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[18F]F-AraG imaging reveals association
between neuroinflammation and brown-
and bone marrow adipose tissue

Check for updates

Jelena Levi 1 , Caroline Guglielmetti2,3,4, Timothy J. Henrich 5, John C. Yoon 6,
Prafulla C. Gokhale 7, David A. Reardon 7, Juliet Packiasamy1, Lyna Huynh1, Hilda Cabrera1,
MarisaRuzevich1, JosephBlecha3,Michael J. Peluso 8, Tony L. Huynh 3, Sung-MinAn6,MarkDornan9,
Anthony P. Belanger 9, Quang-Dé Nguyen10, Youngho Seo 3, Hong Song11, Myriam M. Chaumeil 2,3,
Henry F. VanBrocklin3 & Hee-Don Chae1

Brown and brown-like adipose tissues have attracted significant attention for their role in metabolism
and therapeutic potential in diabetes and obesity. Despite compelling evidence of an interplay
between adipocytes and lymphocytes, the involvement of these tissues in immune responses remains
largely unexplored. This study explicates a newfound connection between neuroinflammation and
brown- andbonemarrowadipose tissue. Leveraging theuseof [18F]F-AraG, amitochondrialmetabolic
tracer capable of tracking activated lymphocytes and adipocytes simultaneously, we demonstrate, in
models of glioblastoma and multiple sclerosis, the correlation between intracerebral immune
infiltration and changes in brown- and bone marrow adipose tissue. Significantly, we show initial
evidence that a neuroinflammation-adipose tissue linkmay also exist in humans. This study proposes
the concept of an intricate immuno-neuro-adipose circuit, and highlights brown- and bone marrow
adipose tissue as an intermediary in the communication between the immune and nervous systems.
Understanding the interconnectednesswithin this circuitrymay lead to advancements in the treatment
andmanagement of various conditions, including cancer, neurodegenerative diseases andmetabolic
disorders.

Adipose tissue (AT) is aheterogenous organwith a complex function crucial
for diverse processes including energy storage, endocrine signaling and
immunomodulation1. White and brown adipose tissues are the most
extensively studied, but brite (brown-in-white)2 and bone marrow (BM)3

AT are attracting growing interest. The expansion of interest in brown and
brown-like, brite, AT stems primarily from their therapeutic potential in
diabetes and obesity, and association with cardiovascular health4. Rich in
mitochondria, brown adipose tissue (BAT) can be activated by various
stimuli, from cold exposure to adrenergic agonists, resulting in increased
levels of lipolysis and glycolysis. These stimuli can also induce britening, a
differentiation of white adipocytes into metabolically active brown-like

adipocytes, offering a potentially powerful strategy for weight loss and
overall improvement of metabolism5. Despite strong evidence of a close
bidirectional link between adipocytes and lymphocytes during immune
responses6,7, the immunomodulatory role of AT has also been primarily
studied in the context of obesity with a focus on white AT. The connection
between brown fat and immunity has not been studied extensively, but new
studies provide evidence that batokines, signaling molecules secreted by
BAT, affect not only metabolism but also systemic immune responses8,9.

The involvement of BAT in modulating neuroinflammation has not
been investigated since it was first demonstrated within the context of
immune-neuro-endocrine communication by a Yugoslav immunologist,
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Branislav Jankovic, in a series of studies in rats in the 1970s and 1980s10–12.
Those studies showcased immunosuppressive quality of BAT by demon-
strating that its removal leads to a more severe experimental autoimmune
encephalomyelitis (EAE), a disease characterized by monocyte and T cell
infiltration in the brain. Interestingly, the suppressionof the immune system
was noted only in animals whose BAT was removed during the neonatal
phase or after cold acclimatization10,12. Given the critical role of BAT acti-
vation inmaintaining body temperature in newborns and cold conditions13,
this indicates that the immunosuppression might be specifically related to
activated BAT. Our study, for the first time to our knowledge, offers clear
visualization of a link between neuroinflammation and BAT activation.
Furthermore, we demonstrate that neuroinflammation co-occurs not only
with BAT activation, but also with changes in bone marrow adipose tissue
(BMAT). The observation of these phenomena was achieved by the use of a
mitochondrial metabolic tracer, [18F]F-AraG (2’deoxy-2’[18F]Fluoro-9-β-
D-arabinofuranosylguanine)14, that has a distinctive ability to not only
detect mitochondrial changes in activated T cells15–18, but reveal increased
mitochondrial biogenesis in AT as well. In this study, we first establish [18F]
F-AraG’s ability to visualize activated adipocytes by assessing its uptake in
adrenergically stimulated brown fat and BM tissue. We then utilize this
ability to simultaneously track activated lymphocytes and adipocytes to
detect neuroinflammation-associated changes in BAT and BMAT in pre-
clinical models of glioblastoma (GBM) andmultiple sclerosis (MS). Finally,
and most significantly, we present preliminary evidence that a
neuroinflammation-adipose tissue link may also exist in humans. Our
results support the existence of an immuno-neuro-adipose circuit, and
implicate AT as one of the communication channels between the immune
and nervous systems.

Results
[18F]F-AraG accumulates in BAT in response to adrenergic sti-
mulation but not insulin administration
In mice, regulation of BAT by the sympathetic nervous system (SNS) is
predominately driven by β3 adrenergic receptor signaling19,20. To examine
[18F]F-AraG’s accumulation in activated BAT, we treated mice with
BRL37344, a well-studied β3 adrenergic agonist21. One time administration
of BRL37344 led to a considerable accumulation of [18F]F-AraG in intras-
capular BAT (iBAT) (Fig. 1a, b). Cold exposure also led to tracer accumu-
lation in iBAT (Supplementary Fig. 1). Control animals, as well as animals
that were treated with insulin, showed significantly lower [18F]F-AraG
uptake in iBAT. In comparison, 18FDG, the tracermost commonly used for
imaging BAT activation, showed an increased accumulation in iBAT not
only with BRL37344 stimulation but in insulin-treated animals as well
(Fig. 1c). These results suggest that, unlike 18FDG, [18F]F-AraG accumulates
selectively in adrenergically stimulated iBAT.

