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The volume-regulated anion channel (VRAC) is a hetero-
hexamer composed of LRRC8A and any of the four other 
LRRC8 paralogs (LRRC8B–E). Depending on their subunit 
composition, VRACs not only transport chloride, but also a 
range of organic substrates including 2 ′ 3 ′ -cGAMP (cGAMP). 
Transfer of this immunomodulator from tumor to host cells is 
critical for antitumor immunity. Whether this process de-
pends on VRAC in vivo remains incompletely understood. To 
address this issue, we studied subcutaneous MC38 and B16-
F10 tumors in syngeneic mice. Enhanced growth of MC38 
tumors lacking cGAMP production confirmed the importance 
of tumor-produced cGAMP. The impact of VRAC-mediated 
cGAMP-efflux from tumor cells and its uptake into cells of 
the tumor microenvironment was investigated using LRRC8A-
deficient tumor cells and recipient mice with selective LRRC8 
subunit disruptions, respectively. Changed serum cytokines 
indicated moderate immunomodulatory effects of VRAC-
mediated cGAMP export from MC38 tumors. However, tu-
mor growth and the cGAMP-mediated antitumor immune 
response were independent of both tumor- and host-expressed 
VRAC. Disruption of any of the non-essential subunits, 
LRRC8B–LRRC8E, had no discernible effect on T or B cell 
development in mice. While tumor-produced cGAMP mark-
edly suppresses tumor growth, transport of this immuno-
modulator to the tumor environment primarily involves 
transporters distinct from VRAC.

The immune response against cancer can be triggered by the 
detection of tumor-derived damage-associated molecular pat-
terns (DAMPs) leading to activation of innate immune cells 
(1). These cells secrete cytokines and chemokines and present 
tumor-associated antigens to adaptive immune cells. This 
cellular interplay can mount a productive tumor-specific im-
mune response. Under physiological conditions, self-DNA is 
prevented from acting as a DAMP by being contained in 
mitochondria and the nucleus. However, genome instability is 
a hallmark of cancer (2) and frequently leads to the formation 
of DNA-containing micronuclei which are prone to rupture

(3). This exposes the cytosolic enzyme cyclic GMP-AMP 
synthase (cGAS) (4–6) to self-DNA. Upon DNA binding, 
cGAS synthesizes the dinucleotide 2 ′ 3 ′ -cyclic guanosine 
monophosphate-adenosine monophosphate (2 ′ 3 ′ -cGAMP, 
hereafter referred to as cGAMP), a second messenger (7, 8) 
which activates its intracellular receptor, stimulator of inter-
feron genes (STING) (9, 10). STING activates TANK-binding 
kinase 1 (TBK1), which phosphorylates the transcription fac-
tor interferon regulatory factor 3 (IRF3). IRF3, together with 
nuclear factor kappa B, induces the expression of cytokines and 
triggers the production of type I interferons (11, 12) which are 
central for an efficient anti-tumor immune response (13). 
Downregulation of tumor cell-intrinsic STING signaling, 

which is observed in various cancers (14–17), might represent 
a mechanism for immune evasion. STING activation in non-
cancer cells of the tumor microenvironment (TME) may 
counteract this immune evasion (18). In subcutaneous tumor 
models, cGAMP-mediated immune responses require tumor-
expressed cGAS and host-expressed STING, whereas tumor-
expressed STING and host-expressed cGAS are dispensable 
(19–23). This strongly suggests that the “immunotransmitter” 
cGAMP is transferred from cancer cells to cells in the TME. 
The negative charge of cGAMP prevents diffusion across the 

plasma membrane (PM). Several channels and transporters 
were recently shown to mediate cGAMP transport across the 
plasma membrane: LRRC8/VRAC (24, 25), SLC19A1 (26, 27), 
SLC46A2 (28), P2X7R (22), ABCC1 (29) and ABCC10 (30). 
cGAMP can also be transferred between neighboring cells via 
gap junctions (31) or taken up through phagocytosis of 
cGAMP-containing cells (32), thereby bypassing the extracel-
lular space. The predominant mode of transfer is likely 
context- and cell type-dependent and is largely unknown. 
The volume regulated anion channel (VRAC, also known as 

VSOR or VSOAC), best known for its role in cell volume 
regulation (33), is ubiquitously expressed in vertebrate cells. 
VRAC channels open in response to cell swelling. The 
resulting release of chloride and other osmolytes leads to 
water efflux and cell shrinkage. Five members of the leucine-
rich repeat-containing 8 family, i.e. LRRC8A, -B, -C, -D and 
-E, were identified as pore forming subunits of the channel 
(34), with LRRC8A being obligatory, but not sufficient 
(34, 35). LRRC8 subunits assemble to hexamers which* For correspondence: Thomas J. Jentsch, Jentsch@fmp-berlin.de; Armin 
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surround a central pore (36–38). In addition to chloride, 
VRACs conduct various small molecules. The specificity for 
individual substrates is determined by VRAC’s subunit 
composition. Inclusion of LRRC8D stimulates the transport of 
the anti-cancer drug cisplatin (39) and a number of neutral 
and positively-charged metabolites (40), whereas LRRC8E 
favors negatively charged substrates (40). VRACs were 
recently shown to permeate cGAMP when including LRRC8C 
or LRRC8E subunits (24, 25). Supporting a role of VRAC in 
immunity, mice lacking LRRC8E exhibit increased suscepti-
bility to HSV-1 infection (24), while LRRC8C influences the 
immune response to influenza virus infection and autoim-
mune encephalomyelitis (41). These observations suggest that 
VRAC-mediated cGAMP transport might also bolster the 
immune response against cancer. Additional support for a 
role of VRAC in cancer comes from studies reporting a 
positive correlation of LRRC8A expression with poor prog-
nosis in several types of cancer (42–44), which, however, has 
been tentatively attributed to cGAMP-unrelated roles of 
VRAC in tumor cell proliferation and apoptosis.
Here we investigated the influence of VRAC on tumor growth 

