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C A N C E R

Stimulator of interferon gene facilitates recruitment of 
effector CD8 T cells that drive neurofibromatosis type 1 
nerve tumor initiation and maintenance
Jay Pundavela1, Samantha Anne Dinglasan1, Melissa Touvron1, Sarah A. Hummel2, Liang Hu1,  
Tilat A. Rizvi1, Kwangmin Choi1, David A Hildeman2,3, Nancy Ratner1,3*

Plexiform neurofibromas (PNFs) are benign nerve tumors driven by loss of the NF1 tumor suppressor in Schwann 
cells. PNFs are rich in immune cells, but whether immune cells are necessary for tumorigenesis is unknown. We 
show that inhibition of stimulator of interferon gene (STING) reduces plasma CXCL10, tumor T cell and dendritic cell 
(DC) recruitment, and tumor formation. Further, mice lacking XCR-1+ DCs showed reduced tumor-infiltrating T cells 
and PNF tumors. Antigen-presenting cells from tumor-bearing mice promoted CD8+ T cell proliferation in vitro, and 
PNF T cells expressed high levels of CCL5, implicating T cell activation. Notably, tumors and nerve-associated mac-
rophages were absent in Rag1−/−; Nf1f/f; DhhCre mice and adoptive transfer of CD8+ T cells from tumor-bearing 
mice restored PNF initiation. In this setting, PNF shrunk upon subsequent T cell removal. Thus, STING pathway acti-
vation contributes to CD8+ T cell–dependent inflammatory responses required for PNF initiation and maintenance.

INTRODUCTION
Inflammation is a hallmark of tumorigenesis (1) and a notable fea­
ture of the plexiform neurofibromas (PNFs). PNFs are peripheral 
nerve tumors that develop in 30 to 50% of individuals with neuro­
fibromatosis type 1 (NF1) and can cause substantial morbidity (2). In 
mouse models, PNFs form months after loss of Nf1 in nerve Schwann 
cells (SCs). Over time, macrophages, mast cells, and, subsequently, 
small numbers of T cells and dendritic cells (DCs) are recruited to 
the paraspinal ganglia and nerves, after which PNFs develop (3–5). 
Each of these immune cell types also accumulates in human PNF, 
providing a microenvironment that fosters benign tumor growth (5–7). 
SCs are the only cells within neurofibromas that contain biallelic 
pathogenic variants in the NF1 tumor suppressor gene, which encodes 
a RAS–guanosine 5′-triphosphate (GAP), so that SCs have elevat­
ed levels of RAS-GTP (8). PNFs serve as a model of inflammation-
driven tumors because immune cell infiltration and tumor formation 
are separable in time.

In the 1960s, mast cells were identified in neurofibromas and sug­
gested to be important for tumor development [reviewed in (9, 10)]. 
Unexpectedly, however, mast cells were found to be dispensable for 
neurofibroma formation in murine models (11). It is now known 
that myeloid cells, largely, macrophages, are the dominant immune 
cells in neurofibromas (12); DCs and T cells are also present (5–7). 
A requirement for immune cells in PNF formation was underscored 
by the finding that, when Nf1 was lost in populations of SCs (Krox20-
Cre;Nf1f/f), tumors formed after engrafting Nf1+/− hematopoietic 
cells (13). In addition, when Nf1 was lost in populations of SCs (P0-
Cre;Nf1f/f), tumors formed after wound-related influx of wild-type 
(WT) or Nf1+/− immune cells (14). In the Nf1f/f; DhhCre model, all 
immune cells are WT at the Nf1 locus, and PNFs form in all mice. In 
this model, DC and T cells express the chemokine receptor CXCR3, 

and deletion of CXCR3 prevented PNF formation (15). Together, 
these gain- and loss-of-function studies strongly support the idea 
that mutant SCs require immune cells, likely DCs and/or T cells, for 
PNF initiation and growth. Whether T cells and/or DCs contribute 
to neurofibroma development has not been studied.

Given the importance of CXCR3 in PNF initiation, it is of in­
terest that CXCR3-expressing cells migrate toward the CXCR3 li­
gands CXCL9 and/or CXCL10 and that CXCL10 is expressed by 
Nf1−/− SCs before tumor formation (3). The stimulator of interferon 
gene (STING) activation generally occurs when cells sense damage-
related signals including double-stranded RNAs/DNAs, and STING 
activation promotes expression of cytokines including CXCL10 via 
induction of type I interferons (16, 17). Neurofibroma cells show evi­
dence of damage, with an increase in SCs containing DNA damage 
foci compared to that in SCs in normal nerves (18). Damage likely 
occurs, at least, in part, because loss of Nf1 in SCs leads to elevated 
RAS-GTP, and acute elevation of RAS-GTP in cells can lead to cell 
damage, cell senescence, or cell death (16). We posited that, after SC-
specific loss of NF1, STING activation increases cytokines and che­
mokines that modulate the tumor microenvironment via DC and/or 
T cell recruitment, resulting in tumorigenesis.

T cells have been implicated in promoting tumor formation. For 
example, CD8+ T cells induced proliferation of epithelial cells in be­
nign prostatic hyperplasia (19). Conversely, T cell depletion delayed 
tumor formation in a mouse model of inflammation induced hep­
atocellular carcinoma (20). In addition, the absence of a subset of 
T cells (γδT cells) significantly decreased the incidence of chemi­
cally induced papilloma (21). Notably, reconstitution of tumor-prone 
mice with bone marrow lacking T cells (Rag2−/− or δTCR−/−) pro­
foundly reduced tumor formation (22). How tumor cells recruit 
T cells and how T cells become activated in these models are poorly 
understood.

Through their T cell receptors, CD8+ T cells are primed by DCs 
presenting antigenic peptides in the context of major histocompati­
bility complex (MHC) molecules. Although peptides presented by 
class I MHC molecules are generally derived from inside the cell, 
specialized conventional type I DC (cDC1) cells have the capability 

1Division of Experimental Hematology and Cancer Biology, Cincinnati Children’s 
Hospital Medical Center, Cincinnati, OH 45229, USA. 2Division of Immunobiology, 
Cincinnati Children’s Hospital Medical Center, Cincinnati, OH 45229, USA. 3Depart-
ment of Pediatrics, University of Cincinnati, College of Medicine, Cincinnati, OH 
45229, USA.
*Corresponding author. Email: nancy.​ratner@​cchmc.​org

Copyright © 2024 The 
Authors, some rights 
reserved; exclusive 
licensee American 
Association for the 
Advancement of 
Science. No claim to 
original U.S. 
Government Works. 
Distributed under a 
Creative Commons 
Attribution 
NonCommercial 
License 4.0 (CC BY-NC). 

mailto:nancy.​ratner@​cchmc.​org


Pundavela et al., Sci. Adv. 10, eado6342 (2024)     16 October 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

2 of 15

of presenting extracellular antigens on class I MHC, via a process 
known as cross-presentation (23). In the context of tumors, cDC1 
cells, marked by expression of Xcr-1, are highly efficient in the up­
take and presentation of tumor associated antigens on class I MHC 
to tumor-specific CD8+ T cells (24). This “cross-priming” of T cells 
promotes their initial activation and enables their effector programs 
that normally facilitate tumor killing.

