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Introduction
Tuberous sclerosis complex (TSC) is an incurable multisystem genetic disease affecting approximately 
1 million people worldwide. TSC is characterized by hamartomatous benign tumors in multiple organs, 
including brain (subependymal giant cell astrocytoma; SEGA), skin (e.g., facial angiofibroma), kidney 
(angiomyolipomas; AML), and lung (lymphangioleiomyomatosis; LAM) (1, 2). AML is a frequent cause 
of  TSC-associated death as a result of  hemorrhage and/or renal insufficiency (3, 4). LAM, which affects 
almost exclusively women, is a progressive cystic lung disease characterized by abnormal proliferation of  
smooth muscle–like cells that can lead to dependence on supplemental oxygen and respiratory failure (5–7).

TSC is caused by inactivating mutations in 1 of  2 tumor suppressor genes, TSC1 or TSC2 (8–11). 
The TSC1 and TSC2 proteins (hamartin and tuberin, respectively) form a tertiary complex together with 
TBC1D7 to suppress mTOR complex 1 (mTORC1) signaling via the small GTPase Rheb (12). The TSC2 
protein has a GTPase activating domain that stimulates the conversion of  Rheb-GTP to Rheb-GDP (13–
16). mTORC1 is a central regulator of  cellular growth and metabolism (17). Hyperactivation of  mTORC1 
signaling can occur as a consequence of  either TSC1/TSC2 inactivation or dysregulation of  upstream sig-
naling via PTEN and phosphoinositide 3-kinase (PI3K)/Akt. Such aberrant activation of  mTORC1 is 

Tuberous sclerosis complex (TSC) is an incurable multisystem disease characterized by 
mTORC1-hyperactive tumors. TSC1/2 mutations also occur in other neoplastic disorders, 
including lymphangioleiomyomatosis (LAM) and bladder cancer. Whether TSC-associated 
tumors will respond to immunotherapy is unknown. We report here that the programmed 
death 1 coinhibitory receptor (PD-1) is upregulated on T cells in renal angiomyolipomas (AML) 
and pulmonary lymphangioleiomyomatosis (LAM). In C57BL/6J mice injected with syngeneic 
TSC2-deficient cells, anti–PD-1 alone decreased 105K tumor growth by 67% (P < 0.0001); the 
combination of PD-1 and CTLA-4 blockade was even more effective in suppressing tumor 
growth. Anti–PD-1 induced complete rejection of TSC2-deficient 105K tumors in 37% of mice (P 
< 0.05). Double blockade of PD-1 and CTLA-4 induced rejection in 62% of mice (P < 0.01). TSC2 
reexpression in TSC2-deficient TMKOC cells enhanced antitumor immunity by increasing T cell 
infiltration and production of IFN-γ/TNF-α by T cells, suggesting that TSC2 and mTORC1 play 
specific roles in the induction of antitumor immunity. Finally, 1 month of anti–PD-1 blockade 
reduced renal tumor burden by 53% (P < 0.01) in genetically engineered Tsc2+/– mice. Taken 
together, these data demonstrate for the first time to our knowledge that checkpoint blockade 
may have clinical efficacy for TSC and LAM, and possibly other benign tumor syndromes, 
potentially yielding complete and durable clinical responses.
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observed in many human cancers, as well as in TSC-associated tumors (18). mTOR inhibitors, such as 
rapamycin (sirolimus) and everolimus, are Food and Drug administration–approved (FDA-approved) ther-
apies for specific TSC-associated manifestations, including AML, LAM, and SEGA (19–23). The response 
to therapy is incomplete, with a partial decrease in AML and SEGA tumor size and stabilization of  lung 
function in women with LAM. Upon treatment cessation, however, AML and SEGA regrow and lung 
function declines in women with LAM (19–23). Therefore, continuous therapy with rapamycin is required, 
highlighting the need for other treatments that result in complete and durable clinical responses.

Alongside the intrinsic, cell-autonomous drivers of  tumorigenesis, tumor growth is dependent on 
multiple extrinsic factors, including tumor endothelia, stromal components, and local immune cells (24). 
Tumor-infiltrating lymphocytes (TILs) play critical roles in tumorigenesis, particularly functional cytolytic 
T cells, which are crucial for mediating immune surveillance (25, 26). Tumors can escape immune sur-
veillance via several mechanisms. One of  these escape mechanisms is to modulate T cell responses by 
enhancing signaling through coinhibitory receptors or immune checkpoint proteins on T cells, including 
programmed cell death-1 (PD-1), cytotoxic T lymphocyte-associated antigen-4 (CTLA-4), T cell immuno-
receptor with Ig and immunoreceptor tyrosine-based inhibition motif  (ITIM) domains (TIGIT) and T cell 
immunoglobulin and mucin-domain containing-3 (TIM-3) (27–32).

Understanding the interaction between T cells and tumor cells has led to the development of  successful 
checkpoint blockade immunotherapy targeting PD-1 and CTLA-4 on T cells, as well as PD-ligand 1 (PD-
L1), which is often expressed on tumor cells (33–35). These therapies have proven to be highly effective 
in treating multiple malignancies, including non–small cell lung cancer (NSCLC), renal cell carcinoma 
(RCC), melanoma, bladder cancer, and Hodgkin’s lymphoma (36).

It is currently unknown whether benign tumors, such as those arising in TSC, will also respond to 
checkpoint blockade therapy. In this study, we sought to examine the immune microenvironment of  
TSC-associated tumors. We found that T cells in AML have increased PD-1 expression compared with nor-
mal kidneys. Utilizing 2 TSC2-null cell lines, we found that s.c. tumor growth in immunocompetent mice 
was suppressed by anti–PD-1 or anti–CTLA-4 antibodies. Combination blockade of  PD-1 and CTLA-4 
demonstrated the most potent inhibition of  tumor growth. Compellingly, PD-1 monotherapy led to com-
plete tumor rejection in 37% of  animals, and combination therapy led to complete tumor rejection in 62% 
of  animals. Tumor clearance was associated with increased infiltration of  T cells into the tumors. These 
T cells demonstrated enhanced proliferation and production of  IFN-γ and TNF-α. Reexpression of  TSC2 
in TSC2-deficient cells increased tumor-infiltrating CD8+ and CD4+ T cells and IFN-γ/TNF-α–producing 
CD8+ and CD4+ T cells. Strikingly, the efficacy of  dual PD-1 and CTLA-4 blockade was enhanced by TSC2 
reexpression. This is the first evidence to our knowledge that TSC2 plays a specific role in antitumor immu-
nity and the first preclinical evidence to our knowledge suggesting that benign tumor syndromes, such as 
those found in TSC, may respond to immune checkpoint blockade.

Results
PD-1 is highly expressed on T cells in AML and LAM. To determine whether tumor-infiltrating T cells are pres-
ent in the microenvironment of  human AMLs, IHC staining for T lymphocytes using anti-CD3 antibody 
was performed on formalin-fixed and paraffin-embedded AML tissues. This revealed an 8-fold increase in 
the number of  CD3+ T cells in AML tissues compared with normal kidney (Figure 1A).