and the anti-tumor immune response in subcutaneous, synge-
neic mouse models. Using LRRC8A disruption in MC38 (colon 
adenocarcinoma) and B16-F10 cells (melanoma), we examined 
VRAC’s role in cGAMP export from tumor cells. Mice with 
constitutive disruption of LRRC8C and LRRC8E, or with den-
dritic cell (DC)-specific LRRC8A depletion, were used to study 
potential effects of VRAC-mediated cGAMP import into cells of 
the TME. Surprisingly, our findings indicate that VRAC is

dispensable for both tumor growth and cGAMP-mediated anti-
tumor immune responses. However, lack of LRRC8A in MC38 
tumors resulted in decreased blood serum levels of inflammatory 
cytokines and chemokines that are usually stimulated by 
cGAMP-dependent signaling. We suggest that VRAC-mediated 
cGAMP export from tumor cells sufficed to elicit these changes 
but was not large enough to significantly reduce tumor growth.

Results
Integrity of the cGAS-STING pathway in MC38 and
B16-F10 cells

To explore the role of LRRC8/VRAC channels in tumor 
growth and cGAMP-mediated anti-tumor immunity, we 
selected the MC38 colon adenocarcinoma and B16-F10 mel-
anoma models, which elicit different immune responses and 
are frequently used in related studies (19, 21–23, 45, 46). 
Subcutaneous implantation of these cells into syngeneic mice 
(C57BL/6) allows investigation of emerging tumors in the 
presence of an intact immune environment (47–49).
Both WT cell lines expressed the cGAMP-producing 

enzyme cGAS and the intracellular cGAMP receptor 
STING (Fig. 1A). Compared to B16-F10 cells, MC38 cells 
expressed more cGAS and much less STING. This suggests an 
inverse relationship between the two proteins, as further 
supported by increased STING protein levels after CRISPR-
Cas9-mediated deletion of cGAS in MC38 cells (Fig. 1A). This 
might be explained by a degradation of STING following its 
activation by cGAMP (50). Both cell lines were able to

B

B
16

-F
10

130-
70-

M
C

38

35-

kDa 
LRRC8B

GAPDH

LRRC8A100-
130-

35-

kDa M
C3

8

B1
6-

F1
0

GAPDH

100-
70-
35-

M
C3

8

B1
6-

F1
0

GAPDH

LRRC8E
kDa 

D

130-
70-

M
C

38
B

16
-F

10

35-

kDa 

GAPDH

LRRC8D

100-

70-

+ - + cGAS 
cGAMP- - + 
p-TBK1

55-
p-IRF3

70-

100-
TBK1

55-
IRF3

55-

actin

kDa 

MC38

MC38

B16
-F10

0
10
20
30
40

ST
IN

G  
R

el
at

iv
e  

Ex
pr

es
si

on

MC38

B16
-F10

0.0

0.5

1.0

1.5

cG
AS  

R
el

at
iv

e  
Ex

pr
es

si
on

A

STING

GAPDH

M
C

38

B
16

-F
10

M
C

38
 c

G
A

S 
K

O

55- cGAS

kDa

35-

35-

100-
130-

M
C

38

B
16

-F
10

35-

LRRC8C

GAPDH

kDa 

C

100-
kDa 

100-
70-

p-TBK1

55-

+ - + cGAS
cGAMP- - +

B
16

-F
10

p-IRF3

70-
TBK1

55-
IRF3

55-
actin

B
16

-F
10

M
C

38

Figure 1. MC38 and B16-F10 cells have a functional cGAS-STING pathway and express LRRC8 proteins. A, Western blot analysis of cGAS (n = 6) and 
STING (n = 3) expression in MC38 and B16-F10 cells. Note the increased expression of STING in cGAS-deficient MC38 cells (n = 3) that were generated with 
CRISPR-Cas9. B and C, Western blot detection of phosphorylated STING downstream targets TBK1 and IRF3 as readouts for endogenous cGAMP production 
and uptake of extracellular cGAMP (n ≥ 4). MC38 (B) or B16-F10 (C) cells were incubated for 3 h in isotonic solution (302 mOsm/L) in the presence or
absence of 10 μg/ml extracellular cGAMP. D, comparison of LRRC8A-E protein levels between MC38 and B16-F10 cells by Western blot (n = 3–4). Band
intensities in A were quantified using ImageJ, normalized to the intensity detected in MC38 cells and presented as mean ± SD.
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transport cGAMP over the plasma membrane (PM) as 
revealed by phosphorylation of TBK1 and IRF3, downstream 
targets of STING, after incubation with extracellular cGAMP 
(10 μg/ml for 3 h in isotonic solution) (Fig. 1, B and C). 
Importantly, MC38 cells intrinsically produced cGAMP as 
revealed by background levels of TBK1 and IRF3 phosphor-
ylation even without cGAMP addition which were absent in 
cGAS KO cells (Fig. 1B, Fig. S1A).

VRAC-mediated cGAMP transport in MC38 and B16-F10 cells 

Both cell lines expressed the obligatory VRAC subunit 
LRRC8A and the facultative subunits LRRC8B, -C and -D 
(Fig. 1D). LRRC8E could be detected in MC38, but not in 
B16-F-10 cells, which also expressed less LRRC8C and much 
less LRRC8D compared to MC38.
VRAC’s contribution to PM cGAMP transport was investi-

gated using MC38 and B16-F10 cells disrupted for Lrrc8a 
(Fig. S1, B and C). To minimize clonal effects in functional 
assays, polyclonal cell lines comprising five and seven indi-
vidual clones were produced. Additionally, a guide RNA lack-
ing a target sequence in the mouse genome was employed to 
generate polyclonal MC38 and B16-F10 cell lines comprising 
seven and eight individual clones, respectively. These were 
used as WT controls throughout the study. Although intra-
cellular production of cGAMP and its negative charge favor 
efflux over influx, we rather assessed cGAMP uptake because

