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Utilization of proper preclinical models accelerates development of immunotherapeutics and the study of
the interplay between human malignant cells and immune cells. Lysosomal acid lipase (LAL) is a critical
lipid hydrolase that generates free fatty acids and cholesterol. Ablation of LAL suppresses immune
rejection and allows growth of human lung cancer cells in lal�/� mice. In the lal�/� lymph nodes, the
percentages of both T- and B-regulatory cells (Tregs and Bregs, respectively) are increased, with elevated
expression of programmed death-ligand 1 and IL-10, and decreased expression of interferon-g. Levels of
enzymes in the glucose and glutamine metabolic pathways are elevated in Tregs and Bregs of the lal�/�

lymph nodes. Pharmacologic inhibitor of pyruvate dehydrogenase, which controls the transition from
glycolysis to the citric acid cycle, effectively reduces Treg and Breg elevation in the lal�/� lymph nodes.
Blocking themammalian target of rapamycin or reactivating peroxisome proliferator-activated receptorg,
an LAL downstream effector, reduces lal�/� Treg and Breg elevation and PD-L1 expression in lal�/� Tregs
and Bregs, and improves human cancer cell rejection. Treatment with PD-L1 antibody also reduces Treg and
Breg elevation in the lal�/� lymph nodes and improves human cancer cell rejection. These observations
conclude that LAL-regulated lipid metabolism is essential to maintain antitumor immunity. (Am J Pathol
2021, 191: 353e367; https://doi.org/10.1016/j.ajpath.2020.10.007)
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Transplantable animal models, in which the relationship and
interplay between malignant cells and immune cells can be
studied, play a fundamental role in the study of oncoim-
munology and development of therapeutic approaches to
treat human cancer. Utilization of proper preclinical models
accelerates development of immunotherapies and under-
standing of underlying mechanisms.1,2 The host immune
system determines the fate of invading cancer cells.3 In
searching for appropriate immunosuppressive mouse
models to study human cancer-derived xenografts, a genetic
ablation mouse model (lal�/�) of lysosomal acid lipase
(LAL) was evaluated.4 LAL is a lipid metabolic enzyme
catalyzing the hydrolysis of cholesteryl esters and tri-
glycerides in the lysosome to generate free fatty acids and
cholesterol.5 The hydrolyzed products are transported to the
cytoplasm for either storage or utilization in membrane
biogenesis, steroid hormone synthesis, and energy
stigative Pathology. Published by Elsevier Inc
production. Although lal�/� mice survive into adulthood,
the metabolic defect of LAL deficiency leads to severe
immunodeficiency, in which the lymphocyte levels are
extremely low because of impaired development, matura-
tion, and proliferation.6 The ratio of T-regulatory cells
(Tregs) and myeloid-derived suppressive cells (MDSCs) is
significantly increased, which suppresses T-cell function
and directly stimulates tumor growth and invasion.6e10

More importantly, the compromised immunity accelerates
growth and invasion of various murine tumor cells not only
. All rights reserved.

mailto:hongdu@iupui.edu
mailto:hongdu@iupui.edu
mailto:coyan@iupui.edu
https://doi.org/10.1016/j.ajpath.2020.10.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajpath.2020.10.007&domain=pdf
https://doi.org/10.1016/j.ajpath.2020.10.007
http://ajp.amjpathol.org
https://doi.org/10.1016/j.ajpath.2020.10.007


Ding et al
in syngeneic, but also allogeneic, lal�/� mice.9 In this
report, we show that immunodeficiency delays and reduces
immune rejection of human cancer cells in lal�/� mice.
Herein, functional roles of Tregs and B-regulatory cells
(Bregs) in the lal�/� lymph nodes during failure of immune
rejection, as well as the abnormal expression and function of
PD-L1 in lal�/� Tregs and Bregs in association with the
metabolic switch toward glycolysis and glutamine utiliza-
tion are systematically evaluated. Furthermore, the func-
tional roles of mammalian target of rapamycin (mTOR) and
peroxisome proliferator-activated receptor g (PPARg) nu-
clear receptor are characterized in Tregs and Bregs of the
lal�/� lymph nodes during human cancer cell rejection. We
conclude that Tregs and Bregs in the lal�/� lymph nodes
play critical roles in suppression of immune rejection of
human cancer growth, together with other cell types [eg,
MDSCs and endothelial cells (ECs)], in lal�/� mice.
Therefore, the immunodeficient lal�/� mouse model serves
as a potential preclinical model that can be used for clinical
human cancer studies.

Materials and Methods

Animals and Cells

The LAL gene knockout (lal�/�) mice were generated in
our laboratory4 and backcrossed to FVB/N for 10 genera-
tions.11 Both lal�/� and wild-type mice used for human
cancer cell characterization were of the FVB/N genetic
background. Human lung A549 cancer cells and human
breast MDA-MB-231 cancer cells were purchased from
ATCC (Manassas, VA). A549 and MDA-MB-231 cells
were cultured in F-12K medium and in Leibovitz L-15
medium, respectively, supplemented with 10% fetal bovine
serum in a 37�C incubator with 5% CO2.

Xenotransplantation of Human Tumor Cells in Mice

The human lung A549 cancer cells (1 � 106) or human
breast MDA-MB-231 cancer cells (5 � 106) were subcu-
taneously injected to the flank region in mice. The tumor
growth was monitored twice a week. The tumor volume
(mm3) was estimated by measuring the maximal length and
width of a tumor and calculated using the following for-
mula: (length � width2)/2.

For in vivo rapamycin treatment, wild-type or lal�/� mice
were pretreated with rapamycin (4 mg/kg) or 2% ethanol
solvent (final concentration) injection via the i.p. route for
four times on days 1, 3, 5, and 8. On day 8, 4 hours after
rapamycin or solvent injection, human lung A549 cancer
cells (1� 106) were transplanted at flank sites. Ten days later
(on day 18), the mice were sacrificed and the lymph nodes
were harvested for flow cytometry analysis. The treatment of
rapamycin was based on the preliminary assessment. For
in vivo PPARg ligand treatment, wild-type or lal�/� mice
were pretreated with 9-hydroxyoctadecadienoic acid (50 mg/
354
mouse; Cayman Chemical Co, Ann Arbor, MI) or 50%
ethanol solvent injection via i.p. route on days 1, 3, and 6,
and followed by human lung A549 cancer cell (1 � 106)
transplantation at flank sites. Ten days later (on day 16), the
mice were sacrificed and the lymph nodes were harvested for
flow cytometry analysis. For PD-L1 antibody treatment,
wild-type or lal�/� mice were pretreated with rat IgG
(catalog number BE0090; Bio X Cell, West Lebanon, NH) or
anti-mouse PD-L1 antibody (20 mg/mouse; 10F.9G2; catalog
number BE0101; Bio X Cell) via i.p. route three times (days
1, 5, and 8). On day 11, human lung A549 cancer cells
(1 � 106) were transplanted at flank sites. Ten days later
(on day 21), the mice were sacrificed and the lymph nodes
were harvested for flow cytometry analysis.