Interestingly, chronic treatment with BRL37344 resulted in [18F]F-
AraG accumulation not only in iBAT, but also in the axilla, lumbar
region, and BMof the tibia and femur (Fig. 1d). In comparison to acutely
treated mice, chronic adrenergic stimulation led to a comparable [18F]F-
AraG accumulation in iBAT (Supplementary Fig. 2a), but significantly
increased uptake in the vertebrae, especially in the lumbar region
(Fig. 1d–g). The small size of mice presents a challenge in distinguishing
the signal emanating from the vertebral BM from that originating in the
spinal cord. Nonetheless, the segmentary pattern of uptake within the
spine (Supplementary Fig. 2b), alongwith the absence of cellular changes
in the spinal cord with BRL37344 treatment (Supplementary Fig. 2c, d),
indicate that the signal detected in the vertebrae stems from the ver-
tebral BM.

Adrenergic stimulation increases adipocyte population in the
brown and bone marrow adipose tissues
As a mitochondrial metabolic tracer14,18,22 (Supplementary Fig. 3), [18F]F-
AraG can be taken up by both stimulated T cells and adipocytes. To better
understand the observed increased uptake in iBAT and BM, we utilized
quantitative PCR and flow cytometry to examine changes that occur in

those tissueswith chronic adrenergic stimulation (Supplementary Figs. 4–7,
Supplementary Table 1, 2).

In iBAT, chronic BRL37344 treatment led to a dramatic increase in
adipocytes (Fig. 2a), reported to occur through adrenergic signaling23, along
with expected morphological changes (Supplementary Fig. 4b) and upre-
gulation of genes associated with activated brown fat and thermogenesis
(Fig. 2b). BRL37344 treatment significantly increased the frequency of
T cells (p = 0.006), with both CD4+ and CD8+ populations expanding
(Fig. 2c). While the composition of the CD8+ subset did not change sig-
nificantly after adrenergic stimulation (Supplementary Fig. 7a), the CD4+
population showed an increase in the frequency of naïve subset (p = 0.03)
(Fig. 2d). Additional analyses of cellularity in different lineages and cell
subsets are provided in Supplementary Fig. 7.

Upon chronic adrenergic stimulation, femoral BM, regarded repre-
sentative of the vertebral BM as well24, showed a significant increase in non-
hematopoietic cells (p = 0.0006, Fig. 2e), and, interestingly, in the expression
of a “briteness” marker Cidea25 (p = 0.006, Fig. 2f). Given the critical role
mitochondria play in [18F]F-AraG cellular accumulation, we analyzed
changes in the mitochondrial content occurring in the femur BM after
adrenergic stimulation (Fig. 2g). Treatmentwith adrenergic agonist resulted
in close to two-fold increase in non-hematopoietic cells with high mito-
chondrial content, while hematopoietic cells showed no difference in
mitochondrial staining. Most mitochondria-high/lineage-negative cells
were positive for Nile Red, a stain for intracellular lipid droplets, indicating
an adipocyte character for the mitochondria-rich cells (Fig. 2h). Nile Red-
positive, lineage-negative cells constituted nearly the entirety of the
mitochondria-high population, while T cells comprised only a marginal
amount (Fig. 2i). To further characterize the mitochondria-rich, Nile Red-
positive population, we evaluated their forward scatter intensity (FSC), a
metric proportional to the cell’s diameter. Consistent with previously
documented large adipocyte size26, the Nile Red-positive/lineage negative
cells exhibited larger FSC values compared to other BM cells (Supplemen-
tary Fig. 7j).

Furthermore, neither the T cell frequency or the composition of the
CD4+ population changed in BMAT after the BRL37344 treatment
(Fig. 2j, k). Interestingly, femoral BM contained a higher frequency of CD4+

cells expressing tissue retention marker, CD69+27 and activation/exhaus-
tionmarkerPD-1+28 (Fig. 2l). As adrenergic stimulation led to a decrease in
mitochondrial content in T cells (Fig. 2m) indicating T cell dysfunction29,
the increased frequency of CD69+ and PD-1+ populations may reflect an
exhausted, immunosuppressive microenvironment in the BMAT30.

Overall, because in iBATadrenergic stimulation led to the proliferation
of both adipocytes and T cells, neither could be ruled out as the primary
source of [18F]F-AraG accumulation. However, in the BM, flow cytometry
showed an increase in mitochondria-rich adipocytes but no changes in
T cells. Combined with the observed increase in expression of the briteness
markerCidea, results strongly suggests that brite-like BMadipocytes are the
primary site of [18F]F-AraG accumulation in the adrenergically
stimulated BM.

[18F]F-AraG accumulates in adrenergically stimulated brown and
bone marrow adipocytes
While various positron emission tomography (PET) tracers have been used
for imaging activated BAT31, PET imaging of metabolically active BMAT
has not been reported to date3. To elucidate [18F]F-AraG’s accumulation in
BAT and BMAT and distinguish its uptake in T cells from adipocytes, we
studied adrenergic stimulation in a mouse model with impaired thermo-
genesis in AT32,33. Recently reported Letmd1 Knock Out (KO) represents a
suitable model for our studies because Letmd1 deficiency affects AT
responsiveness to β3 adrenergic stimulation33 without impacting immune
cells (Supplementary Fig. 8a). In contrast to thewild type (wt)mice, chronic
adrenergic stimulation of Letmd1-KO mice did not increase [18F]F-AraG
uptake in either iBAT or lumbar, tibial and femoral BMAT (Fig. 3a, b),
indicating that, within these tissues, the tracer accumulates primarily in
stimulated adipocytes. The decreasedmitochondrial content of the iBAT in
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Letmd1-KO mice, along with its unresponsiveness to adrenergic stimuli33,
aligns well with our imaging findings. Likewise, Letmd1 deficiency desen-
sitized BMAT to adrenergic activation. The expression of thermogenesis
markers remained undetectable (Supplementary Fig. 8b) and there were no
observable changes in either adipocytes or T cell population (Fig. 3c). Upon
adrenergic stimulation, BM adipocytes, which generally exhibited a higher
mitochondrial content compared to T cells (Fig. 3d), displayed a reduction
in mitochondria-rich population (p = 0.0009, Fig. 3e).

To complement the studies inLetmd1-KOmice, we imaged adrenergic
stimulation in T cell-deficient, Rag1-KO mice (Fig. 3f). Chronic BRL37344
treatment of T cell-deficient mice resulted in a signal increase in iBAT
(Fig. 3g), indicating activated brownadipocytes as the primary target of [18F]
F-AraGaccumulation in this tissue.However, similar toLetmd1-KO, [18F]F-
AraG signal in the vertebrae, femur, and tibia, was notably absent in adre-
nergically treated Rag1-KO mice, implying T cell involvement in the acti-
vation of BMAT. Following adrenergic stimulation, adipocyte population in

the BM increased (Fig. 3h).However, this increase did not correspond to the
subsetwith highmitochondrial content (Fig. 3i, j), aligningwith the reduced
levels of Pgc1α, a critical regulator of mitochondrial biogenesis (Supple-
mentary Fig. 8c).

