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ABSTRACT
Background Myeloid- derived suppressor cells 
(MDSCs) are a heterogeneous population of cells in 
tumor microenvironment, which suppress antitumor 
immunity. Expansion of various MDSC subpopulations 
is closely associated with poor clinical outcomes in 
cancer. Lysosomal acid lipase (LAL) is a key enzyme in 
the metabolic pathway of neutral lipids, whose deficiency 
(LAL- D) in mice induces the differentiation of myeloid 
lineage cells into MDSCs. These Lal-/- MDSCs not only 
suppress immune surveillance but also stimulate 
cancer cell proliferation and invasion. Understanding 
and elucidating the underlying mechanisms of MDSCs 
biogenesis will help to facilitate diagnosis/prognosis 
of cancer occurrence and prevent cancer growth and 
spreading.
Methods Single- cell RNA sequencing (scRNA- seq) was 
performed to distinguish intrinsic molecular and cellular 
differences between normal versus Lal-/- bone marrow–
derived Ly6G+ myeloid populations in mice. In humans, 
LAL expression and metabolic pathways in various myeloid 
subsets of blood samples of patients with non- small cell 
lung cancer (NSCLC) were assessed by flow cytometry. 
The profiles of myeloid subsets were compared in patients 
with NSCLC before and after the treatment of programmed 
death- 1 (PD- 1) immunotherapy.
Results scRNA- seq of Lal-/- CD11b+Ly6G+ MDSCs 
identified two distinctive clusters with differential gene 
expression patterns and revealed a major metabolic shift 
towards glucose utilization and reactive oxygen species 
(ROS) overproduction. Blocking pyruvate dehydrogenase 
(PDH) in glycolysis reversed Lal-/- MDSCs’ capabilities 
of immunosuppression and tumor growth stimulation 
and reduced ROS overproduction. In the blood samples 
of human patients with NSCLC, LAL expression was 
significantly decreased in CD13+/CD14+/CD15+/CD33+ 
myeloid cell subsets. Further analysis in the blood of 
patients with NSCLC revealed an expansion of CD13+/
CD14+/CD15+ myeloid cell subsets, accompanied by 
upregulation of glucose- related and glutamine- related 
metabolic enzymes. Pharmacological inhibition of the 
LAL activity in the blood cells of healthy participants 
increased the numbers of CD13+ and CD14+ myeloid cell 
subsets. PD- 1 checkpoint inhibitor treatment in patients 
with NSCLC reversed the increased number of CD13+ 
and CD14+ myeloid cell subsets and PDH levels in CD13+ 
myeloid cells.

Conclusion These results demonstrate that LAL and the 
associated expansion of MDSCs could serve as targets and 
biomarkers for anticancer immunotherapy in humans.

INTRODUCTION
Myeloid- derived suppressor cells (MDSCs) 
are a heterogeneous population of cells 
generated during various pathological condi-
tions, including cancer. In mice, MDSCs are 
defined as CD11b+Gr- 1+ (Ly6- C/G) myeloid 
populations, while in humans, they are char-
acterized as CD11b+/CD13+, CD14+, CD15+, 
CD33+/HLA- DR- myeloid populations.1–5 
Clinical studies have shown a positive correla-
tion of MDSC numbers in peripheral blood 
with cancer stage and tumor burden in 
multiple cancer types. Elevated numbers of 
MDSCs in circulation are also correlated with 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Lysosomal acid lipase (LAL) is well established 
for treating patients with LAL deficiency (LAL- D) 
(Wolman disease and cholesteryl ester storage dis-
ease). LAL- D in mice induces the differentiation of 
myeloid lineage cells into myeloid- derived suppres-
sor cells (MDSCs) and promotes tumor growth and 
metastasis.

WHAT THIS STUDY ADDS
 ⇒ The study revealed a new mechanism by which LAL 
suppresses the differentiation and homeostasis of 
MDSCs in both animal models and humans. Based 
on this study, LAL can be repurposed for treating 
patients with cancer alone or in combination with 
programmed death ligand 1 checkpoint immuno-
therapy. In addition, LAL, metabolic enzymes, and 
elevated numbers of MDSCs can be used as bio-
markers to predict lung cancer occurrence using 
blood samples.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ New biomarker standards can be formulated for 
lung cancer diagnosis and prognosis. New immu-
notherapies can be developed to save human life.
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poor outcomes and reduced survival.4 MDSCs can also be 
used in predicting the response to various cancer ther-
apies, which numbers are correlated with the response 
to chemotherapy, radiotherapy, and vaccine therapy.4 5 
Inhibition of MDSCs during immunotherapy increases 
therapeutic effect in mouse tumor models.6–8 In tumor 
immunology, MDSCs are divided into two categories: 
tumor- induced MDSCs and pretumor MDSCs. It is vital to 
eliminate pre- existing MDSCs in the protumor microenvi-
ronment and tumor- induced MDSCs in the tumor micro-
environment to prevent tumor growth and spreading. 
Understanding and elucidating the underlying mecha-
nisms of MDSC biogenesis will help to achieve this goal.

Lysosomal acid lipase (LAL) hydrolyzes cholesteryl 
esters and triglycerides in lysosomes to generate free 
cholesterol and free fatty acids.9 As we reported previ-
ously, deficiency of LAL (LAL- D) plays critical role in 
MDSC differentiation and homeostasis, which induces 
the differentiation of normal myeloid lineage cells into 
MDSCs in LAL knockout (Lal-/-) mice.10 These pretumor 
MDSCs not only suppress immune surveillance11–13 but 
also directly stimulate cancer cell proliferation, progres-
sion, and invasion.14 15 In humans, it has been reported 
that heterozygote carriers of LAL mutations altered 
subsets of human MDSCs,16 and mutations in the LAL 
gene were linked to carcinogenesis.17 Patients (ages 
ranging from 11 to 58 years) with LAL- D without enzyme 
replacement therapy of Sebelipase alfa (or Kanuma, 
commercial name for recombinant human LAL) devel-
oped hepatocellular carcinoma, cholangiocarcinoma, 
and hepatocellular cholangiocarcinoma,18 suggesting 
that LAL serves as an attractive cancer therapy target.19 
Our recent study further supported the idea that human 
cancer xenotransplants were able to grow in Lal-/- mice.20 
Expression of human LAL in multiple organs of Lal-/- 
mice successfully corrected CD11b+Ly6G+ MDSC expan-
sion and T- cell suppression.13 21 22

To distinguish intrinsic molecular and cellular differ-
ences between normal versus Lal-/- CD11b+Ly6G+ myeloid 
populations, two distinct clusters with differential gene 
expression patterns were identified using single- cell 
RNA sequencing (scRNA- seq). Further analysis revealed 
a major metabolic shift towards glucose utilization and 
reactive oxygen species (ROS) overproduction in Lal-/- 
MDSCs. Pyruvate dehydrogenase (PDH) in the glycolytic 
pathway played an important role in controlling Lal-/- 
MDSCs’ functions and ROS production. Programmed 
death ligand- 1 (PD- L1) upregulation was also observed 
in Lal-/- MDSCs. In human patients with non- small cell 
lung cancer (NSCLC), LAL expression was significantly 
decreased in CD13+/CD14+/CD15+/CD33+ myeloid cell 
subsets, accompanied by significant expansion of these 
MDSC subsets and upregulation of PDH in MDSCs, 
which are similar to the observations made in mice. 
Programmed death- 1 (PD- 1) checkpoint inhibitor treat-
ment in patients with NSCLC partially reversed the 
increased CD13+/CD14+ myeloid cell subsets and PDH. 
These studies demonstrate that LAL and associated 

MDSC expansion could serve as biomarkers for diagnosis 
and prognosis of NSCLC, which in turn serve as targets 
for cancer immunotherapy treatment in humans.

MATERIALS AND METHODS
Animals and cell lines
Wild- type (Lal+/+) and Lal−/− mice of the FVB/N back-
ground were bred inhouse.23 24 Both male and female 
mice aged 3–5 months were used, and all the mice have 
been backcrossed for more than 10 generations. All 
scientific protocols involving the use of animals have 
been approved by the Institutional Animal Care and Use 
Committee of Indiana University School of Medicine 
(no 22047) and followed guidelines established by the 
Panel on Euthanasia of the American Veterinary Medical 
Association. Animals were housed under Institutional 
Animal Care and Use Committee–approved conditions 
in a secured animal facility at Indiana University School 
of Medicine.

The murine B16 melanoma cell line and Lewis lung 
carcinoma (LLC) cell line (ATCC, Manassas, Virginia, 
USA) were cultured in Dulbecco's Modified Eagle 
Medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS) (Gibco) in a 37°C incubator with 5% CO2.

Human blood samples
The human blood samples of normal subjects and patients 
with NSCLC (at stage III–IV) were obtained from Indiana 
Biobank and Simon Cancer Center of Indiana Univer-
sity School of Medicine, respectively (see online supple-
mental table 8 for blood donor characteristics). Patients 
with NSCLC were selected by screening with PD- L1 Tumor 
Proportion Score (TPS) ≥10%. Both normal subjects and 
patients with NSCLC include men and women, White and 
African American. To inhibit LAL activity, human blood 
cells from healthy participants had the red cells removed 
with lysis buffer (BioLegend, San Diego, California, USA), 
washed with phosphate- buffered saline (PBS) by centrifu-
gation at 240×g for 5 min at room temperature, and then 
incubated with 10 µM LAL inhibitor Lalistat2 (Cayman, 
Ann Arbor, Michigan, USA) for 24 hours. As a control, 
human blood cells were incubated with dimethyl sulf-
oxide (DMSO). All protocols involving the use of human 
blood have been approved by the Institutional Biosafety 
Committee of Indiana University School of Medicine (no 
1908650279), and written informed consent was received 
prior to participation.

Isolation of bone marrow Ly6G+ cells
Ly6G+ cells were isolated by magnetic bead sorting as we 
previously described.15 For CPI- 613 treatment, freshly 
isolated Ly6G+ cells were pretreated with DMSO or 10 µM 
CPI- 613 at 37°C for 1 hour, and then cocultured with 
CD4+ T cells or coinjected with B16 melanoma cells for 
further analysis.

