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ABSTRACT: Subglutinol A (1) is an immunosuppressive natural product isolated from Fusarium subglutinans, an endophytic
fungus from the vine Tripterygium wilfordii. We show that 1 exerts multimodal immune-suppressive effects on activated T cells in
vitro: subglutinol A (1) effectively blocks T cell proliferation and survival while profoundly inhibiting pro-inflammatory IFNγ and
IL-17 production by fully differentiated effector Th1 and Th17 cells. Our data further reveal that 1 may exert its anti-
inflammatory effects by exacerbating mitochondrial damage in T cells. Additionally, we demonstrate that 1 significantly reduces
lymphocytic infiltration into the footpad and ameliorates footpad swelling in the mouse model of Th1-driven delayed-type
hypersensitivity. These results suggest the potential of 1 as a novel therapeutic for inflammatory diseases.
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Autoimmunity is a misdirected immune response that
occurs when the immune system goes awry and attacks

the body itself. In many cases, it seems to be the result of a
breakdown in T cell tolerance. Pathologically, this failure in
tolerance will result in chronic lymphocyte activation, sustained
leukocyte and lymphocyte tissue infiltration, massive produc-
tion of inflammatory cytokines, and secretion of autoanti-
bodies.1 There are more than 80 human diseases currently
classified as autoimmune, including multiple sclerosis, inflam-
matory bowel diseases, type 1 diabetes mellitus, rheumatoid
arthritis, and systemic lupus erythematosus. Since they affect up
to 8% of the US population2 and often attack young adults,
especially women, their social and economic impact is
enormous.3

Immunosuppressive drugs are classical therapies to treat a
wide range of autoimmune diseases.4 In the past decade or so, a
few new immunosuppression medications have been approved,
increasing the number of options available to treat autoimmune
diseases. However, currently available immunosuppressive
drugs possess serious side effects.4 Antiproliferative immuno-
suppressive drugs, such as methotrexate and cyclophosphamide,
are limited in that they have nonspecific effects on various types

of proliferating cells. They cause serious nonspecific bone
marrow suppression, impair host resistance, and increase the
incidence of infections. They also have a slow onset of action
and a moderate efficacy that declines after several years of
treatment. In comparison with these nonselective antiprolifer-
ative agents, cyclosporine A (CsA), FK506, and rapamycin act
more selectively on different stages of the T- and B-lymphocyte
activation cycles. However, even these more selective
immunosuppressive drugs possess serious side effects, including
acute neurological toxicity, chronic nephrotoxicity, biphasic
effects to bone structure, and hypertriglyceridemia. Biologicals,
such as antibody-based drugs, have faster onset of action and
higher specificity than the existing small molecule-based
therapies,5,6 but they are expensive and some patients do not
respond adequately. Moreover, they can also cause severe side
effects such as the development of progressive multifocal
leucoencephalopathy, idiopathic thrombocytopenic purpura,
and lupus-like syndrome or vasculitis.5 Thus, continued efforts
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must be made to develop novel immunosuppressive agents that
lack undesirable side effects.
Subglutinols A (1) and B (2) (Figure 1) are immunosup-

pressive natural products isolated from Fusarium subglutinans,

an endophytic fungus from the vine Tripterygium wilfordii.7,8 T.
wilfordii has long been used as an anti-inflammatory in
traditional Chinese herbal medicine.9,10 In addition, formulated
extracts made from T. wilfordii are Chinese FDA approved
drugs (Lei Gong Teng tablets, CFDA approval #Z42021534)
for rheumatoid arthritis, psoriasis, lupus-associated autoimmune
nephrotic syndrome, and autoimmune hepatitis. Subglutinols A
(1) and B (2) were highly potent in the mixed-lymphocyte
reaction (MLR) and thymocyte proliferation (TP) assays (IC50
= 0.1 μM).7,8 Owing to the lack of toxicity,7,8 1 and 2 were
expected to be promising new immunosuppressive drugs and
have attracted a strong interest.11−15 Our group reported the
first total synthesis of subglutinols A (1) and B (2) and showed
that 1 (IC50 = 25 nM) was indeed more potent than CsA (IC50
= 89 nM) in the MLR assay.11,12