effects on downstream cGAMP targets provide sensitive, albeit 
indirect and non-linear, measures of transport rates. Moreover, 
uptake experiments allow to impose much larger cGAMP 
gradients than efflux assays. Measuring uptake rather than 
efflux is adequate, as the direction of transport through 
channels solely depends on the electrochemical gradient of the 
respective substrate. In MC38 cells, Lrrc8a disruption almost 
completely abolished the phosphorylation of TBK1 and IRF3 
elicited by extracellular cGAMP (10 μg/ml for 3 h in isotonic 
solution) (Fig. 2A). It also decreased the transcription of the 
interferon-stimulated genes (ISGs) Cxcl10 and Mx2, which are 
known to be inducible by cGAMP (Fig. 2B). We conclude that 
VRAC is the dominant PM cGAMP transporter of MC38 cells. 
Although VRAC opening by hypotonic cell swelling enhances 
cGAMP transport in other cells (24, 25, 51), adding cGAMP in 
hypotonic solution (217 mOsm/L) failed to further increase 
TBK1 and IRF3 phosphorylation (Fig. 2A) or Cxcl10 and Mx2 
transcript levels (Fig. 2B). cGAMP uptake under isotonic 
conditions appears sufficient to saturate the downstream 
signaling cascade under present conditions.
The low expression of cGAMP transport-stimulating sub-

units LRRC8C and LRRC8E in B16-F10 cells (Fig. 1D) sug-
gested minor VRAC-mediated cGAMP transport in these 
cells. Indeed, deletion of LRRC8A in B16-F10 cells reduced 
neither the cGAMP-induced phosphorylation of TBK1 or 
IRF3 (Fig. 2C) nor the transcription of Cxcl10 and Mx2 
(Fig. 2D), irrespective of the osmolarity of the uptake solution.
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Figure 2. MC38 but not B16-F10 cells use VRAC as dominant cGAMP importer. A–D, MC38 (A and B) and B16-F10 (C and D) cells were incubated for 3 h in 
isotonic (302 mOsm/L) or hypotonic (217 mOsm/L) solution containing 10 μg/ml cGAMP (n = 3–4). Uptake of cGAMP was inferred by Western blot detection of 
TBK1 and IRF3 phosphorylation (A and C) and by transcript levels of Cxcl10 and Mx2 quantified by qRT-PCR (B and D). Data are represented as mean ± SD. Data 
in panels A and B were analyzed by two-way ANOVA (factors: genotype x treatment; A genotype: **p = 0.0016, A treatment = ns, C genotype = ns, 
C treatment = ns). For panel A, planned pairwise comparisons using Welch�s t test were performed. For data in panels B and D, comparisons to a normalized 
control value of 1 were performed using one-sample t-tests; other comparisons within the qRT-PCR data were analyzed using Welch�s t test after confirming 
normality (Shapiro-Wilk test). Benjamini-Hochberg correction was performed for multiple comparisons in panels A, B and D. *p < 0.05; **p < 0.01; ***p < 0.001.
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Hence, cGAMP uptake by B16-F10 cells occurs primarily 
through pathways distinct from VRAC.
Taken together, MC38 cells produce cGAMP endogenously 

and use VRAC as the dominant cGAMP transporter. This 
renders them suitable for studying the effects of VRAC-
mediated cGAMP export in tumor models. B16-F10 cells, 
on the other hand, virtually lack VRAC-mediated cGAMP 
transport and can serve as a control to investigate cGAMP-
independent effects of VRAC.

Tumor-derived cGAMP activates the immune response 
against MC38 tumors

Before examining potential roles of VRAC in the cGAMP-
mediated anti-tumor immune response, we used a 
cGAS-deficient MC38 cell line (Fig. S1A) to validate that 
tumor-produced cGAMP affects cancer growth in vivo.

Although cGAS was recently reported to be required for 
VRAC activation by tumor necrosis factor (TNF) and cell 
swelling (51), typical hypotonicity-induced VRAC currents 
were still present in cGAS-deficient MC38 cells (Fig. S1D) 
while they were lost upon Lrrc8a disruption.
We subcutaneously transplanted WT or cGAS-deficient 

MC38 cells into recipient mice, measured the diameters of 
emerging tumors, and calculated tumor volumes (52). Tumor 
growth curves (Fig. 3A) and Kaplan-Mayer plots (Figs. 3B & 
S2A) revealed accelerated tumor growth in the absence of 
cGAMP-producing cGAS. Crucially, this effect did not result 
from altered proliferation of KO cells as assessed in vitro 
(Fig. 3C). The cGAMP-mediated immune response against 
MC38 tumors is mainly driven by CD8 + cytotoxic T cells 
(53, 54). Accordingly, flow cytometric analysis of T cells 
(Fig. 3, D–G) revealed a decreased frequency of CD8 + cells in 
cGAS-deficient tumors. There was also a decreased
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percentage of B220 + B cells (Fig. 3H), while several myeloid 
cell populations remained unchanged (Fig. S2B). The effects 
on T and B cells were tumor-specific as they were absent in 
spleens of the same animals (Fig. S2C). cGAMP uptake by T 
cells induces p53 signaling resulting in increased surface 
expression of CD80 (41). Indeed, the percentage of CD80 + 

cells within the CD8 + population was markedly reduced in 
cGAS-deficient tumors (Fig. 3I). Since this effect was also 
present in spleens of the same animals (Fig. S2D) it is likely 
indirect.