The skeletal regions with high [18F]F-AraG accumulation in chroni-
cally stimulated mice closely match the areas containing regulated BMAT
(rBMAT), a distinct type of BMAT26. Located in the redmarrow, rBMAT is
responsive to cold exposure, and, unlike BMAT at other skeletal sites,
reactive to stimulation with β3 adrenergic agonists34. To confirm [18F]F-
AraG’s accumulation in β3-responsive BMAT, we imaged chronically
treatedwtmicewith 18FDG. 18FDGaccumulates in activated immune cells35,
and stimulated iBAT, but not in rBMAT3. In contrast to [18F]F-AraG
(Fig. 1d), 18FDG uptake in the vertebrae, tibia and femur of chronically
stimulated mice was minimal compared to its accumulation in iBAT
(Fig. 3k). This result reinforces the findings in Letmd1-KO and Rag1-KO
mice, providing additional evidence that the [18F]F-AraG signal in the BM
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Fig. 1 | [18F]F-AraG accumulates in adrenergically stimulated brown fat and bone
marrow. a Administration of β3 adrenergic receptor agonist BRL37344 (10 mg/kg)
1 h before imaging led to a high accumulation of [18F]F-AraG in iBAT (white
arrowhead). No significant uptake was observed in the insulin-treated or control
mice. b Signal in the iBAT of adrenergically stimulated mice (10.98 ± 1.64%ID/g)
was significantly higher than the signal in the insulin treated (3.36 ± 0.62%ID/g) and
control mice (4.11 ± 0.76%ID/g). No significant differences in iBAT signal were
found between insulin-treated and control mice (p = 0.53). c The baseline 18FDG
uptake in iBAT (white arrowheads) that was observed in control mice was increased
in both insulin and BRL37344 treated mice, indicating lack of selectivity for

adrenergic stimulation. dAdministration of BRL37344 (10 mg/kg) for 4 consecutive
days led to increased [18F]F-AraG signal in the intrascapular BAT (white arrowhead)
and axillary BAT (red arrow) but also in the lumbar vertebrae region (yellow
arrowhead), and the bone marrow of the tibia and femur (orange arrowhead).
e–g Signal in the lumbar, thoracic, and cervical vertebrae of chronically stimulated
mice was significantly different than the signal in acutely BRL37344- treated,
insulin-treated and control mice. ID injected dose. [18F]F-AraG uptake in different
region of interest was calculated as %ID/g. Data are plotted as mean ± SD (n = 5 or
6). Each spot represents an individual animal. *p ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.001, ****p ≤ 0.000.
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originates from its uptake inmetabolically active BMadipocytes rather than
its accumulation in T cells.

GBMinduced-neuroinflammation isassociatedwithactivationof
BAT and BMAT
[18F]F-AraG’s ability to track adrenergically stimulated adipocytes led to an
unexpected discovery of AT activation in mice with bioluminescently-
tagged syngeneic GL261 tumors. Given its minimal uptake in the healthy
brain, we hypothesized that [18F]F-AraG could facilitate clear visualization
of intracerebral inflammation, offering insights into immune responses
during checkpoint inhibitor therapy. To understand the kinetics of anti-
tumor immune response, we longitudinally imaged mice with intracranial
GBM tumors during anti-PD-1/CTLA-4 therapy (Fig. 4a), tracking tumor
growth with bioluminescent imaging. Surprisingly, during longitudinal

imaging, we observed activation of iBAT in half of the GBM affected mice
(Fig. 4b, c). The activation,whichwas absent in subcutaneous tumormodels
(Supplementary Fig. 9a), was noted in both treated and untreated mice
(Fig. 4b, d), but varied in timing and intensity among animals.

The most prominent iBAT activation was detected in an untreated
mouse with the highest neuroinflammation as evidenced by the intracer-
ebral [18F]F-AraG signal (M3, Fig. 4d). The iBAT [18F]F-AraG signal
increased nearly ninefold as the tumor progressed over a span of 9 days.
Notable [18F]F-AraG accumulation was observed inmultiple BAT depots36,
as well as in the vertebral, tibial and femoral BM (Fig. 4e). In mice with a
limited response to immunotherapy (M7 andM10), the activation of iBAT
was detected at the peak of immune response, when multiple lymph nodes
and the thymus showed substantial increase in [18F]F-AraG signal
(Fig. 4d, f). Conversely, therapy-resistantmice exhibitedweaker signal in the
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of non-hematopoietic population increased in the femoral bone marrow.
f Expression of Cidea, a briteness marker, increased in the bone marrow post
adrenergic treatment, while the expression of other thermogenesis-related genes
remained the same. g Representative flow cytometry plots show an increase in
lineage-negative mitochondria-rich population in femur bone marrow following

adrenergic stimulation. hMajority of mitochondria-rich cells were positive for lipid
droplets staining with Nile Red dye. i Post adrenergic stimulation, overwhelming
majority of mitochondria-rich population in the bone marrow contained lipid
droplets, while T cells represented only a negligible portion. j Treatment with
BRL37344 did not significantly change the proportion of T cells in femur bone
marrow. k In contrast to iBAT, no significant changes were noted within the CD4+
population in the bone marrow after adrenergic stimulation. l In the bone marrow,
frequency of CD4+ cells expressing retention marker CD69 and exhaustion/acti-
vation marker PD-1 increased post administration of the adrenergic agonist.m The
graph shows median fluorescence intensities (MFI) of MitoTracker Green of femur
bone marrow T cells. Following adrenergic stimulation, mitochondrial content of
bone marrow T cells decreased (p = 0.004), suggesting immunosuppression. Data
are shown as mean ± SD (n = 5). Each spot represents an individual mouse. *
p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p < 0.0001.
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lymph nodes and no activation of BAT (M9, Fig. 4f). The activation of
adipocytes and lymphocytes, as evidenced by the signal in the iBAT and in
the lymphnodes, did not persist over time.T cell activity in the lymphnodes
displayed a significant reduction following iBAT activation, suggesting
immunosuppressive character of activated iBAT (Fig. 4g).