Single-cell RNA sequencing and data analysis
Ly6G+ cells were sorted from the bone marrow of Lal+/+ 
and Lal−/− mice. Cells sorted from six Lal+/+ mice and six 
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Lal−/− mice were pooled together and mixed well. The 
number and viability of Ly6G+ cells were 1100 cells/
µL and >95%, respectively. Immediately after sorting, 
Ly6G+ single cells were run on the 10X Chromium (10X 
Genomics) and then through library preparation by 
the Center for Medical Genomics at Indiana University 
School of Medicine following the recommended protocol 
for the Chromium Single Cell 3′ Reagent Kit. Libraries 
were run on the NovaSeq S1 for Illumina sequencing. 
CellRanger 3.0.2 (http://support.10xgenomics.com/) 
was used to process the raw sequence data generated, and 
data were analyzed as previously described.25

Western blot analysis
Western blot analysis was performed as previously 
described26 using antibodies against hexokinase 1 (HK1), 
HK2, HK3, glucose- 6- phosphate dehydrogenase (G6PD), 
PDH, lactate dehydrogenase A (LDHA), LDHB, and gluta-
mate dehydrogenase (GLUD) (rabbit monoclonal anti-
bodies, 1:1000; Cell Signaling). Antibody against β-actin 
(rabbit monoclonal antibody, 1:2000; Cell Signaling) was 
used as a loading control. For detection, the membrane 
was incubated with anti- rabbit IgG secondary antibody 
conjugated with horseradish peroxidase (1:2000, Cell 
Signaling). Bands were visualized using SuperSignal West 
Pico Chemiluminescent substrate (Thermo Scientific 
Pierce).

Measurement of glucose, pyruvate, and α-ketoglutarate levels
Measurement of glucose, pyruvate, and α-ketoglutarate 
levels was performed using the glucose assay kit (Sigma, 
catalog no GAHK20), pyruvate assay kit (Sigma, catalog 
no MAK071), and α-ketoglutarate assay kit (Sigma, 
catalog no MAK054), respectively. Briefly, samples were 
prepared from freshly isolated Ly6G+ cells according to 
the assay kits’ instructions. Lysates were then incubated 
with reaction mix for a designated time and ready for the 
absorbance measuring.

Flow cytometry analysis
For analyses of percentages of CD11b+Ly6G+ and 
Ly6G+Ly6C+ cells, single cells harvested from the bone 
marrow of Lal+/+ and Lal-/- mice were stained with APC 
eFluor 780- conjugated anti- Ly6G antibody (1A8- Ly6g, 
catalog no 47- 9668- 82), fluorescein isothiocyanate- 
conjugated anti- CD11b antibody (M1/70, catalog no 
11- 0112- 82), and PE- conjugated anti- Ly6C antibody 
(HK1.4, catalog no 12- 5932- 82) (eBioscience, San Diego, 
California, USA) at 4°C for 15 min. For the analysis of 
PD- L1 expression in Ly6G+ cells, cells were stained with 
APC eFluor 780- conjugated anti- Ly6G antibody, PE- con-
jugated anti- CD11c antibody (N418, catalog no 12- 0114- 
82) (eBioscience), and PE- Cy7- conjugated anti- PD- L1 
antibody (10F.9G2, catalog no 124314) (BioLegend) at 
4°C for 15 min. Cells were washed with PBS and then were 
ready for flow cytometry analysis.

For flow cytometry analysis of human blood samples, 
human blood cells had the red cells removed, washed 

with PBS, and stained with APC- eFluor 780- conjugated 
anti- CD11b antibody (ICRF44, catalog no 47- 0118- 42), 
FITC- conjugated anti- CD13 antibody (WM15, catalog no 
11- 0138- 42), PE- conjugated anti- CD14 antibody (61D3, 
catalog no 12- 0149- 42), APC- conjugated anti- CD15 anti-
body (MMA, catalog no 17- 0158- 42), PE- conjugated anti- 
CD33 antibody (HIM3- 4, catalog no 12- 0339- 42), and 
PE- Cy7- conjugated anti- human leukocyte antigen- DR 
isotype antibody (L243, catalog no 25- 9952- 42) (eBio-
science) at 4°C for 15 min. Cells were then washed with 
PBS, fixed with 1% paraformaldehyde and prepared 
for flow cytometry analysis. To analyze LAL levels, cells 
were further fixed and permeabilized using BD Cytofix/
Cytoperm Fixation/Permeabilization Kit and incubated 
with non- fluorescence conjugated anti- LAL antibody27 
at 4°C overnight. To analyze metabolic enzyme levels, 
cells after fixation and permeabilization were incubated 
with non- fluorescence- conjugated antibodies against 
metabolic molecules including G6PD (D5D2, catalog no 
12 263S), LDH (C28H7, catalog no 3558S), PDH (catalog 
no 2784S), and GLUD (D9F7P, catalog no 12 793S) (Cell 
Signaling, Beverly, Massachusetts, USA) at 4°C overnight. 
On the next day, cells were washed and stained with APC- 
conjugated or FITC- conjugated anti- rabbit IgG antibody 
at 4°C for 30 min and then washed for flow cytometry 
analysis. For flow cytometry analysis, ≥50 000 cells were 
acquired and scored using an LSRII machine (mouse 
samples) or Fortessa (human samples) (BD Biosciences). 
Data were processed using BD CellQuest Pro software 
(V.19.f3fcb) and FlowJo (V.10.6.1) (BD Biosciences).

T-cell proliferation assay
CD4+ T cells were isolated from the spleen and labeled 
with carboxyfluorescein succinimidyl ester (CSFE) as 
previously described.28 CFSE- labeled CD4+ T cells were 
cocultured with Ly6G+ cells in 96- well plates precoated 
with anti- CD3 monoclonal antibody (mAb) (2 µg/mL) 
(145- 2 C11, catalog no 553057) and anti- CD28 mAb 
(5 µg/mL) (37.51, catalog no 553295) (BD Biosciences) 
at 37°C, 5% CO2 for 4 days. The ratio of Ly6G+ cells to 
CD4+ T cells was 1:5. Proliferation of CD4+ T cells was 
evaluated as CFSE dilution by flow cytometry analysis.

ROS measurement
The ROS level in Ly6G+ cells was measured by flow cytom-
etry as previously described.26 Ly6G+ cells from Lal+/+ and 
Lal-/- mice with or without CPI- 613 pretreatment were 
collected and stained with APC eFluor 780- conjugated 
anti- Ly6G antibody, FITC- conjugated anti- CD11b anti-
body, and 2 µmol/L 2′, 7′-dichlorofluorescein diace-
tate (Invitrogen, Carlsbad, California, USA) at 37°C for 
30 min. After PBS washing, the ROS level in Ly6G+ cells 
was analyzed using an LSRII machine.

Subcutaneous injection of tumor cells into Lal+/+ mice
To study the effect of Ly6G+ cells on tumor growth, 
isolated Ly6G+ cells (1×106) from Lal+/+ or Lal-/- mice were 
pretreated with DMSO or 10 µM CPI- 613 for 1 hour, mixed 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2022-006272 on 13 M

arch 2023. D
ow

nloaded from
 

http://support.10xgenomics.com/
http://jitc.bmj.com/


4 Zhao T, et al. J Immunother Cancer 2023;11:e006272. doi:10.1136/jitc-2022-006272

Open access 

with B16 melanoma cells (2×105), and the cell mixture was 
injected subcutaneously at the flank region of Lal+/+ recip-
ient mice. The tumor growth was monitored twice a week. 
The tumor volume (mm3) was estimated by measuring 
the maximal length (L) and width (W) of a tumor and 
calculated using the formula: (length×width2)/2. For 
tumor- bearing MDSC experiments, Lal+/+ or Lal-/- mice 
were injected with 1×106 B16 melanoma cells at flank 
sites on two sides. Fourteen days later, the mice were sacri-
ficed. Tumor tissues were harvested, digested for single 
cell preparation, and stained for flow cytometry analysis 
of the CD11b+Ly6G+ cells.

In vitro coculture of Ly6G+ and tumor cells
B16 melanoma or LLC cells were harvested, resuspended, 
and adjusted to density at 5×104 cells/mL. Isolated Ly6G+ 
cells with or without 10 µM CPI- 613 pretreatment were 
prepared at the cell density of 5×106 cells/mL. One hundred 
microliter of Ly6G+ cells and 100 µL of B16 melanoma/LLC 
cells were mixed and seeded into a well of 96- well plates in 
DMEM supplemented with 10% FBS. Seventy- two hours later, 
unattached Ly6G+ cells were removed by washing with PBS, 
and the number of attached B16 melanoma/LLC cells was 
counted. Morphologically, Ly6G+ cells are much smaller than 
B16 melanoma/LLC cells for exclusion.

Small interfering RNA transfection
Before transfection, Ly6G+ cells were seeded into 96- well 
plates at a density of 1×106 cells/well. For small interfering 
RNA (siRNA)- mediated gene knockdown, 50 nmol/L of 
PDH siRNA (containing a mixture of three independent 
siRNAs targeting different regions of PDH) or control 
siRNA was transfected into Ly6G+ cells with DharmaFECT 
Transfection Reagent I (Dharmacon) according to the 
manufacturer’s protocol. After 24 hours of transfection, 
cells were harvested for further analysis.

Statistics
Data are expressed as mean±SD. Differences between two 
treatment groups were compared by two- tailed Student’s 
t- test. When more than two groups were compared, one- 
way analysis of variance (ANOVA) with post hoc Newman- 
Keul’s multiple comparison test was used. When the data 
were entered into a grouped table with subcolumns, two- way 
ANOVA with multiple comparison test was used. A p value 
less than 0.05 was considered statistically significant. All anal-
yses were performed with GraphPad Prism 8.4.1 (GraphPad, 
San Diego, California, USA).

RESULTS
Characteristics of Lal-/- versus Lal+/+ Ly6G+ cells by scRNA-
seq
Unlike classical monocytic (M)- MDSCs (CD11b+Ly6C+) 
and polymorphonuclear (PMN)- MDSCs (CD11b+Ly6G+) 
in tumor- infiltrating MDSCs, LAL- D- induced MDSCs 
are both Ly6G high and Ly6C high (>76%–80% double 
positive) in the blood and bone marrow (online supple-
mental figure 1A,B). Collectively, they are defined as 

LAL- D MDSCs and purified using Ly6G antibody. This 
agrees with our previous observations.13 15 In compar-
ison to blood and bone marrow LAL- D MDSCs, tumor- 
infiltrating CD11b+Ly6G+ cells were not increased in 
Lal-/- mice after tumor transplantation, which is probably 
due to overburden and pool exhaustion as the myeloid 
compartment is already significantly expanded (online 
supplemental figure 1C). Since the bone marrow LAL- D 
CD11b+Ly6G+ cells are the source for MDSC expansion, 
which have been reported to have immunosuppressive 
and tumor- stimulatory functions to facilitate tumor growth 
and metastasis,13 15 they are chosen for further analyses. 
To better reveal the underlying mechanisms and get a 
more comprehensive understanding of Lal-/- versus Lal+/+ 
Ly6G+ cells, scRNA- seq was performed. Ly6G+ cells were 
isolated from the bone marrow of Lal+/+ and Lal-/- mice 
for scRNA- seq analysis. The volcano plot of gene differen-
tial expression and the heat maps of top 50 upregulated 
and downregulated genes were presented in figure 1A. 
Further analysis of the T- stochastic neighbor embed-
ding (tSNE) plot identified two major distinctive cellular 
clusters of Ly6G+ cells: (1) clusters 1, 2, 3 (referred to as 
cluster 123 hereafter) with increased cellular numbers 
and (2) clusters 0, 4, 6, 8 (referred to as cluster 0468 here-
after) with decreased cellular numbers in Lal-/- Ly6G+ cells 
versus Lal+/+ Ly6G+ cells (figure 1B). Both cluster 123 and 
cluster 0468 demonstrated the neutrophil feature (online 
supplemental table 1). The top upregulated genes and 
downregulated genes in cluster 123 and cluster 0468 of 
Lal-/- Ly6G+ cells can be categorized into three groups: (1) 
those expressed by an increased number of cells in cluster 
123 with no change in cluster 0468 (figure 1C); (2) those 
expressed by an increased number of cells in cluster 123 
and a decreased number in cluster 0468 (figure 1D) and 
(3) those expressed by an increased number of cells in 
both cluster 123 and cluster 0468 (figure 1E). Log fold 
change, gene expression and cellular numbers of the top 
50 upregulated and downregulated genes among all clus-
ters, cluster 123, and cluster 0468 are presented in online 
supplemental tables 2- 7.