MC38-expressed VRAC does not impact tumor growth but 
mildly affects the anti-tumor immune response

MC38 cells were used to assess the role of VRAC-
dependent cGAMP transport in tumor growth because of 
their intrinsic cGAMP production (Fig. 1B) and the pre-
dominant role of VRAC in cGAMP transport (Fig. 2, A and B). 
Crucially, disruption of LRRC8A did not affect MC38 prolif-
eration in vitro (Fig. 4A). We transplanted WT and LRRC8A-

deficient MC38 cells into recipient mice and monitored 
tumor growth. In contrast to cGAS-deficient tumors, neither 
changes in tumor growth (Fig. 4B) nor statistically significant 
effects in T and B cell subsets were observed (Fig. 4C). 
However, LRRC8A-deficient tumors showed an increased 
percentage of CD11b + /CD11c + cells (Fig. S3A) and a non-
significant increase in the frequency of CD4 + T cells 
(Fig. 4C). Measurements of serum parameters also suggested 
LRRC8A-dependent effects of cGAMP. Production of pro-
inflammatory chemokines and cytokines CXCL10, CCL5, 
CXCL9 and CCL2 is stimulated by STING activation (24, 27, 
55–60). Except for CXCL9, they were significantly reduced in 
sera of mice bearing LRRC8A-deficient tumors (Fig. 4D). 
Importantly, IL-1α, IL-23, and IL-2, cytokines independent of 
STING signaling, were not affected (Fig. S3B). Indicative of an 
altered myeloid cell regulation, the hematopoietic growth 
factor G-CSF was reduced when tumors lacked LRRC8A 
(Fig. S3C). Activation of tumor-infiltrating T cells was un-
changed as surface expression of the activation marker CD44 
was not affected by MC38-expressed LRRC8A (Figs. 4E &
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S3D). We conclude that VRAC-mediated cGAMP export 
from MC38 tumors modulates ISG expression but is too weak 
to reduce tumor growth.
VRACs have been proposed to promote cancer cell pro-

liferation in a cGAMP-independent manner (42–44). How-
ever, LRRC8A-deficient MC38 cells showed normal 
proliferation in vitro, and tumor growth was unaltered. As 
VRAC’s influence on proliferation might be cell type-specific, 
we extended our investigation to B16-F10 cells even though 
they show negligible VRAC-dependent cGAMP uptake. 
Similar to MC38 cells, Lrrc8a disruption neither affected their 
proliferation in vitro (Fig. 5A), nor tumor growth in vivo 
(Fig. 5B). The frequencies of T and B cells (Fig. 5C) and 
several myeloid cell subsets (Fig. 5D) within tumors were 
likewise unaltered.
We conclude that tumor cell-expressed VRACs are 

dispensable for proliferation in vitro and have no detectable 
effects on tumor growth and immune cell infiltration in vivo. 
Nonetheless, alterations in serum chemokines and cytokines 
indicated an immunomodulatory potential of VRAC-
mediated cGAMP transport.

Host-expressed VRAC channels are dispensable for tumor 
growth and the cGAMP-mediated anti-tumor immune 
response

As VRAC channels transport substrates passively according 
to their electrochemical gradient, they may be involved in 
both cGAMP efflux from tumor cells and influx into cells of 
the TME. The latter aspect was investigated using recipient

mice in which we had disrupted LRRC8 subunits either 
constitutively or only in specific cell populations. Whereas 
Lrrc8a −/− mice cannot be used as tumor hosts because of their 
high premature mortality (61), mice lacking any of the other 
subunits are viable. Lrrc8b −/− , Lrrc8c −/− and Lrrc8e −/− mice 
lack immediately obvious phenotypes (24, 62) while Lrrc8d −/− 

mice develop proximal tubular degeneration (62). Before us-
ing these animals in tumor experiments, we assessed their 
immune cell populations in peripheral blood, spleen, and 
lymph nodes at an age between 8 to 12 weeks. No significant 
differences in frequencies of T and B cells or any other tested 
immune cell population were observed (Fig. S4, A–C) and 
spleen weights were not altered (Fig. S4B).
We transplanted WT MC38 cells into mice lacking either 

LRRC8C or LRRC8E, subunits which enhance VRAC’s ability 
to transport cGAMP (24, 25), but observed no differences in 
tumor growth (Fig. 6, A and B). Except for a small reduction of B 
cells in Lrrc8e −/− mice, frequencies of lymphocytes (Fig. 6, C 
and D) and myeloid cells (Fig. S5, A and B) were unchanged. 
CD80 surface expression, which was reduced in CD8 + T cells 
when tumors lacked cGAS (Fig. 3I), was unaltered in tumor-
infiltrating T cells from Lrrc8c −/− mice (Fig. 6E).
STING activation in tumor-associated endothelial cells in-

duces vascular remodeling and anti-tumor immunity (46) 
which depends on the transfer of tumor-derived cGAMP into 
endothelial cells (63). In line with these reports, we observed a 
trend towards a reduced frequency of CD45 - /CD31 + endothe-
lial cells in cGAS-deficient MC38 tumors (Fig. 6F). However, 
the percentage of CD45 − /CD31 + cells was unchanged in
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Lrrc8c −/− and Lrrc8e −/− mice (Fig. 6G), despite the importance 
of LRRC8C for cGAMP uptake by endothelial cell lines (25, 63). 
Constitutive disruption of non-essential LRRC8 isoforms 

has the advantage that all cells lack the respective subunit, 
while the remaining LRRC8 heteromers can still regulate cell 
volume. However, cGAMP transport will probably be retained 
to some degree. As an additional approach, we therefore 
deleted VRAC completely in dendritic cells (DCs) by crossing 
Lrrc8a lox/lox mice (64) with CD11cCre-GFP animals (65). We 
chose DCs as they react to tumor-derived cGAMP (20, 21) 
and since cGAMP enhances cross-presentation of tumor-
associated antigens. This leads to a CD8 + T cell response 
(66), which was changed in cGAS KO MC38 tumors (Fig. 3F). 
To confirm efficient deletion of LRRC8A in dendritic cells, we 
produced bone marrow-derived dendritic cells (BMDCs) from 
CD11cCre-GFP;Lrrc8a lox/lox mice, validated their identity by 
flow cytometry (Fig. 7A), and confirmed efficient LRRC8A

deletion by Western blot (Fig. 7B). Disruption of Lrrc8a likely 
extended more broadly to the myeloid compartments 
(Fig. S5C). Effects of CD11cCre-driven Lrrc8a disruption were 
neither observed on MC38 tumor growth (Fig. 7C), nor on 
tumor-infiltrating immune cell populations (Figs. 7D & S5D).

