzed with FlowJo software.

RNASeq. Lungs were digested by GentleMACS as described above, stained
with antibodies, and sorted for CD31*CD326~CD140a~CD45~ cells using a
FACSAriall instrument (BD Biosciences) into RLT buffer (Qiagen #79216) with
betamercaptoethanol. Lysed cells were then shipped to BGI Genomics for RNA
isolation, library preparation, and sequencing. FASTA sequencing files were then
analyzed using a standard RNAseq pipeline (DolphinNext) (57) to perform
sequence alignment (STAR), differentially expressed gene identification
(DESeq2), and data visualization (DEBrowser). Differentially expressed genes
were then further assessed by gene ontology (gProfiler) and by pathway enrich-
ment analysis (EnrichmentMap) (58). Raw sequencing data are available in the
Gene Expression Omnibus under accession code GSE196342.

Cytokine Analysis. Cytokine levels in mouse serum were measured by multi-
plex protein analysis by EveTechnologies using their 31-plex Discovery Assay
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array (MD31) and their 44-plex discovery assay array (MD44). Additional ELISAs
for IFNy, IL-4, IL-17, and TNFa from primary T cell culture supematants were per-
formed as previously described (59).

Data Availability. RNA seq data have been deposited in GEO (GSE196342).
All study data are included in the article and/or SI Appendix.
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