In parallel, we analyzed 5 freshly resected AML vs. normal kidney by multiparametric flow cytometry. 
Tumor-infiltrating T cells were significantly enhanced (3-fold, P < 0.05) in AML tissues compared with nor-
mal kidney (Figure 1B). There was a trend toward increased CD33+ myeloid cells and CD15+ granulocytes 
in AMLs vs. normal, but no change in CD19+ B cells, CD56+ NK cells, or NKT cells (Figure 1B). We further 
examined the presence of  myeloid cell populations in AMLs. In comparison with normal kidney, the percent-
ages of  CD33+CD15+CD14–HLA-DR– granulocyte-like myeloid derived suppressor cells (G-MDSCs) (mean 
3.75 vs. 17.54; P = 0.039) and CD14+CD16– monocytes (mean 1.72 vs. 15.71; P = 0.036) were increased in the 
tumor tissues (Supplemental Figure 1A; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.98674DS1). However, the relative frequencies of  CD14+CD163+HLA-DR– tumor-as-
sociated macrophages (TAMs) and CD14+CD163–HLA-DR– monocyte MDSCs (M-MDSCs) in AMLs were 
not significantly increased compared with normal kidney (Supplemental Figure 1A).

We also examined T cell infiltration in LAM by IHC. HMB45, an established marker of  LAM cells, 
was used to identify LAM nodules. We found that LAM nodules showed an accumulation of  T cells (Fig-
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Figure 1. Increased T cell infiltration and PD-1+ T cells in angiomyolipomas (AML) and lymphangioleiomyomatosis (LAM). (A) Left, representative CD3 
IHC in AML (n = 9) and normal kidney (n = 4). Scale bar: 50 μm. Right, quantification of CD3+ T cells in AML vs. normal kidney. Statistical significance was 
determined by Mann-Whitney’s U test. ***P < 0.001. (B) Multiparametric flow cytometry data of AML (n = 5) and normal kidney (n = 4) indicating the 
frequency (%) of CD3 T cells, CD19+ B cells, CD56+ NK cells, NKT cells, CD33+ myeloid cells, and CD15+ granulocytes. Data are presented as mean ± SD. Statis-
tical significance determined by multiple 2-tailed t test followed by Holm-Sidak post-test for multiple comparisons. *P < 0.05. (C) Representative CD3 and 
HMB45 IHC in LAM (n = 10) and normal lung (n = 3). Scale bar: 50 μm. (D) Multicolor flow cytometry data for LAM (n = 4) and normal lung (n = 4) indicating 
the frequency (%) of CD3 T cells, CD19+ B cells, CD56+ NK cells, NKT cells, CD33+ myeloid cells, and CD15+ granulocytes. Data for bar graphs were calculated 
using multiple 2-tailed t test followed by Holm-Sidak post-test for multiple comparisons. (E) Representative IHC for CD3 and PD-1 in serial sections of AML 
(n = 10) and normal kidney (n = 4). Red arrows indicate PD-1+ T cells. Scale bar: 50 μm and 25 μm (inset).
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ure 1C), similar to AML. However, multiparametric flow cytometric analysis of  fresh whole lung tissues 
from 4 LAM patients whose lungs were removed at the time of  lung transplantation revealed only a small 
and insignificant increase in T cells compared with their 4 normal-lung controls (Figure 1D). This likely 
reflects the complexity of  cellular pathology in the end-stage LAM, in which LAM nodules are a minority 
population. We did not observe a difference in G-MDSCs, monocytes, TAMs, or M-MDSCs in LAM vs. 
normal lung (Supplemental Figure 1B).

PD-1 expression on tumor-infiltrating T cells contributes to T cell dysfunction in the tumor microenvi-
ronment (36). We found more PD-1+ T cells in AML vs. normal kidney (Figure 1E) and in LAM nodules 
compared with normal lung (Supplemental Figure 1C).

PD-L1 is not expressed in AML and is rarely expressed in LAM, but it is highly expressed on tumor myeloid cell 
infiltrates. PD-1 has 2 ligands, PD-L1 and PD-L2, which are both inhibitory. PD-L1 is widely expressed in 
the tumor microenvironment. It is frequently found on tumor cells, fibroblasts, endothelial cells, and hema-
topoietic cells. In contrast, PD-L2 is mainly expressed on myeloid cells and DCs, and also on some tumor 
cells (35). We used IHC to examine the expression of  PD-L1 in fixed AML and LAM tissues. No PD-L1 
positivity was observed in AML cells (n = 10), and only faint cytoplasmic PD-L1 staining was observed in 
LAM nodules, in a minority of  cases (2/10 cases) (Supplemental Figures 2, A and B).

In contrast to this absent PD-L1 expression on AML and low expression on LAM cells, PD-L1 expression 
was detected on hematopoietic cells within AML and LAM nodules. In both tissue types, the relative frequen-
cies of PD-L1–expressing G-MDSCs, M-MDSCs, TAMs, and monocytes were higher than PD-L2 (Supple-
mental Figure 2, C and D). The PD-L1–expressing G-MDSCs and monocytes were significantly upregulated in 
AML compared with normal kidney (Supplemental Figure 2E). The relative frequencies of PD-L1–expressing 
G-MDSCs, m-MDSCs, TAMs, and monocytes were not different in LAM vs. normal lung (Supplemental Fig-
ure 2F). Interestingly, PD-L2–expressing monocytes were also increased within AMLs when compared with 
normal kidney (Supplemental Figure 2G). We did not observe differences in the relative frequencies of G-MD-
SCs, m-MDSCs, TAMs, and monocytes in LAM compared with normal lung (Supplemental Figure 2H).

Combination of  PD-1 and CTLA-4 blockade suppresses tumor growth and increases T cell infiltration in TSC2-de-
ficient tumors. Based on these findings that PD-1+ T cells infiltrate TSC2-deficient human tumors, we next 
examined the in vivo efficacy of  PD-1–blocking monoclonal antibody alone or in combination with CTLA-
4 blocking monoclonal antibody in preclinical s.c. models of  TSC. We used 2 different TSC2-deficient cell 
lines, 105K and TMKOC, both of  which were derived from renal tumors that developed in C57BL/6J 
Tsc2+/– mice (37, 38). The TMKOC cells, but not the 105K cells, were passaged through immunodeficient 
mice to enhance tumorigenicity (38). Injection (s.c.) of  these cells into immunocompetent C57BL/6J mice 
led to tumor development. Once tumors became palpable, mice were then injected i.p. with isotype control, 
anti–PD-1, anti–CTLA-4, or combined anti–PD-1 and CTLA-4 antibodies, every 3 days for a total of  4 
treatments (Figure 2A). In the 105K model, anti–PD-1 treatment suppressed tumor growth by 62% (P < 
0.0001), whereas anti–CTLA-4 decreased tumor growth by 25% (P < 0.05). The combination of  anti–PD-1 
and –CTLA-4 inhibited tumor growth by 77% (P < 0.0001) in 105K tumors compared with isotype control 
(Figure 2B). In the TMKOC model, anti–CTLA-4 suppressed tumor growth by 57% (P < 0.0001), anti–
PD-1 by 25% (P < 0.05), and the combination of  both anti–PD-1 and anti–CTLA-4 by 50% (P < 0.001), 
compared with isotype control treatment (Figure 2B). In summary, in both the 105K and TMKOC models, 
individual PD-1 or CTLA-4 blockade inhibited tumor growth, while combined PD-1 and CTLA-4 block-
ade decreased tumor growth to a greater extent than single blockade.