Discussion
Transfer of the immunomodulator cGAMP from cancer 

cells to cells within the tumor microenvironment (TME) has 
been reported to induce an anti-tumor immune response, 
resulting in tumor suppression (19–23). The recent identifi-
cation of volume-regulated anion channels (VRACs) as con-
duits for cGAMP suggests that VRACs may restrict tumor 
growth by facilitating cGAMP transfer. On the other hand, 
VRACs might enhance tumor growth by stimulating cell 
proliferation and migration. We used subcutaneous tumor
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models in which VRAC/LRRC8 subunits were disrupted in 
either tumor cells or recipient mice. No effects on tumor cell 
proliferation in vitro, nor on tumor growth in vivo were 
observed. Although analysis of tumor-infiltrating immune 
cells revealed no differences either, changes in serum che-
mokines and cytokines suggested a modest effect of VRAC-
mediated cGAMP export from MC38 cells. We conclude 
that VRAC is not the major pathway for cGAMP trans-
mission, at least in our model.
VRAC-dependent cell volume regulation has long been 

considered important for cell division, proliferation and 
migration (67, 68). Accordingly, high LRRC8A expression was 
linked with poor prognosis in several cancer types (42–44, 
69), although databases also reveal inverse correlations for 
other tumors (45, 69). Consistent with a comprehensive 
in vitro study (70), Lrrc8a disruption neither affected the 
proliferation of MC38 or B16-F10 cells in vitro, nor tumor 
growth in vivo. In contrast to many other studies, our ex-
periments were performed with polyclonal cell lines to avoid 
VRAC-unrelated clonal variations. However, these results do 
not exclude a role of LRRC8 in cancer pathology in general. 
Indeed, Lrrc8a knockdown in MDA-MB-231 breast cancer 
cells had no effect on tumor growth in immunodeficient mice 
but reduced metastasis, likely by decreasing tumor cell 
migration (71). This may become apparent only when cells 
migrate in confined spaces like those encountered in tissues 
(71).
Our work focused primarily on the potential role of VRAC-

mediated cGAMP transport on tumor growth. We first 
confirmed a crucial role of tumor-produced cGAMP in MC38 
tumor suppression and identified VRAC as the major cGAMP 
exporter of these cells. Surprisingly, however, VRAC disrup-
tion in MC38 cells had no significant effect on tumor growth 
and immune cell infiltration in vivo. Taken together, these 
results suggest that other mechanisms of cGAMP-efflux from 
tumor cells are dominant in our setting. Excellent candidates 
are gap junctions, which do not connect the extracellular

space with the cytosol and are therefore not addressed by our 
cGAMP uptake assay. A significant effect on serum inflam-
matory chemokines and cytokines suggested that parallel 
VRAC-mediated cGAMP exit plays an additional, modulatory 
role. Since we neither observed an effect on tumor growth 
when LRRC8 subunits were disrupted in recipient mice, our 
work prima facie suggests that VRAC does not affect tumor 
growth.
By contrast, important effects of host cell-expressed VRAC 

on immune responses were seen in other settings, such as 
viral infections (24, 41) and the growth of irradiated tumors 
(45). Disruption of Lrrc8e in recipient mice worsened infec-
tion by HSV-1 virus, which is associated with markedly 
increased cellular cGAMP levels (24). While our manuscript 
was in preparation, a study by Cao and coworkers (45) 
reporting effects of LRRC8 disruption in recipient mice, but 
not in MC38 tumors, was released. The authors investigated 
effects of radiation therapy, a procedure inducing DNA 
damage and thereby increasing cGAMP production (72). Of 
note, the curative effect of ionizing radiation has previously 
been reported to depend strongly on extracellular cGAMP in 
a subcutaneous tumor model (21). For non-irradiated tumors, 
the results of Cao and coworkers are consistent with those 
reported here. In particular, no effect of dendritic cell-specific 
Lrrc8a disruption and no enhanced tumor growth in Lrrc8c −/− 

recipient mice was observed (45). In the latter case, con-
trasting with our study, they paradoxically even observed a 
mild decrease in tumor growth. The curative effect of radia-
tion therapy depended on tumor-expressed cGAS and was 
strongly reduced in Lrrc8c −/− mice or in mice carrying DC and 
T cell specific Lrrc8a disruptions. While it is currently un-
known whether VRAC-disruption in tumor cells would also 
impact the efficacy of irradiation therapy, Cao et al. (45) 
conclusively show a pivotal role of VRAC-dependent cGAMP 
uptake into T cells after irradiation.
To explain the role of VRAC in irradiated tumors or virus-

infected cells, we suggest that under these conditions
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extracellular cGAMP levels are highly increased. The immu-
notransmitter cGAMP can then diffuse from tumor cells to 
target cells beyond those connected by gap junctions. In viral 
infection, VRAC’s contribution to immunoregulation may be 
increased by an inhibition of gap junctions (73). Moreover, 
VRACs of recipient T cells may be activated by ATP, T cell 
receptor stimulation and reactive oxygen species (ROS) as 
proposed for the tumor setting (45).
Intratumoral administration of non-hydrolyzable cGAMP 

analogs is another possibility to activate STING in tumor 
therapy. Like cGAMP itself, these analogs might be trans-
ported by VRACs as recently shown for ADU-S100 (25). 
cGAMP analogs had strong curative effects in murine tumor 
models (59, 74) and are under clinical investigation in humans 
(NCT03010176, NCT04220866, NCT04020185 and 
NCT05846659). However, therapies relying on STING acti-
vation are double-edged swords. While STING activation in 
myeloid and endothelial cells has tumor-suppressive effects 
(28, 75–78), its overactivation in T cells may rather decrease 
the anti-tumor immune response (74, 79). Expression 
profiling of the cGAMP-transport-stimulating subunits 
LRRC8C and LRRC8E in different recipient cells may reveal 
cell type-specific routes for cGAMP import. Combining ra-
diation or cGAMP analog treatments with subunit-specific 
modulation of VRAC activity might limit unwanted effects 
while amplifying the intended therapeutic response.