To investigate the connection between neuroinflammation and AT
activation, we examined the correlation between [18F]F-AraG signal in
the brain and signal in the iBAT and vertebrae (Fig. 4h, i). In untreated
animals, iBAT and signal in the vertebrae correlated with [18F]F-AraG
signal detected in the whole brain as well as with signal at multiple areas
in the brain (Fig. 4h). Interestingly, in the treated animals, while the
correlations between signals in different brain regions persisted, we did
not find any statistically significant correlations between the iBAT and
the brain signal (Fig. 4i). Moreover, correlation between the signal in the
vertebrae and the brain was largely lost, with the signal in the lumbar
vertebrae showing a negative correlation with several areas in the brain.
Notable differences between the lumbar signal in treated and untreated

mice were most prominent during the second on-treatment scan
(Supplementary Fig. 9b, c).

Collectively these findings demonstrate two key observations: an
association between GBM-induced neuroinflammation and activation of
AT in certain subjects; and the modulation of this link by immunotherapy.

Neuroinflammation in multiple sclerosis is associated with acti-
vation of BAT and BMAT
Since brain tumors can induce stress response and activate BAT via the SNS
independently of the immune system, we examined the relationship
between AT activation and neuroinflammation in a mouse model of mul-
tiple sclerosis (Fig. 5a). The cuprizone (CPZ) and EAE model allows
assessment of two types of brain lesions in the same animal: one that
involves innate immune cells, developing at week 3, and the other that
implicates T cell infiltration, apparent at week 7. Using this model, we
showed previously that [18F]F-AraG signal in the brain correlates with T cell
density37. Evaluation of [18F]F-AraG signal in the iBAT demonstrated that
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Fig. 3 | [18F]F-AraG accumulates in adrenergically stimulated brown and bone
marrow adipocytes. a Chronic adrenergic stimulation of thermogenesis-deficient
Letmd1-KO mice did not result in increased [18F]F-AraG uptake in either iBAT or
BMAT. b BRL37344 treatment did not lead to a significant increase in [18F]F-AraG
accumulation in the iBAT (p = 0.08) or lumbar BMAT (p = 0.14). Signal in the
cervical vertebrae increased marginally (12.5%) post adrenergic stimulation
(p = 0.02). c There was no increase in the abundance of adipocyte or lymphocyte in
the femoral bone marrow of adrenergically stimulated Letmd1 KOmice. Frequency
of the subset is shown. d In Letmd1-KO mice, the adipocyte population in the
femoral bone marrow constituted the majority of cells with a high mitochondrial
content. BRL37344 did not change mitochondrial content of femur bone marrow
adipocytes. e In femur bone marrow, adrenergic stimulation of Letmd1-KO mice
decreased the population of adipocytes rich in mitochondria. f In T cell-deficient

Rag1-KO mice, treatment with BRL37344 resulted in increased accumulation of
[18F]F-AraG in iBAT, whereas there was no notable change in BMAT. g After
adrenergic stimulation, [18F]F-AraG signal in the iBAT increased by close to
threefold (p = 0.002), while the signal in BMAT did not show significant changes.
h The frequency of adipocytes in the bone marrow of Rag1-KO mice increased
significantly post adrenergic stimulation (p = 0.01). Frequency of the subset is
depicted. i. Rag1 deficiency reduced mitochondrial content in femur bone marrow
adipocytes. j The proportion of mitochondria-rich bone marrow adipocytes
remained unchanged in adrenergically stimulated Rag1-KOmice (p = 0.75). k In wt
mice, 18FDG accumulated in the adrenergically stimulated iBAT but not in the
BMAT. Data are shown as mean ± SD (n = 5). Each spot represents an individual
mouse. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p < 0.0001.
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BAT activation coincides with intracerebral T cell infiltration (Fig. 5b–d).
While [18F]F-AraG signal in the iBATdidnot change significantly afterCPZ
treatment that leads to microglial/macrophage activation, development of
EAE with T cell involvement (Fig. 5d) resulted in a significant increase in
iBAT signal (Fig. 5b, c). Increase in the expression of markers of BAT
activation was determined in an EAE model (Supplementary Fig. 10a).
Furthermore, treatment with fingolimod, a drug that reduces intracerebral
lymphocyte infiltration, led to a significant decrease in iBAT signal
(Fig. 5b, c).

Signal in the BM of the lumbar vertebrae, tibia and femur, observed in
adrenergically stimulated mice and mice with GBM tumors, was also
apparent in EAEmice (Fig. 5f).While it is possible that [18F]F-AraG uptake
in T cells present in the spinal cord37 contributes to the detected vertebral
signal to a certain extent, close inspection of the signal in the lumbar region
strongly suggests that the signal primarily comes from the vertebral body
and thus the BM (Supplementary Fig. 10b).

The signals in iBAT and the lumbar region correlated with the brain
signal, with correlation for the lumbar vertebrae being considerably stronger
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Fig. 4 | The association of BAT activation with neuroinflammation in GL261
tumors is disrupted by checkpoint inhibitor therapy. a Mice carrying
bioluminescently-tagged GBM tumors were imaged before and during checkpoint
inhibitor treatment. Bioluminescence imaging (BLI) was used to track tumor
growth. b BAT activation was observed in five mice, two treated with anti-PD-1/
CTLA-4 antibodies and three untreated mice (gray colored rows). c The timing and
extent of BATactivation greatly varied betweenmice.dBATactivationwas observed
in untreated (M3) and mice treated with checkpoint inhibitor therapy (M10) (white
arrowheads). The untreated mouse M3 with the most dramatic signal increase in
iBAT showed the highest neuroinflammation (yellow arrowhead). Increase in signal
in the cervical lymphnodeswas observed in both untreated and treatedmice (orange
arrowheads), while treated mice also showed increase in multiple other nodes in the
body, suggestive of systemic response to therapy (dotted circles). e In addition to
iBAT, high [18F]F-AraG signal was observed in the bone marrow of the lumbar
vertebrae, tibia and femur (white arrowheads) of the untreated mouse M3. f In a
mouse that showed limited response to therapy (M7) signal in the ventricles (yellow
arrowhead) and immune activation (lymph nodes, dotted circles, and thymus, T)