Encouraged by the promising preliminary data, we embarked
on more comprehensive evaluation of in vitro and in vivo
immunosuppressive activity of 1. Herein, we report the efficacy
of 1 in eliminating Th1 and Th17 responses in vitro and in
suppressing inflammation in vivo to demonstrate the potential
of 1 as a novel immunosuppressive agent for autoimmune
diseases.
As the commander controlling adaptive immune responses,

T lymphocytes are tightly restricted to a quiescent state under
normal conditions. During an infection, foreign antigen-specific
T cells are rapidly activated and cycle to exponentially increase
their numbers, which is essential for the efficiency of pathogen
clearance. Upon resolution of the infection, most of these
activated T cells are eliminated by apoptosis to keep the
immune response in check and to prevent bystander tissue
damage.16 During the onset of autoimmune diseases, however,
self-antigens are recognized as nonself and elicit immune
responses from autoreactive T cells. Mirroring the immune
responses toward foreign pathogens, massive clonal expansion
and failure of contraction lead to the accumulation of
pathogenic T cells responsible for mediating autoimmune
diseases. In fact, defects in T cell apoptosis (e.g., resistance to
Fas-induced cell death) are etiological causes of autoimmune
lymphoproliferative syndrome (ALPS) and multiple sclerosis in
humans.17,18 Therefore, developing therapeutics capable of
modulating the proliferation and cell death pathways of
autoreactive T cells is a compelling strategy for the treatment
of autoimmune disorders.19,20

To comprehensively evaluate the capacity of subglutinol A
(1) in suppressing T cell effector responses, we used primary
mouse T cells from the pMel-1 and LLO118 T cell receptor

(TCR) transgenic mice. pMel-1 mice have CD8+ T cells that
are specific for the melanoma antigen glycoprotein 100
(hgp10025−33), while LLO118 mice bear CD4+ T cells
recognizing the Listeria toxin listeriolysin (LLO190−205).

21,22

Naıv̈e pMel-1 CD8+ T cells and LLO118 CD4+ T cells were
activated with their respective peptide antigens (5 μM
hgp10025−33 or 10 μM LLO190−205) for 48 h in vitro, in the
presence of 100 nM of 1 or CsA. DMSO was included as the
vehicle control. T cell proliferation was assessed by
carboxyfluorescein diacetate succinimidyl ester (CFSE) dilu-
tion, and the cell death was determined by live/dead staining.
During the early phase of antigen-induced T cell activation, for
both CD4+ and CD8+ T cells, 1 reduced their survival ratio
from 80% to ∼10% (Figure 2). Among the remaining live T

cells, cell division was completely halted. In a side-by-side
comparison to CsA, 1 has a slightly lower cytotoxicity for
undivided T cells but has a better efficacy in inhibiting T cell
proliferation. Therefore, by intercepting these initial funda-
mental events of T cell activation, 1 has the potential to prevent
the accumulation of autoreactive pathogenic T cells.
During an immune response, activated CD4+ T cells are the

primary producers of IL-2, a pleitrophic cytokine that
influences multiple immune cell subsets. Not only is IL-2 a
potent growth factor essential for T cell proliferation and
survival but it also drives the effector differentiation of Th1
cells, cytotoxic CD8+ T cells, and NK cells that perpetuate
tissue destruction.23,24 Therefore, we sought to investigate the
influence of 1 on CD4+ T cell-derived IL-2 production. Naıv̈e
LLO118 CD4+ T cells were activated in vitro under a Th0
(nonpolarizing) condition for the first 4 days, during which
they acquired IL-2-competence. In the 48 h that followed, these
activated IL-2-competent T cells were then treated with various
doses of 1, CsA, or DMSO vehicle control. Cytokine
production was evaluated by intracellular IL-2 staining and
flow cytometry. Among DMSO-treated CD4+ T cells, over
30% of cells were capable of producing IL-2 (Supporting
Information Figure A). Though 1 was less potent at inhibiting
IL-2 production than CsA (Figure 3 and Supporting
Information Figure A), 1 still effectively inhibited IL-2
expression by effector CD4+ T cells: IL-2 production fell

Figure 1. Structure of subglutinols A and B.