Conclusion
Our work indicates that VRAC has no general role in cell 

proliferation or tumor growth and that disruption of non-
essential LRRC8 subunits lacks effects on immune cell 
development and homeostasis. LRRC8-dependent changes of 
serum chemokines and cytokines in tumor-bearing mice 
suggest moderate VRAC-dependent immune responses which 
are markedly increased by infectious diseases (24, 41) or 
therapeutic intervention such as irradiation (45) that increase 
cGAMP production. It remains to be seen whether these 
findings can be extended to other tumor types and other 
mechanisms of cGAMP transfer. Modulating cGAMP transfer 
may be useful to enhance immune responses against cancer 
and other pathologies that benefit from immune activation. 
Conversely, VRAC-inhibition may be leveraged to treat 
autoimmune disorders associated with elevated cGAMP 
signaling.

Experimental procedures
Mice

All animal experiments were performed in compliance with 
the institutional guidelines of the Max Delbrück Center for 
Molecular Medicine (MDC) and the Leibniz-
Forschungsinstitut für Molekulare Pharmakologie (FMP) 
and have been approved by the Berlin authorities (LAGeSo). 
Mice were housed at the MDC animal facility under standard 
conditions. Mice with constitutive disruptions of Lrrc8b (62), 
Lrrc8c (62), Lrrc8d (62) or Lrrc8e (24) have been described 
previously. CD11cCre-GFP;Lrrc8a flox/flox mice, which have a

dendritic cell-specific knockout of Lrrc8a, were generated by 
crossing CD11cCre-GFP (C57BL/6J-Tg(Itgax-cre,-EGF-
P)4097Ach/J) (65) animals with Lrrc8a flox/flox (Lrrc8atm2-
c(EUCOMM)Hmgu) (64) mice. They were kept 
homozygously floxed and heterozygous for Cre. C57BL/6J-
Tg(Itgax-cre,-EGFP)4097Ach/J mice were obtained from 
Jackson Laboratories. All mice had a C57Bl/6 background and 
were used at an age of 8 to 15 weeks.

Cell lines and culture conditions

MC38 (provided by T. Blankenstein, MDC, Berlin) and 
B16-F10 (ATCC, #CRL6475) cells were cultured in RPMI 
1640 (PAN Biotech, P04–16500) or DMEM (PAN Biotech, 
P04–03550), respectively. Medium was supplemented with 
10% fetal calf serum (FCS) (PAN Biotech, P40–37500), 100 U/ 
ml penicillin (PAN Biotech, P06–07100) and 0.1 mg/ml 
streptomycin (PAN Biotech, P06–07100) and is hereafter 
referred to as complete culture medium. Cells were main-
tained under standard culture conditions in the presence of 
5% CO 2 at 37 ◦ C. Both cell lines tested negative for myco-
plasma contamination.

Generation of knockout cell lines with CRISPR-Cas9

Target sequences specific for Lrrc8a and Cgas (Table S1) 
were designed with the Benchling software and cloned into 
PX458 vector (Addgene, 48138) expressing GFP, Cas9 and a 
single guide RNA (gRNA). Cells were transfected using Lip-
ofectamine 2000 (Invitrogen, 11668019), and single-cell FACS 
of GFP-positive cells was performed with a FACSAria II or 
FACSAria III (BD Bioscience) device. Gene editing in arising 
monoclonal cell lines was validated by Sanger sequencing using 
the ICE deconvolution algorithm (Synthego). Polyclonal cell 
lines were produced by combining equal proportions of several 
knockout clones. Knockout was reconfirmed by Western blot. 
Polyclonal WT control cell lines consisting of 7 and 8 indi-
vidual clones for MC38 and B16-F10 cells, respectively, were 
produced as described above using a gRNA without a target 
sequence in the mouse genome (Table S1). These cell lines 
were used as WT control throughout the study.

cGAMP import assay

0.7 x 10 6 MC38 or B16-F10 cells were seeded in a 6-well 
format 1 day before treatment. Culture medium was removed 
and cells were incubated for 3 h in isotonic (302 mOsm/L; 
85 mM mannitol, 90 mM NaCl, 1 mM MgCl 2 , 2 mM CaCl 2,
4 mM KCl, 10 mM glucose, 10 mM HEPES pH 7.4) or hypo-
tonic (217 mOsm/L; 90 mM NaCl, 1 mM MgCl 2 , 2 mM CaCl 2,
4 mM KCl, 10 mM glucose, 10 mM HEPES pH 7.4) solution 
containing 10 μg/ml 2 ′ 3 ′ -cGAMP (InvivoGen, tlrl-nacga23– 
02). Cells were cryopreserved at −80 ◦ C until further use.