was observed early in the therapy. Activation of BAT (white arrowhead) coincided
with the peak immune response signified by a large signal increase in the cervical
(orange arrowhead), axillary, bronchial and inguinal lymph nodes (dotted circles).
In contrast, therapy-resistant mouse M9, showed muted activation in the lymph
nodes and no BAT activation. g [18F]F-AraG signal in the lymph nodes after iBAT
activation was significantly lower compared to the signal at the time of iBAT acti-
vation. h Correlation matrix of the signal in the iBAT, vertebrae, and brain in
untreatedmice across all imaging time points. Signal in the iBAT and vertebrae show
positive correlation with multiple areas in the brain (full lined rectangle). Dotted
rectangle shows correlations between signal in different parts of the brain.
i Correlation matrix of the signal in the iBAT, vertebrae and brain in treated mice
across all imaging time points. The correlations between signal in different brain
areas persisted (dotted rectangle), whereas correlations between iBAT, vertebral and
signal in the brain significantlyweakened, indicating the effect of immunotherapy on
the relationship between activated adipose tissue and the brain. Data are shown as
mean ± SD. (n = 5) Each spot represents an individual animal. **** p < 0.0001.
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than the one for the iBAT (Fig. 5f, g). As quantitative analysis of iBAT
presents a technical challenge38, the weaker correlation noted for iBATmay
be a result of the sampling error related to the quantification method
employed.

Overall, these results confirm the existence of a link between neu-
roinflammation and AT activation, and implicate T cells in the commu-
nication between the brain, BAT and BMAT.

[18F]F-AraG detects activated brown fat in humans
Envisioning the potential impact of immuno-neuro-adipose communica-
tionon treatment of diseases like cancer anddiabetes,we sought instances of
the cooccurrence of neuroinflammation and BAT activation in humans.
[18F]F-AraG is currently being investigated in multiple clinical trials,
including one examining its distribution in subjects following COVID-19
infection. As the post-acute COVID subjects showed [18F]F-AraG

Fig. 5 | Adipose tissue activation is associated with
T cell mediated neuroinflammation in experi-
mental model of multiple sclerosis. a The cupri-
zone and EAE model involves treatment with
cuprizone for 3 weeks followed by MOG immuni-
zation at week 5. Mice were imaged with [18F]F-
AraG at baseline, at week 3 (lesions driven by innate
immune cells) and at week 7 (lesions with T cell
involvement). b Activation of BAT (white arrow-
head) was observed only in mice with brain lesions
with T cell involvement (yellow arrowhead). Mice
treated with fingolimod, a drug that prevents intra-
cerebral lymphocyte infiltration, did not show acti-
vation of BAT. Upper panels show sagittal slices,
bottom panels show transverse slices with iBAT
(white arrowhead). c [18F]F-AraG signal in the iBAT
of CPZ-EAE mice was significantly higher than the
baseline (p = 0.01), cuprizone treated mice
(p = 0.005) and CPZ-EAE mice treated with fingo-
limod (p = 0.001). d Immunofluorescent
CD3 staining confirmed presence of T lymphocytes
in the corpus callosum. e CPZ-EAE mice showed
high [18F]F-AraG signal in the bone marrow of the
lumbar vertebrae (upper panel, white arrowhead)
and proximal tibia and femur (bottom panel, yellow
arrowheads). f [18F]F-AraG signal detected in the
iBAT showed correlation with the signal observed in
the brain. g [18F]F-AraG signal in the lumbar ver-
tebrae strongly correlated with the signal in the
brain. Data are shown as mean ± SD. (n = 10 for
baseline, W7 CPZ-EAE and W7 CPZ-EAE+
fingolimod, n = 5 forW3 CPZ) Each spot represents
an individual animal. *p ≤ 0.05, **p ≤ 0.01.
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accumulation in the brain suggestive of neuroinflammation39, we hypo-
thesized that in this study group we will also be able to detect a concurrent
activation of BAT. Indeed, in 4 of 19 post-acute COVID subjects (Supple-
mentary Table 3) we observed both neuroinflammation and activated BAT,
while neither was detected in a pre-pandemic control (Fig. 6). Interestingly,
the most pronounced [18F]F-AraG signal in the brain was detected at the
confluence of sinuses (Fig. 6e), recognized as a neuroimmune interface
where antigen presentation and activation of T cells takes place40. Signal in
the cervical and supraclavicular regions corresponded to sites of the most
commonly observed BAT depots41 (Fig. 6f–h). [18F]F-AraG uptake in the
lumbar vertebrae of post-acute COVID subjects was reported to be sig-
nificantly higher than that of the pre-pandemic controls39 (Fig. 6i–l). Con-
sidering the recent findings that point to the presence of T cells in the BMof
post-COVID patients42, it is reasonable to speculate that the [18F]F-AraG
lumbar signal may result from the tracer’s accumulation in both activated
lymphocytes and adipocytes.

Overall, these results provide evidence for the co-occurrence of neu-
roinflammation and AT activation in humans, and show utility of [18F]F-
AraG to simultaneously detect both.

Discussion
Bidirectional communication between the immune and nervous systems
and its importance in maintaining homeostasis are evident in numerous
physiological and pathological phenomena. Although immunologically
unique, thebrain is no longer considered tobe immunologically privileged43.
A diverse population of immune cells is now recognized to be essential for
healthy brain development44 as well as involved in different disorders45.
Reciprocally, the brain controls immune responses through various reg-
ulatory pathways, including by the SNS46. All primary and secondary
lymphoid organs, as well as almost every tissue in the body, are enervated by
sympathetic fibers47,48. The effects of norepinephrine, the main neuro-
transmitter released during SNS activation, on immune function has been
extensively studied in both lymphoid and non-lymphoid tissue49–51. How-
ever, involvement of SNS-responsive non-lymphoid tissue, specifically AT,

in the context of neuro-immuno communication has remained a largely
unexplored area. In this study, we present data that establish a close rela-
tionship between SNS-reactive BAT and BMAT and neuroinflammation.