Metabolic reprogramming in Lal-/- Ly6G+ cells
During pathway analysis of scRNA- seq, we noticed that 
genes involved in glycolysis and the citrate cycle were 
upregulated in cluster 123 (green colored) and downreg-
ulated in cluster 0468 (red colored) of Lal-/- Ly6G+ cells 
versus Lal+/+ Ly6G+ cells (figure 2A,B). Similarly, when 
the expression of genes responding to ROS (selected 
from the MGI database) was compared between these two 
clusters, there was a significant shift from cluster 0468 to 
cluster 123, with increased expression in cluster 123 of 
Lal-/- Ly6G+ cells versus Lal+/+ Ly6G+ cells (figure 2C). The 
above observations were confirmed by western blot assay, 
in which protein expressions of HK1, HK2, HK3, and 
PDH in the glycolytic pathway, G6PD in the pentose phos-
phate pathway, and LDH in the anaerobic glycolysis were 
all increased in Lal-/- Ly6G+ cells (figure 2D). Addition-
ally, the concentrations of glucose (the entry substrate 
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Figure 1 Identification and gene expression of Lal-/- versus Lal+/+ Ly6G+ cell clusters by scRNA- seq. (A) The volcano plot and 
heat maps of top 50 upregulated/downregulated genes. (B) The tSNE plot of Ly6G+ cell clusters from Lal-/- versus Lal+/+ mice. 
Each dot represents a single cell colored by cluster assignment. Clusters 1, 2, and 3 have increased cellular numbers in Lal-
/- versus Lal+/+ Ly6G+ cells (cluster 1: 2935 vs 1888; cluster 2: 2065 vs 973; cluster 3: 1722 vs 811), and clusters 0, 4, 6, and 
8 have decreased cellular numbers in Lal-/- versus Lal+/+ Ly6G+ cells (cluster 0: 2388 vs 3808; cluster 4: 392 vs 1040; cluster 
6: 336 vs 501; cluster 8: 121 vs 446). The dotted blue line circles cluster 123, and the dotted red line circles cluster 0468. (C) 
Percentages of cells for expressed genes were increased in cluster 123 and relatively unchanged in cluster 0468 of Lal-/- versus 
Lal+/+ Ly6G+ cells. The percentage was calculated using the number of expressed cells for the gene divided by the number of 
cells for this sample. (D) Percentages of cells for expressed genes were increased in cluster 123 but decreased in cluster 0468 
of Lal-/- versus Lal+/+ Ly6G+ cells. (E) Percentages of cells for expressed genes were increased in both clusters 123 and 0468 of 
Lal-/- versus Lal+/+ Ly6G+ cells. DEGs, differentially expressed genes; KO, knockout; MDSC, myeloid- derived suppressor cell; 
scRNA- seq, single- cell RNA sequencing; tSNE, T- stochastic neighbor embedding; WT, wild type.
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Figure 2 Metabolic reprogramming in Lal-/- Ly6G+ cells. (A) The tSNE plot of genes involved in glycolysis in Lal-/- versus 
Lal+/+ Ly6G+ cells. (B) The tSNE plot of genes involved in the citrate cycle in Lal-/- versus Lal+/+ Ly6G+ cells. (C) The tSNE plot 
of genes responding to ROS in Lal-/- versus Lal+/+ Ly6G+ cells. In (A), (B) and (C), green dots represent cluster 123, red dots 
represent cluster 0468, and blue dots represent other clusters. (D) Expressions of metabolic enzymes in Lal-/- versus Lal+/+ 
Ly6G+ cells by western blot analysis. (E) Levels of glucose, pyruvate, and α-ketoglutarate in Lal-/- versus Lal+/+ Ly6G+ cells. Data 
are expressed as mean±SD; experiments were independently repeated, n=4. *p<0.05, **p<0.01. G6PD, glucose- 6- phosphate 
dehydrogenase; GLUD, glutamate dehydrogenase; HK, hexokinase; KO, knockout; LDHA, lactate dehydrogenase A; LDHB, 
lactate dehydrogenase B; MDSC, myeloid- derived suppressor cell; ROS, reactive oxygen species; tSNE, T- stochastic neighbor 
embedding; WT, wild type.
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of glycolysis) and pyruvate (the end product of glycol-
ysis) were measured in bone marrow Ly6G+ cells. Results 
showed that both glucose flux and pyruvate level were 
increased in Lal-/- Ly6G+ cells versus Lal+/+ Ly6G+ cells 
(figure 2E), an indication of increased glycolysis. GLUD 
in the glutamine pathway also showed upregulation in 
Lal-/- Ly6G+ cells versus Lal+/+ Ly6G+ cells at the protein 
level, accompanied by an increased α-ketoglutarate level 
(figure 2D,E). Taken together, these results suggest a 
metabolic switch to glucose and amino acid utilization in 
Lal-/- Ly6G+ cells.

Inhibition of PDH reversed overproduction of ROS, suppression 
of T-cell proliferation, and stimulation of tumor cell 
proliferation in Lal-/- Ly6G+ cells
PDH is a key mitochondrial enzyme that acts as the entry 
point for pyruvate entering the TCA cycle (citric acid 
cycle) by transforming into acetyl- CoA, whose expression 
was upregulated in Lal-/- Ly6G+ cells versus Lal+/+ Ly6G+ 
cells (figure 2D). To assess the functional relevance of 
PDH upregulation, PDH inhibitor CPI- 613 was used to 
block glycolysis in Lal-/- Ly6G+ cells. Injection of CPI- 613 
into mice reduced CD11b+Ly6G+ cells cells in LAL-/- mice 
(figure 3A). In addition, CPI- 613 significantly reversed 
the overproduction of ROS in CD11b+Ly6G+ cells versus 
Lal+/+ Ly6G+ cells (figure 3B). The effect of PDH inhi-
bition on Lal-/- Ly6G+ cells’ functions was further inves-
tigated. To evaluate if CPI- 613 treatment of Lal-/- Ly6G+ 
cells affect suppression on T cells, CFSE- labeled T cells 
were cocultured with Lal+/+ or Lal-/- Ly6G+ cells that were 
pretreated with CPI- 613 or DMSO. Results showed that 
inhibiting PDH with CPI- 613 reversed the Lal-/- Ly6G+ 
cells’ suppressive activity on T- cell proliferation versus 
Lal+/+ Ly6G+ cells (figure 3C). Next, Lal+/+ or Lal-/- Ly6G+ 
cells after CPI- 613 pretreatment were in vitro cocultured 
with B16 melanoma or LLC cells or in vivo coinjected 
with B16 melanoma cells subcutaneously into Lal+/+ recip-
ient mice. CPI- 613 pretreated Lal-/- Ly6G+ cells showed 
reduced capabilities in promoting tumor cell prolifera-
tion when cocultured with B16 melanoma and LLC cells 
in vitro (figure 3D) and stimulating tumor growth when 
coinjected with B16 melanoma cells in vivo (figure 3E). 
Since CPI- 613 also blocks α-ketoglutarate dehydrogenase 
in the TCA cycle, a specific siRNA knockdown of PDH 
was performed, which was shown in figure 3F. Similar 
to the effects of CPI- 613, the knockdown of PDH in Lal-
/- Ly6G+ cells not only decreased their ROS production 
(figure 3G) but also reduced their ability in stimulating 
tumor cell proliferation (figure 3H). Interestingly, PD- L1 
expression was upregulated in bone marrow–derived Lal-
/- Ly6G+ cells by western blot analysis versus Lal+/+ Ly6G+ 
cells (figure 3I). Similar to the metabolic enzyme genes 
involved in glycolysis and the citrate cycle, the PD- L1 gene 
(Cd274) was upregulated in cluster 123 (green colored) 
and downregulated in cluster 0468 (red colored) of Lal-
/- Ly6G+ cells versus Lal+/+ Ly6G+ cells (figure 3J). In vivo 
CPI- 613 treatment effectively reduced PD- L1 expression 

by flow cytometry in Lal-/- Ly6G+ cells versus Lal+/+ Ly6G+ 
cells (figure 3K).

Decrease of LAL expression in myeloid subsets of patients 
with NSCLC
In the Lal-/- mouse model, expansion of MDSCs is a pre- 
existing condition in favor of tumor growth. We recently 
reported the downregulation of LAL gene expression in 
various human cancer forms by data mining analyses of the 
TCGA database, and in the whole blood cells of patients 
with NSCLC versus healthy subjects by flow cytometry.25 
It is very inconvenient to use tumor- infiltrating MDSCs 
for diagnosis/prognosis purposes without going through 
biopsy for patients with lung cancer. In comparison, it 
is relatively easy to obtain blood samples from patients 
for diagnosis/prognosis. Here, we further assessed LAL 
expression in various blood myeloid subsets of patients 
with NSCLC by flow cytometry. The LAL protein level 
was downregulated in blood CD13+, CD14+, CD15+, 
and CD33+ myeloid subsets from patients with NSCLC 
versus healthy subjects (figure 4A,B). Further analyses 
demonstrated the downregulation of the LAL protein 
level in CD11b+HLA- DR− double- gated myeloid cells 
and in CD11b+CD13+HLA- DR−, CD11b+CD14+HLA- DR−, 
CD11b+CD15+HLA- DR−, and CD11b+CD33+HLA- DR− 
triple- gated myeloid subsets of patients with NSCLC 
versus healthy subjects (figure 4A,B). The percentages of 
LAL+ cells were also reduced in the above myeloid subsets 
(figure 4C). Therefore, the levels of LAL protein expres-
sion in CD13+/CD14+/CD15+/CD33+ myeloid subsets can 
be used as potential negative biomarkers for the diagnosis 
and prognosis of NSCLC.