Western blot

Cells were lysed in RIPA buffer (50 mM Tris-HCl pH 8, 
150 mM NaCl, 1% Triton-X100 and 0.5% deoxycholate) 
supplemented with protease inhibitors cOmplete (Merck, 
11836145001) and Pefabloc (Roth, A154.3). When
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phosphorylated proteins were detected, additional phospha-
tase inhibitors were added: 10 mM pyrophosphate, 10 mM 
glycerophosphate, 50 mM NaF and 1.5 mM Na 3 VO 4 . Lysates 
were sonicated and centrifuged at 16,000 x g for 10 min at
4 ◦ C. Protein concentrations were determined by BCA assay 
(Thermo Fisher, A55860). Proteins were treated with 
reducing Laemmli buffer (50 mM Tris pH 6.8, 0.1% brom-
phenol blue, 2% SDS, 5% β-mercaptoethanol and 10% glyc-
erol) for 5 min at 80 ◦ C or for 20 min at 55 ◦ C when detecting 
membrane proteins. Equal amounts of protein were separated 
by SDS-PAGE on a 7.5% polyacrylamide gel and transferred to 
a 0.45 μm nitrocellulose membrane (Cytiva, 10600002) using 
the Mini Trans-Blot Electrophoretic Transfer Cell system 
(Bio-Rad, 1703930). Membranes were blocked for 45 min with 
5% (m/v) non-fat dry milk and incubated overnight at 4 ◦ C 
with primary antibodies followed by incubation at room 
temperature for 1 h with a peroxidase-coupled secondary 
antibody (antibodies and concentrations are listed in 
Table S2). Detection was performed with either the Super-
Signal West Pico Kit (Thermo Fischer, 34580) or the Western 
BLoT HYPER HRP substrate (TaKaRa, T7103 A) using the 
Chemi-Smart 5000 CCD camera (PeqLab) and ChemiCapt 
5000 software (PeqLab). Signals were quantified using ImageJ. 
Specificity of antibodies detecting LRRC8 proteins as well 

as cGAS was validated using MC38 (LRRC8A, -C, -D, -E, 
cGAS), B16-F10 (LRRC8A) or HEK293 T (LRRC8A-E) KO 
cell lines, while the STING-specific antibody was validated 
with BMDMs from STING gt/gt mice (80). Antibodies against 
p-TBK1 and p-IRF3 were validated by detection of increased 
levels of phosphorylated target proteins in MC38 and B16-
F10 cells after stimulation with cGAMP. Antibodies against 
total TBK1 and IRF3 proteins as well as actin and GAPDH 
were validated by the respective manufacturer. All secondary 
antibodies were validated against control membranes not 
treated with the respective primary antibody. Detailed infor-
mation on antibodies is given in the Supporting Information 
Table S2.

Quantitative RT-PCR

Total RNA was extracted using the NucleoSpin RNA kit 
(Macherey-Nagel, 740955). Total cDNA was produced using 
Superscript II Reverse Transcriptase (Invitrogen, 18064014) and 
random primers (Invitrogen, 48190011) following the man-
ufacturer�s instructions. Quantitative RT-PCR (qRT-PCR) was 
performed with the Power SYBR Green PCR Master Mix 
(Applied Biosystems, 4367659) on the Step One real-time PCR 
system (Applied Biosystems, 4376592) using primers listed in 
Table S1. Relative expression was calculated with the delta-
delta-CT algorithm and normalized to the expression of β-actin.

Electrophysiology

Cells were seeded onto gelatin-coated coverslips 4 to 6 h 
before recording. VRAC currents were recorded in the whole-
cell configuration at 23 ◦ C using an EPC-10 patch-clamp 
amplifier and PatchMaster v2x90.3 software (HEKA Elek-
tronik). Signal was sampled at 5 kHz and filtered with a

lowpass Bessel filter at 2.9 kHz during acquisition. Voltage 
was held at −30 mV between sweeps. To monitor current 
activation and to assess steady-state current densities, 600 ms 
voltage ramps from −100 to +100 mV were applied every 10 s 
preceded by a 200-ms step at −80 mV. Once steady-state 
activation was reached, a voltage step protocol was applied: 
voltage was held at values between −100 mV and +120 mV in 
20 mV increments for 1000 ms, each step was flanked by 
400 ms-long intervals at −100 mV. Patch pipette solution 
contained (in mM): 40 CsCl, 100 cesium methanesulfonate, 1 
MgCl 2 , 5 EGTA, 4 Na 2 ATP, and 10 HEPES (pH 7.2, adjusted 
with CsOH 290 mOsm/kg) and had a resistance of 2 to 4 
MOhm. The isotonic bath solution contained (in mM): 150 
NaCl, 6 CsCl, 1 MgCl 2 , 1.5 CaCl 2 , 10 glucose, and 10 HEPES 
(pH 7.4, adjusted with NaOH, 320 mOsm/kg). VRAC current 
was elicited by a 25% hypotonic solution containing (in mM): 
105 NaCl, 6 CsCl, 1 MgCl 2 , 1.5 CaCl 2 , 10 glucose, HEPES (pH 
7.4, adjusted with NaOH, 240 mOsm/kg). Liquid junction 
potentials were not corrected for. Data analysis was per-
formed using SciPy 1.5.2 library 71 for Python 3.8 program-
ming language (Python Software Foundation).

Proliferation assay

Proliferation was assessed at 37 ◦ C and 5% CO 2 using the 
IncuCyte S3 Live-Cell Analysis System (Sartorius, Essen 
BioScience). 0.5 x 10 4 MC38 or 1 x 10 4 B16-F10 cells were 
seeded in a 96-well format in at least triplicates and five phase 
contrast images of distinct areas per well were acquired. 
Average confluency of individual wells was calculated using 
the IncuCyte software package. Average confluency over at 
least 3 wells was calculated and normalized to the initial 
confluency 2 h after seeding. Each value obtained in this way 
represent one individual experiment. Proliferation curves 
were calculated from at least 3 such experiments.