Interestingly, the level of  CD8+ T cell infiltration correlated with the degree of  response to therapy. The 
combination of  PD-1 and CTLA-4 antibody treatment increased CD8+ T cell infiltration in both models 
more than single-agent treatment (2-fold, P < 0.01, in 105K and 3-fold, P < 0.001, in TMKOC; Figure 2C 
and Supplemental Figure 3). Similarly, combined PD-1 and CTLA-4 antibody treatment increased total 
CD4+ T cell infiltration (Figure 2C). Taken together, these data demonstrate that combined anti–PD-1 and 
anti–CTLA-4 therapy enhances T cell infiltration and inhibits the growth of  TSC2-deficient tumors.

To investigate whether proliferation of  tumor-infiltrating T cells and/or cytokine production are 
altered as a result of  combination coinhibitory blockade of  PD-1 and CTLA-4, we isolated TILs from 
tumors 24 hours following the last treatment. These were stimulated ex vivo with PMA and iono-
mycin for 4 hours. Proliferation and intracellular cytokines were monitored by flow cytometry using 
Ki-67 and IFN-γ/TNF-α antibodies, respectively. Combined PD-1 and CTLA-4 blockade significantly 
increased Ki-67–expressing CD8+ T cells (Figure 3A). IFN-γ–producing CD8+ T cells were induced 
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by PD-1 and CTLA-4 single blockade and also by the combination of  the 2 antibodies in the 105K 
tumors (Figure 3B). Interestingly, in both models, combined PD-1 and CTLA-4 blockade enhanced the 
TNF-α–producing CD8 population of  TILs (Supplemental Figure 4, A and B). In TMKOC tumors, 
TNF-α–producing CD8+ and CD4+ T cells were induced by single anti–CTLA-4 and combined anti–
PD-1 and anti–CTLA-4 (Supplemental Figure 4B). We also assessed the double-positive IFN-γ and 
TNF-α cells and found that the dual blockade of  PD-1 and CTLA-4 augmented this population within 
CD8+ and CD4+ T cells (Figure 3C). Thus, the combination of  PD-1 and CTLA-4 antibody therapy 
more potently increased TIL proliferation and accumulation of  intracellular cytokines when compared 
with monotherapy in both models.

Figure 2. PD-1 and CTLA-4 combination blockade suppresses TSC2-deficient tumor growth and increases the frequency of infiltrating CD8+ T cells. (A) 
Experimental design for s.c. TSC2-deficient 105K tumors (left) and TSC2-deficient TMKOC tumors (right) treated with isotype control, αPD-1, αCTLA-4, 
or combined αPD-1 plus αCTLA-4 every 3 days for 4 treatments. (B) Growth of 105K tumors (left) and TMKOC tumors (right) treated as indicated (n = 8 
per group). Data are presented as mean ± SD. Statistical significance was determined by nonparametric 1-way ANOVA followed by Holm-Sidak post-test 
between tumor sizes at day 27 for 105K tumors and day 15 for TMKOC tumors. (C) Flow cytometry quantification of tumor-infiltrating CD4+ and CD8+ T cells 
in TSC2-deficient 105K tumors (left) and TSC2-deficient TMKOC tumors (right) obtained 24 hours following the last treatment (n = 6–8 per group). Data are 
presented as mean ± SD. Statistical significance was determined by nonparametric 1-way ANOVA followed by Dunn’s multiple comparison test. *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001.
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Combination blockade of  CTLA-4 and PD-1 in TSC2-deficient tumors suppresses Tregs and increases CD8+ T Cell/
Treg and CD4+ T cells/Treg ratios. Tregs play critical roles in suppressing antitumor immune responses (39). 
Previous studies have shown that blocking PD-1 and/or CTLA-4 can enhance antitumor response by mod-
ulating Treg infiltration and/or function (40–42). The combined blockade of  PD-1 and CTLA-4 reduced the 
frequency of  Foxp3+CD4+ Tregs in both models (from 26% to 17% in the 105K, and from 42% to 30% in 
the TMKOC, P < 0.05, Figure 4A). In addition, the CD8/Treg and CD4/Treg ratios increased significantly 
following combination therapy in both models (CD8/Treg ratio: from 5 to 15 in the 105K and 5 to 12 in the 
TMKOC; CD4/Treg ratio: from 4.5 to 7 in the 105K and 2.2 to 3.9 in the TMKOC, P < 0.05, Figure 4B).

PD-1 blockade alone or combined PD-1 and CTLA-4 blockade suppress PD-1+Tim-3+ and PD-1+TIGIT+ within 
the tumor-infiltrating CD8+ T cell population. To further understand the activation state of  the tumor-infiltrat-
ing T cells following blockade of  PD-1 and/or CTLA-4, we assessed the expression of  several coinhibitory 
receptors, focusing on PD-1 expression on CD8+ and CD4+ T cells alone or together with TIGIT, Tim-
3, or CTLA-4. PD-1 single blockade led to a significant decrease in double-positive PD-1+TIGIT+ and 
PD-1+Tim-3+ CD8+ T cells by 30% (P < 0.01), which was also observed in the combined PD-1 and CTLA-4 
treatment (Figure 5, A and B, and Supplemental Figure 5, A and B). CTLA-4 single blockade increased 
the frequency of  PD-1+CTLA-4– in the CD8+ and CD4+ T cell populations in both models (Figure 5C and 
Supplemental Figure 5C). In the TMKOC model, monotherapeutic PD-1 blockade and dual PD-1 and 
CTLA-4 blockade resulted in a significant decrease in PD-1+CTLA4+ T cells (Supplemental Figure 5C).

Figure 3. PD-1 and CTLA-4 com-
bination blockade increases 
proliferating and IFN-γ/TNF-α 
double-producing CD8+ T cells 
in TSC2-deficient tumors. 
Tumor-infiltrating lympho-
cytes (TILs) were purified from 
s.c. 105K or TMKOC tumors 
using Ficoll gradient 24 hours 
following the last treatment, 
as illustrated in Figure 2A. 
TILs were stimulated with cell 
stimulation cocktail containing 
PMA and ionomycin in the pres-
ence of GolgiPlug for 4 hours. 
CD8+ and CD4+ T cells were 
analyzed by flow cytometry for 
lymphocyte markers and Ki-67 
expression (A), intracellular 
IFN-γ production (B), and intra-
cellular IFN-γ and TNF-α pro-
duction (C) (n = 6–8 per group). 
Data are presented as mean ± 
SD. Statistical significance was 
determined by nonparametric 
1-way ANOVA followed by 
Dunn’s multiple comparison 
test. *P < 0.05; **P < 0.01.



7insight.jci.org      https://doi.org/10.1172/jci.insight.98674

R E S E A R C H  A R T I C L E

Combination blockade of  PD-1 and CTLA-4 receptors significantly reduces F4/80+ macrophages, CD11b+Ly6G+Ly6C-
med G-MDSCs, and CD11b+ DCs in TSC2-deficient tumors. Some myeloid populations, including MDSCs, have been 
shown to dampen T cell activity in tumors (38). Previous studies have shown that PD-1 blockade can decrease 
tumor-infiltrating MDSCs or TAMs in preclinical mouse models of melanoma and head and neck cancer (42–
45). Therefore, we assessed the effects of immunotherapy on TAMs, MDSCs, and DCs. Combination PD-1 and 
CTLA-4 blockade reduced the relative frequencies of CD11b+F4/80+ macrophages and CD11b+Ly6G+Ly6Cmed 
G-MDSCs in 105K and TMKOC tumors (Figure 6, A and B, and Supplemental Figure 6, A and B). In addition, 
regulatory CD11c+CD11b+ DCs were reduced following combination therapy (Figure 6C and Supplemental 
Figure 6C). We also assessed activation of macrophages by examining the expression of CD80 and CD86 fol-
lowing the treatments in both 105K and TMKOC tumors. These populations were not affected (Figure 6A and 
supplemental Figure 6A). Tumor-infiltrating NKs were not altered in 105K tumors (Figure 6D), but single PD-1 
blockade increased NKs in TMKOC tumors (Supplemental Figure 6D).

