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 Objectives/Hypotheses:  We discovered a new immune checkpoint pathway, termed DC-HIL/syndecan-4.  DC-HIL receptor is expressed by blood MDSC in NSCLC patients, but very-low to not-at-all by healthy individuals.  We found that DC-HIL (but not PDL1) mediates MDSC s T-cell suppressor function -- 
anti-DC-HIL mAb neutralizes this function, converting cancer-bearing mice from resistant to responsive recipients of anti-PD1/PDL1 mAb.  Moreover, the soluble DC-HIL receptor (sDC-HIL) is a strong promoter of lung metastasis.  Thus exponential expansion of DC-HIL+ MDSC may account for the resistance of NSCLC 
patients to anti-PD1/PDL1 mAb.  Not only will we prove this hypothesis, but we will also probe the mechanisms underlying treatment resistance and identify markers that can sort responders from non-responders.
 Specific Aims:  Aim 1: Determine whether DC-HIL expression prognosticates responsiveness to anti-PD1/PDL1 mAb treatment in lung cancer patients.  We will assess the influence of DC-HIL and PDL1 by measuring: their relative expression on blood MDSC and tumor cells, blood sDC-HIL levels, and their ability to 
suppress T-cell activation.  NSCLC patients will be treated with anti-PD1/PDL1 mAb, screened and assessed prior to treatment and at predetermined intervals during treatment and up to 2 years.  Aim 2: Identify MDSC genes that underlie responsiveness/resistance to anti-PD1/PDL1 therapy.  Because tumor-derived 
factors transform MDSC into a phenotype that potently suppresses T-cell function, thereby countering therapeutic effects of immune checkpoint blockers, we hypothesize that MDSC possess genes whose expression determines responsiveness/resistance of NSCLC patients to anti-PD1/PDL1 treatment.  MDSC gene 
expression profiles will be compared between responders vs. non-responders to anti-PD1/PDL1 therapy.
 Study Design:  In Aim 1, blood samples will be collected from NSCLC patients who enroll for anti-PD1/PDL1 mAb treatment at different time points (including pretreatment), in which FACS analysis will be used to determine frequency of DC-HIL+ MDSC in total PBMC, fluctuation of DC-HIL expression during the 
treatment, sDC-HIL in the plasma, and MDSC  ability to suppress autologous T cells.  Tumor biopsies before treatment will be examined for expression of PDL1 vs. DC-HIL. Correlation of DC-HIL expression with non-responders (or responders) will be statistically analyzed.  In Aim2, RNA isolated from purified MDSC 
will be subjected to whole genome expression analysis using RNA-Seq. 
 Impact:  Identification of DC-HIL or other MDSC genes as a prognosticator of response to anti-PD1/PDL1 therapy will greatly improve management of NSCLC patients, providing guidance regarding choice of therapy with attendant savings in time and money.  These results will lead to the hypothesis that blood level of 
DC-HIL+ MDSC (or related indexes) serve as useful biomarker(s) for predicting responsiveness/resistance to anti-PD1/PDL1 therapy.  Our results will also provide insight into the relative benefits of monotherapy vs. combination therapy) of anti-DC-HIL and anti-PD1/PDL1 mAb in NSSCLC patients.
 Military Relevance:  NSCLC is the leading cause of metastasis in the U.S. and a common cause of morbidity and mortality among Military Service members, Veterans, and their families.  Our outcomes should improve survival rate of those members and their family and save the budget for military-associated medical 
treatment.

DC-HIL biomarker for immune cancer therapy
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1. INTRODUCTION:
Cancer remains a leading cause of mortality among Americans and the lung is the primary site of origin for
these deaths.  Among available treatments for metastatic lung cancer, immune checkpoint blockers are
associated with the best survival rates, with anti-PD1/PDL1 monoclonal antibodies (mAb).  Yet, even this
therapeutic advance benefits only a minority (<20%) of metastatic lung cancer patients.  Furthermore, there are
no good markers for sorting which patients will or will not respond to treatment.  Our purpose is to identify
biomarkers that reliably prognosticate responsiveness (vs. resistance) of metastatic lung cancer patients to anti-
PD1/PDL1 mAb.

2. KEYWORDS:
 Biomarker 

DC-HIL
Immune checkpoint inhibitors
Immunotherapy
Myeloid-derived suppressor cells
Non-small cell lung carcinoma
PD-1/PD-L1
Prediction of response
Resistance

3. ACCOMPLISHMENTS:
 What were the major goals of the project?

(1) Blood levels of DC-HIL+MDSC before treatment discriminate between responders and non-
responders to anti-PD1/PDL1 mAb.

Period:  2 years 
Percentage of completion: 90% 

(2) Fluctuation of DC-HIL expression.
Period:  2 years 
Percentage of completion: 90% 

(3) Blood sDC-HIL level
Period:  2 years 
Percentage of completion: 100% 

(4) Recovery of T-cell function
Period:  1 year 
Percentage of completion: 100% 

(5) Tumor-DC-HIL and -PDL1 expression
Period:  6 months 
Percentage of completion: 70% 

(6) Identify MDSC genes that underlie responsiveness/resistance to anti-PD1/PDL1 therapy.
Period:  1 year 
Percentage of completion: 20% 

 What was accomplished under these goals? 
1) Major activities
Identifying new patients; recruiting them, taking blood samples from patients every 3-6 weeks after
immunotherapy; determining marker expression; collecting and organizing treatment history of patients;
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evaluating patients’ response to immunotherapy; performing statistical analysis; and molecular wroks 
with RNA isolated from myeloid-derived suppressor cells (MDSC).  