Changes of myeloid subsets in patients with NSCLC
Not only LAL serves as a biomarker, various myeloid 
subsets in the blood can also serve as potential indicators 
for diagnosis and prognosis of NSCLC. MDSCs in the 
human blood are a heterogeneous population (HLA- DR-/ 
CD11b+, CD13+, CD14+, CD15+, CD33+, CD11c+, etc).29 
Figure 5A,B showed that the percentages of CD11b+H-
LA- DR−, CD13+, CD14+, and CD15+ myeloid cells were all 
increased in patients with NSCLC versus healthy subjects. 
The percentages of CD33+ myeloid cells did not change 
obviously in the leucocytes (figure 5A,B). Furthermore, 
in CD11b+HLA- DR− double- gated myeloid cells, the 
percentages of CD11b+CD13+HLA- DR−, CD11b+CD14+H-
LA- DR−, and CD11b+CD15+HLA- DR− MDSC subsets were 
all significantly increased in patients with NSCLC, while 
there was no change in the percentages of CD11b+C-
D33+HLA- DR− MDSC subset (figure 5C,D). Therefore, 
CD13+/CD14+/CD15+ myeloid subsets serve as potential 
indicators for diagnosis and prognosis of patients with 
NSCLC. The percentages of CD13+ and CD14+ cells were 
also increased in the blood and bone marrow of Lal-
/- mice (online supplemental figure 2). To definitively 
show whether LAL blockade induces differentiation of 
human myeloid cells, leucocytes from healthy subjects 
were treated with LAL- specific inhibitor Lalistat2 for flow 
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Figure 3 PDH inhibition of CD11b+Ly6G+ cells. (A) Mice received 5 mg/kg CPI- 613 on days 0, 2, 4, and 7. On day 8, the 
CD11b+Ly6G+ population in the bone marrow was determined by flow cytometry. (B) ROS production in Lal+/+ and Lal-/- Ly6G+ 
cells after CPI- 613 treatment in vivo. (C) T- cell proliferation after cocultured with CPI- 613- pretreated Lal+/+ or Lal-/- Ly6G+ cells. 
Peaks represent cell division cycles. PBS was used as a negative control. A representative CFSE dilution by flow cytometry 
is on the left. Statistical analyses of % of divided CD4+ T cells is on the right. (D) Proliferation of B16 melanoma and LLC cells 
after cocultured with CPI- 613- pretreated Lal+/+ or Lal-/- Ly6G+ cells in vitro for 72 hours. (E) Tumor burden of B16 melanoma 
cells after coinjection with CPI- 613- pretreated Lal+/+ or Lal-/- Ly6G+ cells in vivo. The tumor size was measured at 10 days. (F) 
siRNA knockdown of PDH protein expression in Lal-/- Ly6G+ cells by western blot. (G) ROS production in Lal+/+ and Lal-/- Ly6G+ 
cells after transfected with PDH siRNA for 24 hours. (H) Proliferation of B16 melanoma and LLC cells after cocultured with PDH 
siRNA- transfected Lal+/+ versus Lal-/- Ly6G+ cells in vitro. (I) PD- L1 expression in Lal-/- versus Lal+/+ Ly6G+ cells by western blot. 
(J) The tSNE plot of CD274 in Lal-/- Ly6G+ versus Lal+/+ Ly6G+ cells by scRNA- seq. (K) Mice received 5 mg/kg CPI- 613 on days 
0, 2, 4, and 7. On day 8, the percentage of PD- L1+ cells in Ly6G+CD11c+ cells was measured by flow cytometry analysis. Data 
are expressed as mean±SD. Experiments were independently repeated. n=4 for (A)–(D), (F)–(H), and (J), n=10 for (E). *p<0.05, 
**p<0.01. LLC, Lewis lung carcinoma; PBS, phosphate- buffered saline; PD- L1, programmed death ligand- 1; PDH, pyruvate 
dehydrogenase; ROS, reactive oxygen species; scRNA- seq, single- cell RNA sequencing; siRNA, small interfering RNA; tSNE, 
T- stochastic neighbor embedding.
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Figure 4 Expressions of LAL in NSCLC versus healthy subjects. (A) A representative gating strategy of LAL+ cells in 
CD11b+HLA- DR-, CD13+, CD14+, CD15+, CD33+, CD11b+CD13+HLA- DR-, CD11b+CD14+HLA- DR-, CD11b+CD15+HLA- DR-, 
and CD11b+CD33+HLA- DR- cells. (B) Statistics of MFI of LAL in the whole blood and myeloid subsets of patients with NSCLC 
versus healthy subjects. (C) Statistical analysis of percentages of LAL+ cells in the whole blood and myeloid subsets of patients 
with NSCLC versus healthy subjects. Data are expressed as mean±SD; experiments were independently repeated, n=6–8. 
*p<0.05, **p<0.01. LAL, lysosomal acid lipase; NSCLC, non- small cell lung cancer.
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Figure 5 Profiles of myeloid subsets in NSCLC versus healthy subjects. (A) A representative gating strategy of CD13+, 
CD14+, CD15+, and CD33+ cells in the leucocytes. (B) Statistical analysis of percentages of CD11b+HLA- DR-, CD13+, CD14+, 
CD15+, and CD33+ cells in the leucocytes. (C) A representative gating strategy of CD13+, CD14+, CD15+, and CD33+ cells in 
CD11b+HLA- DR- cells. (D) Statistical analysis of percentages of CD13+, CD14+, CD15+, and CD33+ cells in CD11b+HLA- DR- 
cells. (E) Human leucocytes from healthy individuals were incubated with 10 µM Lalistat2 (L) or DMSO (S) for 24 hours. The 
percentages of CD11b+HLA- DR-, CD11b+CD13+HLA- DR-, CD11b+CD14+HLA- DR-, and CD11b+CD15+HLA- DR- cells were 
analyzed by flow cytometry. C is the control without treatment. Data are expressed as mean±SD; experiments are independently 
repeated, n=19–20 for (B) and (D), n=6–7 for (E). *p<0.05, **p<0.01. NSCLC, non- small cell lung cancer.
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cytometry analysis. Results showed that blocking the LAL 
activity indeed increased the percentages of CD11b+C-
D13+HLA- DR− and CD11b+CD14+HLA- DR− MDSC 
subsets. The induction of CD11b+CD15+HLA- DR− MDSC 
subset did not reach statistical significance (figure 5E).

Upregulation of metabolic enzymes in patients with NSCLC
As demonstrated in mice, LAL deficiency causes MDSC 
expansion through metabolic reprogramming as a mech-
anism (figures 2 and 3). To expand this observation into 
the human, increased mean fluorescent intensity (MFI) 
and percentage of glucose metabolic enzymes PDH, 
G6PD, and LDH were observed in the leucocytes of 
patients with NSCLC versus healthy subjects (figure 6A,B). 
Among amino acid pathways, GLUD was also increased 
in the leucocytes of patients with NSCLC versus healthy 
subjects (figure 6A,B). Both MFI and percentages of 
PDH+, LDH+, and GLUD+ cells were upregulated in 
CD11b+HLA- DR− and CD11b+CD13+HLA- DR− myeloid 
subsets (figure 6C–E), except G6PD+ cells, confirming 
a metabolic shift towards glucose and amino acid utili-
zation in myeloid subsets of patients with NSCLC versus 
healthy subjects. Therefore, metabolic enzymes serve as 
potential biomarkers for NSCLC diagnosis and prognosis.

Checkpoint inhibitor treatment in patients with NSCLC
In Lal-/- mice, increased expression of PD- L1 was observed 
in Ly6G+ cells that function as immune suppression and 
tumor stimulation (figure 3I–K). Antibody- based thera-
peutics targeting PD- 1/PD- L1 have shown clinical bene-
fits in multiple tumor types in human.30 31 To see which 
myeloid subsets respond to the treatment of PD- 1 check-
point blockade, the profiles of myeloid subsets were 
compared in patients with NSCLC with PD- L1 TPS ≥10%. 
Figure 7A showed that the PD- L1 level was decreased in 
the leucocytes of patients with NSCLC after anti- PD- 1 
treatment. The percentages of CD13+ and CD14+ myeloid 
cells, but not CD15+, CD33+, or CD11b+HLA- DR- cells, 
were reduced significantly after anti- PD- 1 treatment 
(figure 7B). Moreover, in CD11b+HLA- DR− double- gated 
myeloid subsets, anti- PD- 1 treatment downregulated the 
percentages of CD11b+CD13+HLA- DR− and CD11b+C-
D14+HLA- DR− myeloid subsets (figure 7C). Therefore, 
CD13+ and CD14+ myeloid subsets responded to the anti- 
PD- 1 treatment in patients with NSCLC. When metabolic 
enzymes were examined in myeloid subsets, expression of 
PDH, G6PD, LDH, and GLUD were all decreased in the 
leucocytes of patients with NSCLC versus healthy subjects 
after treatment (figure 7D). With limited patients avail-
able, the CD13+ myeloid subset was chosen for further 
analysis. In CD11b+HLA- DR− and CD11b+CD13+HLA- DR− 
myeloid subsets, the MFI of PDH expression was down-
regulated while others were inconclusive after anti- PD- 1 
treatment (figure 7E,F). PDH in blood myeloid cells 
can be used as a potential biomarker for diagnosis and 
prognosis of NSCLC. The clinical outcomes of this trial 
cohort showed seven patients with partial responses 
(tumor shrunk for some period), two patients with stable 

condition (tumor neither grew nor shrunk), while one 
patient with progression after two cycles of anti- PD- 1 
treatment.