Activation of BAT, a densely innervated tissue, is primarily driven by
the brain and release of norepinephrine through sympathetic fibers. We
mimicked SNS activation of BAT by using a β3 adrenergic agonist to show
that [18F]F-AraG, a PET agent originally developed for imaging activated
T cells, also selectively accumulates in adrenergically activated BAT. [18F]F-
AraG is a nucleoside analog phosphorylated primarily by a mitochondrial
kinase that supplies nucleotides for mitochondrial DNA synthesis
(mtDNA)52. Its ability to track activated T cells stems from this association
with mitochondrial biogenesis14. Upon stimulation, T cells undergo meta-
bolic reprogramming and dramatically increase both mitochondrial mass
and mtDNA53,54, resulting in an increased demand for nucleotides and
higher uptake of [18F]F-AraG (Supplementary Fig. 3). Given the increase in
mitochondrial biogenesis in brown adipocytes during activation55,56, we
hypothesized that [18F]F-AraG could not only visualize activated T cells, but
serve as a tool for imaging adipocyte activation. Imaging of thermogenesis-
and T cell-deficient mice, established activated brown adipocytes as the
primary source of [18F]F-AraG uptake in iBAT (Supplementary Table 4).
Unexpectedly, during longitudinal imaging ofGBM-bearingmicewith [18F]
F-AraGwe observed activation of iBAT coinciding with immune activation
and neuroinflammation. Interestingly, correlations found between signal in
the iBATand various areas in the brain in treatment-naïvemicewere absent
inmice treated with immunotherapy, indicating the effect of therapy on the
BAT-neuroinflammation relationship. Considering that BAT expresses the
checkpoint inhibitors targeted by immunotherapies57, it is conceivable that
the therapy might be directly affecting adipocytes. However, it is more
plausible that the observed disruption of the correlation stems from the
effects of checkpoint inhibitors on their intended target - T cells. It is rea-
sonable to expect that immunotherapy-induced changes in T cell function
that improve antitumor capacity, also alter interactions with other tissues,
especially immunologically relevant ones, like BAT. Imaging of the
cuprizone-EAE model confirmed correlation of BAT activation with
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Fig. 6 | Simultaneous imaging of activated lymphocytes and adipocytes with [18F]
F-AraG reveals concurrent neuroinflammation and BAT activation in a post-
acute COVID subject. a–d [18F]F-AraG PET/MR images of a COVID-naïve subject.
a Transverse PET brain slice shows signal in the choroid plexus but no neuroin-
flammation. bCoronal PET/MR slice shows low signal in the supraclavicular brown
fat depots. c Transverse T1 weighted MR slice shows hypersignal in the supracla-
vicular fat deposits (white arrowheads). d The supraclavicular fat deposits show low
[18F]F-AraG PET signal (white arrowheads). e–h [18F]F-AraG PET/CT images of a
post-acute COVID subject. e Transverse PET brain slice shows signal in the choroid
plexus and a diffuse signal at the confluence of sinuses indicating

neuroinflammation (yellow arrowhead). fCoronal PET/CT slice shows [18F]F-AraG
uptake in the cervical and supraclavicular brown fat depots (white arrowheads).
g Transverse CT slice shows hyposignal in the cervical fat deposits (white arrow-
heads). h Cervical fat deposits show high [18F]F-AraG PET signal (white arrow-
heads). i Sagittal view shows low uptake in the lumbar bone marrow of a COVID-
naïve subject (white arrowhead). j Transverse slice shows minimal uptake in the L4
vertebrae of a COVID-naïve subject. k In the post-acute COVID subject high signal
in the lumbar bone marrow is observed (white arrowhead) (l). Transverse slice
shows high [18F]F-AraG uptake in the L4 vertebrae of a post-acute COVID subject.
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neuroinflammation, and indicated T cell involvement in immuno-neuro-
BAT communication.

BMAT is also under the control of the central nervous system58 but
relatively little is known about its function and metabolism. BMAT shares
similarities with both white and brown AT59, yet remains distinct from
both3,34,60. In mice, two types of BMAT have been identified: rBMAT,
responsive to cold and adrenergic stimuli, and constitutive BMAT, resistant
to these inducements26,34. To date PET imaging of metabolically active
BMAT has not been reported3. However, [18F]F-AraG imaging of chroni-
cally stimulated mice, revealed increased signal at skeletal sites that closely
matched rBMAT locations. Consistent with the known inhibitory effects of
β-adrenergic signaling on immune function61, adrenergic stimulation led to
a significant reduction in mitochondrial content of BM T cells, indicating a
state of metabolic insufficiency29,62. Additionally, a higher frequency of the
CD69+ and PD-1+ population within the CD4+ subset suggested tissue
retention and immune suppression27,30. These results are particularly
interesting in the context of a study that described sequestration of T cells in
the BM when intracranial tumors are present63. In line with our observa-
tions, this study found that sequestered T cells displayed a loss of
sphingosine-1-phosphate receptor 1, a master regulator of lymphocyte
egress64 directly downregulated by CD6965. In future studies, it will be
prudent to investigate adrenergic signaling as a factor driving lymphodefi-
ciency commonly observed in intracranial tumors. Our preliminary data
indicate that the modulation of adrenergic signaling affects lymphocyte
infiltration into the GBM tumors (Supplementary Fig. 11). As adrenergic
receptors play a role not only in adipocytes, but in immune and cancer
cells66, further research is needed to understand methods to manipulate
these different cellular compartments for a maximum therapeutic effect.

In contrast to T cells, adrenergic stimulation resulted inmitochondria-
rich adipocyte population almost doubling in size in the BM. Considering
[18F]F-AraG’s known association withmitochondrial biogenesis14,18,22, these
findings strongly imply that, within the BM, it is the stimulated adipocytes,
rather than lymphocytes, that primarily take up the tracer. This is sub-
stantiated by the absence of [18F]F-AraG signal in the BM of adrenergically
stimulated Letmd-1-KO mice and the corresponding decrease in the
number ofmitochondria-rich adipocytes. However, T cell presence appears
to be crucial for BMAT’s stimulation, as indicated by the low [18F]F-AraG
accumulation in the BM of adrenergically stimulated Rag1-KO mice.

Interestingly, an increase in [18F]F-AraG’s signal in the BM was
observed in both GBM andMS models, implying potential involvement of
adrenergic signaling in these settings. In immunotherapy treated GBM
affected mice, the correlation between the lumbar and brain signal was
substantiallyweakened and evenexhibited an inverse association.Given our
findings on the role of T cells in BMAT stimulation, we speculate that
immunotherapy may modulate T cell-adipocyte communication, resulting
in lower BMAT stimulation and increased neuroinflammation. Consider-
ing the relevance of immunotherapies in cancer treatment and the pro-
pensity of multiple cancer types to metastasize to the BM67, this hypothesis
will be explored in future studies.