2) Specific objectives:
a) Determine whether DC-HIL expression
prognosticates responsiveness to anti-
PD1/PDL1 mAb treatment in lung cancer
patients
b) Identify MDSC genes that underlie
responsiveness/resistance to anti-PD1/PDL1
therapy

3) Significant results or key outcomes,
including major findings, developments, or
conclusions (both positive and negative);

Hypotheses that were proven in this funding 
period: 
1. Baseline blood sDC-HIL levels associate with poor response
of non-small cell lung carcinoma (NSCLC) to anti-PD1/PD-L1
immunotherapy.  Blood samples were taken from metastatic
NSCLC patients just prior to immune checkpoint inhibitor (ICI)
therapy and determined by ELISA for sDC-HIL levels.  To

evaluate the 
predictive value of 
this baseline sDC-
HIL level, we 
compared with 
tumor size before 
treatment (baseline) 
(Fig. 1A).  There 
was no significant 
correlation between 
these two 
parameters.  Patients 
were sorted based on 
6 week response to 
ICI into responders (who showed stable disease (PD) or partial 
response (PR)) and non-responders (who developed progressive 
diseases or PD).  Evaluation was executed using Response 
evaluation criteria in solid tumors (RECIST) 2.0 criteria.  Baseline 
sDC-HIL level in non-responders was significantly higher than 
that in responders, which was similar to healthy donors (Fig. 1B).  
Moreover, changes in sDC-HIL levels in the period of 6 weeks 
after onset of treatment also correlated with changes in tumor size 
(Fig. 1C).  These data indicate that blood sDC-HIL level may be a 
biomarker to predict cancer response to ICI therapy.              

2. sDC-HIL level increased as tumors were growing.
We examined fluctuations over time duration of ICI therapy.  We
collected blood samples at every 2-3 weeks (n=28) and addressed
whether the level changes depending on cancer response.  Twenty

B

sD
C

-H
IL

 b
as

e 
lin

e 
(n

g/
m

l)

-5

0

5

10

15

0 50 100 150

% Change in tumor size

%
 C

ha
ng

e 
in

 s
D

C
-H

IL
 o

f P
D n=33

R = 0.8012

Cp=0.9

PD
n=33

SD / PR
n=43

p<0.0001 p<0.0001

HD
n=23

SD
n=38

3.3 ± 1.2

7.5 ± 3.0

3.1 ± 1.2 2.9 ± 0.5

0

5

10

15

20

sD
C

-H
IL

 (n
g/

m
l)

Tumor size (cm diameter) 

0

5

10

15

20

25

0 5 10 15 20 25

n=76
R = 0.0061

p=0.55

A

Fig. 1. Correlation of baseline blood sDC-HIL levels and response of 
NSCLC patients to ICI therapy. A, Blood sDC-HIL levels of NSCLC 
patients (n=76) at baseline are plotted against initial tumor size (sum of tumor 
cm diameter). B, NSCLC patients were evaluated for response to ICI at Week 
~12 after the first cycle and sorted into non-responders (PD) and responders 
(SD and PR). Blood sDC-HIL levels (mean ± SD) at baseline are compared 
between these 2 cohorts. SD and healthy donors (HD) are separately compared 
to each other. P values are shown using Mann-Whitney U test. C, % change in 
sDC-HIL levels of PD patients (n=33) is plotted against % change in tumor 
size between Weeks 0 and 6.  Pearson Correlation Coefficient R = 0.8012 with 
p=0.00001.   
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Fig. 2. Fluctuations in blood sDC-HIL expression 
following ICI treatment.  Blood sDC-HIL levels (ng/ml) in 
28 cases are shown at indicated time points after ICI treat-
ment. Red dashed lines indicate mean value (3.3 ng/ml) of 
responders (SD and PR). Cases are sorted into PR, SD and 
PD: Cases (n=21) highlighted in blue display negative cor-
relation of sDC-HIL levels and tumor response; cases (n=5) in 
green exhibit an opposite but weak correlation; and cases 
(n=2) in red show positive relationship.    

Fig. 3. Expression of DC-HIL by lung cancer cells vs. 
PBMC from NSCLC patients. A, 3 NSCLC cell lines and 
SK-MEL-28 melanoma (as reference) were examined by 
FACS for expression of DC-HIL vs. PDL1 receptors and 
shown by % positivity. B, These cells were assayed by 
qRT-PCR for mRNA expression of DC-HIL (blue bars) and 
ADAM10 (black bars) relative to GAPDH and determined 
for secretion of sDC-HIL (red bars with the right y-axis) in 
the culture. ND, not determined.  C, PBMC of NSCLC 
patients (n=5) were fluorescently stained with Ab to HLA-
DR and CD14, and sorted into 4 fractions; Fr. 1 (HLA-
DRno/lo CD14+ cells); Fr. 2 (HLA-DRmed/hi CD14+); Fr. 3 
(HLA-DRmed/hi CD14neg); and Fr. 4 (HLA-DRno/lo CD14neg). 
Each fraction was assayed for expression of DC-HIL and 
PDL1 receptors. D, PBMC from blood of patients (n=3) 
were sorted into 3 fractions (CD14+, CD15+ and others) and 
quantified for DC-HIL and ADAM10 mRNA and sDC-HIL 
protein.         
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one out of 28 cases tested (78%) exhibited sDC-HIL levels to increase as tumors are growing (PD phenotype) or 
decreasing as tumors are shrinking.  Five cases showed weak correlation with tumor response and 2 cases did an 
opposite correlation (high or low levels in patients with PR and PD, respectively).  Thus, blood sDC-HIL levels 
fluctuate in real-time according to tumor response, indicating that sDC-HIL is a marker to show the present 
status of immune suppression in patients.   