PD-1 monotherapy or in combination with CTLA-4 promotes complete tumor rejection. Blockade of  PD-1 
and/or CTLA-4 has been shown to enhance effector T cell responses and induce T cell–mediated 
tumor rejection in some models (41, 42, 46, 47). To evaluate whether checkpoint inhibition of  PD-1 
and CTLA-4 leads to long-term tumor regression, we treated mice carrying 105K tumors with anti–
PD-1, anti–CTLA-4, or the combination (Figure 7A) and followed them for up to 100 days. Consistent 
with prior results (Figure 2B), single PD-1, CTLA-4, or combination blockade inhibited tumor growth 
(Figure 7B). Mice treated with anti–CTLA-4 alone had a median survival of  48 days, with no tumor-
free mice (Figure 7C and Table 1). In contrast, 3 of  8 mice treated with anti–PD-1 were tumor free 
at 100 days (Figure 7C and Table 1), and 5 of  8 mice that received combined inhibition of  PD-1 and 
CTLA-4 were tumor free at 100 days (Figure 7C and Table 1). These data demonstrate, for the first 
time to our knowledge, that checkpoint blockade of  TSC2-deficient tumors can lead to complete and 
sustained antitumor responses.

Sequential rapamycin treatment followed by PD-1 blockade delays TSC2-deficient tumor regrowth. Rapamy-
cin and its analogues (rapalogs) clinically suppress tumors in TSC patients. Rapalogs have a cytostat-
ic effect with tumor regrowth after treatment discontinuation (19–23). In mice, this tumor regrowth 
begins within days of  rapamycin discontinuation. Rapamycin has been shown to inhibit T cell acti-

Figure 4. PD-1 and CTLA-4 
combination blockade 
decreases the percentage 
of Foxp3+CD4+ Tregs and 
increases the CD8/Treg 
and CD4/Treg ratio in 
TSC2-deficient tumors. 
(A) Flow cytometry quan-
tification of tumor-in-
filtrating Foxp3+CD4+ 
Tregs in TSC2-deficient 
105K tumors (left) and 
TSC2-deficient TMKOC 
tumors (right) obtained 24 
hours following the last 
treatment, as illustrated 
in Figure 2A. (B) Ratios of 
CD8+ T cells to Tregs and 
CD4+ T cells to Tregs with-
in 105K tumors (left) and 
TSC2-deficient TMKOC 
tumors (right) are shown 
(n = 6–8 per group). Data 
are presented as mean ± 
SD. Statistical significance 
was determined by non-
parametric 1-way ANOVA 
followed by Dunn’s 
multiple comparison test. 
*P < 0.05.
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vation (48), suggesting a complex 
interplay between suppression of  
the immune system and suppres-
sion of  tumorigenesis. We assessed 
a sequential treatment regimen of  
rapamycin followed by PD-1 block-
ade (Figure 8A) to determine how 
rapamycin treatment prior to PD-1 
blockade impacts response. Mice 
with palpable TSC2-deficient 105K 
tumors were injected i.p. with vehi-

cle or rapamycin for 6 treatments over 2 weeks. The rapamycin-treated mice then received 4 treatments 
of  anti–PD-1 or isotype control antibodies, beginning 24 hours after the final rapamycin treatment. 
As expected, rapamycin inhibited tumor growth (Figure 8B), and anti–PD-1 sequential therapy had 
antitumor activity (Figure 8C), consistent with our earlier data (Figure 2B). Tumor progression after 
completion of  anti–PD-1 therapy was significantly inhibited compared with isotype control antibody, 
with a net decrease of  67% in tumor volume at 15 days following the last treatment (P < 0.001, Figure 
8D). PD-1 inhibition lengthened the survival of  mice (Figure 8E); however, we noted that only 9% 
of  them had a complete response. These data suggest that the addition of  PD-1 blockage therapy can 
enhance the therapeutic efficacy of  rapamycin.

TSC2 reexpression promotes antitumor responses and enhances the potency of  dual PD-1 and CTLA-4 blockade. 
We sought to elucidate whether loss of  TSC2 is specifically involved in the generation of  an immunosuppres-
sive tumor microenvironment by profiling immune cell infiltration in TSC2-deficient and TSC2 reexpressing 
tumors in syngeneic C57BL/6J mice. Expression of  TSC2 was assessed by immunoblotting in TSC2-null 
cells expressing control vector (referred to as TSC2-null) or TSC2 reexpressing cells (referred to as TSC2 
add-back) (Figure 9A). We found that TSC2 add-back cells grew 10% faster than TSC2-null cells in vitro (P 
< 0.001, Supplemental Figure 7A). However, when the 2 cell lines were injected s.c. into Cd8–/– mice, TSC2 
add-back tumors proliferated much slower than TSC2-null tumors (Supplemental Figure 7B). Similarly, when 
TSC2-null and TSC2 add-back cells were injected s.c. into immunocompetent C57BL/6 mice, TSC2 reex-
pression suppressed tumor growth by 68% at 28 days after injection (P < 0.001) and increased tumor-free 
survival when compared with TSC2-null cells by a median of  14 days (Figure 9, B and C).

In order to assess whether TSC2 is a bona fide regulator of  tumor immunity, we generated single-cell 
suspensions from tumors that had been grown to the same size (800 mm3) and analyzed single cells by 
multi-color flow cytometry. The frequency of  tumor-infiltrating CD45+ hematopoietic cells was similar in 
the TSC2-null vs. TSC2 add-back tumors (Figure 9D). The percentage of  CD11b+ myeloid cells was not 
changed in the TSC2 add-back tumors (Figure 9D). There was a 3-fold increase in the percentage of  infil-
trating CD8+ T cells (P < 0.0001) and a 2-fold increase in the percentage of  CD4+ T cells (P < 0.01, Figure 
9E). We also observed a significant increase in IFN-γ/TNF-α–producing CD8+ and CD4+ T cells (Figure 
9F) in the tumors with TSC2 reexpression. There was a trend toward increased percentage of  Ki-67+CD8+ 
and Ki-67+CD4+ T cells (Figure 9G). There was also a significant increase in M-MDSCs (Supplemental 
Figure 8A), but there was no change in TAMs, G-MDSCs, or DCs (Supplemental Figure 8, A and B).

Given that TSC2 plays a critical role in antitumor immunity, we then examined whether TSC2 can 
enhance checkpoint blockade therapy. Mice with palpable TSC2-null and TSC2 add-back TMKOC tumors 
were treated with control isotype or combined anti–PD-1 and anti–CTLA-4 every 3 days for 4 treatments in 
total. Consistent with Figure 9B, TSC2 reexpression reduced tumor growth (Figure 9H), and as expected, 
dual PD-1 and CTLA-4 blockade suppressed the proliferation in TSC2-null tumors (Figure 9H). Remark-
ably, TSC2 add-back tumors had a greater response to combined anti–PD-1 and anti–CTLA-4 treatment 
compared with TSC2-null tumors (P < 0.05, Figure 9H). Importantly, TSC2 add-back tumors treated with 
dual anti–PD-1 and anti–CTLA-4 exhibited more infiltration of  CD8+ CD4+ T cells, enhanced production 
of  IFN-γ and TNF-α, and increased expression of  proliferative marker Ki-67 compared with TSC2-null 
tumors treated with isotype control antibodies (Supplemental Figure 9, A–C).