DISCUSSION
MDSCs are well known for their ability to directly stim-
ulate tumor cell proliferation/progression and suppress 
antitumor immunity and are closely associated with poor 
clinical outcomes in cancer. Therefore, MDSCs serve as 
targets of anticancer immunotherapy. Effective therapies 
can aim at targeting MDSCs by blocking their differenti-
ation, inhibiting their migration to the affected tissues, 
or by manipulating the tissue microenvironment.4 LAL 
has been reported to play a critical role in controlling the 
differentiation, migration, and functions of MDSCs.10 32 
LAL- D induced MDSC expansion from hematopoietic 
progenitors in the bone marrow, alteration of endothelial 
permeability, infiltration into multiple organs, suppres-
sion of T- cell proliferation and function, and stimulation 
of tumor growth and invasion.12 13 15 26

As MDSCs are a heterogeneous population that share 
surface markers with conventional myeloid cell popula-
tions, it is necessary to depict and characterize intrinsic 
differences and features at the molecular level to better 
define MDSCs. The powerful tools such as scRNA- seq will 
provide more comprehensive insights into phenotypic, 
morphological, and functional heterogeneity of MDSCs. 
In the present study using the Lal-/- mouse model, the 
scRNA- seq approach identified multiple clusters which 
can be grouped into two major cellular clusters by tSNE 
clustering analysis (cluster 123 and cluster 0468) of bone 
marrow Ly6G+ cells, which are the origin of MDSCs. 
Compared with Lal+/+ Ly6G+ cells, Lal-/- Ly6G+ cells showed 
increased cellular number in cluster 123 and decreased 
cellular number in cluster 0468 (figure 1B). Differen-
tial gene expression further defined characteristics and 
differences between these two clusters of Lal-/- Ly6G+ cells 
versus Lal+/+ Ly6G+ cells (figure 1C–E and online supple-
mental tables 2–7). Interestingly, expression of genes 
involved in glycolysis, citrate cycle, and ROS response 
was significantly increased in cluster 123 and decreased 
in cluster 0468 of Lal-/- Ly6G+ cells (figure 2A–C). After 
exiting the bone marrow, CD11b+Ly6G+ myeloid progen-
itor cells (account for 40%–50% bone marrow progenitor 
cells in wild- type mice) differentiate into professional 
immune cells in the blood and distal organs, such as 
dendritic cells, macrophages, and neutrophils. We have 
recently reported that CD11c+ (surface marker for 
dendritic cells) myeloid cells in the Lal-/- blood inherit 
this two- cluster trait with distinctive gene expression 
patterns versus Lal+/+ mice by scRNA- seq. Similar to bone 
marrow Lal-/- Ly6G+ cells, blood Lal-/- CD11c+ cells possess 
strong T- cell suppression and tumor stimulation through 
metabolic reprogramming.25

Metabolic regulation is important for myeloid differ-
entiation and function.33–37 MDSCs sense the envi-
ronmental change and respond by selecting the most 
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Figure 6 Expressions of metabolic enzymes in NSCLC versus healthy subjects. (A) A representative gating strategy of PDH+, 
G6PD+, LDH+, and GLUD+ cells in the whole blood cells. (B) MFI and percentages of PDH+, G6PD+, LDH+, and GLUD+ cells 
in the leucocytes of patients with NSCLC versus healthy individuals. (C) A representative gating strategy of PDH+, G6PD+, 
LDH+, and GLUD+ cells in blood CD11b+HLA- DR- cells. (D) MFI and percentages of PDH+, G6PD+, LDH+, and GLUD+ cells in 
blood CD11b+HLA- DR- cells of patients with NSCLC versus healthy individuals. (E) MFI and percentages of PDH+, G6PD+, 
LDH+, and GLUD+ cells in blood CD11b+CD13+HLA- DR- cells of patients with NSCLC versus healthy individuals. Data are 
expressed as mean±SD; experiments were independently repeated, n=9–13. *p<0.05, **p<0.01. G6PD, glucose- 6- phosphate 
dehydrogenase; GLUD, glutamate dehydrogenase; LDH, lactate dehydrogenase; NSCLC, non- small cell lung cancer; PDH, 
pyruvate dehydrogenase.
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Figure 7 Checkpoint inhibitor treatment. (A) Statistical analysis of percentages of PD- L1+ cells in leucocytes of patients with 
NSCLC before versus after treatment. (B) Statistical analysis of percentages of CD11b+HLA- DR-, CD13+, CD14+, CD15+, and 
CD33+ cells in the leucocytes of patients with NSCLC before versus after treatment. (C) Statistical analysis of percentages of 
CD13+, CD14+, CD15+, and CD33+ cells in CD11b+HLA- DR- cells of patients with NSCLC before versus after treatment. (D) 
MFI of PDH+, G6PD+, LDH+, and GLUD+ cells in the leucocytes of patients with NSCLC before versus after treatment. (E) MFI 
of PDH+, G6PD+, LDH+, and GLUD+ cells in blood CD11b+HLA- DR- cells of patients with NSCLC before versus after treatment. 
(F) MFI of PDH+, G6PD+, LDH+, and GLUD+ cells in blood CD11b+CD13+HLA- DR- cells of patients with NSCLC before versus 
after treatment. Data are expressed as mean±SD; experiments were independently repeated, n=5–9. *p<0.05, **p<0.01. G6PD, 
glucose- 6- phosphate dehydrogenase; GLUD, glutamate dehydrogenase; LDH, lactate dehydrogenase; NSCLC, non- small cell 
lung cancer; PD- L1, programmed death ligand- 1; PDH, pyruvate dehydrogenase.
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efficient metabolic pathways to sustain their suppressive 
and protumorigenic functions.5 During LAL- D, which 
causes the absence of the regular energy supply of fatty 
acids, cells inevitably use alternative energy consumption 
pathways to fuel oxidative phosphorylation (OXPHOS). 
This metabolic switch was first observed by transcriptome 
microarray analysis of Lal-/- Ly6G+ cells, in which gene 
expression of metabolic enzymes in glycolysis, anaerobic 
glycolysis, pentose phosphate pathway, and citric acid 
cycle was all increased.38 These observations were further 
confirmed by western blot analysis with the increased 
protein levels of several key enzymes for glucose down-
stream metabolism (HK1, HK2, HK3, PDH, G6PD, LDH) 
and GLUD (figure 2D), which were accompanied with 
the increased levels of glucose, pyruvate, and α- ketoglu-
tarate in Lal-/- Ly6G+ cells (figure 2E). tSNE clustering 
of the scRNA- seq showed a major shift of gene upregu-
lation from 0468 cluster to 123 cluster in glycolysis and 
the citrate cycle in Lal-/- Ly6G+ cells versus Lal+/+ Ly6G+ 
cells (figure 2A,B). Importantly, blood Lal-/- CD11c+ cells 
showed the similar characteristic of metabolic repro-
gramming.25 Inhibition of PDH, a key enzyme linking 
glycolysis and the TCA cycle, by the pharmacological 
inhibitor CPI- 613 or PDH siRNA not only reduced the 
population of Lal-/- Ly6G+ cells and their ROS produc-
tion (figure 3A,B) but also reversed their capabilities 
in suppression of T cells and stimulation of tumor cell 
proliferation and growth (figure 3C–H). Taken together, 
these results suggest that Lal-/- Ly6G+ cells experienced a 
metabolic switch to overuse glucose and amino acids as 
their energy source.

Since LAL- D and MDSCs formulate a protumor micro-
environment, it would be intriguing to use them as 
biomarkers for NSCLC diagnosis and prognosis. As we 
reported recently, LAL expression was downregulated in 
multiple forms of human cancers by data mining of the 
TCGA database.25 There is an advantage in using blood 
samples versus the tumor tissue without going through a 
biopsy. Here in the blood samples of patients with NSCLC, 
the LAL level was downregulated in all MDSC subsets, 
including CD13+, CD14+, CD15+, CD33+, CD11b+C-
D13+HLA- DR−, CD11b+CD14+HLA- DR−, CD11b+CD15+H-
LA- DR−, and CD11b+CD33+HLA- DR− myeloid cells by flow 
cytometry analysis (figure 4A–C), which were associated 
with increased populations of CD11b+HLA- DR−, CD13+, 
CD14+, CD15+, CD11b+CD13+HLA- DR−, CD11b+CD14+H-
LA- DR−, and CD11b+CD15+HLA- DR− myeloid subsets 
(figure 5A–D). Furthermore, the inhibition of LAL 
activity in the blood cells of healthy subjects increased the 
percentages of CD11b+CD13+HLA- DR− and CD11b+C-
D14+HLA- DR− subsets (figure 5E), suggesting that LAL 
protects antitumor immunity by blocking the formation of 
unwanted myeloid populations. Therefore, the decreased 
LAL level serves as an attractive immune biomarker for 
cancer prediction and therapy. Our study is consistent 
with an observation that circulating human MDSC subsets 
have a differential expansion with more PMN- MDSC than 
M- MDSC.39 In the tumor microenvironment, the tumor 

cells and their surrounding immune cells reprogram 
to sustain a high- energy demand. As demonstrated in 
figures 2 and 3, increased glycolysis is a feature of MDSCs 
in mice. We tested if metabolic enzymes in myeloid 
subsets can be used as biomarkers for NSCLC predic-
tion. Indeed, the expression of PDH+, LDH+ and GLUD+ 
cells was upregulated in CD11b+HLA- DR− and CD11b+C-
D13+HLA- DR− myeloid subsets in the blood of patients 
with NSCLC (figure 6C–E).

Immune checkpoint inhibitors targeting PD- 1/PD- L1 
have substantially improved the outcomes of patients 
with many types of cancer.40 Nevertheless, even in tumor 
types for which PD- 1/PD- L1 blockade is now an approved 
therapy such as NSCLC, only a fraction of patients show 
objective clinical responses.41 Therefore, PD- 1/PD- L1 
immunotherapy has its limit and is only effective in 
certain patients. It is critical to find prognosis biomarkers 
to assess the treatment. In the present study, anti- PD- 1 
treatment in patients with NSCLC with positive PD- L1 
TPS not only reduced the percentages of CD11b+CD13+H-
LA- DR− and CD11b+CD14+HLA- DR− MDSC subsets in the 
blood (figure 7C) but also downregulated PDH levels in 
CD11b+CD13+HLA- DR− MDSC subsets (figure 7F). This 
observation provides a potential approach to predict the 
effectiveness of PD- 1/PD- L1 immunotherapy.