3. MDSC are sDC-HIL-producers, but not cancer cells.   We next addressed what cells secrete the most
sDC-HIL in patients; cancer cells or leukocytes?  NSCLC cell lines were assayed for expression of DC-HIL
receptor (vs. PD-L1), mRNA for DC-HIL and ADAM10 genes (the latter is a sheddase that cleaves DC-HIL
receptor), and sDC-HIL secretion in the cell culture.  One out of 3 lines expressed high-levels of DC-HIL on the
cell surface, but no secretion of sDC-HIL nor expression of ADAM10 mRNA (Fig. 3A and 3B).  For blood
circulating leukocytes, PBMCs of patients were fluorescently stained with anti-HLA-DR and anti-CD14 Ab and
sorted by FACS into 4 fractions; (1) CD14+HLA-DRno/lo (MDSC); (2) CD14+HLA-DR+ (containing antigen-
presenting cells); (3) CD14negHLA-DRhi (mainly B cells); and (4) CD14negHLA-DRneg (containing T cells).
Fr.1 and Fr.2 expressed substantial levels of DC-HIL (but not PD-L1).  CD14+ cells (including MDSC) were
purified and tested for sDC-HIL secretion, and we found CD14+ cells to be producers of sDC-HIL (Fig. 3C and
3D).

Hypotheses that were not proven in this 
funding period: 
1. MDSC expansion did not correlate
with poor response to ICI therapy.  We 
recruited separately metastatic NSCLC 
patients and similarly assayed for % of 
monocytic or granulocytic MDSC among 
total PBMCs and also DC-HIL expression 
in each MDSC subpopulation.  These 
variables were compared between 
responders and non-responders (Fig. 4).  
For all variables (monocytic and 
granulocytic subpopulation; and DC-HIL cell surface expression), we were unable to see significant differences 
in between responders and non-responders.  Thus, sDC-HIL level can be a biomarker to predict response, 
whereas % of DC-HIL receptor-expressing MDSC in blood may not have a predictive value for tumor response.  
This result seems contradictory to the data that MDSC is the major source of sDC-HIL, suggesting the existence 
of sDC-HIL-secretors other than MDSC.  

2. Technical difficulties in determination of
whole genome transcriptome (Aim 2).  We
proposed to determine transcriptome of
monocytic MDSC isolated from blood of
responders and non-responders and determine
signature genes that are expressed differentially
in these patient groups.  For this assay, a series of
sequential steps are needed, which include
collecting 30 ml of peripheral blood from a
patient (n=5), purifying PBMCs, FACS-
analyzing % MDSC, isolating MDSC, extracting
and purifying mRNA, amplifying RNA signals
by PCR, and subjected to RNA-Seq analysis.  We
had several difficulties, (1) only few patients
agreed to provide 30 ml volume (1-5 ml for most
cases); (2) a huge variation in yield of MDSC,
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due to small volume, unknown impurities that contaminate in MDSC fraction, which block subsequent PCR 
amplification; and (3) very low yield of mRNA per cell, 2-5-fold lower than 
other leukocytes and lymphocytes.  We have to develop or apply cutting-
edge techniques (e.g., single cell RNA-Seq) that allow reliable whole 
genome RNA-Seq analysis with trace amounts of cells.

Other achievements: 
1. DC-HIL expression in host hematopoietic cells determines tumor
response to anti-PDL1 treatment in mouse tumor model.  We addressed
whether DC-HIL expression determines tumor response to ICIs.
1.a. Tumor DC-HIL expression is irrelevant to tumor response:
 Among tumor lines, B16 melanoma is unique in expressing DC-HIL.  
We used this model to examine whether tumor-DC-HIL expression accounts 
for resistance to anti-PDL1 therapy.  We generated DC-HIL-knocked out 
(DC-HIL-/-) B16 cells that do not express DC-HIL but retain high expression of PDL1.  Using this cell line, we 
examined influence of tumor-DC-HIL to anti-PDL1 response (Fig. 5A).  DC-HIL-/- B16 cells showed as a poor 
response to anti-PDL1 as did the parental cells, indicating that tumor-DC-HIL has no influence to this 
resistance.  We then addressed whether host DC-HIL affects anti-PDL1 response (Fig. 5B).  DC-HIL-/- mice 
bearing B16 lung mets were treated with anti-PDL1 or control IgG.  Anti-PDL1 treatment led to a remarkable 
decrease in all metastasis indices in DC-HIL-/- mice; including lung weight (0.23 vs. 0.18 g), melanin content 
(0.53 vs. 0.03 mg) and number of foci (127 vs. 14), with a 10-fold increase in IFN-  response.  Although there 
was no difference in CD45+ tumor-infiltrating leukocytes (TIL) number between anti-PDL1 and control 
treatments, anti-PDL1 mAb increased total CD4 and CD8 T-cells and their SD4+ and PD1+ subsets, while 
decreasing total MDSC in the lung (Fig. 5C).   