We show that Nf1 loss in SCs results in STING activation. STING 
activity contributes to production of CXCL10 and, therefore, to re­
cruitment by SCs of CXCR3-expressing DC1, DC2, and T cells. 
Antigen-presenting cells (APCs) from tumor-bearing mice are suf­
ficient to promote T cell proliferation and within tumors, T cells 
show evidence of activation. Last, we found that CD8 T cells are re­
quired for tumor formation and for tumor maintenance, demonstrat­
ing a previously unknown role for T cells in promoting tumorigenesis.

RESULTS
Activation of the STING pathway in PNF
To determine whether STING is expressed in neurofibroma, we 
measured STING RNA and protein. Tmem173 (STING itself) mRNA 
was elevated in primary NF1−/− SCs cultured from human PNF, as 
compared to that in normal SCs (Fig. 1A). In mouse PNF tumors com­
pared to that in normal nerve, Tmem173 was also increased (Fig. 1B). 
Activation of STING involves a cascade of signaling events, including 
STING phosphorylation on serine-366 and STING palmitoylation, 
which subsequently result in the phosphorylation of STING down­
stream effectors interferon regulatory factor 3 (IRF3) and TANK-
binding kinase 1 (TBK1) (25). Validating activation of the STING 
pathway in PNF cells, we detected significant increase of phosphor­
ylated (active) STING (p-STING), p-TBK1, and p-IRF3, by immu­
nohistochemistry (IHC) in human and mouse PNF tissue sections, 

Fig. 1. STING activation in mice and human PNF. (A) Human SC gene microarray show up-regulation of STING gene (Tmem173) and CXCL10. (B) Gene microarray of 
murine WT nerve or Nf1f/f; DhhCre PNF. (C) Immunohistochemistry (IHC) of mouse control nerve and PNF tissue section for phosphorylated STING (p-STING), TBK1 
(p-TBK1), and IRF3 (p-IRF3), indicating the activation of STING signaling pathway. (D) Representative IHC images for p-STING, p-TBK1, and p-IRF3 staining and quantified 
in human normal and PNF. HPF, high-power field. (E) Serum IP-10 (CXCL10) in mice treated with vehicle or STING inhibitor H-151. *P < 0.05 and **P < 0.001.
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as compared to the low levels in normal nerve in each species (Fig. 1, 
C and D).

Tumor-bearing mice also show elevated levels of CXCL10 in plas­
ma. To test whether STING activity contributes to CXCL10 levels in 
neurofibroma-bearing mice, we used H-151, a potent and selective 
small-molecule inhibitor that specifically blocks the palmitoylation 
and clustering of STING (26). Treatment of tumor-bearing Nf1f/f; 
DhhCre mice with H-151 reduced plasma levels of CXCL10/IP10 by 
twofold (Fig. 1E). None of the six other factors tested was affected by 
STING pathway inhibition (fig. S1). These results show that STING 
is activated in PNF and that STING activity contributes to produc­
tion of CXCL10, a DC and T cell chemoattractant.

To test whether STING activity has a role in tumor initiation, 
we intercrossed Nf1f/f; DhhCre mice with Tmem173gt/gt mice. These 
mutant mice have a missense mutation, altering Iso-Arg at amino 
acid 199 in the C terminus of the STING protein, and loss of STING 
activity (27). To facilitate genotyping Tmem173gt/gt mutants, we de­
veloped a modified assay (fig. S2, A and B). At 4 months old, PNF 
can be detected by magnetic resonance imaging (MRI) in Nf1f/f; 
DhhCre mice. Four-month-old Tmem173gt/gt; Nf1f/f; DhhCre showed 
smaller and fewer PNF on MRI assessment; representative digital 
three-dimensional (3D) images of spinal cord with tumors with­
in dorsal root ganglia (DRG) and nerves adjacent to the spinal cord 
are shown in Fig. 2A for mutants versus Nf1f/f; DhhCre controls. 
Figure 2B shows quantification, confirming significantly reduced 
tumor volume in PNF-bearing Nf1f/f; DhhCre mice lacking STING 
pathway activation versus controls. When these mice reached 7 months 
of age, they were euthanized. We confirmed reduced tumor num­
ber and tumor size by gross dissections and tumor measurements 
(Fig. 2, C and D). We performed histological analysis and found that 
the remaining tumors showed the spindled cells with wavy nuclei, 
in the presence of toluidine blue metachromatic mast cells and 
Iba-1–immunopositive macrophages that are consistent with PNF 
histopathology (Fig. 2E).

We next used multiparametric spectral flow cytometry of mouse 
tumors for improved definition of PNF cells. We dissected PNF from 
both Nf1f/f; DhhCre and Tmem173gt/gt; Nf1f/f; DhhCre mice and 
rapidly processed them by enzymatic and mechanical dissociation 
for analysis of inflammatory cells (fig. S3, A and B). Gating and pan­
el design of flow cytometric data to analyze subpopulations of T cells 
and DC populations is shown in fig. S3 (C to E). The lack of func­
tional STING significantly reduced tumor-residing cDC1 (MHCII+

CD11c+CD11b−CD127a−XCR-1+), while cDC2 (MHCII+CD11c+ 

CD11b+CD127a+XCR-1−) slightly increased as a percentage of 
CD11c+ DC (Fig. 2F). Lack of STING also significantly reduced 
TCRβ+ T cells (of total CD45+ cells) compared to STING-sufficient 
controls (Fig. 2G) but did not affect the proportions of CD4 and 
CD8 T cells (Fig. 2H). The activation profile (CD44+ CD69+) of 
CD8 T cells is significantly reduced in STING-deficient mice, where­
as no effect on the activation of CD4 T cells (Fig. 2I). Together, these 
data indicate that STING activation contributes to the recruitment/
accrual of cDC1 and T cells and to the initiation of PNF.

We next tested whether established tumors are affected by inhibi­
tion of STING activation. We randomly assigned tumor-bearing Nf1f/f; 
DhhCre mice to vehicle or H-151 treatment for 8 weeks (Fig. 3A). 
No signs of toxicity were identified, as determined by monitoring of 
body weight and mouse mobility (fig. S4). Significant reductions in 
tumor size and tumor number were quantified after gross dissection 
of mice treated with H-151 versus vehicle (Fig. 3B). IHC confirmed 

that H-151 significantly reduced numbers of p-STING positive cells in 
PNF; P-TBK1 and P-IRF3 were also significantly reduced (Fig. 3C). 
Numbers of mast cells did not differ between treatment groups in 
these PNF tissue sections. Iba-1+ macrophages and CD3+ T cells were 
each notably reduced in by STING inhibitor treatment (Fig. 3D). 
We performed flow cytometric analysis, which verified significantly 
reduced numbers of T cells in STING inhibitor–treated PNF. Residual 
T cells showed reduced activation, i.e., lower levels of CD44 and 
CD69 (Fig. 3E). The cDC1 population, but not the cDC2 popula­
tion, was significantly reduced in H-151–treated PNF (Fig. 3F). Thus, 
targeting STING reduces plasma CXCL10 and reduces numbers of 
PNF inflammatory macrophages, cDC1, and activated T cells. Over­
all, STING pathway activation in PNF contributes to tumor initia­
tion and tumor maintenance, likely via its downstream effects on 
immune cells.