Taken together, as blocking MDSCs in the tumor micro-
environment enhances the efficacy of antitumor immu-
nity, two conclusions can be drawn from the current 
studies: (1) enhancing the LAL activity and blocking 
the metabolic enzyme activities in MDSCs provide new 
targets to effectively block MDSC development and func-
tions as a single immunotherapy or in combination with 
checkpoint inhibitor therapy and (2) expression of LAL 
and metabolic enzymes in myeloid cells, and expan-
sion of pathogenic myeloid cells can serve as authentic 
biomarkers for diagnosis and prognosis in patients with 
NSCLC.
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Supplemental table 1. Identification and gene expression of Lal
-/- versus Lal

+/+ 

Ly6G+ cell clusters by scRNA-seq 

Cluster Labels Ratios of Ly6G+ Cells # of Ly6G+ Cells 

  
Lal+/+ Lal-/- Lal+/+ Lal-/- 

0 Neutrophils (GN) 34.38 21.01 3808 2380 
1 Neutrophils (GN) 17.05 25.91 1888 2935 
2 Neutrophils (GN) 8.78 18.23 973 2065 
3 Neutrophils (GN) 7.32 15.20 811 1722 
4 Neutrophils (GN) 9.39 3.46 1040 392 
5 T cells (T.DPbl) 4.95 6.27 548 710 
6 Neutrophils (GN) 4.52 2.97 501 336 
7 Neutrophils (GN) 2.71 3.60 300 408 
8 Neutrophils (GN) 4.03 1.07 446 121 
9 Monocytes (MO.6C+II-) 1.80 1.37 199 155 
10 Stem cells (SC.MEP) 2.31 0.45 256 51 
11 B cells (preB.FrD) 1.72 0.11 191 13 
12 Macrophage (MF.RP) 0.70 0.01 78 1 
13 Neutrophils (GN) 0.33 0.33 37 37 
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Supplemental table 2. Upregulated genes in Lal
-/- Ly6G+ cells versus Lal

+/+ Ly6G+ 

cells (top 50) 
Genes Symbol LogFC # of cells Expression 

Lal
+/+

 Lal
-/-

 Lal
+/+

 Lal
-/-

 

interferon induced transmembrane protein 1 Ifitm1 1.73 2777 7121 1.09 2.82 
glutathione reductase Gsr 1.31 5773 11062 0.95 2.26 
WAP four-disulfide core domain 17 Wfdc17 1.31 879 4510 0.55 1.86 
lectin, galactose binding, soluble 3 Lgals3 1.11 9362 11227 2.50 3.61 
interferon induced transmembrane protein 2 Ifitm2 1.04 8413 11223 2.03 3.07 
translocator protein Tspo 1.04 7377 11001 1.38 2.42 
interferon induced transmembrane protein 6 Ifitm6 1.03 8169 11021 2.64 3.67 
predicted pseudogene 10320 Gm10320 0.77 59 6487 0.01 0.77 
destrin Dstn 0.73 6555 10446 1.51 2.25 
interferon induced transmembrane protein 3 Ifitm3 0.73 8254 10990 1.92 2.65 
leucine-rich alpha-2-glycoprotein 1 Lrg1 0.71 7766 10966 1.81 2.52 
serine (or cysteine) peptidase inhibitor, clade B, member 
1a 

Serpinb1a 0.69 5664 9107 1.41 2.10 

refilin B Rflnb 0.65 5788 10061 1.00 1.65 
transmembrane protein 14C Tmem14c 0.59 941 6134 0.14 0.73 
expressed sequence AA467197 AA467197 0.58 5361 9143 1.09 1.68 
uridine phosphorylase 1 Upp1 0.56 1004 4778 0.19 0.75 
WAP four-disulfide core domain 21 Wfdc21 0.56 9982 11250 3.80 4.36 
prokineticin 2 Prok2 0.55 1788 4247 0.40 0.96 
lipocalin 2 Lcn2 0.53 10006 11245 4.47 5.00 
cytochrome c oxidase subunit 6C Cox6c 0.47 5546 9378 1.01 1.49 

sorcin Sri 0.46 7254 10496 1.45 1.92 

H2A clustered histone 15 Hist1h2ak 0.46 207 1640 0.01 0.48 
orosomucoid 1 Orm1 0.46 1917 3996 0.38 0.84 
ubiquitin C Ubc 0.45 6509 10293 1.18 1.63 
predicted gene, 35082 Gm35082 0.44 336 4131 0.08 0.52 
neutrophil cytosolic factor 4 Ncf4 0.42 9192 11085 1.97 2.39 
vimentin Vim 0.42 7632 10445 1.74 2.16 
glyceraldehyde-3-phosphate dehydrogenase Gapdh 0.41 9227 11080 2.28 2.69 
S100 calcium binding protein A8 (calgranulin A) S100a8 0.39 11076 11326 7.08 7.47 
ATP synthase, H+ transporting, mitochondrial F0 
complex, subunit D 

Atp5h 0.39 5089 8945 0.92 1.31 

PRELI domain containing 1 Prelid1 0.39 4745 8441 0.73 1.12 
neutrophilic granule protein Ngp 0.39 10155 11261 5.08 5.47 
zinc metallopeptidase STE24 Zmpste24 0.37 2135 5196 0.42 0.79 
peroxiredoxin 5 Prdx5 0.37 9825 11163 2.82 3.19 
NFU1 iron-sulfur cluster scaffold Nfu1 0.36 2051 5595 0.24 0.60 
single stranded DNA binding protein 3 Ssbp3 0.36 571 3890 0.07 0.43 
cytidine monophospho-N-acetylneuraminic acid 
hydroxylase 

Cmah 0.36 2262 6074 0.46 0.82 

lymphocyte antigen 6 complex, locus C2 Ly6c2 0.35 7272 10308 1.93 2.28 
placenta-specific 8 Plac8 0.35 3289 6629 0.70 1.05 
thioredoxin domain containing 17 Txndc17 0.34 5143 8508 0.79 1.13 
aldehyde dehydrogenase 2, mitochondrial Aldh2 0.34 8395 10590 1.95 2.29 
SH3 domain binding glutamic acid-rich protein-like 3 Sh3bgrl3 0.34 9050 10939 2.05 2.39 
hypoxanthine guanine phosphoribosyl transferase Hprt 0.34 4 2726 0.00 0.34 
cyclin dependent kinase inhibitor 2D Cdkn2d 0.34 6020 9375 1.01 1.35 
glucose-6-phosphate dehydrogenase X-linked G6pdx 0.34 5264 8717 0.85 1.18 
haptoglobin Hp 0.33 10280 11238 3.01 3.34 
annexin A3 Anxa3 0.33 6094 9081 1.31 1.64 
leukotriene B4 receptor 1 Ltb4r1 0.33 6355 9263 1.34 1.67 
ubiquitin specific peptidase 39 Usp39 0.32 1841 4988 0.21 0.53 
cathelicidin antimicrobial peptide Camp 0.32 10602 11296 5.48 5.78 
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Supplemental table 3. Downregulated genes in Lal
-/- Ly6G+ cells versus Lal

+/+ 

Ly6G+ cells (top 50) 

Genes Symbol LogFC # of cells Expression 
Lal

+/+
 La

l-/-
 Lal

+/+
 Lal

-/-
 

hemoglobin, beta adult s chain Hbb-bs -1.74 8557 3636 4.39 2.65 
hemoglobin alpha, adult chain 2 Hba-a2 -1.74 2543 708 2.71 0.97 
hemoglobin, beta adult t chain Hbb-bt -1.69 2321 524 2.60 0.91 
hemoglobin alpha, adult chain 1 Hba-a1 -1.63 3195 1018 3.03 1.40 
transmembrane and coiled coil domains 1 Tmcc1 -1.21 10293 9050 2.73 1.52 
regulator of G-protein signaling 2 Rgs2 -1.20 8975 7145 2.40 1.20 
chemokine (C-C motif) ligand 6 Ccl6 -1.17 6173 3422 2.30 1.13 
colony stimulating factor 3 receptor (granulocyte) Csf3r -1.16 9257 8163 2.62 1.47 
capping protein (actin filament), gelsolin-like Capg -1.07 5798 217 1.10 0.03 
predicted gene, 34084 Gm34084 -0.97 5199 10 0.97 0.00 
junction adhesion molecule like Jaml -0.96 5557 3330 1.81 0.85 
thioredoxin interacting protein Txnip -0.95 8787 6685 1.98 1.03 
BTG anti-proliferation factor 1 Btg1 -0.95 9601 8891 2.64 1.70 
FBJ osteosarcoma oncogene Fos -0.89 5684 4395 1.71 0.82 
myristoylated alanine rich protein kinase C substrate Marcks -0.89 5480 3237 1.84 0.95 
interleukin 1 beta Il1b -0.88 3432 1752 2.14 1.26 
BTG anti-proliferation factor 2 Btg2 -0.83 8998 8107 2.04 1.22 
ATPase, class VI, type 11B Atp11b -0.79 8847 7728 1.87 1.07 
ubiquitin-conjugating enzyme E2L 6 Ube2l6 -0.79 5695 1250 0.91 0.12 
nischarin Nisch -0.79 7314 5766 1.50 0.72 
O-linked N-acetylglucosamine (GlcNAc) transferase  Ogt -0.77 7886 6358 1.70 0.93 
zinc finger protein 36 Zfp36 -0.74 7646 6850 1.80 1.06 
zinc finger protein 36, C3H type-like 2 Zfp36l2 -0.73 7529 6372 1.72 0.99 
prosaposin Psap -0.70 9716 9138 2.06 1.36 
early growth response 1 Egr1 -0.70 1625 316 0.79 0.09 
jun B proto-oncogene Junb -0.68 6931 7122 2.17 1.49 
nuclear paraspeckle assembly transcript 1 (non-protein 
coding) 

Neat1 -0.67 9653 9828 2.38 1.70 

C-type lectin domain family 4, member d Clec4d -0.67 4953 3373 1.46 0.79 
ankyrin repeat domain 44 Ankrd44 -0.67 6666 4813 1.29 0.62 
neutrophil cytosolic factor 2 Ncf2 -0.67 10373 10731 2.49 1.83 
arginase type II Arg2 -0.66 5433 2954 1.21 0.55 
slingshot protein phosphatase 2 Ssh2 -0.65 7698 6831 1.66 1.01 
FXYD domain containing ion transport regulator 5 Fxyd5 -0.65 9422 9659 2.42 1.77 
ST8 alpha-N-acetyl-neuraminide alpha-2,8-
sialyltransferase 4 

St8sia4 -0.64 2946 1452 0.99 0.35 

metastasis associated lung adenocarcinoma transcript 1 Malat1 -0.64 11019 11326 5.22 4.58 
dual specificity phosphatase 1 Dusp1 -0.64 4562 3992 1.47 0.82 
histocompatibility 2, K1, K region H2-K1 -0.64 6763 5698 1.42 0.78 
CUGBP, Elav-like family member 2 Celf2 -0.64 8598 8307 1.79 1.15 
fibrinogen-like protein 2 Fgl2 -0.64 3024 1737 1.22 0.58 
arrestin domain containing 3 Arrdc3 -0.64 3317 1749 0.93 0.29 
CDC-like kinase 1 Clk1 -0.62 6863 5484 1.32 0.69 
insulin-like growth factor I receptor Igf1r -0.62 7629 7002 1.58 0.96 
selectin, lymphocyte Sell -0.62 9022 8487 1.99 1.37 
Kruppel-like factor 6 Klf6 -0.61 8746 8606 1.82 1.21 
olfactomedin 4 Olfm4 -0.61 4071 2509 2.46 1.85 
CD300 molecule like family member d Cd300ld -0.61 4735 3779 1.37 0.76 
ribosomal protein S18, pseudogene 6 Gm10260 -0.61 2962 26 0.61 0.00 
serglycin Srgn -0.60 6605 5491 2.15 1.55 
cytochrome P450, family 4, subfamily f, polypeptide 18 Cyp4f18 -0.60 7066 6237 1.95 1.35 
thrombospondin 1 Thbs1 -0.59 2501 415 0.67 0.08 
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Supplemental table 4. Upregulated genes in Cluster 123 of Lal
-/- Ly6G+ cells 

versus Lal
+/+ Ly6G+ cells (top 50) 