1.b. Non-hematopoietic cells have no contribution to the resistance:
 Because DC-HIL is also expressed by non-hematopoietic cells, we dissected influence of hematopoietic 
cell- vs. non-hematopoietic cell-derived DC-HIL to anti-PDL1 response.  We generated bone marrow (BM)-
chimeric mice, in which hematopoietic cells are originated from transplanted BM cells of DC-HIL-/- mice.  
Deletion of DC-HIL gene from hematopoietic cells (while non-hematopoietic DC-HIL expression remains) 
failed to reverse the high response to anti-PDL1 (Fig. 6), indicating that DC-HIL on non-hematopoietic cells is 
dispensable for B16 melanoma resistance to anti-PDL1 treatment.   

1.c. Both DC-HIL receptor-expressing MDSC and sDC-HIL
are resistance factors for ICI response.:     
 Because melanoma-bearing hosts express DC-HIL as 
the receptor on MDSC and sDC-HIL, we addressed which 
molecular form is more important in regulating tumor 
responsiveness to anti-PDL1 mAb.  For the impact of DC-
HIL receptor, we examined whether adoptive transfer of 
DC-HIL+ MDSC into DC-HIL-/- mice bearing B16 lung
mets reverses anti-PDL1 tumor response (Fig. 7A).  As
control, DC-HILneg MDSC were also transferred into the
host.  Reproducibly, anti-PDL1 inhibited growth of B16
lung mets almost completely in DC-HIL-/- mice.  This
antitumor activity was diminished markedly by infusion of
DC-HIL+ MDSC, whereas injection of DC-HILneg MDSC
had no effect.

For sDC-HIL, we used LL2 lung cancer cells (which do 
not express DC-HIL) transfected with Tet-Off-controlled 
sDC-HIL gene (Fig. 7B).  Immediately after i.v. injection of 
the LL2 transfectants, mice were given doxycycline (Dox, which shuts off DC-HIL expression) for 6 days, and 
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mice were sorted into 2 groups, treated with Dox or PBS, followed 
by i.p. injection of anti-PDL1 mAb or control IgG (F). On day 17, 
mice were quantified for metastasis by counting CFU of G418-
resistant colonies and expressed as CFU in 1 x 106 lung cells (G). 
*p<0.0001 compared to control.
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then sorted into 2 groups; one was continued with Dox and the other was discontinued.  These groups were also 
treated with anti-PDL1 or control IgG and scored for metastasis indices on day 17.  sDC-HIL remained very 
low through day 6, but quickly increased to 8.4-9.6 ng/ml after Dox discontinuation, and low sDC-HIL levels 
(1-1.4 ng/ml) were maintained in Dox-continued group that exhibited very high response to anti-PDL1 mAb 
compared to IgG-treated mice (Fig. 7C).  By contrast, Dox-discontinued group (sDC-HIL expressed) had 
markedly reduced antitumor activity.  This reduced response was associated with increased total MDSC or DC-
HIL+ subset of lung mets.  Thus, both DC-HIL+ MDSC and sDC-HIL converted tumor cells from an anti-PDL1-
responsive to resistant tumor.  However, this conclusion may be not true for metastatic NSCLC patients.  We 
will investigate the contradiction. 

 What opportunities for training and professional development has the project provided? 
Nothing to Report. 

 How were the results disseminated to communities of interest? 
We published most of data shown above in the scientific journal “Clinical Cancer Research”.  

 What do you plan to do during the next reporting period to accomplish the goals? 
This is final report. 

4. IMPACT:
 What was the impact on the development of the principal discipline(s) of the project?

Our studies documented the possibility that blood DC-HIL serves as a biomarker that predict which 
patients with metastatic lung cancer will respond (vs. not respond) to the currently best immunotherapy 
anti-PD1/PDL1 mAb.   

 What was the impact on other disciplines? 
Nothing to Report 

 What was the impact on technology transfer? 
Our finding of blood sDC-HIL to be a promising prognosticator of response to immunotherapy in the 
most common type “non-small cell lung carcinoma (NSCLC) will greatly improve management of 
NSCLC patients, providing guidance regarding choice of therapy with attendant savings in time and 
money.  This finding also will provide a clue to establish “Precious Cancer Immunotherapy”.  Another 
impact is that we revealed the future possibility that DC-HIL is a pharmacological target for augmenting 
the efficacy of ICI therapy by combining with anti-PDL1 because DC-HIL is the potent resistant factor.  
Creation of effective humanized mAb against human DC-HIL may lead to the development of new 
cancer therapeutic drugs.           

 What was the impact on society beyond science and technology? 
Lung cancer is the leading cause of metastasis in the U.S. and a common cause of  morbidity and 
mortality among Military Service members, Veterans, and their families.  Our findings should 
improve survival rates of afflicted patients and lead to savings in medical expenses and patients’ 

 precious time. 

5. CHANGES/PROBLEMS:
 Changes in approach and reasons for change

We had several significant difficulties to conduct this project.  First, delay in start of patient recruitment, 
due to delay of filling IRB for this study.  Second, suddenly in August 2019, monotherapy with anti-
PD1/PDL1 mAb became no longer available for treatment of NSCLC patients (which is our target 
disease), except for patients with high expression levels of PDL1 on tumors.  However, such patients in 
clinic are very rare (<5% of total NSCLC patients).  Instead, this immunotherapy is advised to combine 
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with chemotherapy.  Thus, we had to change the patient recruitment strategy.  Third, since March 16, 
UT Southwestern medical center has discontinued Tissue Core Services that provide us with blood 
samples of NSCLC patients, due to the COVID-19 pandemic in the Texas State.  These difficulties have 
impacted significantly on the progress of our research.  As of July 1, 2020, we requested one year-

 extension with no extra cost.  Almost one year later, the Tissue Core Service Facility at UT 
Southwestern medical center restarted collecting human clinical samples (March 1, 2021).  Since then, 
we resumed this project to collect patients’ blood samples and analyze immunological phenotype and 
functional properties, but only 3 new cases were added to our studies.  Instead, we have studied the 
mutual interactions between DC-HIL and PDL1 in regulation of cancer immunity using mouse model.   