Activated BAT has been documented in healthy subjects and cancer
patients68,69, but its connection with neuroinflammation has not been
reported to date. Herein, we provide the first evidence for the co-occurrence
of neuroinflammation and activated BAT in post-acute COVID subjects,
and posit a connection between the two. Post-acute COVID subjects
showed elevated [18F]F-AraG signal at the confluence of sinuses, a parti-
cularly significant finding given that dural sinuses represent T cells’ entry
point into the brain parenchyma40. The increased signal in the lumbar BM
could partly be due to T cell presence in the BM42, but it likely signifies
increased sympathetic activity. Theheightened SNSactivitywas also evident
in the [18F]F-AraG accumulation in the cervical and supraclavicular brown
fat depots.

This study did not address whether AT activation leads to immuno-
suppression and reduced neuroinflammation, or if it triggers immune
activation and increased intracerebral lymphocyte infiltration. The studies
by Jankovic et al. convincingly demonstrated immunosuppressive effects of

BAT10,12. Another study also showed an anti-inflammatory quality of BAT9,
while a recent report indicated that activation of BAT enhances antitumor
response70. Although our finding of reduced immune activity in lymph
nodes following BAT activation implies immunosuppression, further
investigations are needed to definitively characterize the nature of immu-
nomodulation by activatedAT.Wewill also explore whether activated BAT
andBMATact synergistically or antagonistically tooneanother tomodulate
neuroinflammation.

The mechanisms operating in neuro-immuno-AT circuitry have not
been investigated in this study. However, one can hypothesize that intra-
cerebral immune infiltration may trigger neuronal activation of AT, which
in turn, modulates immune responses to lower potentially damaging neu-
roinflammation. Increasingly appreciated as distinct endocrine organs with
an expanding portfolio of batokines, brown and brite AT secrete signaling
molecules that regulate inflammatory responses8 and impact variousorgans,
including the brain71. Our future researchwill focus on identifying signaling
factors and networks that enable crosstalk between immune cells, the brain,
and AT. Understanding the interconnectedness in this newly proposed
circuitry could have implications across a range of research fields, spanning
from cancer to neurodegenerative and metabolic diseases. Such compre-
hension may pave the way for advancements in the treatment and man-
agement of these conditions.

Methods
Preclinical models
The experiments were conducted at three institutions: University of Cali-
fornia, San Francisco (UCSF) (IACUC protocol #AN198359-00B and
#AN203775-00) Dana-Farber Cancer Institute, Boston (IACUC protocol
#08-023), and University of California, Davis (IACUC protocol number
#22889). All animal research was approved by the Animal Care and Use
Committee of the corresponding institution. We have complied with all
relevant ethical regulations for animal use.

Adrenergic stimulation. C57BL/6J female wild type (wt) mice (000664)
and C57BL/6J female Rag1 knockout (KO) mice (034159) were pur-
chased from the Jackson Laboratories (6–9-week-old, Bar Harbor, ME).
Letmd1 KO mice were generated using CRISPR-Cas9 technology in
combination with mouse oviduct electroporation33. For the acute adre-
nergic stimulation, C57BL/6micewere intraperitoneally (ip) treatedwith
10 mg/kg dose of β3 agonist BRL37344 (Tocris Bioscience, Minneapolis,
MN) 1 h prior to [18F]F-AraG injection and PET/CT imaging. For
chronic adrenergic stimulation, mice were injected ip with BRL37344
(10 mg/kg) once a day for 3 days. On the fourth day BRL37344 was
administered 1 h prior to [18F]F-AraG injection and PET/CT imaging.

GBM model. GBM mouse model was created at Dana-Farber Cancer
Institute according to a published procedure72. Briefly, luciferase-
transduced GL261 cells (GL261-luc2) (1 × 105 cells in 2 µL PBS, Per-
kin-Elmer, Shelton, CT) were injected into the right striatum of anes-
thetized 6–10-week-old female albino C57BL/6 mice using a Hamilton
syringe and stereotactic frame. At day 6, 13, and 22 post tumor
implantation, anesthetized mice were injected subcutaneously with
D-luciferin at 75 mg/kg (Promega), and imaged with the IVIS Imaging
System (Caliper Life Sciences) for 10–120 s. To quantify biolumines-
cence, identical circular regions of interest were drawn to encircle the
entire head of each animal, and the integrated flux of photons (photons
per second) in each region of interest was determined using the Living
Images software package (Caliper Life Sciences).

MSmodel. MS mouse model was created at the UCSF using a published
procedure37. Briefly, the cuprizone-EAEmodel was induced by feeding 8-
week-old C57BL/6J female mice a cuprizone supplemented diet (0.25%,
Sigma, St. Louis, MO) for 3 weeks, followed by 2 weeks of normal chow.
At the start of the sixth week, the mice were immunized with myelin
oligodendrocyte glycoprotein (MOG35-55) in complete Freund’s
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adjuvant. The mice received an ip injection of pertussis toxin on the day
of immunization and the following day (Hooke Laboratories,
Lawrence, MA).

PET/CT imaging
[18F]F-AraG synthesis. [18F]F-AraG was prepared by UCSF Radio-
chemistry facility, Dana-Farber Cancer Institute’s Molecular Cancer
Imaging Facility, and Optimal Tracers (Sacramento, CA) according to
the approved IND Chemistry Manufacturing and Control procedures
(IND 123591) previously described17.

Adrenergic stimulation. PET/CT imaging of adrenergic stimulation of
wild type andRag1KOmice was performed at UCSF. Imaging of wtmice
was performed on an Inveon small animal PET/CT scanner (Siemens
Healthcare, Malvern, PA, USA) and imaging of Rag1 KO mice was
performed on nanoScan microPET/CT (Mediso, Budapest, Hungary).
Approximately 1 h post BRL37344 treatment, [18F]-FAraG (~7.4 MBq/
mouse) was administered intravenously by tail vein injection under
anesthesia. Following 18F-FAraG injection, mice were recovered from
anesthesia and uptake time of 60 min allowed before the start of the scan.
Whole body static scans (15 min PET acquisition followed byCT scan for
anatomic reference) were acquired with warming and constant mon-
itoring. Region-of-interest (ROI) analysis of the PET/CT data was per-
formed using VivoQuant software (Invicro, Boston MA). ROIs in the
brainwere delineated usingVivoQuant’smouse brain atlas and the spinal
segmentation performed according to the published procedure73. ROI in
the iBAT was defined by placing a fixed spherical volume in an anato-
mically accurate location using CT as a guide. Partial volume correction
was not performed. The percentage of injected dose per gram was cal-
culated for each ROI. PET/CT imaging of Letmd1 KO mice was per-
formed at UC Davis in a similar fashion.