Isolation of Lymph Node Cells

The brachial, axillary, and inguinal lymph nodes were har-
vested from the anesthetized mice and stored in phosphate-
buffered saline. The lymph nodes were crushed by the frost
side of two glass slides and ground gently to release lymph
node cells. Collected cells were washed twice with
phosphate-buffered saline and passed through a 40-mm cell
strainer. The cell suspension was centrifuged at 600 � g for
5 minutes to collect pellets of lymph node cells.

Fluorescence Tracking of Lymph Node Cells and Human
Lung A549 Cancer Cells

To measure activated T-cell attachment to A549 cancer
cells, human lung A549 cancer cells were labeled by car-
boxyfluorescein succinimidyl ester and seeded in a 48-well
plate at 2.5 � 104 cells/well. The next day, lymph node cells
were isolated from wild-type and lal�/� mice at 14 days
after they were injected with or without human lung A549
cancer cells (1.5 � 106) and labeled with red fluorescence
(4(or 5)-(4-(chloromethyl)benzamido)-2-(1,2,2,4,8,10,10,
11-octamethyl-1,2,10,11-tetrahydropyrano[3,2-g:5,6-g’]
diquinolin-13-ium-6-yl)benzoate) dye for 20 minutes at room
temperature. The labeled lymph node cells were added to a
monolayer of carboxyfluorescein succinimidyl esterelabeled
human lung A549 cancer cells at a 2:1 ratio (lymph node cells/
A549 cells). Images were taken after 4 hours of co-culture.
The inclusion ratio was determined by counting the number
of red-green cells (lymph node cells attached to A549 cells)
versus green cells (A549 cells) plus red-green cells. The cell
count was performed in five randomly selected fields in each
group, and the experiment was independently performed five
times.

Flow Cytometry Analysis

Fourteen days after injection, single cells from the lymph nodes
of wild-type and lal�/� mice with or without A549 injection
were prepared by grinding. For T-cell populations, cells were
stained with fluorescein isothiocyanateeconjugated anti-CD4
ajp.amjpathol.org - The American Journal of Pathology
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antibody, phosphatidylethanolamine-conjugated (or allophy-
cocyanin [APC]-conjugated) anti-CD25 antibody, and APC
eFluor 780-conjugated anti-CD8 antibody (eBioscience, San
Diego,CA) at 4�C for 15minutes. For B-cell populations, cells
were stained with fluorescein isothiocyanateeconjugated anti-
IgM antibody, phosphatidylethanolamine-conjugated anti-
CD23 antibody, and APC eFluor 780-conjugated anti-B220
antibody (eBioscience) at 4�C for 15 minutes. For intracel-
lular molecule staining, cells were fixed and permeabilized
using BD Cytofix/Cytoperm Fixation/Permeabilization Kit
(BD Biosciences, San Jose, CA), and then incubated with
florescence-conjugated antibodies [ie, APC-conjugated anti-
mouse forkhead box P3 (T cells only), APC-conjugated anti-
mouse IL-10, APC-conjugated anti-mouse IL-35 (R&D Sys-
tems,Minneapolis,MN), and APC-conjugated anti-mouseKi-
67 (Biolegend, San Diego, CA)] or noneflorescence-conju-
gated antibodies against metabolic molecules, including
glucose-6-phosphate dehydrogenase, lactate dehydrogenase
A, pyruvate dehydrogenase (PDH), and glutamate dehydro-
genase (Cell Signaling, Beverly, MA) at 4�C overnight. The
following day, cells were stained with Alexa Fluor 647-
conjugated anti-rabbit IgG antibody (eBioscience) at 4�C for
30 minutes, and then washed for flow cytometry analysis. For
analysis of PD-L1 expression in the B- or T-cell population,
cells were incubated with B- or T-cell surface markers, as
described above, and APC-conjugated antiePD-L1 antibody
at 4�C for 15 minutes. After phosphate-buffered saline wash,
the B-cell population was ready for flow cytometry analysis.
For the T-cell population, cells were further fixed, per-
meabilized, and incubated with Foxp3 antibody at 4�C over-
night. For lymph node cell survival studies, lymph node cells
were stained with annexin-V and 7-aminoactinomycin D for
flow cytometry analyses to determine early apoptotic cells and
necrotic cells. Forflowcytometry analysis,�10,000 cells were
acquired and scored using anLSRIImachine (BDBiosciences)
and calculated on the basis of isotype control. Data were pro-
cessed using the BD CellQuest Pro software version 19.f3fcb
and FlowJo version 10.6.1 (BD Biosciences).

Measurement of IL-10 and IFN-g by Enzyme-Linked
Immunosorbent Assay

Wild-type and lal�/� mice were pre-injected with or without
human lung A549 cancer cells (1.5 � 106). Fourteen days
later, lymph node cells isolated from these mice were
cultured at a density of 2 � 105 cells per well in 96-well
plates, which were precoated with anti-CD3 monoclonal
antibody (2 mg/mL) and anti-CD28 monoclonal antibody (5
mg/mL). The cells were treated with or without human lung
A549 cancer cell lysate (20 mg/well) and cultured for 2 days.
The human lung A549 cancer cell lysate was prepared
following procedures described previously.12 The secretion
of IL-10 or interferon (IFN)-g in the supernatant of cultured
lymph node cells was measured using OptEIA enzyme-
linked immunosorbent assay kits, according to manufac-
turer’s instructions (BD Bioscience).
The American Journal of Pathology - ajp.amjpathol.org
Granzyme B Expression in CD8þ Cells of Lymph Nodes

Freshly isolated lymph node cells from wild-type and lal�/�

mice, injected with or without A549 cells (harvested at
postinjection 14 days), were cultured in 96-well plates
precoated with anti-CD3 monoclonal antibody and anti-
CD28 monoclonal antibody. The A549 cell lysate was
prepared following procedures described previously.12 The
lymph node cells were treated with or without A549 cell
lysate (20 mg/well) for 2 days. Granzyme B expression in
CD8þ cells was measured by flow cytometry.