 Actual or anticipated problems or delays and actions or plans to resolve them 
Refer to the above.  

 Changes that had a significant impact on expenditures 
Refer to the above.  We had technical difficulties in Aim 2.    

 Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select 
agents. 
Refer to the above.   

 Significant changes in use or care of human subjects 
Refer to the above.  

 Significant changes in use or care of vertebrate animals. 
Nothing to report 

 Significant changes in use of biohazards and/or select agents     
Nothing to report. 

6. PRODUCTS:

 Publications, conference papers, and presentations 
Chung J-S, Ramani V, Kobayashi M, Fattah F, Popat V, Zhang S, Cruz PD Jr., Gerber DE, Ariizumi K.  
DC-HIL/Gpnmb is a negative regulator of tumor response to immune checkpoint inhibitors. Clin Cancer
Res 15; 1449-1459. 2020.  PMID: 31822499

 Website(s) or other Internet site(s) 
Nothing to report. 

 Technologies or techniques 
Nothing to report. 

 Inventions, patent applications, and/or licenses 
Nothing to report. 

 Other Products 
Nothing to report. 

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

Name: Kiyoshi Ariizumi 
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Project Role: PI 

Researcher Identifier (e.g. 
ORCID ID): 0000-0002-6630-4440 

Nearest person month 
worked: 3.6 

Contribution to Project: Dr. Ariizumi has supervised all members in this project, made a 
publication and prepared the final report. 

Funding Support: VA Merit Award and NIHRO1 

Name: Jin-Sung Chung 

Project Role: Fellow 

Researcher Identifier (e.g. 
ORCID ID): 0000-0001-9450-5939 

Nearest person month 
worked: 4.8 

Contribution to Project: Dr. Chung has performed some of human studies and provided 
other fellows with technical advices. 

Funding Support: VA Merit Award. 

Name: Vijay Ramani 

Project Role: Fellow 

Researcher Identifier (e.g. 
ORCID ID): 0000-0001-5449-0242 

Nearest person month worked: 9 

Contribution to Project: Dr. Ramani has executed some experiments in human studies 
and most of animal studies. . 

Funding Support: VA Merit Award 

Name: Masato Kobayashi 

Project Role: Fellow 

Researcher Identifier (e.g. ORCID ID): 0000-0001-7717-8948 

Nearest person month worked: 6 

Contribution to Project: Dr. Kobayashi has performed most of human studies. 

Funding Support: Dermatology department support. 
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Name: Irene Dougherty 

Project Role: Other roles 

Researcher Identifier (e.g. 
ORCID ID): Not available 

Nearest person month worked: 2.4 

Contribution to Project: Ms. Dougherty has prepared and ensured IRB approval and 
maintained the laboratory. 

Funding Support: Dermatology departmental support 

Name: Yvonne Gloria-McCutchen 

Project Role: Other roles 

Researcher Identifier (e.g. 
ORCID ID): Not available 

Nearest person month worked: 1.2 

Contribution to Project: Ms. Gloria-McCutchen has coordinated patients’ visit schedule 
and blood drawing. 

Funding Support: Oncology departmental support 

 Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since 
the last reporting period? 
Nothing to report 

 What other organizations were involved as partners? 
Nothing to report. 

8. SPECIAL REPORTING REQUIREMENTS
Nothing to report. 

9. APPENDICES:
Attached Pdf is the published paper in Clinical Cancer research journal. 
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DC-HIL/Gpnmb Is a Negative Regulator of Tumor
Response to Immune Checkpoint Inhibitors
Jin-Sung Chung1, Vijay Ramani1, Masato Kobayashi1, Farjana Fattah2, Vinita Popat2, Song Zhang3,
Ponciano D. Cruz Jr1, David E. Gerber2, and Kiyoshi Ariizumi1

ABSTRACT
◥

Purpose: Immune checkpoint inhibitors (ICI) benefit only a
minority of treated patients with cancer. Identification of biomar-
kers distinguishing responders and nonresponders will improve
management of patients with cancer. Because the DC-HIL check-
point differs from the PD1 pathway in expression and inhibitory
mechanisms, we examined whether DC-HIL expression regulates
ICI responsiveness.

Experimental Design: Plasma samples were collected from
patients with advanced non–small cell lung carcinoma (NSCLC)
(n¼ 76) at baseline and/or follow-up after ICImonotherapy. Blood-
soluble DC-HIL (sDC-HIL) was determined and analyzed for
correlation with the early tumor response. To study the mechan-
isms, wemeasured effect of anti-DC-HIL versus anti-PDL1mAb on
growth of mouse tumor cells in experimentally metastatic lung.
Influence of DC-HIL to anti-PDL1 treatment was assessed by
changes in tumor response after deletion of host-DC-HIL gene,

injection of DC-HIL–expressing myeloid-derived suppressor cells
(MDSC), or induction of sDC-HIL expression.