Tumor experiments

For each experimental series, cells from the same cry-
opreserved batch were used to ensure consistency. Only 
healthy-looking cells in the exponential growth phase were 
used. Cryopreserved cells were thawed, passaged at a 1:1 ratio 
the following day and further cultured for 2 days. Cells were 
detached using Trypsin/EDTA (Gibco, 25300054), and the 
enzymatic reaction was stopped with FCS-containing me-
dium. FCS was removed by washing 3 times with PBS, and 
cells were resuspended in PBS. 100 μl containing 1 x 10 5 

(MC38) or 2 x 10 5 (B16-F10) cells were injected subcutane-
ously into the left flank using a 26-gauge needle. Longitudinal 
and transversal diameters of emerging tumors were measured 
every 2 to 3 days with a digital caliper and the tumor volume 
was calculated using the modified ellipsoid formula (52):

Volume = 
1
2 
∗ 
( 
lenght ∗ width 2 

)

Each experimental series consisted of at least two inde-
pendent experiments with group sizes ranging from 3 to 5
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animals, accompanied by an age-matched control group. All 
animals were between 8 and 14 weeks of age. Tumors, 
spleens and blood sera were harvested when tumors either 
reached a diameter of 15 mm or showed first signs of severe 
skin lesions.

Flow cytometry

To control for tumor size as a variable affecting immune 
cell composition, only tumors of comparable weight be-
tween the test and the control groups were included in 
flow cytometric analysis (Fig. S5, E and F). Tumor frag-
ments were enzymatically digested for 45 min at 37 ◦ C with 
0.8 mg/ml Dispase II (Gibco, 17105041), 0.2 mg/ml Colla-
genase P (Roche, 11249002001) and 0.33 U/ml DNAse I 
(Invitrogen, 18047–019). Single-cell suspensions from 
lymph nodes (inguinal and mesenteric) and spleens were 
produced by mechanical dissociation. Peripheral blood was 
collected from the beating heart and coagulation was 
inhibited using EDTA. Erythrocyte lysis was performed for 
blood and spleens for 2 min using red blood cell lysis 
buffer (Abcam, ab204733).
Single-cell suspensions were either used immediately 

(investigation of immune cells in naive Lrrc8b −/− through 
Lrrc8e −/− mice and experiments with LRRC8A-deficient 
MC38 tumors) or cryopreserved at −80 ◦ C in FCS supple-
mented with 10% DMSO until further use. Fc receptor 
blocking was performed for 30 min at 4 ◦ C with CD16/32-
antibody. Cells were then incubated with fluorochrome-
conjugated antibodies (concentrations indicated in Table S2) 
for 30 min on ice in the dark. 7-AAD viability dye (Invitrogen, 
A1310) was added, and flow cytometry data were acquired on 
the FACSCanto II, the LSRFortessa or the FACSymphony 
device (BD Bioscience). Data were analyzed using FlowJo v. 
10.6.1 software.
Gating strategies for MC38 and B16-F10 tumors as well as 

spleens of tumor-bearing mice are shown in Figures S6–S8. 
Due to spectral overlap between GFP and FITC-labeled anti-
CD3 antibody, gating for tumor-infiltrating T cells from 
CD11cCre-GFP; Lrrc8a lox/lox mice differed from that of other 
experiments. GFP-positive cells were reliably excluded from 
the analysis by applying a stringent first gate Figure S9. Gating 
strategies for blood, spleens and lymph nodes of naive 
Lrrc8b −/− , Lrrc8c −/− , Lrrc8d −/− and Lrrc8e −/− mice are shown in 
Figures S10–S12.

Production of bone marrow-derived dendritic cells (BMDCs)

Bone marrow was extracted from femurs and tibias of 13-
week-old male mice, dissociated by repeated pipetting, and 
filtered through a 40 μm cell strainer. Adherent cells were 
discarded after 1 h of incubation, and the remaining non-
adherent cells were replenished with complete RPMI 1640 
culture medium supplemented with 20 ng/ml GM-CSF 
(Peprotech, 315–03). Cells were differentiated for 10 days 
under standard conditions. Every 1 to 2 days, non-adherent 
cells were removed, and fresh GM-CSF-containing medium 
was added.

Serum cytokine detection

Blood of tumor-bearing mice was collected from the 
beating heart and coagulated for 10 min at 37 ◦ C and 
continuous shaking. Serum was separated by centrifugation at 
1000 x g for 10 min at 4 ◦ C and stored at −80 ◦ C until further 
use. Detection was performed with the 21-plex ProcataPlex 
(Thermo Fischer) immunoassay following the manufacturer ’s 
instructions using the Luminex 200 (Luminex Corporation) 
instrument. The following chemokines, cytokines and growth 
factors were analyzed: CXCL10, CCL5, IL-6, IL-12 (p70), 
CXCL9, IL-1β, IL-10, CCL2, IL-1α, IL-23, IL-2, IL-17A, GM-
CSF, G-CSF, M-CSF, IFN-α, IFN-β, IFN-γ, IL-27, TNF- α and 
VEGF-A. The measurements for IL-6, IL-1β, IL-10, IL-17A, 
GM-CSF, M-CSF, IFN-α, IFN-β, IFN-γ, IL-27, TNF- α and 
VEGF-A fell near or below the detection limit of the assay and 
were excluded from the analysis.

Statistical analysis

Statistical significance was defined as follows: *p < 0.05; 
**p < 0.01; ***p < 0.001.
All datapoints presented in scatter plots correspond to in-

dependent biological replicates. Scatter plot data were tested 
for normality using Shapiro–Wilk test. Normally distributed 
data were analyzed using unpaired Welch�s t test, while non-
normally distributed data were analyzed using 
Mann–Whitney U test. Western Blot data on cGAMP import 
(Fig. 2, A and C) were analyzed by two-way ANOVA (factors: 
genotype x treatment) followed by planned pairwise com-
parisons using Welch�s t test. For qRT-PCR data (Fig. 2, B and 
D), comparisons to a normalized control value of 1 were 
performed using one-sample t-tests; other comparisons 
within the qRT-PCR data were analyzed using Welch�s t test 
after confirming normality (Shapiro–Wilk test). Benjamini-
Hochberg correction was performed for all multiple com-
parisons. Kaplan-Meier plots were analyzed using log-rank 
(Mantel-Cox) test.
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