Figure 2. Subglutinol A (1) blocks antigen-induced T cell proliferation
and induces massive apoptosis. CFSE-labeled naıv̈e pMel-1 CD8+
(top) and LLO CD4+ transgenic T cells (bottom) were activated in
vitro, in the presence of 1 (100 nM), CsA (100 nM), or DMSO
vehicle control. After 48 h, T cell proliferation and cell death were
assessed by CFSE dilution and live/dead staining, respectively. Data
shown is representative of two independent experiments.
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around 50% upon treatment with 1 nM 1 and was completely
abrogated at a higher dose of 100 nM (Figure 3 and Supporting
Information Figure A).
As key drivers and perpetuators of inflammation,25 self-

antigen elicited IFNγ and IL-17 production by pathogenic Th1
and Th17 CD4+ T cells is a hallmark of autoimmune disorders
(e.g., Type 1 diabetes,25,26 rheumatoid arthritis,27 multiple
sclerosis,28 systemic lupus erythematosus,29 and others). It is
therefore therapeutically desirable that immunosuppressive
agents not only obstruct the initiation of antigen response
but also achieve functional energy by blocking the production
of these pro-inflammatory cytokines from full-fledged effector
CD4+ T cells.30 To assess whether 1 affects cytokine
production by fully differentiated effector CD4+ T cells,
naıv̈e LLO118 CD4+ T cells were first polarized in vitro under
Th1 or Th17 condition for 4 days, during which they acquired
IFNγ- and IL-17-competence. In the 48 h that followed, these
effector Th1 and Th17 cells were then treated with various
doses of 1, CsA, or the vehicle control DMSO. For fully
differentiated Th1 cells, 10 nM 1 effectively diminished the
percentage of IFNγ-producing cells from 90% to less than 1%
(Figure 4A and Supporting Information Figure B). A similar
level of suppression was achieved with 100 nM CsA. In terms of
Th17 effector responses in the 10 nM range, 1 suppressed IL-
17A production less effectively than CsA. However, both drugs
exhibited comparable potency at the higher doses of 50 and 100
nM (Figure 4B and Supporting Information Figure B). Taken
together, our data demonstrate that 1 not only restricts the
accumulation of autoreactive T cells through its expansion-
inhibitory effect but also dramatically attenuates inflammatory
cytokine production by any remaining cells that survive.
We next sought to elucidate the mode of action by which 1

inhibits T cell activation. It is now increasingly appreciated that
changes in T cell metabolism are necessary to fuel the
functional and phenotypic changes associated with T cell
activation. When a naıv̈e T cell is activated, it undergoes a
metabolic switch from quiescent catabolism to active
anabolism, giving rise to key biosynthetic substrates critical
for T cell clonal expansion and cytokine production.31−33

Mitochondrion, the site of ATP-production by the mitochon-
drial electron transport chain and the source of biosynthetic
precursors by the Krebs cycle, is at the heart of this critical
metabolic switch.33−35 In addition, the loss of mitochondrial