Genes Symbol LogFC # of cells Expression 
Lal

+/+
 La

l-/-
 Lal

+/+
 Lal

-/-
 

interferon induced transmembrane protein 1 Ifitm1 1.78 553 3821 0.27 2.05 
interferon induced transmembrane protein 2 Ifitm2 1.21 3173 6694 1.71 2.92 
glutathione reductase Gsr 1.11 2650 6648 0.96 2.07 
translocator protein Tspo 0.96 3235 6691 1.45 2.41 
lectin, galactose binding, soluble 3 Lgals3 0.86 3658 6721 2.80 3.66 
WAP four-disulfide core domain 17 Wfdc17 0.80 73 2033 0.04 0.84 
predicted pseudogene 10320 Gm10320 0.77 28 4255 0.01 0.78 
ubiquitin C Ubc 0.67 2483 6303 0.90 1.57 
interferon induced transmembrane protein 6 Ifitm6 0.62 3661 6720 3.28 3.91 
refilin B Rflnb 0.55 2803 6404 1.12 1.66 
interferon induced transmembrane protein 3 Ifitm3 0.55 3500 6691 2.16 2.70 
cystatin C Cst3 0.54 3241 6624 1.43 1.97 
transmembrane protein 14C Tmem14c 0.53 345 3777 0.10 0.63 
leucine-rich alpha-2-glycoprotein 1 Lrg1 0.53 3484 6676 1.99 2.52 
stefin A2 like 1 Stfa2l1 0.52 422 1855 0.60 1.12 
uridine phosphorylase 1 Upp1 0.52 549 3302 0.22 0.74 
ribosomal protein SA Rpsa 0.49 2016 5045 0.87 1.35 
S100 calcium binding protein A6 (calcyclin) S100a6 0.47 3490 6689 3.98 4.45 
aspartic peptidase, retroviral-like 1 Asprv1 0.46 745 2363 0.53 0.99 
single-stranded DNA binding protein 3 Ssbp3 0.44 92 2683 0.03 0.48 
cytidine monophospho-N-acetylneuraminic acid 
hydroxylase 

Cmah 0.43 1080 4181 0.41 0.84 

destrin Dstn 0.42 3513 6682 1.99 2.41 
predicted gene, 35082 Gm35082 0.42 122 2642 0.04 0.46 
cytochrome c oxidase subunit 6C Cox6c 0.42 2780 6249 1.14 1.55 
serine (or cysteine) peptidase inhibitor, clade B, 
member 1a 

Serpinb1a 0.41 3306 6421 1.90 2.31 

arachidonate 5-lipoxygenase activating protein Alox5ap 0.41 3653 6720 2.46 2.86 
haptoglobin Hp 0.40 3660 6719 2.92 3.32 
ribosomal protein S9 Rps9 0.38 3654 6721 2.65 3.03 
neutrophil cytosolic factor 4 Ncf4 0.37 3578 6704 2.04 2.41 
prokineticin 2 Prok2 0.37 803 2458 0.37 0.74 
PRELI domain containing 1 Prelid1 0.35 2251 5516 0.77 1.12 
RAB24, member RAS oncogene family Rab24 0.35 1523 4605 0.49 0.84 
ATP synthase, H+ transporting, mitochondrial F0 
complex, subunit D 

Atp5h 0.32 2641 5968 1.00 1.32 

bone marrow stromal cell antigen 1 Bst1 0.32 1418 4109 0.63 0.95 
NFU1 iron-sulfur cluster scaffold Nfu1 0.32 1127 3916 0.35 0.67 
orosomucoid 1 Orm1 0.32 1136 2768 0.60 0.91 
expressed sequence AA467197 AA467197 0.32 3211 6399 1.58 1.90 
tumor protein D52 Tpd52 0.32 1841 4952 0.74 1.05 
placenta-specific 8 Plac8 0.31 1687 4486 0.61 0.92 
ubiquitin specific peptidase 39 Usp39 0.30 979 3541 0.31 0.61 
ferritin heavy polypeptide 1 Fth1 0.28 3613 6709 2.58 2.85 
guanine nucleotide binding protein (G protein), gamma 
12 

Gng12 0.28 1689 4541 0.56 0.84 

hemopoietic cell kinase Hck 0.28 2941 6123 1.14 1.41 
tumor-associated calcium signal transducer 2 Tacstd2 0.27 1250 3810 0.45 0.72 
melanoma cell adhesion molecule Mcam 0.26 459 2178 0.21 0.48 
churchill domain containing 1 Churc1 0.26 575 2634 0.18 0.43 
cytokine receptor-like factor 2 Crlf2 0.26 1019 3373 0.34 0.60 
colony stimulating factor 2 receptor, beta, low-affinity 
(granulocyte-macrophage) 

Csf2rb 0.26 1719 4430 0.62 0.88 

zinc metallopeptidase STE24 Zmpste24 0.25 1210 2878 0.68 0.93 
cyclin dependent kinase inhibitor 2D Cdkn2d 0.25 2811 5926 1.04 1.29 
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Supplemental table 5. Downregulated genes in Cluster 123 of Lal
-/- Ly6G+ cells 

versus Lal
+/+ Ly6G+ cells (top 50) 

Genes Symbol LogFC # of cells Expression 
Lal

+/+
 Lal

-/-
 Lal

+/+
 Lal

-/-
 

capping protein (actin filament), gelsolin-like Capg -1.52 3263 121 1.54 0.02 
ubiquitin-conjugating enzyme E2L 6 Ube2l6 -0.99 2871 818 1.12 0.12 
transmembrane and coiled coil domains 1 Tmcc1 -0.93 3634 5595 2.30 1.38 
olfactomedin 4 Olfm4 -0.89 1679 1572 2.93 2.04 
hemoglobin, beta adult s chain Hbb-bs -0.89 2933 2131 1.28 0.39 
thrombospondin 1 Thbs1 -0.87 1695 337 0.96 0.10 
predicted gene, 34084 Gm34084 -0.68 1943 4 0.68 0.00 
histocompatibility 2, K1, K region H2-K1 -0.60 2749 3432 1.22 0.62 
eosinophil-associated, ribonuclease A family, member 
2 

Ear2 -0.58 2244 1969 0.97 0.39 

aph1 homolog B, gamma secretase subunit Aph1b -0.57 2063 867 0.72 0.15 
eosinophil-associated, ribonuclease A family, member 
1 

Ear1 -0.56 1456 23 0.57 0.00 

ST3 beta-galactoside alpha-2,3-sialyltransferase 5 St3gal5 -0.54 3189 5009 1.57 1.04 
Sec61 beta subunit Sec61b -0.53 3060 3881 1.22 0.69 
regulator of G-protein signaling 2 Rgs2 -0.52 2826 3968 1.35 0.83 
 BC100530 -0.51 904 721 1.14 0.63 
thioredoxin interacting protein Txnip -0.50 2904 3802 1.25 0.75 
MYC binding protein 2, E3 ubiquitin protein ligase Mycbp2 -0.46 2064 1817 0.78 0.32 
ATPase, class VI, type 11B Atp11b -0.46 3077 4584 1.37 0.91 
villin-like Vill -0.44 1249 192 0.48 0.04 
ribosomal protein S18, pseudogene 6 Gm10260 -0.43 1326 11 0.43 0.00 
complement component 3 C3 -0.42 3493 5884 1.90 1.47 
prosaposin Psap -0.42 3430 5565 1.62 1.19 
 AC140186.1 -0.42 1283 8 0.42 0.00 
acyl-CoA thioesterase 1 Acot1 -0.41 1299 282 0.45 0.04 
integrin beta 3 Itgb3 -0.41 1540 792 0.53 0.13 
arginase type II Arg2 -0.39 1721 1300 0.67 0.28 
eukaryotic translation elongation factor 1 alpha 1 Eef1a1 -0.38 3359 5411 1.59 1.20 
colony stimulating factor 3 receptor (granulocyte) Csf3r -0.38 2922 4571 1.31 0.93 
O-linked N-acetylglucosamine (GlcNAc) transferase Ogt -0.38 2628 3680 1.10 0.73 
trinucleotide repeat containing 6b Tnrc6b -0.37 3273 5245 1.43 1.05 
beta-2 microglobulin B2m -0.37 3535 6366 1.93 1.56 
opioid growth factor receptor-like 1 Ogfrl1 -0.37 3374 5600 1.54 1.17 
ribosomal protein L26 Rpl26 -0.37 2977 4662 1.29 0.93 
hemoglobin alpha, adult chain 1 Hba-a1 -0.37 1082 593 0.47 0.11 
polypyrimidine tract binding protein 3 Ptbp3 -0.36 3352 5631 1.53 1.17 
insulin-like growth factor I receptor Igf1r -0.36 2800 4276 1.18 0.82 
ribosome binding factor A Rbfa -0.36 2113 2278 0.73 0.37 
nucleosome assembly protein 1-like 1 Nap1l1 -0.35 1709 1542 0.61 0.26 
G protein-coupled receptor 141 Gpr141 -0.35 2420 3117 0.90 0.55 
thymosin, beta 10 Tmsb10 -0.35 1067 1435 0.68 0.33 
ankyrin repeat domain 44 Ankrd44 -0.35 2286 2876 0.86 0.51 
ADP-dependent glucokinase Adpgk -0.35 3620 6514 2.09 1.74 
neutrophil cytosolic factor 2 Ncf2 -0.34 3617 6548 2.09 1.75 
LIM and senescent cell antigen-like domains 1 Lims1 -0.34 3536 6178 1.84 1.50 
chemokine (C-C motif) ligand 6 Ccl6 -0.34 1050 1106 0.66 0.32 
fatty acyl CoA reductase 1 Far1 -0.34 2615 3821 1.06 0.72 
matrix metallopeptidase 8 Mmp8 -0.34 3479 6237 3.55 3.22 
WNK lysine deficient protein kinase 1 Wnk1 -0.34 3082 4963 1.32 0.99 
cathepsin E Ctse -0.34 3295 5396 1.43 1.09 
DENN/MADD domain containing 4A Dennd4a -0.34 1489 1239 0.54 0.20 
 

  

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2022-006272:e006272. 11 2023;J Immunother Cancer, et al. Zhao T