Rapamycin, 9-HODE, CPI-613, and AntiePD-L1
Antibody Treatment for Treg and Breg Analysis

For rapamycin (an inhibitor of mTOR) treatment, 3- to 4-
montheold wild-type or lal�/� mice were injected via the
i.p. route with rapamycin (4 mg/kg) or 2% ethanol solvent at
days 1, 3, and 5. At day 8, one additional dose of rapamycin
was injected 1 hour before harvesting lymph node cells for
flow cytometry. The treatment of rapamycin was modified
from our previous publication.8

For 9-HODE (a natural ligand of PPARg) treatment, 3- to
4-montheold wild-type or lal�/� mice were injected via the
i.p. route with 50 mg 9-HODE (1 mg/mL dissolved in
ethanol; Cayman Chemical Co) or 50% ethanol solvent on
days 1, 3, and 6. Mice were sacrificed, and the lymph nodes
were harvested on day 8 for flow cytometry analysis. Mice
injected with 50 mL ethanol were used as controls.

For CPI-613 treatment, 4- to 5-montheold wild-type or
lal�/� mice were injected via the i.p. route with PDH in-
hibitor CPI-613 (5 mg/kg) or 15% dimethyl sulfoxide sol-
vent at days 1, 3, 5, and 8. Mice were sacrificed, and lymph
node cells were harvested on day 10 for flow cytometry.

For PD-L1 antibody treatment, 4- to 5-montheold wild-
type or lal�/� mice were injected via the i.p. route with rat
IgG (BE; catalog number BE0090; Bio X Cell) or rat anti-
mouse PD-L1 antibody (I0F.9G2; catalog number
BE0101; Bio X Cell) at a dosage of 20 mg/mouse at days 1,
5, and 8. Mice were sacrificed, and lymph node cells were
harvested at day 10 for flow cytometry.

Histology and Immunohistochemistry Staining

The harvested lymph nodes were fixed with 4% para-
formaldehyde at 4�C overnight. The tissues were transferred to
70% ethanol and embedded in paraffin. The tissue blocks were
divided into sections (5 mm thick). Immunohistochemistry
staining against mouse CD3, B220, F4/80, and Mac-3 was
performed by Immunohistochemistry Core, Department of
Pathology and Laboratory Medicine, Indiana University. For
PD-L1 staining, the tissue slides were deparaffinized. Antigen
retrieval was performed for 30 minutes by heating in citrate
buffer (pH 6.0). The tissue sections were incubated with
rateanti-mouse PD-L1 antibody (clone 10F.9G2; eBio-
science) at 4�C overnight. The slides were washed, followed
355

http://ajp.amjpathol.org


Ding et al
by the incubation with secondary antibody and final develop-
ment with 3, 30-diaminobenzidine kit (Vector Laboratories,
Burlingame, CA) for 2 minutes. The stained slides were
examined under Nikon Eclipse 80i light microscope (Nikon
Instruments Inc., Melville, NY). Images were taken by NIS
Elements software version 3.22 (Nikon Instruments Inc.).

Statistical Analysis

All statistical analyses were performed using GraphPad
Prism 8.0 software (GraphPad Software Inc., San Diego,
CA) and Microsoft Excel (Microsoft Corp., Redmond,
WA). The data are mean values of multiple independent
experiments and are expressed as the means � SD. Differ-
ences between two treatment groups were compared by
using two-tailed t-test. When more than two groups were
compared, one-way analysis of variance with Tukey
multiple-testing correction was used. Two-way analysis of
variance was used for grouped analyses. Results were
considered statistically significant when P < 0.05.

Study Approval

The scientific protocols related to animal uses were
approved by the Institutional Animal Care and Usage
Committee of Indiana University School of Medicine.
Protocols involving the use of biohazard materials were
approved by the Institutional Biosafety Committee and
followed the guideline established by NIH. Animals were
housed under Institutional Animal Care and Usage
Committeeeapproved conditions in the facility at Indiana
University School of Medicine.

Results

Human Cancer Cell Xenografts in lal�/� Mice

To evaluate if xenotransplanted human cancer cells grow in
the immunodeficient lal�/� mouse model across the species,
human lung A549 cancer cells were subcutaneously injected
in the flank sites of FVB/N wild-type and lal�/� recipient
mice. The tumor was completely eradicated in wild-type
mice. In comparison, the tumors in lal�/� mice grew much
larger, peaking at day 10. The tumor growth curve from day
4 to day 28 is shown in Figure 1A. This reduced and delayed
human tumor rejection implies compromised immune sur-
veillance in lal�/� mice. Similar results were observed in
xenotransplanted human breast MDA-MB-231 cancer cells
(Supplemental Figure S1A), indicating that more than one
human cancer cell line is able to grow in lal�/� mice. In this
report, the human lung A549 cancer cell model is further
characterized in detail.

Lymph node draining plays a critical role in cancer
rejection and eradication.13e15 The lymph nodes from wild-
type and lal�/� mice with or without lung A549 cancer cell
injection are shown in Supplemental Figure S1B, in which
356
the lung A549 cancer cell challenge resulted in bigger
lymph nodes in wild-type mice than those in lal�/� mice.
The attacking cytotoxicity of lymph node cells to A549
cancer cells was evaluated by a co-culture experiment after
fluorescence labeling. At 4 hours of incubation, activated
red fluorescenceelabeled lymph node cells attached and
penetrated (referred to as inclusion rates) into green
fluorescenceelabeled lung A549 cancer cells (Figure 1B).
There was no significant difference in inclusion rates be-
tween wild-type and lal�/� groups without lung A549
cancer cell pre-injection. Lung A549 cancer cell challenge
in wild-type and lal�/� groups resulted in higher inclusion
rates than those without A549 cancer cell challenge, with
the wild-type group having a significantly higher inclusion
rate than the lal�/� group does (Figure 1B). This suggests
that lymph node cells from A549-injected lal�/� mice may
have compromised immune activation when attacking A549
cancer cells. To assess the quality of lymph node cells, the
survival rate of lal�/� lymph node cells was determined by
7-aminoactinomycin D/annexin V staining and found to be
statistically lower than that of wild-type lymph node cells
after overnight in vitro culture, regardless of A549 injection
(Figure 1C and Supplemental Figure S1C). The morpho-
logic shape of lal�/� lymph node cells was poorly differ-
entiated compared with that of wild-type lymph node cells
after stimulation by anti-CD3/anti-CD28 antibodies
(Figure 1D). Immunohistochemical staining demonstrated
the architecture and distribution of CD3þ T cells, B220þ

cells, and myeloid cells in lymph nodes of wild-type and
lal�/� mice. Human lung A549 cancer cell injection resulted
in more intense staining of B220þ cells in lymph nodes of
both wild-type and lal�/� mice than that in uninjected mice
(Figure 1E). Human lung A549 cancer cell injection resulted
in more intense staining of CD3þ cells in wild-type lymph
nodes, whereas there was less intense staining in lal�/�

lymph nodes than that in uninjected mice (Figure 1E).
Functionally, it has been well documented that lymph node
IFN-g promotes antitumor immunity.16,17 Secretion of IFN-
g was strongly stimulated in wild-type lymph node cells of
A549-injected mice on treatment of A549 cancer cell lysate.
In contrast, A549-injected lal�/� lymph node cells failed to
respond to the same treatment (Figure 1F). IL-10, which
mediates Treg and Breg immunosuppression, was also
investigated. Even without A549 injection, lal�/� lymph
node cells secreted a higher level of IL-10 than did wild-
type lymph node cells. With A549 injection, the IL-10
level in lal�/� lymph node cells remained higher than that
in wild-type lymph node cells in response to the treatment
with A549 tumor lysate (Figure 1F). Secretion of tumor
necrosis factor-a was also examined, which showed no
difference between wild-type and lal�/� lymph node cells
regardless of treatment with the A549 cancer cell lysate
(data not shown). Granzyme B, produced by CD8þ T
cells, is a key factor in cancer cell death. In response to
tumor antigen treatment, wild-type lymph node cells from
A549-injected mice showed an increase in granzyme
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Growth of human cancer cells and
lymph node (LN) cells in lal�/�mice. A: The s.c. flank
transplantation of human lung A549 cancer cells
(1 � 106) into wild-type (WT) or lal�/� [knockout
(KO)] FVB/Nmice. Tumor burdenwasmeasured by the
maximal length and width of tumor: (length �
width2)/2. The experiments were independently
repeated 12 times. B: The cytotoxicity of lymph node
cells fromWT or lal�/� (KO)mice with or without lung
A549 cancer cell transplantation. The lymph node
cells attaching to lung A549 cancer cells were esti-
mated by fluorescent tracking. The CMTPX-labeled
lymph node cells (red) were added to the carboxy-
fluorescein succinimidyl esterelabeled A549 cells
(green) in a 2:1 ratio. A representative image and the
statistical analysis of the inclusion rate from five
repeated experiments are shown. In each experiment,
five randomly selected fields under microscope are
chosen for analysis.Arrows show the lymphnode cells
that were attached and penetrated into lung A549
cancer cells. C: The viability of lymph node cells from
WT and lal�/� (KO) mice with or without lung A549
cancer cell transplantation. The lymphnode cells were
isolated and cultured overnight in vitro. The per-
centage of cell survival was determined by flow
cytometry using 7-aminoactinomycin D/annexin V
staining. The experiments were independently
repeated five times. D: The colony morphology of WT
and lal�/� (KO) lymph node cells stimulated by anti-
CD3/anti-CD28 antibodies for 2 days. E: Immunohis-
tochemical staining of the T, B, and myeloid pop-
ulations in lymph nodes fromWT and lal�/� (KO)mice
with orwithout lungA549 cancer cell transplantation.
The experiments were independently repeated four
times. F: Secretion of interferon (IFN)-g and IL-10
and intracellular expression of granzyme B (GZB) in
CD8þ lymph node cells from WT and lal�/� (KO) mice
with or without lung A549 cancer cell transplantation
after stimulation of the lung A549 cancer cell lysate
for 2 days. IFN-g and IL-10 in the culture supernatant
were determined by enzyme-linked immunosorbent
assay. The experiments were independently repeated
three to five times. GZB expression in CD8þ lymph
node cells was analyzed by flow cytometry. The ex-
periments were independently repeated five times.
Data are shown as means� SD (A, C, F). *P < 0.05,
**P< 0.01. Scale bars: 50 mm (B and D); 200 mm (E).
Original magnification, �40 (D, top panels); �200
(D, bottom panels);�100 (E).

LAL Regulates Tregs and Bregs
Bepositive cells compared with those from uninjected
mice, but not in those of lal�/� lymph node cells
(Supplemental Figure S1D). Taken together, LAL defi-
ciency significantly affects morphologic formation and
function of lymph node cells in response to injection of
human lung A549 cancer cells.
The American Journal of Pathology - ajp.amjpathol.org
Comparison of Lymphocyte Populations in the
Wild-Type and lal�/� Lymph Nodes

To further analyze various lymphocyte populations in the
wild-type and lal�/� lymph nodes, flow cytometry analyses
were performed and compared. The total number of lymph
357
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Figure 2 Lymphocyte populations in the wild-type (WT) and lal�/� lymph nodes (LNs). Lymph node cells were isolated from wild-type and lal�/� mice with
or without lung A549 cancer cell transplantation and analyzed by flow cytometry using antibodies against cell surface markers. A: The total numbers of lymph
node cells. B: The total numbers of CD4þ, CD8þ, and B220þ lymphocytes. C: The total numbers of activated (CD69þ) CD4þ, CD8þ, and B220þ lymphocytes. D:
The percentages of proliferated (Ki-67þ) CD4þ and CD8þ lymphocytes. E: The percentages of CD4þCD25þ and CD4þFOXP3þ T-regulatory cells. The gating
strategies for B, C, D, and E are shown in Supplementary Figure S2A, S2B, S2C, and S2D, respectively. The experiments were independently repeated four to six
times. Data are presented as means � SD (AeE). *P < 0.05, **P < 0.01. KO, knockout.
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node cells of lal�/� mice was less than that of wild-type mice
(Figure 2A), which was consistent with their poor survival
rate in vitro (Figure 1C). On A549 injection, the total number
of lymph node cells increased significantly in both wild-type
and lal�/� mice, although to a lesser degree in lal�/� mice
(Figure 2A). The size of lymph nodes correlated with total
number of lymph node cells (Supplemental Figure S1B). In
the lymphocyte family, the total number and percentage of
CD4þ T cells were lower, and the total number and per-
centage of B220þ cells were higher, in the lal�/� lymph node
than those in the wild-type lymph node. The total number and
percentage of CD8þ T cells showed no statistical difference
(Figure 2B and Supplemental Figure S2A). With A549 in-
jection, the total number of CD4þ, CD8þ, and B220þ cells
358
all increased significantly in the wild-type and lal�/� lymph
nodes compared with uninjected control groups (Figure 2B).
In terms of the percentages, only B220þ cells increased in the
wild-type lymph nodes in response to A549 injection
(Supplemental Figure S2A). Activated lymphocytes were
further measured by the lymphocyte activation marker CD69.
Total activated CD69þ cells were increased in the wild-type
lymph nodes after A549 injection, whereas the lal�/� lymph
nodes showed much less activation (Figure 2C). In B and
T cells measured individually after A549 injection, total
numbers and percentages of activated (CD69þ) CD4þ,
CD8þ, and B220þ cells were increased in the wild-type
lymph nodes (Figure 2C and Supplemental Figure S2B). In
comparison, there was much less increase of the total number
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Increase of B-regulatory cells in the lal�/� lymph nodes (LNs). Lymph node cells were isolated from wild-type (WT) and lal�/� mice with or
without lung A549 cancer cell transplantation and analyzed by flow cytometry using antibodies against CD23, B220, and IgM. A: Profiling and gating strategy
of B-cell subset follicle (Fo) and transitional two-marginal zone precursor (T2-MZP) cells in lymph nodes from WT and lal�/� [knockout (KO)] mice. B: The
percentages of Foþ and T2-MZPþ cells in lymph node cells and the T2-MZP/Fo ratio. The experiments were independently repeated six times. C: The mean
fluorescent intensity (MFI) of IL-10 and IL-35 in B220þ, Foþ, and T2-MZPþ cells. The gating strategy is shown in Supplemental Figure S3A. The experiments
were independently repeated six times for IL-10 and four times for IL-35. Data are given as means � SD (B and C). *P < 0.05, **P < 0.01.