Activation of leukocytes in the 
neurofibroma microenvironment
T cells and DCs are rare in normal human nerve specimens. Double-
labeling IHC identified TCRβ+CD4+ and TCRβ+CD8+ T cells and 
CD11c+XCR-1+ DC1s in human PNF tissue sections (Fig. 4, A and 
B). In mouse Nf1f/f; DhhCre model PNF sections, CD3+ T cells also 
increased as compared to those in tissue sections from WT nerve, 
in agreement with prior studies (Fig. 4C). Multiparametric spectral 
flow cytometry of mouse tumors enabled T cell and DC quantifica­
tion. Control DRG/nerves contained few TCRβ+ T cells, whereas 
numerous TCRβ+ T cells were isolated from neurofibromas (Fig. 4D); 
T cells accounted for 2 to 5% of live cells in PNF. Roughly half of 
PNF T cells were CD4+ and the other half were CD8+ as monitored 
by flow cytometry (Fig. 4E). Immunostaining of tumor sections con­
firmed this result (Fig. 4F). PNF T cells in Nf1f/f; DhhCre neurofi­
bromas were activated/memory T cells, based on high expression of 
CD44. A significant fraction of both CD4+ and CD8+ T cells also 
expressed CD69, an early, transiently expressed, activation marker 
(Fig. 4G).

DCs are key initiators of T cell responses. DCs act by presenting 
antigen to promote the priming and proliferation of naïve T cells 
(28). In tumors, cDC1s are a subpopulation of DCs that are critical 
for “cross-presentation” of tumor associated antigens that promote 
tumor specific CD8+ T cell responses including cell proliferation 
and cell activation. PDCA1−;MHCII+;CD11c+ DCs were elevated in 
PNF, and some plasmacytoid DCs (PDCA1+;CD11c−), which we did 
not study. Of tumor CD11c+ DCs, 30% were Xcr-1+ cDC1, and 70% 
were Sirp+-expressing cDC2 (Fig. 4H). CD19+ B cells were rare in 
Nf1f/f; DhhCre, albeit marginally detectable versus controls (Fig. 4I). 
Thus, CD4+ and CD8+ T cells expressing TCRβ and CD11c+;XCR-
1+ cDC1 are present in human and mouse PNF.

Deficiency of cDC1 APCs attenuates PNF formation
cDC1 maturation and maintenance is dependent on the transcrip­
tion factor Batf3 (29). Given our identification of cDC1 cells in NF 
tumors by flow cytometry and the reduction in cDC1 by STING an­
tagonism, we tested the role of cDC1 in neurofibroma formation 
by intercrossing Nf1f/+; DhhCre and Nf1f/f mice with Batf3−/− mice 
(cDC1-deficient) mice. Gross dissection of 7-month-old Batf3−/−; 
Nf1f/f; DhhCre mice revealed attenuated PNF (Fig. 5A); tumor num­
ber and tumor size were each significantly reduced versus Nf1f/f; 
DhhCre controls (Fig. 5, B and C); tumors that did form were 
PNFs (Fig. 5D). We confirmed the expected absence of cDC1 cells 



Pundavela et al., Sci. Adv. 10, eado6342 (2024)     16 October 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

4 of 15

(CD11c+CD103+Xcr-1+ MHCIIhigh) in Batf3−/−; Nf1f/f; DhhCre mice 
using flow cytometry (Fig. 5E). Activated CD44+CD69+CD4+ T cells 
were not obviously perturbed in Batf3−/−; Nf1f/f; DhhCre PNF ver­
sus Nf1f/f; DhhCre controls (Fig. 5F). Notably, however, activated 
CD44+CD69+CD8+ T cells were reduced by nearly threefold in 
Batf3−/−; Nf1f/f; DhhCre PNF (Fig. 5G). Thus, like STING loss 
of function, loss of cDC1 partially blocks PNF initiation. In con­
trast, the disruption of nerve SC–nerve axon interaction that is char­
acteristic of PNF was unaffected in Batf3−/−; Nf1f/f; DhhCre mice 
(Fig. 5H).

CD8 T cells from neurofibroma-bearing mice proliferate in 
response to APC
As loss of cDC1 cells decreased T cell number and T cell activation 
in PNF, we reasoned that DC might stimulate CD8+ T cell responses 
in Nf1f/f; DhhCre mice. To test this, we cultured carboxyfluorescein 
diacetate succinimidyl ester (CFSE)–labeled CD8+ T cells from ei­
ther WT or Nf1f/f; DhhCre mice with APCs from WT or Nf1f/f; 
DhhCre mouse spleen (Fig. 6A) and assessed the loss of CFSE stain­
ing as an indicator of T cell proliferation. WT T cells showed 
background levels of proliferation in response to APCs from either 

Fig. 2. Loss of STING attenuates PNF by reducing cDC1 and T cell infiltration. (A) Representative digital three-dimensional (3D) rendering from MRI images of 
4-month-old STING-sufficient Nf1f/f; DhhCre and STING-deficient STINGgt/gt; Nf1f/f; DhhCre. (B) Quantification of PNF volume. (C) Representative gross dissections of mice 
with WT STING and mutant STING at 7 months old. (D) Quantification of the number of tumors. (E) Representative hematoxylin and eosin (H&E) stain, toluidine blue stain 
for mast cells, and Iba-1 for macrophages. (F) PNF flow cytometer of Nf1f/f; DhhCre or STINGgt/gt Nf1f/f; DhhCre mice for MHCII+ CD11c+ CD172a− XCR-1+ cDC1 and MHCII+ 
CD11c+ CD172a+ XCR-1− cDC2 DCs, (G) TCRβ+ T cells and (H) CD4 and CD8 T cells with (I) represented analysis of activation markers (CD44 and CD69). Statistical signifi-
cance (P < 0.05). n.s., not significant. Student’s t-test: *adj. *P < 0.05, **P < 0.001, ***P < 0.003, and ****P < 0.0001.
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Fig. 3. STING inhibition affects T cell activation and cDC1 infiltration. (A) Schematic diagram of STING inhibitor (STINGi; H-151) treatment regimen. (B) Representative 
images of gross dissected paraspinal tumors from vehicle or H-151–treated mice and the corresponding graphical quantification of tumor numbers and size. (C) Representative 
images of IHC against p-STING, p-TBK1, and p-IRF3 and (D) quantified in vehicle versus H-151–treated mice. (E) Toluidine blue staining for mast cells, immunostaining of 
Iba-1 for detection of macrophages and CD3 for T cells in vehicle and H-151–treated groups and (F) quantified wherein each panel and each dot represents data from a 
single mouse, in which 5 HPF (high-power field) were analyzed per animal. (G and H) Flow cytometric quantification of activated (CD44hi CD69hi) CD8 T cells and cDC1 in 
vehicle or H-151–treated mice. Student’s t-test: *P < 0.05; **P < 0.001.
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WT or Nf1f/f; DhhCre mice (Fig. 6B). In contrast, CD8+ T cells 
from tumor-bearing Nf1f/f; DhhCre mice had >2× higher prolif­
eration in response to APCs from Nf1f/f; DhhCre or WT APCs 
(Fig. 6B). Combined, these data show that CD8 T cells from tumor-
bearing mice are primed to proliferate in response to APC and sug­
gest that T cells activated during PNF formation might contribute to 
tumor development.