GBM model. Growth of GL261-luc2 tumors was followed using biolu-
minescence imaging on day 6 and 13 post tumor implantation. On day 14
tumor-bearing mice were randomized into control and treatment
cohorts and imaged before the start of therapy. On the first day of
treatment mice were treated with 500 µg of therapeutic (α-PD-1/ α-
CTLA-4) or isotype control antibodies, followed by 250 µg dose on day 17
and 22. PET/CT imaging was performed on days 14, 17, 21, and 23 post
tumor cell inoculation at the Lurie Family Imaging Center of Dana-
Farber Cancer Institute on a Siemens Inveon microPET/CT scanner.
Whole body static scans (10 min PET acquisition followed byCT scan for
anatomic reference) were acquired ~1 h after [18F]FAraG injection
(~6.7 MBq/mouse). The analysis of PET/CT images was performed fol-
lowing the methodology described for adrenergic stimulation.

MS model. The mice were imaged before the disease induction (base-
line), after 3 weeks of cuprizone (W3) and post immunization (W7).
Whole body PET/CT static scans were acquired and analyzed using the
same protocol as described for adrenergic stimulation.

Human imaging. All human subject studies were conducted under an
UCSF IRB and radiation safety committee approved protocols. Informed
consent was obtained from all individual participants included in the
study. All ethical regulations relevant to human research participants
were followed. The COVID-19 study (NCT04815096) and the pre-
pandemic study in healthy volunteers (NCT02323893) were described in
detail elsewhere14,39.

Immunohistochemistry and immunofluorescence
The spinal cord was isolated from euthanized mice according to the pub-
lished procedure74 and paraffin embedded. Immunohistochemical staining
was performed by the Histology and Biomarker Core at UCSF. Immuno-
fluorescence analysis was performed as previously described37.

Cell preparation
iBAT was dissected from the intrascapular region. Individual iBAT tissue
was minced thoroughly with scissors in M199 buffer (M199 media (Life
Technologies, Grand Island, NY) containing 2% BSA and 2.5mM glucose)
before digestionwith1mg/mLcollagenaseD (Sigma) and20U/mLDNase I
(Sigma) at 37 °C in a shaking incubator for 30min75–77. Digested tissue was
filtered through a 150-μm cell strainer. Single cell suspension was cen-
trifuged at 350 × g for 5min. The buoyant adipocyteswere enumerated. The
pelleted stromal vascular fraction (SVF) cells were re-suspended in red
blood cell lysis buffer (Invitrogen, Eugene, OR) and washed with M199
buffer.

To isolate bone marrow (BM) cells from femur, both femurs were
isolated and cleaned, and horizontally bisected with a scalpel. Whole BM
was flushed by centrifugation at 3000 g for 1min. Red blood cells were
eliminated by brief incubation with red blood cell lysis buffer. The mixture
was diluted with M199 buffer, and centrifuged at 1000 g for 1min. The
pelleted cells were resuspended in M199 buffer.

Primary human CD8+ T cells were purchased from Charles River
(Northridge, CA). CD8+ T cells were stimulated with soluble anti-CD28
antibody (2 μg/mL, BioLegend, San Diego, CA) for 3 days on anti-CD3
antibody-coated plates (5 μg/mL, BioLegend). [3H]F-AraG uptake was
performed as previously reported15. Twomillion cells were incubatedwith 1
μCi/mL [3H]F-AraG for 2 h at 37 °C. Cells were washed with PBS and lysed
withRIPAbuffer.Radioactivity of cell lysateswasmeasuredon theBeckman
LS6500 (Perkin Elmer, Waltham, MA).

Flow cytometry
Cells were resuspended in staining buffer (Invitrogen), and incubated with
Fc-receptor blocker (BioLegend) before staining with fluorochrome-
conjugated antibodies (Table S1). Listing of fluorochrome-conjugated
antibodies is given in Supplementary Table 1. MitoTracker Green FM
(75 nM, Invitrogen) andNile Red (100 ng/mL, Invitrogen) dyes were added
to stain mitochondria and lipid droplets, respectively. Cells were stained
with DAPI (100 ng/mL, Sigma) to exclude dead cells. Stained cell events
were acquired on Attune NxT flow cytometer (Invitrogen, Carlsbad, CA).
Flow cytometry data were analyzed using FlowJo software (TreeStar, Ash-
land, OR, USA).

RNA extraction and quantitative reverse transcription poly-
merase chain reaction (qRT-PCR)
Total RNAwas extractedwith theQIAGENRNeasy plusUniversalmini kit
(Valencia, CA, http://www.qiagen.com) according to the manufacturer’s
instructions. Total RNA was reverse transcribed into cDNA using Super-
ScriptIV VILO Master Mix (Invitrogen) according to the manufacturer’s
protocol. qPCRwas performed using PowerTrack SYBRGreenMasterMix
(AppliedBiosystems,Carlsbad,CA)on anQuantStudio 5 384-wellmachine
(Applied Biosystems). Levels of mRNA expression were normalized to 18S
ribosomalRNA levels32. PCRprimerswere chosen fromprevious reports33,78

and are listed in Supplementary Table 2. Relative expression levels were
calculated as 2−ΔΔCT79.

Statistical analysis and reproducibility
All data are reported as the mean ± standard deviation (SD). Statistical
analyseswereperformedbyusing anunpairedStudent t test usingGraphPad
Prism (GraphPad Software, La Jolla, CA, USA). Paired Student t test was
used for analysis of lymph node signals at the time of BAT activation and
following BAT activation (Fig. 4G). An ordinary One-Way ANOVA with
Tukey’s post hoc test was used to test statistical significance of the adre-
nergically stimulated wild type mice and for the MS model. Correlation
analyses were performed using the Pearson correlation coefficient. Corre-
lation matrices were generated using the “cor” function in the R statistical
computing environment (RCoreTeam, 2022; https://www.R-project.org/)80

with the aid of Rstudio (Rstudio Team, 2020; http://www.rstudio.com/).
*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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The reproducibility of the findings was supported through the use of
standard protocols, multiple replicates, and independent experiments.

Data availability
The experimental data and the supplementary video that support the
findings of this study are available in Dryad with the identifier: https://
datadryad.org/stash/share/
8ci6uFGo6jOyUpRF26LogIDL4GyUhMa3Z1yjYFHvMSQ.
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