Results: Nonresponders expressed significantly higher levels of
baseline sDC-HIL levels than responders. Among patients (n¼ 28)
for fluctuation with time, nonresponders (14/15 cases) showed
increasing or persistently elevated levels. Responders (12/13) had
decreasing or persistently low levels. Among various tumors, B16
melanoma exhibited resistance to anti-PDL1 but responded to anti-
DC-HIL mAb. Using B16 melanoma and LL2 lung cancer, we
showed that deletion of host-derived DC-HIL expression converted
the resistant tumor to one responsive to anti-PDL1 mAb. The
responsive state was reversed by infusion of DC-HILþMDSC or
induction of sDC-HIL expression.

Conclusions: sDC-HIL in the blood and probably DC-HIL
receptor expressed by MDSC play an important role in regulating
response to ICI in advanced NSCLC.

Introduction
Antigen-specific T cells are activated by a net-stimulatory balance

arising from competition between costimulatory and coinhibitory
signals transduced by binding of receptors and ligands expressed on
the surface of T cells and antigen-presenting cells or suppressor
cells (1). The coinhibitory molecules, also termed “immune check-
points,” include CTLA4/CD80 and PD1/PDL1 (2).

Many cancers that overexpress immune checkpoint molecules
exude a net-inhibitory balance that can dampen natural anticancer
immunity (3). Immune checkpoint inhibitors (ICI) were developed to
circumvent this problem, blocking delivery of coinhibitory signals and
thus amplifying antitumor responses (4). Among these ICI, anti-PD1/
PDL1mAb (e.g., nivolumab, pembrolizumab, and atezolizumab) have

produced improved objective response rates, including 10% to 20% in
cases of non–small cell lung carcinoma (NSCLC; ref. 5), 12% to 28% for
melanoma (6, 7), approximately 43% for bladder cancer (8), and 10%
to 20% for renal cell cancer (9). Despite these unprecedented benefits,
the majority of metastatic cancers have initial resistance to ICI
therapy (10). Thus, the development of reliable biomarkers that
identify patients who will not respond to ICI therapy before treatment
or even during the course of treatment could bring a great benefit to
cancer treatment.

We identified a new immune checkpoint pathway comprising the
DC-HIL [also known as Gpnmb (11)] receptor and its T-cell ligand,
heparan sulfate-attached syndecan-4 (SD4; refs. 12, 13). DC-HIL is
expressed constitutively by some cancer cells (including melanoma,
breast and lung cancers; refs. 14, 15) and can be induced on myeloid-
derived suppressor cells (MDSC) that proliferate exponentially in
blood of patients with various malignancies (16). Patients with met-
astatic NSCLC produced 0.3% DC-HIL-expressing MDSC among
peripheral blood mononuclear cells (PBMC), which was significantly
higher than healthy controls (0.05%). DC-HIL–expressing cells release
the soluble form (sDC-HIL) by cleaving off the extracellular domain by
ADAM10 proteinase (17). Both DC-HIL and PDL1 receptors are
expressed on tumor cells and mediate cancer-induced immunosup-
pression (18), but their interactions with suppressor cells differ: PDL1
mediates regulatory T-cell (Treg) function but is less important to
MDSC (12, 16). In contrast, DC-HIL is the critical mediator of MDSC
function and insignificant to Treg (12). Moreover, their respective
T-cell ligands (SD4 and PD1) reside in disparate loci and signal
independently of each other: PD1 associates with the CD3z chain of
the T-cell receptor complex (19), whereas SD4 is separate from this
complex (20). Therefore, DC-HIL and PDL1 pathways regulate T-cell
response by distinct mechanisms.

To evaluate the hypothesis that DC-HIL counteracts the augmented
T-cell response by ICI treatment, we examined whether patients with
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advanced NSCLC express sDC-HIL in the blood and whether the high
levels associate with poor response to ICI therapy. We found high
blood sDC-HIL levels to correlate strongly with resistance to ICI
therapy in patients with advanced NSCLC. To study mechanisms by
which DC-HIL attenuates response to ICI, we searched mouse tumor
lines resistant to anti-PDL1 mAb but sensitive to anti-DC-HIL mAb.
Among four tumor lines examined, B16 melanoma was distinct in its
contrasting responses to the two treatments, such that cancer regres-
sion followed anti-DC-HIL mAb infusion, whereas only a marginal
effect was achieved by anti-PDL1 treatment (18, 21). However, similar
experiments using mice devoid of the DC-HIL gene (DC-HIL KO)
resulted in regression of melanoma in response to anti-PDL1 mAb,
indicating that resistance to anti-PDL1 treatment in wild-type mice
involved expression of host DC-HIL. These findings were also con-
firmed with mouse LL2 lung cancer. Our studies suggest that host
DC-HIL expression may be a biomarker to predict tumor response of
patients with advanced NSCLC to ICI therapy.

Materials and Methods
Patients with NSCLC

Patients with advanced NSCLC (n ¼ 76, Supplementary Table S1)
who had ICI treatment between 2015 and 2017 at Harold C. Simons
Comprehensive Cancer Center at The University of Texas Southwest-
ern Medical Center, Dallas, TX, were included in this study (22).
Patients were treated with standard of care ICI monotherapy (atezo-
lizumab, nivolumab, or pembrolizumab) every 2 to 3 weeks (23, 24).
Response to treatment was determined at every 6 to 12 weeks by
RECIST version 1.1 (25). Each patient provided informed consent
before enrollment. The Institutional Review Board of UT Southwest-
ern approved this study (STU-082015-53). Peripheral blood samples
were collected from all patients before treatment (week 0) and some
patients provided samples at 2 and 6 weeks posttreatment. Plasma was
obtained by centrifugation (at 2,000 g for 10minutes) and supernatant
collected and stored at�80�C. The studywas conducted in accordance
with the amended Declaration of Helsinki and the International
Conference on Harmonization Guidelines.