The absence of adaptive immune cells prevents 
neurofibroma formation
To formally test the requirement of lymphocytes in neurofibroma 
formation, we intercrossed mice from our Nf1f/f; DhhCre colony to 
Rag1−/− mice, which lack B and T cells due to the role of Rag1 in 
B and T cell development (30). Gross dissection of 7-month-old 
Rag1+/−; Nf1f/f; DhhCre littermate controls showed an average of 
five paraspinal tumors per mouse, typical for the PNF model at this 
time point. Notably, in contrast, there were no visible neurofibromas 
in Rag1−/−; Nf1f/f; DhhCre mice (Fig. 6, C and D). There was also no 

tumor pathology present in Rag1−/−; Nf1f/f; DhhCre DRG/nerve tis­
sue sections; numbers of Ki67+ proliferating cells were reduced to 
low normal levels, and S100b+ SCs showed normal morphology 
(Fig. 6E). This study demonstrates that T and/or B cells are required 
for neurofibroma initiation. Of note, Iba-1+ macrophages were re­
duced to normal levels, suggesting a lack of sustained inflammation 
in the absence of B and T cells in the Rag mutant mice (Fig. 6F). No 
significant reduction in mast cells was observed (Fig. 6G). As in the 
Batf3 knockout, the disrupted axon-SC bundle phenotype (Remak 
bundles) characteristic of Nf1f/f; DhhCre nerve was not rescued in 
Rag1−/−; Nf1f/f; DhhCre nerves (Fig. 6, H and I).

CD8 T cells promote neurofibroma formation in Rag1−/−; 
Nf1f/f; DhhCre mice
To test whether T cells are sufficient to promote neurofibroma for­
mation, after Nf1 loss in SCs, we adoptively transferred T cells iso­
lated from the spleens of tumor-bearing Nf1f/f; DhhCre mice into 
Rag1−/−; Nf1f/f; DhhCre mice that lack circulating CD3 T cells (Fig. 7A 

Fig. 4. Lymphocyte infiltration and activation in Nf1f/f; DhhCre neurofibroma mice. (A) Representative IHC images of human nerve or neurofibroma biopsies for the 
detection of TCRβ T cells and (B) double labeling for TCRβ (brown) with CD4 or CD8 (red) T cells and CD11c (brown) and XCR-1 (red) for DCs. (C) Representative IHC images 
WT DRG or Nf1f/f; DhhCre neurofibroma. (D) Representative flow cytometric analysis of TCRβ+ CD3+ T cells and quantification. (E) CD4 and CD8 T cells subtypes and in PNF 
tissue corresponding flow cytometric quantification. (F) Immunofluorescence showing CD4 and CD8 T cells subtypes in neurofibroma tissues. (G) Representative flow 
cytometric analysis of antigen primed and activation marker CD44high CD69high of CD4 or CD8 T cell subpopulation from a WT DRG or Nf1f/f; DhhCre neurofibromas and 
graphical quantification showing frequency of effector T cells indicated by CD44+ CD69+ expression of CD4 or CD8 T cells. (H) Flow cytometric analysis of conventional 
DCs gated from MHCII+ and CD11c+ cells in WT DRG or Nf1f/f; DhhCre neurofibromas with corresponding quantification of Xcr-1+ (cDC1) and Sirpα+ (cDC2). (I) Flow cyto-
metric quantification of B cells marked by CD19+ cells in Nf1f/f; DhhCre neurofibroma compared to those in WT DRG. Data represent means ± SD; t test, P < 0.05. DAPI, 
4′,6-diamidino-2-phenylindole. Student’s t-test: *adj. *P < 0.05, **P < 0.001, and ***P < 0.003.
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and fig. S5, A and B). We confirmed increasing T cells in circulation 
after grafting (Fig. 7, B and C). Isolated T cells for grafting were > 90% 
CD3+ (fig. S5C); and almost half were CD4+ and the other half were 
CD8+ (Fig. 7C). Transferred CD4 and CD8 T cells persisted in the 
blood of recipient animals for at least 2 months (fig. S5D and Fig. 7D) 
and maintained their CD44+ high memory phenotype (Fig. 7E). 
We acquired MRI images 3 months after vehicle or CD3+ T cell 
transfer. No tumors were visible in Rag1−/−; Nf1f/f; DhhCre mice 
injected with phosphate-buffered saline (PBS;  n = 10) or T cells 
from WT mice (n = 8). MRI revealed paraspinal tumors in each 
Rag1−/−; Nf1f/f; DhhCre mouse adoptively transferred with T cells 

(Fig. 7F). The development of neurofibromas was confirmed by gross 
dissection of spinal cord and nerve from 7-month-old mice (6 months 
after T cell transfer); tumors were present only in those mice con­
taining transferred T cells (Fig. 7G).

To test whether CD4 and/or CD8 T cells enable neurofibroma 
formation, we enriched CD8+ or CD4+ T cells from spleens of tumor-
bearing mice (fig. S5, E and F). We then adoptively transferred 2 × 
106 cells of each type into separate 1-month-old Rag1−/−; Nf1f/f; 
DhhCre recipient mice and monitored over time by flow cytometry 
(fig. S5G). By 2 months after adoptive transfer of CD4 T cells, >94% 
circulating effector CD4 T cells were present and nearly 0.2% were 