LAL Regulates Tregs and Bregs
of activated (CD69þ) CD4þ and CD8þ cells, and there was
no statistical difference in activated (CD69þ) B220þ cells in
the lal�/� lymph nodes after A549 injection (Figure 2C).
These results indicate that activation of lymphocytes was
The American Journal of Pathology - ajp.amjpathol.org
impaire in the lal�/� lymph nodes in response to A549
cancer cell injection. In addition, Ki-67 staining was used for
the measurement of T-cell proliferation in response to tumor
antigen.A549 injection increased percentages ofCD4þKi-67þ
359
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Figure 4 Increased expression of glucose and amino acid metabolic enzymes in T- and B-regulatory cells of the lal�/� lymph nodes. Lymph node cells were
isolated from wild-type (WT) and lal�/� mice and analyzed by flow cytometry. A: The mean fluorescent intensity (MFI) of glucose-6-phosphate dehydrogenase
(G6PD), pyruvate dehydrogenase (PDH), lactate dehydrogenase A (LDHA), and glutamate dehydrogenase (GLUD) in CD4þ, CD8þ, CD4þCD25þ, and CD4þFOXP3þ

cells. B: The MFI of G6PD, PDH, LDHA, and GLUD in B220þ, follicle (Fo)þ, and transitional two-marginal zone precursor (T2-MZP)þ cells. The gating strategy is
shown in Supplemental Figure S4A. The experiments were independently repeated four times. Data are given as means � SD (A and B). *P < 0.05, **P < 0.01.
KO, knockout.

Ding et al
and CD8þKi-67þ cells, with more CD4þKi-67þ T cells in
wild-type lymph nodes than in lal�/� lymph nodes, suggesting
that T-cell proliferation was increased in response to A549
cancer cell injection, especially in wild-type lymph nodes
(Figure 2D and Supplemental Figure S2C).

Tregs critically regulate antitumor immunity and are
crucial for the maintenance of cancer tolerance. The lal�/�

lymph nodes showed significantly higher percentages of
CD4þCD25þ and CD4þFOXP3þ Tregs than those of the
wild-type lymph nodes in mice not injected with A549
(Figure 2E and Supplemental Figure S2D). A549 injection
increased percentages of both CD4þCD25þ and
CD4þFOXP3þ Tregs in the wild-type lymph nodes, and did
not change CD4þCD25þ Tregs and decreased
CD4þFOXP3þ Tregs in lal�/� lymph nodes (Figure 2E and
Supplemental Figure S2D), probably due to intrinsic defects
of T-cell response and homeostasis.

Bregs Are Expanded in the lal�/� Lymph Nodes

Bregs preferentially accumulate in the tumor-draining
lymph nodes and promote tumor growth.14 Populations of
360
follicle and transitional two-marginal zone precursor
(T2-MZP) cells were defined within the B220 population of
wild-type and the lal�/� lymph nodes (Figure 3A), as
previously reported.14 The percentages of follicle and
T2-MZP in the lal�/� lymph nodes were all significantly
higher than those in the wild-type lymph nodes (Figure 3B).
After A549 injection, the increased percentage of the
T2-MZP Breg subpopulation in the wild-type lymph nodes
was still lower than that in the lal�/� lymph nodes. The
overall T2-MZP/follicle ratio, an indicator of the Breg ac-
tivity, was significantly higher in the lal�/� lymph nodes
compared with that in the wild-type lymph nodes, regard-
less of A549 injection status (Figure 3B). Concomitantly,
much higher mean fluorescence intensity and percentages
of IL-10e and IL-35epositive B220 and T2-MZP cells
were observed in the lal�/� lymph nodes than those in the
wild-type lymph nodes of A549-uninjected mice (Figure 3C
and Supplemental Figure S3). A549 injection increased
IL-10 and IL-35 levels in B220 and T2-MZP Bregs in the
wild-type lymph nodes, and remained relatively unchanged
in the lal�/� lymph nodes (Figure 3C and Supplemental
Figure S3).
ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