To investigate whether TSC2 is beneficial for long-term tumor regression following checkpoint block-
ade therapy, we treated TSC2-null and TSC2 add-back TMKOC tumors with isotype control or combined 
anti–PD-1 and anti–CTLA-4 and followed them up to 40 days. Consistent with prior results (Figure 9C), 

Table 1. PD-1 blockade alone or in combination with CTLA-4 
blockade increases complete tumor rejection at 100 days

Tumor-free mice 100 days off treatment
Treatment Tumor free mice
Control Ab 0/8 (0%)
αPD-1  3/8 (37.5%)
αCTLA-4  0/8 (0%)
αPD-1 + αCTLA-4  5/8 (62.5%)
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TSC2 add-back prolonged median survival by 10 days, with no tumor-free mice (Figure 9I and Table 2). 
Strikingly, mice carrying TSC2 add-back tumor treated with combined anti–PD-1 and anti–CTLA-4 had 
improved overall survival (P < 0.0001) and more tumor-free survivors (5/14 vs. 1/14) compared with 
TSC2-null tumors treated with combined anti–PD-1 and anti–CTLA-4 (Figure 9I and Table 2).

Figure 5. PD-1 blockade alone or in combination with CTLA-4 suppresses PD-1+TIGIT+ and PD-1+Tim-3+ CD8+ T cells in 105K tumors. Flow cytometry quan-
tification of the tumor-infiltrating PD-1+ and/or TIGIT+ CD8+ or CD4+ T cells (A), PD-1+ and/or Tim-3+ CD8+ or CD4+ T cells (B), and PD-1+ and/or CTLA-4+ CD8+ 
or CD4+ T cells (C) in TSC2-deficient 105K tumors 24 hours following the last treatment, as illustrated in Figure 2A (n = 6–8 per group). Data are presented 
as mean ± SD. Statistical significance was determined by 2-way ANOVA followed by Holm-Sidak post-test for multiple comparison. *P < 0.05; **P < 0.01.
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Cumulatively, these data 
indicate that the absence of  
TSC2 in tumors plays a specific 
role in generating an immuno-
suppressive tumor microenviron-
ment and that TSC2 reexpression 
elicits T cell–mediated antitumor 
immunity that is enhanced by 
PD-1 and CTLA-4 blockade.

Anti–PD-1 inhibits renal tumorigenesis in Tsc2+/– mice. Given that anti–PD-1 antibody therapy has a substan-
tial effect on tumor growth in the s.c. models, we tested the efficacy of  PD-1 blockade in a genetically engi-
neered mouse model of  TSC. Tsc2+/– mice on A/J strain background develop benign kidney tumors, known 
as cystadenomas (49). Tsc2+/– mice (6-and-a-half  months old) were treated with isotype control or anti–PD-1 
antibody every 3 days for a total of  8 treatments (Figure 10A). The mice were harvested 24 hours after the last 
treatment. The effect of  anti–PD-1 antibody on gross and microscopic kidney tumor burden was analyzed as 
described previously (49, 50). The gross kidney tumor score, based on cyst size and number, was decreased by 
41% in anti–PD-1–treated mice (score = 17.3) compared with isotype control treated mice (score = 29.3) (P < 
0.01, Figure 10B). The microscopic kidney tumor score was also reduced by 53% in anti–PD-1–treated mice 
(score = 1.4) compared with isotype control–treated mice (score = 3.0) (P < 0.01, Figure 10C). These data 
further confirm that anti–PD-1 blocking antibody has efficacy in treating TSC tumors.

Discussion
TSC is an autosomal dominant disorder with diverse manifestations, including seizures, autism, cognitive 
disability, and tumors of  the brain, heart, kidney, skin, and lung (1, 2). Tumors often develop during child-
hood. Treatment of  TSC-associated tumors, including AML, SEGA, and LAM, with mTORC1 inhib-
itors leads to partial responses, with tumor regrowth upon treatment discontinuation, consistent with a 
cytostatic cellular response (19–23). Novel therapeutic strategies that induce complete clinical responses, 
thereby reducing the need for lifelong mTORC1 inhibitor therapy, could have a major clinical impact for 
both adults and children with TSC. Immunotherapy approaches have yielded substantial clinical bene-
fits in selected patients with melanoma, RCC, NSCLC, bladder cancer, and other malignancies, but their 
potential efficacy in benign tumors, such as those that occur in TSC, is largely unexplored. We report here 
that single-agent PD-1 and CTLA-4 blockade or their combination inhibits the growth of  TSC2-deficient 
tumors in mice, associated with increasing tumor-infiltrating CD8+ and CD4+ T cells and decreasing Tregs, 
G-MDSCs, and regulatory CD11b+ DCs. Importantly, complete regression of  established tumors can be 
achieved in preclinical mouse models of  TSC tumorigenesis using anti–PD-1 monotherapy. The combi-
nation of  anti–PD-1 and anti–CTLA-4 nearly doubles the number of  tumor-free survivors. Our studies 
provide the first preclinical evidence to our knowledge that TSC-associated tumors and LAM can be treated 
with checkpoint blockade immunotherapy, with the potential for long-term disease-free responses that can-
not currently be achieved with mTORC1 inhibitors.

Human AML tissues showed an 8-fold accumulation of  T cells compared with normal kidney. The 
presence of  preexisting intratumoral lymphocytes has been found to correlate with the success of  immu-
notherapy (51). We hypothesized that similar results would be seen in LAM, since LAM cells have 
biallelic TSC2 mutations and express melanoma and smooth muscle markers, making them essentially 
indistinguishable from the smooth muscle cell component of  AML. While we observed T cells within 
LAM nodules, this was not significantly higher, quantitatively, when compared with normal lung — 
consistent with previous studies (52). We suspect that this reflects the substantial cellular heterogeneity 
within the lungs of  women with end-stage LAM, since the majority of  the samples we studied were from 
lungs removed at the time of  transplantation for LAM.

PD-1+ T cells were present in both AML and LAM nodules, but we did not find extensive expression of  
PD-L1 in either AML or LAM. This was consistent with a prior study in which 7 cases of  AML (53) were 
stained using a PD-L1 antibody that recognizes a C-terminal epitope of  the protein, which was developed 
recently by Mahoney et al. (54). An earlier study used a different PD-L1 antibody and reported PD-L1 expres-
sion in 3 of  110 AMLs (55). Similarly in LAM, we observed only faint cytoplasmic staining in 2 of  10 cases. 
In contrast to the absent or low expression of  PD-L1 on AML and LAM cells, respectively, PD-L1 expression 

Table 2. Tumor-free mice 30 days off treatment

Treatment Tumor free
TSC2-null + control Ab  0/14 (0%)
TSC2-null +αPD-1/αCTLA-4  1/14 (7.1%)
TSC2-add-back + control Ab  0/14 (0%)
TSC2-add-back + αPD-1/αCTLA-4 5/14 (35.7%)
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was increased on G-MDSCs and monocytes in AML relative to normal kidney. These data suggest that the 
upregulated PD-1 on intratumoral T cells in TSC may be engaged by the expression of  PD-L1 on tumor-in-
filtrating immunosuppressive immune cells, rather than on tumor cells themselves. The absence of  PD-L1 
expression in AML and LAM (with hyperactivation of  mTORC1 signaling) is intriguing, as multiple studies 
have demonstrated that mTORC1 activation tightly regulates PD-L1 expression in several different human 
tumors (56–59). Our data suggest that loss of  TSC2 and activation of  mTORC1 are insufficient to induce 
PD-L1 expression and that other genetic and/or epigenetic events in malignant tumors may be required.