Reagents, animals, and cell culture
Leukocyte marker Ab and antimouse PDL1 mAb (10F.9G2) were

purchased from eBioscience and Bio-X-Cell, respectively. We gener-
ated UTX103 rabbit antimouse DC-HIL mAb (14) and the chimeric

UTX103 IgG (UTX-m16) was constructed by replacing the C-region
of UTX103 rabbit IgG with that of mouse IgG1. These Abs were
produced by transient transfection of suspension cultures with the IgG
genes using ExpiCHO systems in serum-free media (Thermo Fisher
Scientific) and purified by Protein A-agarose (Invitrogen). Purified
preparations comprise very low endotoxin level (<0.05 EU/mL),
determined by Pierce Chromogenic Endotoxin Quant Kit. Female
C57BL/6 mice (�8-week-old) and pmel-1 TCR transgenic mice were
purchased fromHarlan Breeders and The Jackson Laboratory, respec-
tively. Animals were housed in the pathogen-free facility of the
Institutional Animal Care Use Center of UT Southwestern Medical
Center. All animal protocols were approved by the Center. Mouse
tumor lines were purchased from the American Type Culture Col-
lection, Old Town Manassas, VA, and maintained in DMEM supple-
mented with 10% FCS. Human NSCLC cells were obtained from
HamonCenter for Therapeutic Oncology Research, UT Southwestern,
Dallas, TX.

For leukocyte isolation and culture, PBMC from blood (�15mL) of
patients with NSCLC (n ¼ 3) were divided into two parts: one was
stained with fluorescently labeled anti-HLA-DR and anti-CD14 and
analyzed by flow cytometry for receptor expression; the other was
treated sequentially with anti-CD14 Ab-coated magnetic beads (for
monocytes) and anti-CD15-beads (granulocytes). The rest contained
B and T cells. These fractions were cultured for 2 days with GM-CSF
(100 ng/mL) or IL2 (20 unit/mL) and assayed for mRNA expression
and sDC-HIL levels in culture supernatant.

sDC-HIL ELISA
An aliquot (100 mL) of 5� PBS-diluted plasma samples was applied

to ELISA wells in triplicate (human GPNMB R&D Systems). For
measuring mouse sDC-HIL levels in blood and culture supernatant,
1:100-diluted or undiluted samples were used. To allow reliable and
unbiased method comparison, all tests were done in a single-blind
manner by an independent laboratory technician.

DC-HIL-deleted B16 melanoma
pGuide-it-ZsGreen vector (Clontech Laboratories Inc) containing

DC-HIL-targeted gRNA (CCGGCCGAAGACCAGCCACGTAAT)
and CAS9 was transfected into B16 melanoma cells with Lipofecta-
mine LTX with PLUS Reagent (Life Technologies) in Opti-MEM I
(Life Technologies). After transfection, DC-HIL-deleted B16 cells were
enriched by cell sorting using BD FACS Aria (BD Biosciences) and
confirmed by immunoblotting for null DC-HIL expression.

mAb treatment
Tumor cells were harvested from the growing cultures by ethylene

diamine tetra-acetic acid (EDTA), washed extensively with PBS, and
injected intravenously intomice [(2–5)� 105 cells/mouse] via tail vein.
Six days postinjection, all mice were given intraperitoneal injection of
mAb (200 mg/mouse) every 2, 3, or 4 days at the total of six injections.
Two days after the last injection (day 18), mice were scored for
metastatic indices, lung weight, number of foci, and melanin content
in the tissue (18). For other tumor cells, GFP-transfected cells were
injected intravenously intomice, and lung-metastatic tumor cells were
counted byflow cytometry: Lungwas perfusedwith PBS and single-cell
suspension isolated by digesting with collagenase/dispase (Roche),
collagenase type I/IV, andDNAase I (Sigma-Aldrich) for 90minutes at
37�C and passed through a 40-mm membrane. For experiments
measuring survival rate, all mice were injected intravenously with
B16 cells (1 � 105 cells/mouse) and day 6 they were randomly sorted
into four groups (n ¼ 10) and given different mAb every 2 days until

Translational Relevance

Despite unprecedented improvement in survival of patients with
cancer treated with immune checkpoint inhibitors (ICI), most
patients are resistant to this therapy for reasons that remain elusive.
Thus, the identification of reliable biomarkers predicting the
responders to ICI therapy could bring a great benefit to cancer
treatment. Among ICI-treated patients with advanced non–small
cell lung carcinoma, elevated blood sDC-HIL levels at the baseline
were associated with disease progression and poor outcomes. In
animal studies, DC-HIL levels, expressed as the receptor on
myeloid-derived suppressor cells and/or its soluble form (sDC-
HIL) in blood, correlated directly with resistance to anti-PDL1
treatment. These findings indicate DC-HIL's negative influence on
current ICI therapy, highlighting its potential as a blood biomarker
to predict treatment responsiveness and clinical benefit.
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day 16; thereafter, schedule was changed to longer intervals; every
3 days until day 28; and every week until day 60.