integrity can also initiate the intrinsic apoptosis pathway to
trigger cell death.36−38 On the basis of the phenotype of 1-
treated T cells (impaired proliferation, increased cell death, and
reduced cytokine production), we hypothesized that 1 may
undermine T cell responses by compromising mitochondrial
function. To test this hypothesis in fully differentiated Th1 and
Th17 cells, the number of mitochondria was evaluated by
MitoTracker Deep Red FM labeling for mitochondrial mass,
while mitochondrial integrity was evaluated by MitoTracker
Orange CMTMRos labeling for mitochondrial membrane
potential. The total mitochondrial mass of fully differentiated
Th1 was modestly reduced, while that of Th17 cells was
unchanged across the doses of 1 tested, suggesting that 1 has
little impact on mitochondrial replication or abundance in
effector CD4+ T cells (Figure 5A). However, in both Th1 and
Th17 cells, treatment with 1 induced mitochondrial depolariza-
tion in a dose-dependent manner, indicating that 1 disrupts
mitochondrial membrane integrity (Figure 5B). On the
contrary, CsA has previously been reported to inhibit
mitochondrial permeability transition, thereby preventing
mitochondrial depolarization.39,40 Therefore, 1 may suppress
inflammation though a distinct mechanism from CsA.
Mitochondria are essential organelles for all eukaryotic cells,

and widespread mitochondrial dysfunction in normal tissues
can result in severe adverse effects. To evaluate its target-cell
specificity and potential as a therapeutic agent for auto-
inflammation, we further interrogated whether 1 similarly
affects the mitochondria of other cell types. To this end, we
examined both resting and activated antigen-presenting cells of
the innate immune system, as exemplified by immature bone
marrow-derived dendritic cells (imBMDCs) and mature
BMDCs (mBMDCs), respectively. Additionally, we also
examined the impact on normal stromal cells, as exemplified
by the 3T3 fibroblast cell line. Interestingly, 100 nM of 1, the
highest dose tested on activated T cells, altered neither
mitochondrial mass nor depolarization in imBMDCs (Figure
5C, top panel), mBMDCs (Figure 5C, bottom panel), and 3T3
fibroblasts (Figure 5D). We postulate that activated T cells may
have a heightened sensitivity to 1-induced mitochondrial
dysfunction than other cell types, a premise that warrants
further dose−escalation studies in the future. Taken together,
our data indicate that 1 preferentially exacerbates mitochondrial

Figure 3. Subglutinol A (1) abrogates antigen-induced IL-2
production by activated CD4+ T cells. LLO CD4+ T cells were
activated by the cognate antigen in vitro for the first 4 days in the
absence of drugs, followed by 2 additional days in the presence of the
indicated concentrations of 1, CsA, or DMSO vehicle control (0 nM
drugs). The percentages of IL-2-producing CD4+ T cells were then
determined by intracellular staining and flow cytometry, and the
percentage of inhibition was calculated. Data shown is mean ± SEM of
three independent experiments.

Figure 4. Subglutinol A (1) abolishes inflammatory cytokine
production in fully differentiated Th1 and Th17 cells. LLO CD4+ T
cells were activated in vitro and polarized into fully differentiated (A)
IFNγ-producing Th1 or (B) IL-17A-producing Th17 cells for the first
4 days in the absence of drugs. This was followed by 2 additional days
of culture in the indicated concentrations of 1, CsA, or DMSO vehicle
control (0 nM drugs). The percentages of cytokine-producing CD4+
T cells were then determined by intracellular staining and flow
cytometry. Data shown is representative of two independent
experiments.
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damage in T cells, which may account for their impaired
proliferation, death, and blunted cytokine production.

To interrogate the immune-suppressive effects of subglutinol
A (1) in vivo, we utilized the classical Th1-driven inflammatory
response of delayed-type hypersensitivity (DTH).41 DTH is an
antigen-specific inflammatory reaction in the skin that is
triggered by repeated exposure to certain antigens, resulting in
the activation and infiltration of skin-homing antigen-specific T
cells.42,43 The induction of the DTH response involves 2 stages:
a sensitization phase and an effector phase. When T cells that
have been previously sensitized by an antigen re-encounters the
same antigen underneath the skin, the Th1-dominated effector
response ensues, resulting in the manifestation of DTH. DTH
is characterized by profound lymphocytic recruitment, Th1
CD4+ T cell-mediated cytokine (e.g., IFNγ) secretion, tissue
damage, and local swelling at the site of antigenic stimulation.
We utilized a mouse model of DTH induced by the highly