We observed substantial efficacy of  anti–PD-1 antibodies, alone or in combination with anti–CTLA-4 
antibodies, in preclinical models of  TSC. We used 2 different cell lines derived from renal tumors in Tsc2+/– 
mice, allowing us to work with syngeneic mice with intact immune systems. While both of  these lines were 
derived from similar tumors, these lines differ in that TMKOC cells were passaged through immunodeficient 
mice to develop a more tumorigenic cell line (38). In both models, single-agent PD-1 and CTLA-4 antibody 
therapy was effective, while combination blockade of  PD-1 and CTLA-4 was even more effective in reducing 
tumor growth. Our data is consistent with previous reports in other cancer murine models (41, 42, 60, 61) 
that combination blockade therapy resulted in enhanced tumor-infiltrating CD4+ and CD8+ T cells, increased 
CD8/Treg and CD4/Treg ratios, and reduced Tregs, TAMs, and CD11b+ DCs. We used anti–PD-1 (RMP1-
30) for detection, which has been previously shown to recognize a distinct epitope from the therapeutic anti–
PD-1 (RMP1-14) (62). The anti–CTLA-4 antibody (UC10-4B9) we used for detection was also previously 
used in studies of  therapeutic anti–CTLA-4 (9D9) treatment (63). Surprisingly, we found that PD-1 blockade 
alone or together with CTLA-4 reduced double-positive PD-1+Tim3+ and PD-1+TIGIT+ CD8+ T cells but not 
the PD-1+CD8+ T cells. In contrast, other studies have demonstrated that PD-1 blockade resulted in increased 

Figure 6. PD-1 and CTLA-4 combination blockade decreases CD11b+F4/80+ macrophages, CD11b+Ly6CmedLy6G+ G-MDSCs, and regulatory CD11b+ DCs in 
TSC2-deficient tumors. Mice carrying TSC2-deficient 105K tumors were treated as illustrated in Figure 2A. Tumor-infiltrating lymphocytes (TILs) were 
isolated and stained for myeloid lineage and activation markers. Percentage of CD11b+F4/80+ macrophages and CD80+CD86+ macrophages (A), CD11b+Ly-
6CmedLy6G+ G-MDSCs and CD11b+Ly6C+Ly6G– M-MDSCs (B), CD11c+CD11b– DCs and CD11c+CD11b+ DCs (C), and NK cells (D) within CD45+ cells isolated from 
TSC2-deficient 105K tumors are shown (n = 6–8 per group). Data are presented as mean ± SD. Statistical significance was determined by nonparametric 
1-way ANOVA followed by Dunn’s multiple comparison test. *P < 0.05.
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intratumoral PD-1+CD8+ T cells (42, 64). However, one recent report showed that PD-1 monoclonal antibody 
does not affect PD-1 expression on CD8+ T cells (65). The underlying reasons for these differential responses 
to anti–PD-1 therapy are unclear at this time.

Sirolimus (rapamycin) and everolimus are the mainstays of  TSC and LAM therapy. Continuous ther-
apy is required, since tumors regrow when treatment is stopped. To elucidate the translational potential of  
anti–PD-1 in the setting of  mTORC1 inhibitory therapy, we tested sequential therapy by administering rapa-
mycin followed by anti–PD-1 treatment. This regimen resulted in only 9% of the mice with complete tumor 
rejection, which is much lower than single-agent anti–PD-1 (37% complete tumor rejection) and combina-
tion anti–PD-1 and anti–CTLA-4 therapy (67% complete tumor rejection). Rapamycin is well known for 
its immunosuppressive properties, but its effects on T cell responses are not yet completely understood. One 
study has demonstrated that rapamycin weakens antitumor CD8+ T cell response in tumor-bearing mice vac-
cinated with CyaA-E7, regardless of  the dosage and treatment length (66). On the other hand, there are 
studies supporting the notion that rapamycin treatment boosts immunity by generating CD8+ T cell memory 
responses in vaccine-induced antitumoral and antiviral response in mice (67–69). Furthermore, Berezhnoy et 
al. showed that rapamycin enhances the formation of  CD8+ memory T cells, but these reactivated memory 
cells have reduced cytotoxic effector functions (70). This may explain the reduced complete regression rate in 
our model when anti–PD-1 was preceded by rapamcyin. Importantly, however, anti–PD-1 therapy delayed 
the regrowth of  tumors when rapamcyin was discontinued, compared with tumors that did not receive anti–
PD-1 blockade. These data suggest that there is a potential for co-utilization of  mTORC1 inhibitors and 
immunotherapy, although the timing of  the 2 agents will require further optimization.

The Tsc2+/– develops renal cysts and cystadenomas (71), providing a model of spontaneous tumorigene-
sis analogous to humans carrying germline TSC2 mutations. To investigate whether checkpoint inhibition has 
efficacy in Tsc2+/– mice, we treated Tsc2+/– mice with anti–PD-1 antibody or isotype control for 24 days (treated 
every 3 days for a total of 8 doses), beginning at 6.5 months of age, when a significant disease burden is already 
present. The mice were harvested at day 25. Both macroscopic cysts and tumors (evident by visual inspection 
of the intact kidney) and microscopic lesions (quantitated on 5 H&E-stained sections per kidney using an estab-
lished metric that incorporated lesion number, size, and luminal filling) were quantitated. We found that PD-1 
blockade resulted in a 53% reduction in microscopic tumor score (P < 0.01) and a 41% reduction in macroscopic 
score (P < 0.01). Together with the data from our s.c. mouse models of TSC, there findings further support the 
preclinical efficacy of immune checkpoint inhibition for the treatment of TSC2-deficient tumors.

Our analysis of  infiltrating immune cells in TSC2-null and TSC2 add-back tumors showed that TSC2 

Figure 7. PD-1 blockade alone or in combination with CTLA-4 blockade increases complete tumor rejection at 100 days. (A) Experimental design. Mice were 
followed up to 100 days. (B) Tumor growth analyses following the first treatment. (C) Tumor-free survival analysis of mice bearing TSC2-deficient 105K tumors 
treated as indicated (n = 6–8 per group). Statistical significance was determined by Log-rank test. *P < 0.05; **P < 0.01. (D) Percentage of mice bearing s.c. 
105K tumors treated with the indicated monoclonal antibody blockade therapy that completely rejected their tumors.
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plays a role in regulating the tumor immune microenvironment by enhancing the accumulation of  dou-
ble-positive IFN-γ/TNF-α–producing CD4+ and CD8+ T cells at tumor sites. This appears to be a highly 
specific response, since the number of  CD45+ cells is the same in the TSC2-null and TSC2 add-back tumors. 
Importantly, we found that the antitumor effect of  TSC2 reexpression is potentiated by dual PD-1 and CTLA-
4 blockade, suggesting that TSC2 is not merely an intrinsic tumor suppressor gene, but is also involved in 
modulating tumor immunity and enhancing the potency of  checkpoint blockade immunotherapy.