Fig. 5. Deficiency of T cell cross-presenting cDC1 cell attenuated neurofibroma formation. (A) Representative image of gross dissection of the spinal cord with at-
tached DRG or tumors of Nf1f/f; DhhCre mice with heterozygous or homozygous loss of Batf3 transcription factor necessary for cDC1 development. (B and C) Quantifica-
tion of the number of tumors and size in Nf1f/f; DhhCre mice with or without cDC1 subset deficiency. (D) Representative H&E and S100B staining of DRG/tumors from 
Nf1f/f; DhhCre or Batf3−/−; Nf1f/f; DhhCre mice. (E) Flow cytometric analysis of cDC1 (Xcr-1+) and cDC2 (SIRPα+) population in Nf1f/f; DhhCre or Batf3−/−; Nf1f/f; DhhCre tu-
mors. (F and G) Representative flow cytometry and quantification of activated (CD44+ CD69+) CD4 or CD8 T cells. (H) Electron micrographs of the saphenous nerve of 
7-month-old WT control, Nf1f/f; DhhCre neurofibroma, and Batf3−/−; Nf1f/f; DhhCre mice and quantification of intact Remak bundle. Scale bar, 100 μm. Student’s t-test: 
*adj. *P < 0.05, ***P < 0.003, and ****P < 0.0001.
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Fig. 6. Absence of adaptive immune cells neurofibroma development. (A) Schematic diagram of the T cell proliferation assay: CD8+ T cells were purified by negative 
selection using a Miltenyi kit. T cells from tumor-bearing mice were labeled with CFSE and mixed with APCs from WT or tumor-bearing Nf1f/f; DhhCre mice. Four days 
later, cells were harvested and assessed for CFSE dilution. Graph shows the percent of CD8+ T cells that had proliferated (CFSE low). (B) Quantification on proliferating CD8 
T cells from WT mice cocultured with APC from WT or Nf1f/f; DhhCre mice. (C) CD8 T cell proliferation from Nf1f/f; DhhCre mice cocultured with APC from WT or Nf1f/f; 
DhhCre mice. (C) Representative images of gross dissections of mouse spinal cord with the associated neurofibromas of the dorsal root in Nf1f/f; DhhCre mice not ob-
served in Rag1−/−; Nf1f/f; DhhCre mice that lack adaptive immune cells at 7 months of age. (D) Quantification of the number of tumors observed per mouse and tumor 
diameters between Nf1f/f; DhhCre and Rag1−/−; Nf1f/f; DhhCre mice. (E) Representative tissue histochemistry of DRGs/PNF in Nf1f/f; DhhCre or Rag1−/−; Nf1f/f; DhhCre 
stained with H&E, S100β, and Ki67. (F) Immunofluorescence of Iba-1+ macrophages in DRG or neurofibromas, and the number of Iba-1+ per field of view (FOV). (G) Toluidine 
blue stain for detection of mast cells, and the number of toluidine blue–positive mast cells per field of view. (H) Electron micrographs of the saphenous nerve of 7-month-old 
WT control, Nf1f/f; DhhCre neurofibroma, and Rag1−/−; Nf1f/f; DhhCre mice. (I) Quantification of intact Remak bundle. *P < 0.05; Student’s t-test: **adj. **P < 0.001; ***P < 
0.003, and ****P < 0.0001.
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Fig. 7. T cell adoptive transfer promoted neurofibroma formation. (A) Schematic of CD8 T cell depletion. (B) Flow cytometric quantification in the proportion of CD4 
or CD8 of the total blood CD3 T cells in Nf1f/f; DhhCre compared to that in Rag1−/−; Nf1f/f; DhhCre. (C) Percentage of CD3 T cells at 1 and 2 months (1Mo and 2Mo, respec-
tively) after adoptive transfer. (D) Percentage of CD4 and CD8 T cells present in circulation after adoptive transfer. (E) Representative flow cytometric analysis of blood CD3 
T cells for the markers CD44 and CD127 at 2 months old after total T cell AT. (F) Representative MRI image of Nf1f/f; DhhCre neurofibroma bearing mice and Rag1−/−; Nf1f/f; 
DhhCre that were adoptively transferred with T cells or PBS as control. (G) Representative images of gross dissection of spinal cord with the associated neurofibromas of 
the dorsal root in 7-month-old Rag1−/−; Nf1f/f; DhhCre after adoptive transfer of pan-T cells. (H) Representative flow cytometric analysis for CD44 and CD127 of blood from 
Rag1−/−; Nf1f/f; DhhCre mice at 2 months old after adoptive transfer (AT) of CD8 or CD4 T cells. (I) Representative MRI image of Rag1−/−; Nf1f/f; DhhCre that were adop-
tively transferred with CD4 T cells or CD8 T cells alone. (J) Quantification of T cell recipient Rag1−/−; Nf1f/f; DhhCre mice that developed neurofibromas after adoptively 
transferred with or without total T cells or CD4 or CD8 T cells. (K) Predicted gene expression of CCL5 and its receptor CCR5 in immune cells of PNF tissue. m.o., months old. 
(L) CCL5 protein expression determined by flow cytometry of PNF tissue. Student’s t-test: *adj. *P < 0.05, ***P < 0.003, and ****P < 0.0001..
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activated (CD44+CD127+); after adoptive transfer of CD8 T cells, 
97% of circulating T cells were effector CD8+ T cells and over 1% are 
activated (CD44+CD127+) (Fig. 7H). We acquired MRI images 
3 months after adoptive transfer (Fig. 7I); two of the eight recipients 
of CD8 T cells taken from non–tumor-bearing mice develop tu­
mors, whereas six of the eight recipients of CD8+ T cells obtained 
from tumor-bearing donor mice formed tumors (Fig. 7J). While 
three of the five recipients of CD4+ T cells did not form tumors, the 
blood in CD4 cell recipients contained not only CD4+ T cells but 
also 14.2% CD8+ cells at this time point, suggesting in vivo amplifi­
cation of residual CD8 T cells. Thus, CD8+ T cells are sufficient to 
initiate neurofibroma formation.

To gain insight into how T cells drive tumor formation, we 
analyzed expression of cytokines and growth factors in T cells, 
using an existing single-cell RNA sequencing (scRNA-seq) dataset 
(GSE181985), analyzed using CellChat. The STING-inducible cyto­
kine CCL5 was the only cytokine predicted to be up-regulated selec­
tively in T cells, not in other cell types. CCL5 was increased in Nf1f/f; 
DhhCre DRG/nerve versus WT controls in 2-month-old mice, before 
tumor formation [when CXCL10 is first detectable; (15)] and at 
7 months after tumors have formed (Fig. 7K). CCL5 (RANTES) is a 
STING-inducible cytokine that binds to the CCR5 receptor. CellChat 

predicted CCR5-responsive DCs, macrophages, and myeloid-derived 
suppressor cells (MDSC) in Nf1f/f; DhhCre DRG/nerve before tumor 
formation and DCs, macrophages, and MDSC plus pericytes and T 
cells themselves in tumors. Neither CD8 nor CD4 T cells from PNF 
showed significant expression of interleukin-17, interferon-γ, or tu­
mor necrosis factor–α (not shown). In contrast, CCL5 protein expres­
sion was robust in CD8 T cells from PNF monitored using flow 
cytometry (Fig. 7L). CD4 T cells did not contain CCL5 protein. The 
expression of CCL5 protein, as opposed to mRNA, is a marker of T 
cell response to antigen (31), supporting the idea that PNF T cells are 
primed by antigen in vivo and further suggest that this T cell–produced 
chemokine might contribute to the failure to resolve inflammation 
and tumor formation that occur in the setting of NF1 loss.

Last, we tested whether CD8 T cells are relevant for PNF mainte­
nance, using the adoptive transfer model. After their adoptive transfer 
had driven development of NF1 tumors in Rag1−/−; Nf1f/f; DhhCre 
mice, we then depleted CD8 T cells with anti-CD8 antibody (Fig. 8A). 
We confirmed tumor development via MRI scan in T/B cell– 
deficient Rag1−/−; Nf1f/f; DhhCre mice 3 months after adoptive 
transfer of CD8 T cells (Fig. 8B). Then, each mouse was treated with 
either monoclonal anti-CD8 antibody or immunoglobulin G (IgG) 
control weekly for 3 weeks, by which time circulating CD8 T cells 

Fig. 8. CD8 T cell depletion attenuates PNF formation. (A) Experimental design of CD8 T cell depletion, in which, after adoptive transfer of CD8 T cells in Rag1−/−; Nf1f/f 
DhhCre and confirming PNF development, CD8 antibody (Ab) or IgG control were administered once a week at 250 μg per mouse. (B) MRI images of Rag1−/−; Nf1f/f; DhhCre 
after CD8 T cell adoptive transfer confirming PNF development. (C) Flow cytometry of circulatory T cells after three treatment doses. (D) Gross dissection of mice after 
2 months from treatment of CD8 antibody revealing reduced PNF formation. (E) Toluidine blue staining for mast cells of nerve or PNF sections. (F) Immunofluorescence 
of TCRβ for T cells and Iba-1 for macrophages in nerve or PNF. (G) Immunofluorescence of CCR5 (green) expressing F4/80 macrophages (red). (H) Flow cytometry of circu-
latory T cells after at the 6-month-old endpoint indicates reduced CD8 T cells mice treated with CD8 depletion antibody compared to that in IgG-treated control. Student’s 
t-test: *adj. *P < 0.05, **P < 0.001, and ***P < 0.003.



Pundavela et al., Sci. Adv. 10, eado6342 (2024)     16 October 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

11 of 15

had been significantly depleted as assessed by flow cytometry (Fig. 8C). 
During antibody-mediated T cell depletion, antibiotic therapy was 
necessary for mouse survival. We euthanized mice and examined 
PNF by gross dissection when mice were 6 months old. All Rag1−/−; 
Nf1f/f; DhhCre reconstituted with CD8 T cells and treated with IgG 
control antibody had multiple paraspinal tumors. In contrast, those 
mice in which CD8 T cells had been depleted showed significantly 
attenuated numbers of PNF (Fig. 8D). Residual tumors showed his­
tological features of neurofibroma (fig. S6A). Numbers of toluidine 
blue+ mast cells did not change (Fig. 8E). CD8 T cell depletion sig­
nificantly reduced Iba-1+ macrophages as well as TCRβ+ T cells in 
PNF in tumor sections (Fig. 8F). The number of CCR5+ F4/80 
macrophages is significantly reduced by CD8 T cell depletion (Fig. 8G), 
while CCR5 expression did not colocalized with Iba-1 macrophages 
(fig. S6B). Thus, although residual CD8 T cells were present in circu­
lation at the time of sacrifice (threefold reduced relative to IgG con­
trols; Fig. 8H), depletion of primed, activated CD8 T cells is necessary 
for PNF initiation and maintenance.