A

B

C

D

E

WT KO
0

10

20

30

40

M
FI

 o
f p

S6

Fo+

**

WT KO
50

60

70

80

90
M

FI
 o

f p
S6 **

CD4+CD25+

WT KO
40

60

80

100

M
FI

 o
f p

S6 **
CD4+Foxp3+

WT KO
10

20

30

40

50

M
FI

 o
f p

S6

T2-MZP+

**

WT KO
0

5

10

15

20

25

%
 F

o 
of

 L
N 

Ce
lls

- S Rapa

*

WT KO
0

1

2

3

%
T2

-M
ZP

 o
f L

N 
Ce

lls

- S Rapa

***
*

WT KO
0.0

0.1

0.2

0.3

Ra
tio

 o
f T

2-
M

ZP
/F

o

- S Rapa

***

WT KO
0

5

10

15

%
 C

D4
+ CD

25
+  o

f L
N 

Ce
lls - S Rapa

****

WT KO
0

5

10

15

%
 C

D4
+ Fo

xp
3+  o

f L
N 

Ce
lls - S Rapa

****
*

WT KO
0

5

10

15

20

25

%
 F

o 
of

 L
N 

Ce
lls

- C CPI-613

*
**

WT KO
2

4

6

8

10

%
 C

D4
+ CD

25
+  o

f L
N 

Ce
lls - C CPI-613

***

WT KO
0

5

10

15

%
 C

D4
+ Fo

xp
3+  o

f L
N 

Ce
lls - C CPI-613

***

WT KO
0

1

2

3

%
 T

2-
MZ

P 
of

 L
N 

Ce
lls

- C CPI-613

***

WT KO
0.0

0.1

0.2

Ra
tio

 o
f T

2-
M

ZP
/F

o

- C CPI-613

**

Figure 5 Blocking pyruvate dehydrogenase or mammalian target of rapamycin (mTOR) pathway reduced T- and B-regulatory cells (Tregs and Bregs,
respectively) of the lymph nodes (LNs). Lymph node cells were isolated from CPI-613 or rapamycin (Rapa) treated or untreated wild-type (WT) and lal�/� mice
and analyzed by flow cytometry. A: The percentages of follicle (Fo) and transitional two-marginal zone precursor (T2-MZP) Bregs and the T2-MZP/Fo ratio in
the lymph node cells of wild-type and lal�/� mice that were treated with CPI-613 (5 mg/kg). B: The percentages of Tregs in the lymph node cells of wild-type
and lal�/� mice that were treated with CPI-613 (5 mg/kg). C: Expression of mTOR downstream pS6 in Bregs and Tregs. The gating strategy is shown in
Supplemental Figure S5. D: The percentages of Fo and T2-MZP Bregs and the T2-MZP/Fo ratio in the lymph node cells of rapamycin-treated or untreated wild-
type and lal�/� mice. E: The percentages of Tregs in the lymph node cells of rapamycin-treated or untreated wild-type and lal�/� mice. The experiments were
independently repeated six times (A and B) or four times (CeE). Data are expressed as means � SD (AeE). *P < 0.05, **P < 0.01. -, untreated; C, solvent
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Figure 6 Blocking mammalian target of rapamycin reduced PD-L1
expression in T- and B-regulatory cells (Tregs and Bregs, respectively) of the
lymph nodes and decreased human lung A549 cancer cell growth in lal�/�

mice. A: Immunohistochemical staining of PD-L1 in lymph nodes of wild-type
(WT) and lal�/� [knockout (KO)] mice. B and C: PD-L1 expression in follicle
(Fo) and transitional two-marginal zone precursor (T2-MZP) Bregs (B) and
Tregs (C) of the lymph node cells from rapamycin (Rapa)etreated or untreated
WT and lal�/� mice. D: Human lung A549 cancer cells were transplanted into
WT or lal�/� (KO) mice that were pretreated with rapamycin, as described in
Materials and Methods. The tumor volume at 10 days after A549 transplantation
is shown. Other time points are shown in Supplemental Figure S6A. The ex-
periments were independently repeated 4 times (B and C) or 12 times (D).
Data are expressed as means � SD (BeD). *P < 0.05, **P < 0.01. Original
magnification, �400 (A). -, untreated; S, solvent.
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Metabolic Changes in Tregs and Bregs of the lal�/�

Lymph Nodes

In fat catabolism, triglycerides are hydrolyzed to break into
fatty acids and glycerol by LAL. Fatty acids are further
broken down through a process known as fatty acid
b-oxidation, which results in acetyl-CoA, which can be used
in the tricarboxylic acid cycle in mitochondria.18 Therefore,
fatty acid metabolism supports both the biosynthetic and
bioenergetic requirements of cell proliferation and survival.
In the absence of the regular supply of fatty acids during
LAL deficiency, it is important to determine if the energy
consumption switches toward the glucose and amino acid
metabolic pathways. Indeed, in most cases, glucose meta-
bolic enzymes, including PDH (controlling the entrance
from glycolysis to tricarboxylic acid cycle), glucose-6-
phosphate dehydrogenase (controlling the pentose phos-
phate pathway), and lactate dehydrogenase (controlling
anaerobic glycolysis), were all increased in both mean
fluorescence intensity and percentage of positive cells in
lal�/� Tregs (Figure 4A and Supplemental Figure S4, A and
B) and Bregs (T2-MZP) (Figure 4B and Supplemental
Figure S4, A and C). Among amino acid pathways, gluta-
mate dehydrogenase, which controls the glutamate conver-
sion to a-ketoglutarate in the tricarboxylic acid cycle, was
also increased in lal�/� Tregs (Figure 4A and Supplemental
Figure S4, A and B). These observations suggest a meta-
bolic shift from fatty acids toward glucose and amino acid
utilization in Tregs and Bregs of the lal�/� lymph nodes.
Injection of CPI-613, a PDH inhibitor, into mice decreased
both T2-MZP Bregs and CD4þCD25þ/CD4þFOXP3þ

Tregs of the lal�/� lymph nodes (Figure 5, A and B).
mTOR is a major signal integrator for metabolic regulation

of nutrients, energy, and stress.19e22 The lysosomal surface
hosts molecular machinery for mTOR activation.22,23 Activa-
tion of this pathway promotes influx of glucose and amino
acids into the cells.24,25 Up-regulation of metabolic enzymes in
glucose and glutamine pathways implicates that the mTOR
pathway serves as a critical mechanism to control Treg and
Breg homeostasis in the lal�/� lymph nodes. The increase of
phosphorylated S6, a major mTOR effector, was observed in
Tregs and Bregs of the lal�/� lymph nodes (Figure 5C and
Supplemental Figure S5). Furthermore, injection of mTOR
inhibitor rapamycin into mice significantly reduced the T2-
MZP Breg population in both wild-type and lal�/� lymph
nodes, which resulted in reduced T2-MZP/follicle ratio
(Figure 5D). Rapamycin treatment also reduced the
CD4þCD25þ and CD4þFOXP3þ Treg cell percentages in the
lal�/� lymph nodes (Figure 5E).
Immunohistochemical expression of PD-L1 was

observed in the lymph nodes of lal�/� mice (Figure 6A).
Furthermore, flow cytometry analyses showed significant
increase of PD-L1 in Bregs and Tregs in the lal�/� lymph
nodes than those in the wild-type lymph nodes. PD-L1
expression was reduced in T2-MZP Bregs and in
CD4þCD25þ and CD4þFOXP3þ Tregs of the lal�/�
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 Treatment of 9-HODE (H) reduces T and B-regulatory cells (Tregs and Bregs, respectively) of the lymph nodes (LNs) and human lung A549 cancer
cell growth in lal�/� mice. Lymph node cells were isolated from 9-HODE treated or untreated wild-type (WT) and lal�/� [knockout (KO)] mice and analyzed by
flow cytometry. A: The percentages of follicle (Fo) and transitional two-marginal zone precursor (T2-MZP) Bregs, the T2-MZP/Fo ratio, and PD-L1 expression in
Fo and T2-MZP Bregs. B: The percentages of Tregs and PD-L1 expression in Tregs. C: Human lung A549 cancer cells were transplanted into wild-type or lal�/�

mice that were pretreated with 9-HODE, as described in Materials and Methods. The tumor volume at 10 days after A549 transplantation is shown. Other time
points are shown in Supplemental Figure S6B. The experiments were independently repeated 4 times (A and B) or 12 times (C). Data are expressed as
means � SD (AeC). *P < 0.05, **P < 0.01. -, untreated; EtOH, ethanol.