In summary, our data demonstrate that blocking PD-1 or CTLA-4 alone is sufficient to delay tumor growth 
in preclinical models of TSC and that anti–PD-1 can yield complete tumor-free responses. Dual blockade of  
PD-1 and CTLA-4 is more effective than single-agent therapy in achieving complete tumor rejection and improv-
ing long-term survival. This is associated with enhanced accumulation of proliferative and cytokine-producing T 
cells and decreased infiltration of immunosuppressive Tregs, G-MDSCs, and regulatory CD11b+ DCs. Blocking 
the PD-1 pathway in mice following rapamycin treatment also prolonged short-term survival. We conclude that 
single-agent or combination therapy utilizing PD-1 and CTLA-4 blockade may represent a promising approach 
for TSC-associated tumors and the sporadic form of LAM. Our data may also have relevance for many sporadic 
human tumors with activation of mTORC1 (estimated to represent approximately 50% of all human malignan-
cies) (72), as well as other genetic syndromes associated with multiple benign tumors, such as neurofibromatosis 
(NFI) and familial adenomatous polyposis (FAP).

Figure 8. Sequential treatment of rapamycin followed by PD-1 blockade slows tumor regrowth. (A) Schematic representation of treatment schedule. 
Mice carrying s.c. TSC2-deficient 105K tumors were treated with rapamycin (3 mg/kg) or vehicle every 2 days for 6 treatments in total. Twenty-four hours 
following the last rapamycin treatment, rapamycin-treated mice received isotype control or αPD-1 every 3 days for 4 treatments in total and were followed 
up to 36 days. (B) Tumor growth analysis of 105K tumor-bearing mice receiving vehicle (n = 8) or rapamycin treatment (n = 14). Data are presented as mean 
± SD. Statistical significance was determined by Mann-Whitney U test, ****P < 0.0001. (C) Tumor growth analysis of 105K tumor–bearing mice pretreat-
ed with rapamycin and then receiving isotype control (n = 7) or αPD-1 antibody (n = 11). (D) The average tumor volume difference of the isotype control or 
αPD-1 antibody–treated group after the last antibody treatment (day 22) and the final measurement (day 36) is shown. Data are presented as mean ± SD. 
Statistical significance was determined by Mann-Whitney U test. (E) Tumor-free survival analysis of mice bearing TSC2-deficient 105K tumors treated as 
indicated (n = 7–11 per group). Statistical significance was determined by Log-rank test. ***P < 0.001; ****P < 0.0001.
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Methods
Cell lines and transfection. The 105K cells, derived from a Tsc2+/– C57BL/6 mouse renal tumor, were cultured 
in DMEM with 10% FBS as described previously (37). TMKOC cells, originally derived from a renal tubu-
lar cystadenoma of  a C57BL/6 Tsc2+/– mouse, then passaged through immunodeficient mice as described 
previously (38). TMKOC cells were maintained in DMEM with 10% FBS. For analysis of  tumor-infiltrat-
ing immune cells in TSC2-null and TSC2 add-back experiments, TMKOC cells were cotransfected with 
pRP-mCherry-hyPBase plasmid and pPB-empty vector or pPB-TSC2 vector (VectorBuilder) using Lipo-
fectamine 3000 in culture. Forty-eight hours after transfection, cells were selected using puromycin (1 μg/
ml) for 7 days to allow establishment of  stable cell lines. Protein expression was detected by immunoblot 
analysis using antibodies specific for TSC2 (dilution 1:1,000; Cell Signaling Technology; 4308) or β-actin 
(dilution 1:1,000; Cell Signaling Technology; 3700).

S.c. cell injection. Six-week-old male C57BL/6J and Cd8–/– mice were purchased from The Jackson Lab-
oratory. The 105K tumor cells, TMKOC tumor cells, or TMKOC stably expressing pPB-control or pPB-
TSC2 vectors (2.5 × 106 cells) were resuspended in 75 μl of  PBS, and then 75 μl of  growth factor reduced 
Matrigel (Corning, 356237) was added to the cell suspension. The cell/Matrigel suspensions were injected 
s.c. into the left flanks of  male C57BL/6J mice.

In vivo PD-1/CTLA-4 blockade therapy and rapamycin treatment. TMKOC or 105K tumor cells injected s.c. 
were allowed to grow to 150–200 mm3 before initiation of PD-1/CTLA-4 blockade therapy. Mice were then 
treated with 4 i.p. injections (once every 3 days) of rat IgG2a (2A3, BioXcell)/mouse IgG2b (MPC-11, BioXcell) 
isotype control antibodies, anti–PD-1 blocking antibody (200 μg/mouse, RMP1-14, BioXCell), anti–CTLA-4 
blocking antibody (100 μg/mouse, 9D9, BioXCell), or combined anti–PD-1 (200 μg/mouse) and CTLA-4 (100 
μg/mouse) blocking antibodies. For the TMKOC tumor cells expressing control or TSC2 vector, tumors were 
established and treated as described above. For sequential rapamycin and PD-1 blockade experiments, 105K 
tumor cells injected s.c. were allowed to grow to 150–200mm3. Rapamycin (LC Laboratories) was dissolved in 
100% ethanol and then diluted in a vehicle solution containing 5% Tween 80 (MilliporeSigma) and 5% PEG400 
(MilliporeSigma) before injection. Mice received 6 i.p. injections of vehicle or rapamycin (3 mg/kg) every 2 days 
for 2 weeks. Twenty-four hours after cessation of the last rapamycin treatment, mice were treated with rat IgG2a 
isotype control or anti–PD-1 (200 μg/mouse) blocking antibodies every 3 days for a total of 4 treatments.

Regrowth experiments. Mice were s.c. injected with 105K tumor cells and treated with rat IgG2a isotype 
control, anti–PD-1 (200 μg/mouse), anti–CTLA-4 (100 μg/mouse), or combination anti–PD-1 (200 μg/
mouse) and anti–CTLA-4 (100 μg/mouse) blocking antibodies as described above. Tumor regrowth follow-
ing the last treatment was monitored longitudinally using a caliper for 100 days. Mice were s.c. injected with 
TSC2-null or TSC2 add-back TMKOC tumor cells and treated with rat IgG2a isotype control or combination 
anti–PD-1 (200 μg/mouse) and anti–CTLA-4 (100 μg/mouse) blocking antibodies as described above. Tumor 
regrowth following the last treatment was monitored longitudinally using a caliper for 40 days.

Isolation of  TILs from mouse tumors. S.c. solid tumors were disrupted mechanically with a surgical scalpel 
and then enzymatically digested in HBSS (Invitrogen) containing 400 U/ml collagenase IV and 20U/ml 
DNase I, with constant rocking at 37oC for 45 minutes. The resulting cell suspension was passed through a 
70-μm cell strainer and washed once with 1× PBS containing 0.4% FBS and 2.5 mM EDTA. Tumor-infil-
trating immune cells were separated from other cells by centrifugation with the deceleration brake set at 1 at 
1,260 g at 4oC for 25 minutes in a Ficoll gradient (17-1440-03, GE Healthcare). After centrifugation, TILs 
were collected for staining for flow cytometry.