DISCUSSION
This study identifies the innate immune regulator STING as in­
creased in NF1 SCs. STING contributes to CXCL10 elevation and, 
thus, to T cell infiltration and T cell activation in PNF. In the Nf1f/f; 
DhhCre model of neurofibroma formation studied here, all immune 
cells are WT at the Nf1 locus. Therefore, Nf1-mutant SCs recruit 
WT immune cells that support PNF initiation and growth (32). Our 
series of genetic crosses revealed a contribution of WT cDC1 to tu­
mor number and size and demonstrate that mice lacking T cells 
have no tumors. Thus, infiltrating T cells, a component of the adap­
tive immune system, are necessary for the development of benign 
NF1-associated PNF.

Our data are consistent with prior work showing that inflamma­
tion contributes to neurofibroma development (3, 11) and extends it 
by demonstrating that T cells are the critical immune cell type driv­
ing tumor formation. The data reveal a pathway in which loss of NF1 
in SCs leads to SC activation of STING, which itself promotes expres­
sion of STING inducible cytokines. One such cytokine, CXCL10, 
drives recruitment of DCs and T cells that ultimately drive neurofi­
broma development, likely through T cell recognition of antigen. In 
contrast to effects on tumors, the absence of adaptive immune cells 
failed to restore abnormal Remak bundle structure that is a charac­
teristic of nerves and tumors containing SCs lacking NF1 (33, 34). 
Therefore, some effects of cell Nf1 loss of function in vivo are inde­
pendent of tumor-driving components of the adaptive immune sys­
tem. Intriguingly, in contrast, the deletion of Cxcr3 in the Nf1f/f; 
DhhCre mice prevented tumor formation and rescued nerve ultra­
structure (15). In addition, as STING inhibition or deletion only par­
tially blocked neurofibroma initiation and growth, additional inputs 
must cooperate with STING activation after an initiating Nf1 insult.

We suggest that stressed Nf1−/− SCs, via STING, increase expres­
sion of CXCL10, which recruits T cells and DCs, enabling PNF initia­
tion, given that STING activation contributes to circulating CXCL10 
protein levels, in which pharmacologic suppression of STING in 
established tumors reduces PNF number and size. Genetic deletion 
of STING also reduced tumor number and size. Consistent with our 
findings, in a model of inflammation-induced skin carcinogenesis, 
after DMBA application, STING became activated, preceding papil­
loma formation, and STING activation resulted in production of 

cytokines and inflammation (35). These results suggest the general­
izability of a STING-tumor initiation pathway across tumor types 
and emphasize the potential utility of STING pathway antagonism 
at early stages in cell transformation. STING antagonism is also be­
ing tested to block cancer-related metastasis (25, 36). In contrast, 
however, STING agonists are being tested clinically in efforts to ac­
tivate immune cells, including effector T lymphocytes, for antitu­
mor effects (37). In a murine model of malignant peripheral nerve 
sheath tumor, a recent study showed that STING agonist potentiat­
ed the antitumor effects of anti-PD1 (38). How activating or inacti­
vating the STING pathway affects specific stages of transformation 
to malignancy needs further study.

Flow cytometry analysis identified a MHCIIhi; CD11b−; CD11c+; 
Xcr-1+ cDC1 population among PNF immune cells. cDC1s are key 
regulators of tumor antigen trafficking and CD8 T cell recruitment/
activation (23, 39–41). The deficiency of Batf3+ cDC1 cells attenu­
ated PNF formation and reduced tumor number. Batf3 deficiency 
also resulted in decreased TCRβ+ CD8+ T cells and T cell activation. 
This finding is consistent with a role for cDC1 cells in promoting 
CD8+ T cell responses (42). Batf3 may also contribute to memory 
CD8+ T cell survival, so future experiments will need to distinguish 
between roles of Batf3 in cDC1 versus T cells during PNF formation.

In PNF, Batf3-dependent cDC1 might present antigens to cause 
activation of T cells in neurofibroma, as cDC1s are APCs that effi­
ciently cross-present antigen to T cells, stimulating their proliferation. 
However, given that the deficiency of cDC1 cells did not completely 
prevent neurofibroma formation, additional APCs may also contrib­
ute to cross-presentation of antigen to T lymphocytes. cDC2 can also 
cross-prime T cells (43), so deletion of both cDC1 and cDC2 cells 
may be required to mimic the marked effects of T cell loss on PNF 
initiation and growth. Other DC or macrophage populations may 
also present antigen, albeit at lower levels than do cDC1. In addition, 
in peripheral nerve inflammation, neuropathic disorder, and after in­
jury, SCs themselves are capable APCs and might augment and/or 
compensate for the loss of cDC1 cells (44–46).

T cell activity is regulated by the complex interactions of T cells 
with DCs and other APCs. These interactions are mediated by both 
soluble cytokines and cell-cell complexes (47). Spleen cells from 
tumor-bearing mice promoted expansion of T cells in vitro, suggest­
ing that antigens play roles in neurofibroma formation. In a murine 
model of Nf1-driven low-grade glioma, depletion of CD8+ T cells 
attenuated tumor cell proliferation; the authors suggested that T cells 
produce cytokines that indirectly support tumor growth (48). It is 
plausible that antigens and DCs also play roles in these benign Nf1-
driven nervous system tumors. The idea that antigens or antibodies 
are involved in tumor formation was suggested by seminal studies of 
(49). In that study, however, transfer of B cells or serum from tumor-
bearing mice, not transfer of T cells, enabled chronic inflammation 
and tumor cell proliferation in a model of HPV16-driven skin car­
cinogenesis. Thus, diverse tumor types may use divergent mecha­
nisms to sustain immune cell activation for tumor initiation.

We presented four lines of evidence supporting antigen priming 
of PNF T cells. First, culture of T cells from Nf1f/f; DhhCre mice 
showed evidence of proliferation in response to APC, a marker of 
primed T cells responding to antigen. Second, within PNF, CD8+ 
T cells expressed high levels of CD44, an activation/memory marker, 
as well as CD69, another acute activation marker. Third, PNF tumor-
resident CD8+ T cells expressed CCL5 protein. This is suggestive of 
recent TCR stimulation as quiescent memory T cells express high 
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levels of CCL5 mRNA, but not protein, unless given a TCR stimulus 
(31). Fourth, after adoptive transfer of CD4 and CD8+ T cells into 
Rag1−/− mice, CD8+ T cells expanded and became preferentially en­
riched over their CD4+ T cell counterparts. Combined, these data 
strongly support the scenario whereby CD8+ T cells primed during 
development of NF1 tumors undergo activation, clonal expansion, 
and acquisition of effector function in a manner that promotes tu­
mor development.