LAL Regulates Tregs and Bregs
lymph nodes after rapamycin treatment (Figure 6, B and
C). As a consequence, rapamycin injection reduced human
lung A549 cancer cell growth in xenotransplanted lal�/�

mice (Figure 6D and Supplemental Figure S6A). Taken
together, these results demonstrated that the mTOR-
controlled metabolic pathway plays a pivotal role in Treg
and Breg homeostasis, which contributes to tumor-
promoting functions in the lymph nodes of lal�/� mice.
The American Journal of Pathology - ajp.amjpathol.org
Reactivation of PPARg Reduces Tregs and Bregs of the
lal�/� Lymph Nodes and Xenotransplanted Human
Cancer Cell Growth

LAL hydrolyzes cholesteryl esters and triglycerides in
lysosomes to generate free fatty acids and cholesterol.26,27

Derivatives of free fatty acid metabolites serve as hor-
monal ligands for nuclear receptors (eg, PPARg), which
363
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Figure 8 Blocking PD-L1 reduced T- and B-regulatory cells (Tregs
and Bregs, respectively) of the lymph nodes (LNs) and decreased
human A549 cancer cell growth in lal�/� mice. Lymph node cells were
isolated from PD-L1 antibody-treated wild-type (WT) and lal�/�

[knockout (KO)] mice and analyzed by flow cytometry. A: The per-
centages of follicle (Fo) and transitional two-marginal zone precursor
(T2-MZP) Bregs and the T2-MZP/Fo ratio. B: The percentages of Tregs.
C: Human lung A549 cancer cells were transplanted into wild-type or
lal�/� mice that were pretreated with PD-L1 antibody, as described in
Materials and Methods. The tumor volume at 10 days after A549
transplantation is shown. Other time points are shown in
Supplemental Figure S6C. The experiments were independently
repeated 4 times (A and B) or 12 times (C). Data are expressed as
means � SD (AeC). *P < 0.05, **P < 0.01. -, untreated.
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are hormone-regulated transcription factors. When syn-
thesis of PPARg hormonal ligands is diminished by LAL
deficiency, inactivation of PPARg promotes elevation of
Tregs and Bregs in the lal�/� lymph nodes. To test this
hypothesis, 9-HODE, a natural ligand for PPARg, was
reintroduced into lal�/� mice. 9-HODE generation in cells
is LAL-dependent.28 9-HODE injection significantly
reduced percentages of T2-MZP Bregs and CD4þFoxp3þ

Tregs in the lal�/� lymph nodes (Figure 7, A and B).
PD-L1 expression in T2-MZP Bregs and in CD4þCD25þ

and CD4þFOXP3þ Tregs was also reduced after 9-HODE
treatment (Figure 7, A and B). 9-HODE injection reduced
human lung A549 cancer cell growth in xenotransplanted
lal�/� mice (Figure 7C and Supplemental Figure S6B).
These results demonstrate that reactivation of PPARg
improves immune rejection of human cancers in lal�/�

mice.
364
Inhibition of PD-L1 Reduces Tregs and Bregs of the
lal�/� Lymph Nodes and Xenotransplanted Human
Cancer Cell Growth

Because expression of PD-L1 in Bregs and Tregs was
significantly higher in the lal�/� lymph nodes than in the
wild-type lymph nodes (Figure 6, B and C), and both
rapamycin and 9-HODE reduced PD-L1 expression
(Figure 6, B and C, and Figure 7, A and B), it is important to
identify the role of PD-L1 in Breg and Treg homeostasis.
AntiePD-L1 antibody was used to block the PD-L1 activ-
ity. AntiePD-L1 antibody injection into mice significantly
reduced T2-MZP Bregs and CD4þCD25þ/CD4þFOXP3þ

Tregs in the lal�/� lymph nodes (Figure 8, A and B).
AntiePD-L1 antibody injection also reduced human lung
A549 cancer cell growth in xenotransplanted lal�/� mice
(Figure 8C and Supplemental Figure S6C). Therefore,
ajp.amjpathol.org - The American Journal of Pathology
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elevated expression of PD-L1 by lal�/� Bregs and Tregs at
least partially contributes to human lung A549 cancer cell
growth in xenotransplanted lal�/� mice.
Discussion

Because murine B16 melanoma and Lewis lung carcinoma
cells are able to grow and metastasize in both syngeneic and
allogeneic lal�/� mouse models,9 we speculated that human
cancer cells would also grow across species in this mouse
model. The current study clearly demonstrates that the
metabolic landscape shifts as a result of LAL deficiency and
leads to immune evasion by human lung A549 cancer cells
(Figure 1A). Therefore, lal�/� mice potentially serve as a
xenograft model for human cancer cell transplantation,
which provides a valuable tool for clinical and therapeutic
application of human cancers.

It has been demonstrated previously that multiple organs
and cells in lal�/�mice participate in this tumorigenic process
and contribute to weakened immune rejection. In the bone
marrow, development and differentiation of hematopoietic
stem cells skew towardmyeloid lineage cells, especially at the
stage of CD11b/Ly6G/Ly6C triple-positive MDSCs. As a
result, lal�/�MDSCproduction in the blood and distal organs
(thymus, spleen, lung, and liver) is significantly increased.7

Lal�/� MDSCs directly stimulate tumor cell proliferation,
progression, and metastasis both in vitro and in vivo.9 Lal�/�

MDSCs suppress T-cell differentiation and function,8,10

which jeopardizes the antitumor immunity. Myeloid-
specific expression of the human version of LAL reverses
the T-cell suppressive function of lal�/�MDSCs.10,29 Lal�/�

MDSCs also affect angiogenesis by regulating EC prolifera-
tion and various other functions to influence penetration of
tumor cells and MDSCs across the EC barrier.30

In contrast, LAL deficiency down-regulates development
and differentiation of lymphocytes in multiple organs. In
addition to suppression by MDSCs that have infiltrated into
these organs, the intrinsic defect is a critical factor of
T-lymphocyte shortage. LAL deficiency impairs T-cell devel-
opment in the thymus at the DN3 (CD44�CD25þ) to DN4
(CD44�CD25-) transition.6 The peripheral lal�/� T-cell pop-
ulation is reduced dramatically, due largely to increased
apoptosis and decreased proliferation of lal�/� T cells. Lal�/�

T cells lose the ability to respond to T-cell receptor stimulation,
with decreased T-cell proliferation and expression of T lym-
phokines. The ratio increase of CD4þCD25þFoxP3þ Tregs to
CD4þ T cells is observed in lal�/� spleens.6 It has been re-
ported that memory T cells rely on cell-intrinsic expression of
the LAL for memory T-cell development and fate.31

In addition to the immune system, cell types in other
organs also participate in tumorigenesis caused by LAL
deficiency. For example, cell-specific expression of the
human LAL in lal�/� mice shows that LAL deficiency in
liver hepatocytes or lung type II epithelial cells actively
contributes to tumor growth and metastasis in lal�/�
The American Journal of Pathology - ajp.amjpathol.org
mice.32,33 In the circulatory system, ECs lining the inner
layer of blood vessels function as barriers regulating tumor
cell and leukocyte transmigration. The intrinsic defect of
lal�/� ECs causes altered migration and proliferation,
decreased apoptosis, and impaired tube formation and
angiogenesis. As a result, tumor cells and leukocytes
(MDSCs and T cells) transmigrate more efficiently across
the lal�/� EC barrier than the lalþ/þ EC barrier. During this
process, lal�/� ECs suppress T-cell proliferation.30

While searching for the underlying cellular mechanism of
diminished immune rejection of human lung A549 cancer
cells, further analyses identified abnormal homeostasis and
functions of the lal�/� lymph nodes in this report. The bal-
ance between immune effector cells and immunosuppressive
cells in the lymph nodes plays a crucial role in regulating
tumor rejection.13e15 In the lal�/� lymph nodes, both Treg
and Breg populations were significantly increased compared
with those of the wild-type lymph nodes (Figures 2 and 3).
Effector cytokine IFN-g, a CD8þ T-cell function indicator,
failed to respond to human lung A549 cell lysate challenge,
whereas the IL-10 level, an important indicator for Treg- and
Breg-mediated immunosuppression, was increased dramati-
cally in the lal�/� lymph nodes (Figure 1F). Granzyme B, a
CD8þ T cell produced killing factor of cancer cells, also
failed to respond to human lung A549 cell lysate challenge in
lal�/� lymph node cells (Figure 1F).

The immunosuppressive activity of Tregs and Bregs pro-
motes tumor growth in the tumor microenvironment.34 It has
been shown that the frequency of Tregs in the tumor-draining
lymph nodes, rather than that in tumors and peripheral blood,
positively correlates with disease stage,35 and the expression
level of FOXP3þ correlates with poor 5-year survival rate in
stage I nonesmall-cell lung cancer patients.36 On the other
hand, Bregs represent a population of B cells that participate in
immunomodulation and in suppression of immune re-
sponses.37,38 The tumor-draining lymph nodes in cancer pa-
tients show up-regulation of Bregs. Bregs preferentially
accumulate in tumor-draining lymph nodes and promote tumor
growth.14 Through the production of IL-10 and IL-35, Bregs
suppress type 1 helper T cells, type 17 helper T cells, and
cytotoxic CD8þ T cells, and facilitate the conversion of T cells
to Tregs (FOXP3þ T cells), thus attenuating antitumor im-
mune responses.39 Up-regulation of Bregs correlates with
increased frequency of Tregs, increased progression of carci-
noma, and reduced patient survival.40 In both murine and
human immune systems, IL-10 production is regarded as a
crucial indicator of Bregs.39,41e43 Bregs also produce PD-L1 to
inhibit tumor-directed cytotoxic T-cell functions.44

To better understand how Tregs and Bregs promote tumor
progression by suppressing antitumor responses, it is
essential to identify the nature of the molecular components
and pathways promoting the generation and proliferation of
Tregs and Bregs in the lal�/� lymph nodes. Although Tregs
are defined by lineage-specific marker FOXP3, no lineage-
specific marker has been conclusively identified in Bregs,
which are rather reactive to the environment.38
365
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There is evidence indicating that not only cancer cells go
through metabolic reprograming; immune cells also have
distinct metabolic characteristics that influence their func-
tions.45,46 In this report, several molecules and pathways
that mediate increase of Tregs and Bregs in the lal�/� lymph
nodes have been identified. First, in Bregs and Tregs of the
lal�/� lymph nodes, up-regulations of G6PG, PDH, lactate
dehydrogenase, and glutamate dehydrogenase (Figure 4)
have been observed, indicating that blocked fatty acid
oxidation due to LAL deficiency may promote T and B cells
to utilize alternative energy resources. This metabolic switch
may play a role in the formation of Tregs and Bregs in the
lal�/� lymph nodes. Indeed, PDH inhibitor CPI-613
reduced the increased levels of Tregs and Bregs by block-
ing the entrance from glycolysis to the tricarboxylic acid
cycle (Figure 5, A and B). The mTOR pathway is a sensor
for cellular metabolic switch, which was increased in lal�/�

Tregs and Bregs (Figure 5C). Treatment with rapamycin, an
mTOR inhibitor, also blocked elevation of Treg and Breg
levels in lal�/� lymph nodes (Figure 5, D and E), which
resulted in partially restored immune rejection of human
lung A549 cell growth in vivo (Figure 6D). Collectively,
these data suggest that LAL-controlled lipid metabolism is
potentially important to control lymph node homeostasis
and anticancer functions.

In addition to serving as fuel, the LAL downstream de-
rivatives serve as hormonal ligands for PPARg. Treatment
with 9-HODE, a native ligand for PPARg, decreased the
levels of Tregs and Bregs in the lymph nodes (Figure 7, A
and B), which restored immune rejection of human lung
A549 cancer cell growth in lal�/� mice in vivo (Figure 7C).
Interestingly, PD-L1 expression was elevated in Bregs
(Figure 6B) and Tregs (Figure 6C) in the lal�/� lymph nodes.
Both rapamycin and 9-HODE treatments decreased PD-L1
expression in these cells (Figure 6, B and C, and Figure 7,
A and B). After PD-L1 antibody treatment, lal�/� mice
showed decreased levels of Bregs and Tregs in the lal�/�

lymph nodes (Figure 8, A and B), and restored immune
rejection of human lung A549 cancer cell growth in lal�/�

mice in vivo (Figure 8C). PD-L1 is commonly expressed on
Tregs and Bregs in the tumor microenvironment.47,48 PD-L1
regulates the development, maintenance, and function of
Tregs.49 Bregs suppress T-cell function via IL-10 and PD-
L1.50 These findings indicate that the LAL/PPARg/mTOR
axis potentially controls Breg and Treg homeostasis through
regulating PD-L1 in the lal�/� lymph nodes.

Taken together, the metabolic reprogramming caused by
LAL deficiency plays diverse functions in different organs
and cells to control tumorigenesis, which collectively
contribute to depletion of immune rejection of human can-
cer cell growth in lal�/� mice.
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