Figure 9. Reexpression of TSC2 in TSC2-deficient tumors enhances T cell–mediated antitumor immunity and promotes dual PD-1 and CTLA-4 blockade. 
(A) Whole cell lysates from TSC2-null TMKOC cells and TSC2 add-back TMKOC cells were analyzed by immunoblotting with antibodies against TSC2 
and β-actin. (B) Tumor growth curve of mice bearing TSC2-null TMKOC tumors or TSC2 add-back TMKOC tumors (n = 6 per group). Data are presented as 
mean ± SD. Statistical significance was determined by Mann-Whitney U test. (C) Tumor-free survival analysis of mice bearing TSC2-null TMKOC or TSC2 
add-back TMKOC tumors. (D–F) Tumors from mice injected with TSC2-null TMKOC or TSC2 add-back TMKOC cells were harvested and analyzed for CD45+ 
hematopoietic lineage cells with lymphocytes and myeloid markers by flow cytometry: (D) CD45+ cells and CD11b+ myeloid cells, (E) CD8+ and CD4+ T cells, 
and (F) CD8+ and CD4+ T cell intracellular IFN-γ and TNF-α production. (G) Ki-67 expression in CD8+ and CD4+ T cells. Data are presented as mean ± SD. Sta-
tistical significance was determined by Mann-Whitney U test. (H) Tumor growth curve of mice bearing TSC2-null TMKOC tumors or TSC2 add-back TMKOC 
tumors treated with isotype control or combined anti–PD-1 and anti–CTLA-4 antibodies (n = 10 per group). Data are presented as mean ± SD. Statistical 
significance was determined by nonparametric 1-way ANOVA followed by Dunn’s multiple comparison test. (I) Overall survival analysis of mice bearing 
TSC2-null TMKOC or TSC2 add-back TMKOC tumors treated as described in H (n = 14 per group). Statistical significance was determined by Log-rank test. 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (J) Percentage of mice bearing s.c. TSC2-null or TSC2 add-back TMKOC tumors treated as described in 
H that completely rejected their tumors.
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Flow cytometry staining of  mouse tumors. For intracellular cytokine staining, isolated TILs were first incu-
bated in cell stimulation cocktail containing PMA and ionomycin (1:500 dilution, 00-4975-93, eBioscience) 
for 4 hours at 37oC in RPMI media containing 10% heat-inactivated FBS and 0.05 mM 2-mercaptoethanol; 
they were then stained with Zombie NIR (423105, BioLegend) for 10 minutes at room temperature. Cells 
were surfaced stained with the following directly conjugated antibodies: CD44-FITC (clone XMG1.2), 
Tim-3–APC (clone RMT3-23), CD62L-BV510 (clone MEL-14), CD45-BV605 (clone 30-F11), CD4-BV650 
(clone RM4-5), CD8-BV711 (clone 53-6.7), CD3-BV785 (clone 17A2), NK1.1-FITC (clone PK136), 
Ly6G-PerCP Cy5.5 (clone 1A8), CD86–PE-Cy7 (clone GL-1), CD11c-BV510 (clone N418), Ly6C-BV605 
(clone HK1.4), CD80-BV650 (clone 16-10A1), CD45-BV711 (clone 30-F11), and CD11b-BV785 (clone 
M1/70) (all from BioLegend), as well as PD-1–eFluor710 (RMP1-30) and TIGIT–PE-Cy7 (clone GIGD7) 
(both from eBioscience). Cell suspensions were washed, fixed, permeabilized, and stained with conjugat-
ed antibodies: IFN-γ–FITC (clone XMG1.2), Ki-67–PE (clone 16A8), TNF-α–APC (clone MP6-XT22), 
and CTLA-4–BV421 (clone UC10-4B9) (all from BioLegend), as well as Foxp3-eFluor450 (clone FJK-16s, 
eBioscience). Flow cytometry was performed on a BD LSRFortessa SORP equipped to detect 17 fluores-
cent parameters. Compensation and data analysis were carried out using FACSDiva and FlowJo software.

Tissue preparation and flow cytometry staining of  human samples. Fresh AML, LAM, normal kidney, and 
normal lung tissues were disrupted mechanically with a surgical scalpel and then enzymatically digested 
in RPMI (Invitrogen) containing 10% FBS, 100 U/ml collagenase IV (Invitrogen), and 50 μg/ml DNase I 
(MilliporeSigma). Staining procedures and antibodies were described previously (73).

IHC. Tissue sections were dewaxed in 3 changes of  xylene followed by 3 changes of  100% ethanol 
(Thermo Fisher Scientific). Heat-induced antigen retrieval was performed in a pressure cooker (Russel) 
for 10 minutes in sodium citrate or EDTA antigen retrieval solutions. Sections were blocked in 5% normal 
goat serum (MilliporeSigma) for 60 minutes, followed by incubation with PD-1 (dilution 1:200, 86163, Cell 
Signaling Technology), PD-L1 (dilution 1:100, 13684, Cell Signaling Technology), CD3 (dilution 1:1,000, 
ab5690, Abcam), or HMB-45 (dilution 1:200, M0634, Dako) antibodies at 4oC overnight. Sections were 
incubated with mouse or rabbit HRP for 30 minutes.

Figure 10. PD-1 blockade suppresses kidney tumor burden in Tsc2+/– mice. (A) Experimental design. (B) Gross kidney 
tumor score was determined for each kidney using an established method based on number and size. Data are presented 
as mean ± SD. Statistical significance was determined by Mann-Whitney U test. (C) Microscopic kidney tumor score was 
assessed for each kidney by an established method of determining tumor size and filling from H&E sections (n = 14–16 per 
group). Data are presented as mean ± SD. Statistical significance was determined by Mann-Whitney U test. **P < 0.01
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Renal kidney tumor assessment in Tsc2+/– mice. Tsc2+/– mice on the A/J background were generated in 
house as described previously (49, 50).The severity of  renal kidney tumors was scored using previously 
established gross and microscopic kidney tumor scoring methods (49, 50). The gross kidney tumor score 
was determined as a summed score for all tumors in a kidney according to size: <1 mm, score 1; 1–1.5 
mm, score 2; 1.5–2 mm, score 5; >2 mm, score 10. For microscopic kidney tumor score, kidneys were first 
cut into 1 mm–thick pieces and then fixed in 10% formalin. Each tumor or cyst was measured (length, 
width), and the percent of  the lumen filled by tumor was determined (0% for a simple cyst and 100% for a 
completely filled, solid tumor) from 5-μm H&E sections for each of  the 1 mm–thick pieces for each kidney. 
These measurements were converted into a score as previously established (50).

Statistics. Nonparametric 1-way ANOVA followed by post Dunn’s, 2-way ANOVA or multiple 2-tailed t 
tests followed by Holm-Sidak post-test were used to determine the statistical significance of  flow cytometry 
data. Nonparametric 1-way ANOVA or Mann-Whitney’s U tests were used to determine the statistical signifi-
cance of  tumor volume. Survival curves were assessed by the log rank (Mantel-Cox). A P value of  0.05 or less 
was considered significant. Statistical calculations were performed with Prism 6.0 (GraphPad Software Inc.).

Study approval. All animal studies were reviewed and approved by IACUC of Brigham and Women’s 
Hospital. Fresh tissues from patients were obtained with IRB approval of  Partners Human Research Com-
mittee of  Brigham and Women’s Hospital. Written informed consent was obtained from participants prior to 
inclusion in this study.
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