Supplemental table 6. Upregulated genes in Cluster 0468 of Lal
-/- Ly6G+ cells 

versus Lal
+/+ Ly6G+ cells (top 50) 

Genes Symbol LogFC # of cells Expression 
Lal

+/+
 Lal

-/-
 Lal

+/+
 Lal

-/-
 

interferon induced transmembrane protein 1 Ifitm1 2.23 2053 2749 1.50 3.72 
WAP four-disulfide core domain 17 Wfdc17 1.99 703 2246 0.84 2.83 
glutathione reductase Gsr 1.75 2052 3090 0.91 2.66 
lectin, galactose binding, soluble 3 Lgals3 1.32 4489 3180 2.38 3.70 
translocator protein Tspo 1.24 2746 2948 1.25 2.48 
interferon induced transmembrane protein 6 Ifitm6 1.23 3346 2975 2.00 3.23 
interferon induced transmembrane protein 2 Ifitm2 1.20 4113 3191 2.30 3.50 
prokineticin 2 Prok2 0.96 891 1655 0.50 1.46 
leucine-rich alpha-2-glycoprotein 1 Lrg1 0.91 3283 3035 1.80 2.71 
destrin Dstn 0.81 1897 2454 0.99 1.80 
interferon induced transmembrane protein 3 Ifitm3 0.80 3609 2980 1.80 2.61 
WAP four-disulfide core domain 21 Wfdc21 0.75 5046 3188 3.41 4.17 
refilin B Rflnb 0.75 2042 2430 0.97 1.71 
uridine phosphorylase 1 Upp1 0.74 391 1281 0.22 0.96 
predicted pseudogene 10320 Gm10320 0.68 9 1080 0.00 0.68 
stefin A2 Stfa2 0.66 284 377 0.45 1.12 
sorcin Sri 0.66 2464 2559 1.19 1.85 
transmembrane protein 14C Tmem14c 0.66 233 1186 0.13 0.79 
lipocalin 2 Lcn2 0.61 4946 3172 3.70 4.30 
predicted gene, 35082 Gm35082 0.60 155 1044 0.12 0.71 
stefin A2 like 1 Stfa2l1 0.57 1511 1495 1.89 2.46 
STEAP family member 4 Steap4 0.57 195 783 0.22 0.79 
glyceraldehyde-3-phosphate dehydrogenase Gapdh 0.53 4208 3014 2.09 2.62 
fatty acid binding protein 5, epidermal Fabp5 0.52 730 1207 0.40 0.92 
ferritin heavy polypeptide 1 Fth1 0.52 5361 3167 3.35 3.87 
vimentin Vim 0.50 2837 2484 1.46 1.96 
expressed sequence AA467197 AA467197 0.50 1294 1634 0.69 1.19 
cyclin dependent kinase inhibitor 2D Cdkn2d 0.48 2045 2193 0.94 1.42 
ATP synthase, H+ transporting, mitochondrial F0 
complex, subunit D 

Atp5h 0.48 1030 1622 0.50 0.98 

stefin A3 Stfa3 0.48 423 389 0.67 1.15 

placenta-specific 8 Plac8 0.47 586 950 0.48 0.95 
cytochrome c oxidase subunit 6C Cox6c 0.46 1353 1785 0.67 1.13 
lymphocyte antigen 6 complex, locus G Ly6g 0.44 2911 2529 1.66 2.10 
S100 calcium binding protein A8 (calgranulin A) S100a8 0.44 5795 3229 6.91 7.34 
serine (or cysteine) peptidase inhibitor, clade B, 
member 1a 

Serpinb1a 0.42 1252 1392 0.73 1.15 

neutrophil cytosolic factor 4 Ncf4 0.42 4388 3053 1.98 2.39 
ribonuclease, RNase A family, 6 Rnase6 0.42 36 579 0.03 0.45 
flotillin 2 Flot2 0.41 1114 1459 0.52 0.93 
ubiquitin C Ubc 0.41 2907 2663 1.40 1.81 
glycerol kinase Gk 0.41 506 1116 0.34 0.74 
peroxiredoxin 5 Prdx5 0.40 4850 3109 2.53 2.93 
lymphocyte antigen 6 complex, locus C2 Ly6c2 0.39 2549 2335 1.54 1.93 
cytidine monophospho-N-acetylneuraminic acid 
hydroxylase 

Cmah 0.38 808 1308 0.53 0.91 

PRELI domain containing 1 Prelid1 0.37 1328 1635 0.63 1.00 
glucose-6-phosphate dehydrogenase X-linked G6pdx 0.37 1639 1743 0.76 1.13 
D-tyrosyl-tRNA deacylase 1 Dtd1 0.37 1 542 0.00 0.37 
CD52 antigen Cd52 0.36 5391 3206 3.08 3.44 
neutrophilic granule protein Ngp 0.35 4989 3169 3.86 4.21 
Fc receptor, IgE, high affinity I, gamma polypeptide Fcer1g 0.34 5133 3196 2.64 2.98 
cystatin C Cst3 0.34 4094 2949 1.92 2.26 
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Supplemental table 7. Downregulated genes in Cluster 0468 of Lal
-/- Ly6G+ cells 

versus Lal
+/+ Ly6G+ cells (top 50) 

Genes Symbol LogFC # of cells Expression 
Lal

+/+
 Lal

-/-
  Lal

+/+
 Lal

-/-
 

hemoglobin, beta adult s chain Hbb-bs -1.29 4223 944 2.01 0.72 
predicted gene, 34084 Gm34084 -1.21 2581 5 1.21 0.01 
transmembrane and coiled coil domains 1 Tmcc1 -1.13 5489 2737 3.09 1.96 
regulator of G-protein signaling 2 Rgs2 -1.06 5222 2473 2.88 1.83 
colony stimulating factor 3 receptor (granulocyte) Csf3r -0.93 5467 2847 3.15 2.22 
early growth response 1 Egr1 -0.92 1391 173 1.16 0.24 
nischarin Nisch -0.89 3869 1429 1.86 0.97 
FBJ osteosarcoma oncogene Fos -0.85 3838 1527 2.19 1.34 
chemokine (C-C motif) ligand 6 Ccl6 -0.84 4756 2141 2.85 2.01 
thioredoxin interacting protein Txnip -0.82 4799 2154 2.38 1.56 
ubiquitin-conjugating enzyme E2L 6 Ube2l6 -0.78 1871 47 0.82 0.04 
BTG anti-proliferation factor 2 Btg2 -0.76 4883 2435 2.44 1.68 
ATPase, class VI, type 11B Atp11b -0.76 4696 2162 2.22 1.46 
junction adhesion molecule like Jaml -0.73 4464 2015 2.32 1.59 
arrestin domain containing 3 Arrdc3 -0.72 2390 745 1.30 0.58 
capping protein (actin filament), gelsolin-like Capg -0.71 1513 13 0.72 0.01 
ankyrin repeat domain 44 Ankrd44 -0.69 3497 1336 1.59 0.90 
hemoglobin alpha, adult chain 1 Hba-a1 -0.69 1368 241 0.89 0.20 
O-linked N-acetylglucosamine (GlcNAc) transferase Ogt -0.69 4319 2116 2.06 1.37 
zinc finger protein 36 Zfp36 -0.68 4420 2156 2.23 1.54 
olfactomedin 4 Olfm4 -0.68 1844 635 2.16 1.48 
neutrophil cytosolic factor 2 Ncf2 -0.68 5529 2965 2.83 2.16 
Mir142 host gene (non-protein coding) Mir142hg -0.67 2890 1069 1.40 0.74 
tribbles pseudokinase 1 Trib1 -0.65 2172 672 1.18 0.53 
BTG anti-proliferation factor 1 Btg1 -0.65 5456 2990 3.13 2.48 
Kruppel-like factor 6 Klf6 -0.64 4601 2306 2.17 1.53 
CDC-like kinase 1 Clk1 -0.63 3522 1505 1.62 0.98 
prosaposin Psap -0.63 4977 2508 2.32 1.69 
CUGBP, Elav-like family member 2 Celf2 -0.62 4521 2297 2.13 1.51 
zinc finger protein 36, C3H type-like 2 Zfp36l2 -0.62 4407 2182 2.14 1.53 
 AC160336.1 -0.60 2522 1010 1.36 0.75 
insulin-like growth factor I receptor Igf1r -0.60 3886 1847 1.89 1.29 
hemoglobin alpha, adult chain 2 Hba-a2 -0.60 1076 159 0.74 0.13 
ST8 alpha-N-acetyl-neuraminide alpha-2,8-
sialyltransferase 4 

St8sia4 -0.60 2365 932 1.38 0.78 

Sec61 beta subunit Sec61b -0.60 2746 898 1.17 0.57 
inhibitor of kappa light polypeptide gene enhancer in 
B-cells, kinase complex-associated protein 

Ikbkap -0.60 2511 901 1.17 0.58 

leukocyte specific transcript 1 Lst1 -0.59 4880 2629 2.60 2.01 
MYC binding protein 2, E3 ubiquitin protein ligase Mycbp2 -0.59 2077 594 1.08 0.50 
myristoylated alanine rich protein kinase C substrate Marcks -0.57 3982 1903 2.34 1.77 
polypyrimidine tract binding protein 3 Ptbp3 -0.57 4625 2340 2.09 1.52 
LUC7-like 2 (S. cerevisiae) Luc7l2 -0.57 2807 1159 1.39 0.82 
nuclear paraspeckle assembly transcript 1 (non-
protein coding) 

Neat1 -0.57 5273 2922 2.81 2.24 

transient receptor potential cation channel, subfamily 
M, member 2 

Trpm2 -0.57 3174 1364 1.48 0.92 

TBC1 domain family, member 23 Tbc1d23 -0.55 2335 923 1.17 0.62 
fatty acyl CoA reductase 1 Far1 -0.54 3017 1376 1.41 0.87 
solute carrier family 38, member 2 Slc38a2 -0.54 2703 1145 1.34 0.80 
hemoglobin, beta adult t chain Hbb-bt -0.53 962 106 0.62 0.09 
slingshot protein phosphatase 2 Ssh2 -0.53 4375 2274 2.06 1.53 
myelin basic protein Mbp -0.53 2349 824 1.16 0.63 
embigin Emb -0.53 4770 2581 2.24 1.72 
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Supplemental table 8. Characteristics of NSCLC patients and healthy subjects 

NSCLC patients n % 
All samples 20 100 
Sex 

Male 10 50 
Female 10 50 
Mean Age 
Male  69+/-10  
Female 68+/-8  
Race 
White 19 95 
African American 1 5 

 

Healthy subjects n % 
All samples 19 100 
Sex 

Male 8 42 
Female 11 58 
Mean Age 

Male 42+/-17  
Female 45+/-14  
Race 
White 14 74 
African American 5 26 
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