Expression of CCL5 by PNF T cells is also consistent with litera­
ture, suggesting that STING modulates inflammation via altering 
cytokine/chemokine production, contributing to tumor development 
(50, 51). When CCL5-expressing T cells are absent in Rag1−/−; 
Nf1f/f; DhhCre mice, we observed a profound decrease in nerve 
macrophages and the resolution of nerve inflammation. PNF CCL5 
(RANTES) may contribute to the T cell–driven maintenance of 
macrophages in PNF through known RANTES effects on cell mi­
gration and matrix remodeling and/or altering immune cell pheno­
types such as polarizing macrophages toward immunosuppressive 
phenotypes (52). CCL5 is also present in an Nf1 low-grade glioma 
model, albeit produced by microglia, and depletion of CD3+ or CD8+ 
T cells using blocking antibodies attenuated tumor cell proliferation 
in that system, suggesting relevance of CCL5 and T cells to other 
NF1-mutant tumors (48). The CCL5/CCR5 axis may be targetable 
as numerous clinical trials of antagonists are ongoing (53). This is 
important as suppressing all T cell functions is not advisable, and 
selective modulation of T cell function aimed at slowing or ablating 
tumor formation might be tolerable in the setting of predisposition 
to neurofibroma.

The absence of T cells abrogates PNF formation, and the adoptive 
transfer of CD8+ T cells from tumor-bearing mice elicits PNF forma­
tion. These findings are consistent with pro-tumorigenic functions 
of CD8 T cells described in some models of low-grade or premalig­
nant tumor types (19–21, 48, 54). Notably, however, pro-tumorigenic 
roles of CD4+ T cells have been described in other tumorigenesis 
models (55–58). In neurofibromas, it remains necessary to formally 
exclude roles of CD4 T cells in tumorigenesis, given that transplan­
tation of >98% pure CD4 T cells into Rag1−/−; Nf1f/f; DhhCre mice 
resulted in expansion of a residual CD8+ cell population. However, 
given that CD8+ T cells alone promoted neurofibroma formation, 
we conclude that CD8+ T cells are sufficient to promote the transi­
tion from nerve inflammation to PNF formation. In other models 
of tumor initiation, it will be of interest to study the early roles of 
STING and antigen and the effects on tumor myeloid cells.

In conclusion, T cells play a critical role in promoting the forma­
tion of NF1-associated PNFs and for driving the expansion of an 
inflammatory environment. Identification of molecules involved in 
T cell activation and trafficking and whether T cell activation is de­
pendent on specific antigens or cytokines warrant further study. 
Intercepting the pro-inflammatory cooperation of immune cells, in­
cluding APC–T cell signals that contribute to the formation of tu­
mors is anticipated to provide new therapeutic approaches toward 
management and/or prevention of NF1 tumors.

MATERIALS AND METHODS
Mice
All animal procedures were approved by the Intuitional Animal 
Care and Use Committee at Cincinnati Children’s Hospital Medical 

Center. Mice were housed in temperature- and humidity-controlled 
facilities with free access to food and water, on a 12-hour light-dark 
cycle. The mouse lines Rag1−/− (B6.129S7-Rag1tm1Mom/J) and Batf3−/− 
(B6.129S(C)-Batf3tm1Kmm/J) on a C57BL/6 background were acquired 
from the Jackson Laboratory. These lines were crossed to an in-
house Nf1f/f and Nf1f/+; DhhCre mice (32), which backcrossed >8 
generations onto a C57BL/6 background to generate experimental 
mice for this study. Mice of both sexes were used in all experiments.

Genotyping
A small amount of tissue was harvested from mouse toes, and, then, 
genomic DNA was prepared with the Direct Mouse Genotyping 
Kit (APExBio, K1025) according to the manufacturer’s instruction. 
Next, ~200 ng of genomic DNA was used for genotyping polymerase 
chain reaction (PCR) with the Q5 high-fidelity polymerase (New 
England Biolabs, M0492S). For the STING knockout cross, PCR–
restriction fragment length polymorphism assay was established 
with forward primer 5′-CATGCGGCAGCTCCTTGAC-3′ and re­
verse primer 5′-GGATCACGCCTGTCTCACAGA-3′. Then, PCR 
product was digested by Bst CI (New England Biolabs, R064S) at 
50°C for 30 min, followed by the electrophoresis in ~2% agarose. For 
Rag1−/− and Batf3−/−, standard PCR was followed as recommended 
by the Jackson Laboratory. The Nf1 flox and DhhCre genotyping 
was performed as previously described (32).

Adoptive transfer of purified T cells
Adoptive transfer was performed at 5 weeks after birth of Rag1−/−; 
Nf1f/f; DhhCre recipient mice. T cells from donor spleens of Nf1f/f; 
DhhCre mice were purified using cell-specific negative selection iso­
lation kit (Pan T cells, catalog no. 130-095-130; CD4 T cells, catalog 
no. 130-104-454; and CD8 T cells, catalog no. 130-104-075; Miltenyi 
Biotec) and resuspended in PBS under sterile conditions. The purity 
of each T cell population (>95%) was confirmed by flow cytometry 
before intraperitoneal injection.

Blood sampling
To assess the efficiency of T cell engraftment, blood samples were 
collected by tail vein bleed into pre-coated EDTA tubes containing 
500 μl of PBS, 1 week before the adoptive transfer and at 1 and 
2 months after adoptive transfer. Blood lymphocytes (1 × 106 cells) 
were examined by flow cytometry and analyzed using FlowJo (v10).

T cell depletion using antibodies
Mice with verified tumors were injected intraperitoneally with 250 μg 
of anti IgG2b (BioXCell, catalog no. BE090) or anti-CD8 clone 2.43 
(BioXCell, cat. no. BE0061) in PBS three times per week for 8 weeks.

Histological assays
IHC was performed on tissue sections of human biopsy of PNFs 
obtained from incidental to therapeutic surgery as fixed specimen 
from our pathology core. To clear paraffin, sections were incubated 
in three changes of xylenes; rehydrated sequentially in 100, 95, and 
70% ethanol (EtOH); and rinsed in water. Sections were then boiled 
for 10 min in 0.1 M citrate buffer (pH 6.0) and were cooled at room 
temperature for 30 min; then, sections were rinsed in water then in 
PBS, incubated in 30% hydrogen peroxide for 10 min, rinsed in PBS, 
permeabilized in PBS with 0.3% Triton X-100, and blocked in 10% 
normal goat serum (NGS) with 0.3% Triton X-100 for half an hour. 
Sections were then incubated in primary antibody overnight at 4°C 
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(see below the source and catalog numbers and dilutions of antibod­
ies used). Next day, sections were rinsed in buffer, incubated in 
secondary antibodies [either biotinylated goat and rabbit (Vector 
Labs, catalog no. BA-1000) or goat anti mouse (Vector Labs, catalog 
no. BA-9200)] at a dilution of 1:200 (in NGS with Triton X-100) for 
1 hour, rinsed in buffer, and incubated in ABC solution (Vector 
Labs, catalog no. PK-6100) for 1 hour. Sections then were rinsed in 
PBS, incubated in 3,3′-diaminobenzidine (DAB) (Vector Labs, cata­
log no. SK-4100) for 5 min, rinsed in double-distilled water, coun­
terstained with hematoxylin, dehydrated with graded EtOH, cleared 
in xylenes, and cover slipped in histomount.

Double labeling
For double labeling, sections were processed with DAB for first pri­
mary antibody, rinsed in buffer, blocked in NGS with Triton X-100 
for 1 hour, and then incubated with the second primary antibody 
overnight. The next day, sections were rinsed and incubated in sec­
ond secondary antibody and then in ABC solution. After ABC, sec­
tioned were rinsed and incubated with vector peroxidase substrate 
(VIP) (Vector labs), rinsed and counterstained with hematoxylin, 
dehydrated with graded EtOH, cleared in xylenes, and cover glassed 
using histomount.