immunogenic protein, keyhole limpet hemocyanin (KLH).44

C57BL/6J mice were first sensitized subcutaneously by
introducing 100 μg of the KLH antigen emulsified in complete
Freund’s adjuvant (CFA). Seven days after the initial
sensitization, each mouse was re-exposed on one footpad to
50 μg KLH and simultaneously treated with 16 nmol (0.273
mg/kg) of 1, 16 nmol (0.769 mg/kg) of CsA, or DMSO vehicle
control. As a negative control, PBS alone (antigen-free) was
also injected into the other previously sensitized footpad. Forty-
eight hours after antigenic re-exposure, we assessed swelling
and lymphocytic infiltration into the footpads.
As compared to the footpad without re-exposure (PBS) that

contained a few lymphocytes and maintained normal tissue
integrity, mice that were re-exposed to KLH in combination
with the DMSO vehicle control (KLH + DMSO) exhibited
extensive lymphocytic infiltration into the dermis and severe
disruption of tissue architecture. Consistent with earlier
reports,45−47 CsA did not alleviate DTH-induced footpad
swelling at low doses (Figure 6); this was attributed to effects of
CsA on non-T cells, which may counterproductively promote
skin inflammation.47 However, treatment with equimolar
amounts of 1 (KLH + 1) significantly blocked lymphocyte
accumulation and ameliorated tissue injury (Figure 6). In
addition, 1 also significantly reduced inflammation-induced
footpad swelling. These data not only corroborate our findings
from the in vitro assays, but more importantly demonstrate the
in vivo immune-suppressive potency, efficacy, and target-cell
specificity of 1 at low drug doses.
A comprehensive evaluation of the capacity of subglutinol A

(1), a novel immunosuppressive natural product, was
performed to demonstrate its potential as a novel therapeutic
agent for autoimmune diseases. Subglutinol A (1) profoundly
inhibited T cell proliferation, survival, and pathogenic cytokine
production by fully differentiated Th1 and Th17 cells in vitro,
potentially by aggravating mitochondrial damage in T cells.
Importantly, immunosuppressive doses of 1 did not affect
mitochondrial integrity in non-T cells, such as antigen-
presenting BMDCs and stromal fibroblasts. Moreover, low-
dose therapy with 1, but not with CsA, was efficacious at
attenuating the Th1-driven DTH response, demonstrating its
anti-inflammatory, immunosuppressive efficacy, and target-cell
specificity in vivo. These results suggest that 1 may provide
opportunities for new, innovative, and efficacious therapies to
treat autoimmune diseases, as well as better post-trans-
plantation cares. Currently, structure−function relationship
studies of 1 aimed at improving its efficacy and safety and
further studies to identify the mode of action of 1 are in
progress.

Figure 5. Subglutinol A (1) preferentially exacerbates mitochondrial
depolarization in fully differentiated Th1 and Th17 cells. Naıv̈e LLO
CD4+ T cells were polarized in vitro under Th1- or Th17-skewing
conditions for 4 days, followed by 2 additional days of culture in the
indicated concentrations of 1 or DMSO vehicle control (0 nM). Th1
and Th17 cells were then labeled with (A) MitoTracker Deep Red FM
to assess mitochondrial mass and (B) MitoTracker Orange
CMTMRos to assess mitochondrial membrane depolarization in live
CD4+ T cells by flow cytometry. (C) Immature and LPS-matured
bone marrow-derived dendritic cells (BMDCs) generated from mice
were treated for 1 day with 1 (100 nM), CsA (100 nM), or DMSO
vehicle control. CD11c+ BMDCs were analyzed for mitochondria mass
and polarization by flow cytometry. (D) 3T3 mouse fibroblasts were
treated for 2 days and analyzed for mitochondria mass and polarization
by flow cytometry. Numbers in histograms indicate mean fluorescence
intensity of MitoTracker Deep Red FM staining. Data shown is
representative of two independent experiments.
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