Antibodies
The following antibodies were used: phospho-STING (Ser366) 
(E9A9K) rabbit monoclonal antibody (mAb) (Cell Signaling Tech­
nology), phospho-STING (Ser365) (D1C4T) rabbit mAb (no. 62912, 
Cell Signaling Technology), phospho-STING (Ser366) (E9A9K) rab­
bit mAb (no. 50907, Cell Signaling Technology), phospho-IRF3 
(Ser396) (4D4G) rabbit mAb (Cell Signaling Technology), phospho-
TBK1/NAK (Ser172) (D52C2) XP rabbit mAb (Cell Signaling Tech­
nology), phospho-IRF3 (Ser396) (D6O1M) rabbit mAb (no. 29047S), 
F4/80 (BM8.1) rat mAb (Cell Signaling Technology), mouse CCR5 
antibody (MAB6138-SP, Thermo Fisher Scientific), CoraLite488 
anti-mouse TCRβ (H57-597) (CL488-65106, Proteintech), anti-CD4 
rabbit polyclonal antibody (BS-0647R, Bioss Antibodies), anti-CD8A 
rabbit polyclonal antibody (BS-0648R, Bioss Antibodies), XCR1 
(D2F8T) rabbit mAb (no. 44665S, Cell Signaling Technology), 
CD103/INGAE (integrin alpha e) (EP206) rabbit mAb (no. 95835S, 
Cell Signaling Technology), anti-CD8 antibody, rabbit monoclonal 
(clone SP16) (SAB5500074, Sigma-Aldrich), CD3ε (E4T1B) XP 
Rabbit mAb (no. 78588, Cell Signaling Technology), and Iba-1 rab­
bit polyclonal (no. 019-19741, Wako).

Tumor analysis
MRI data were collected on a 7-T Bruker BioSpec system equipped 
with gradients at 400 G/cm, and tumor burden was calculated (59). 
To quantify tumor numbers, gross dissection of perfusion-fixed mice 
was performed using a stereoscope (Leica). A tumor was defined as 
a mass of the DRG or nerve roots, with a diameter greater than 1 mm, 
measured perpendicular to DRG/nerve roots. Alternatively, tumor 
and nerve roots were measured in 3D in MRI images using the image 
computing platform software 3D Slicer (59).

Sample preparation for flow cytometry
Paraspinal tumors or DRG were dissected from intracardially ice-
cold PBS-perfused mice and chopped finely and then subjected to 
enzyme and mechanical dissociation. Briefly, finely cut DRG/tumor 
tissue was digested with the digestion enzyme mixture: collagenase 

A (10 mg/ml), collagenase type IV (10 mg/ml), soybean trypsin 
inhibitor (100 μg/ml), deoxyribonuclease I (250 U), and calcium 
chloride (5 mM) for 30 min at 37C with shaking. Digestion was 
terminated in 10% fetal calf serum, and mechanical dissociation via 
syringe needles was carried out on ice. Cells in suspension cells were 
filtered through 100-μm and then 70-μm strainers.

Flow cytometry
Spectral flow cytometry analysis was performed on single-cell sus­
pensions. Autologous spleen or beads were used as controls. The fol­
lowing viability and antibodies against mouse were used: TCRβ 
BV711 (catalog no. 109243, BioLegend), CD8a PerCP, CD4 BUV395 
(catalog no. 563790, BD Horizon), CD11b AF700 (catalog no. 101222, 
BioLegend), CD11c ef450 (catalog no. 48-0114-82, Thermo Fisher 
Scientific), MHC II V500 (catalog no. 562366, BD Horizon), CD44 
BUV737 (catalog no. 612799, BD Horizon), CD69 BV605 (catalog no. 
104530, BioLegend), CD19 BV785 (catalog no. 115543, BioLegend), 
Gr-1 APC–cyanine 7 (Cy7) (catalog no. 108423, BioLegend), PDCA-
1 phycoerythrin (PE) (catalog no. 127023, BioLegend), Xcr-1 BV650, 
Sirpα PE-Cy7, and Trem2 APC. Samples were measured by Aurora 
cell multiparametric flow analyzer (Cytek Biosciences, Fremont, CA) 
and analyzed with FlowJo (v10) or SpectroFlo software.

Electron microscopy
Mice were perfusion fixed with a 4% paraformaldehyde and 2.5% glu­
taraldehyde in 0.1 M phosphate buffer at pH 7.4. Saphenous nerve 
was dissected and postfixed overnight, then transferred to 0.175 M 
cacodylate buffer, osmicated, dehydrated, and embedded in Embed 
812 (Ladd Research Industries). Ultrathin sections were stained 
in uranyl acetate and lead citrate and viewed on a Hitachi H-7600 
electron microscope.

T cell/APC in vitro coculture and proliferation assay
CD8+ T cells were enriched using a CD8+ T cell–negative selection 
column from Miltenyi Biotec. T cells from control or tumor-bearing 
(Nf1f/f; DhhCre) mice were labeled with CFSE and mixed with APCs 
from WT or tumor-bearing mice. APCs were purified from spleens 
of control WT or tumor-bearing Nf1f/f; DhhCre mice by removal of 
pan-T cells using a T cell–positive selection column from Miltenyi 
Biotec. Four days later, cells were harvested and assessed for CFSE 
dilution by flow cytometer.

RNA-seq data analysis
CellChat (v1.6.0; www.cellchat.org) objects were created from four 
Seurat (version 3.1.2; https://satijalab.org/seurat) objects [2- and 
7-month-old WT mouse DRG controls, 2-month-old mouse neuro­
fibroma pretumor (Nf1f/f; DhhCre), and 7-month-old mouse neuro­
fibroma tumor (Nf1f/f; DhhCre)] extracted from the 10x Genomics 
scRNA-seq data (5). The “secreted signaling interactions” sub-database 
(for mouse) was chosen to infer the cell state–specific communica­
tions. CellChat identifies overexpressed ligands or receptors in one 
cell group and then identifies overexpressed ligand-receptor interac­
tions if either ligand or receptor is overexpressed. CellChat infers 
the biologically significant cell-cell communication by assigning each 
interaction with a probability value and performing a permutation 
test. These steps create a complex cell-cell communication networks 
with assigned the communication probability scores. After inferring 
aggregated cell-cell networks, we removed autocrine interactions 
and focused on cell-cell interactions where T cells and immune/

http://www.cellchat.org
https://satijalab.org/seurat
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stromal cells participate as sources (i.e., ligand expressing) and tar­
gets (i.e., receptor expressing), respectively. The P value of 0.05 was 
chosen to extract significant ligand-receptor interactions for each 
sample set. Dot plots were generated to show the permutation P 
value and the communication probability of each interaction.

Statistical analysis
Statistical significance was evaluated using two-tailed student’s t test, 
one-way analysis of variance (ANOVA), or two-way ANOVA when 
appropriate. The differences between individual groups were tested 
by ANOVA analyses using Tukey’s or Dunnett’s multiple compari­
sons test as indicated. A P value of <0.05 was considered statistically 
significant. Data are presented as the means ± SD of at least three 
independent biological replicates or experiments. Graphical visual­
ization and analyses were performed using GraphPad Prism 9.
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This PDF file includes:
Figs. S1 to S6
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