Analysis of tumor microenvironment
All mice were anesthetized, blood drawn from heart, and serum

prepared using BD Microtainer. After sacrificing mice, single-cell
suspensions [(1–5) � 105 cells/reaction] from lung were prepared and
fluorescently stained with marker Ab (1–10 mg/mL) to each leukocyte
subpopulations, including CD45, CD4, CD8 T cells and their SD4þ or
PD1þ subset, and CD11bþGr1þ MDSC and their DC-HILþ or PDL1þ

subsets. After fluorescently labeling with secondary Ab (1 mg/mL),
stained cells were analyzed by FACS Verse (BD Biosciences).

Adoptive cell transfer
Onday 5 postintravenous injection of B16 cells (2� 105 cells/mouse)

into DC-HIL�/� mice, mice were randomly sorted into four groups
(n¼ 5) and given intravenous injection of PBS orCD11bþGr1þMDSC
(1� 106 cells/mouse) purified from spleen cells of WT or DC-HIL�/�

mice bearing subcutaneous B16 melanoma (2 weeks after subcutane-
ous implantation; ref. 26). CD11bþGr1þ fraction from WT mice
contained 40% to 50% DC-HILþ cells, and that from KO mice had
no such cells. On day 6, all mice were treatedwith anti-PDL1 or control
IgG every 2 days.

Tet-off system
Previously, we established LL2 cell line transfected with a vector

driving expression of sDC-HIL-V5 under the control of Tet-off
system (27). All mice were given 2 mg/mL doxycycline (Dox)-water
from day 3 to day 6. Day 0, all mice were injected intravenously with
Tet-Off-sDC-HIL-V5-LL2 cells (2 � 105 cells/mouse) and day 6
randomly sorted into 2 groups: one group was continuously supplied
with Dox (2 mg/mouse intraperitoneal injection every 5 days) and the
other discontinued (PBS injection). Since day 7,mice were treated with
intraperitoneal injection of anti-PDL1 or control IgG every 2 days (n¼
5). On day 17 (2 days after the last injection), lung was scored for
metastasis indices. Growth of TetOff-sDC-HIL-LL2 cells in lung was
measured by clonogenic assays: Total lung cells were seeded in a
DMEM-completemedia with 600mg/mLG418 (Sigma-Aldrich). After
10 days in culture, colonies were fixed, stained with crystal violet, and

counted. Tumor growth was quantified by colony-forming units
(CFU) in total lung cells (lung-CFU).

In vitro assays
To assess gp100-specific T-cell response in mAb-treated mice,

spleen cells were prepared and seeded onto ELISPOT wells at varying
cell densities with gp100 peptide (5 mg/mL) for 2 days. The IFNg-
producing cells were counted using ELISPOT assay (eBioscience). For
Ag-nonspecific response, spleen cells were cultured for 3 days with
anti-CD3/CD28 mAb (each 1 mg/mL) and Brefeldin A (Invitrogen),
followed by surface staining of CD4 or CD8 and intracellular staining
of IFNg .

Quantitative PCR
This PCR was performed with primers for DC-HIL, ADAM10, or

GAPDH (13, 28). mRNA expression in each sample was expressed as
the expression level relative to GAPDH gene, which was quantitated
using the comparative Ct method and the formula 2-DDCT.

Statistical analysis
Mann–Whitney U test or Student t test was used for comparison.

Survival rate and association were evaluated by log rank (Mantel–Cox
test) and Pearson's correlation coefficient, respectively. Slope of
sDC-HIL levels was analyzed using a mixed-effects model. A P �
0.05 was considered significant.

Results
Blood sDC-HIL levels are associatedwith poor response to ICI in
advanced NSCLC

We chose NSCLC because of the high prevalence and high expres-
sion of DC-HIL byNSCLC cells and circulatingMDSC (29).We asked
whether patients with NSCLC produce sDC-HIL in the blood.
Recruited patients (n ¼ 76 and the demographics are summarized
in Supplementary Table S1) were measured for tumor size before ICI
treatment (6, 24) and evaluated for response to treatment at weeks 6 to
12 (25). Plasma samples were collected at week 0. Blood sDC-HIL
was detected at pretreatment (week 0, �25 ng/mL) and the levels did
not correlate with baseline tumor size (Fig. 1A). We then examined
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Figure 1.

Correlation of baseline blood sDC-HIL levels and response of patients with advanced NSCLC to ICI immunotherapy. A, Blood sDC-HIL levels of patients with NSCLC
(n ¼ 76) at baseline are plotted against initial tumor size (sum of tumor cm diameter). B, Patients with NSCLC were evaluated for response to ICI at week
approximately 12 after the first cycle and sorted into nonresponders (PD) and responders (SD and PR). Blood sDC-HIL levels (mean� SD) at baseline are compared
between these two cohorts. The SD and healthy donors (HD) are separately compared with each other. P values are shown using Mann–Whitney U test. C, Percent
change in sDC-HIL levels of PD patients (n¼ 33) is plotted against percent change in tumor size between weeks 0 and 6. Pearson correlation coefficient R¼ 0.8012
with P ¼ 0.00001.

DC-HIL Associates with Tumor Resistance to Immunotherapy
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correlation of baseline sDC-HIL levels and tumor response (Fig. 1B),
characterizing cases as having progressive disease (PD, n¼ 33), stable
disease (SD, n ¼ 38), or partial response (PR, n ¼ 5) at the first
evaluation. Responders (SD and PR) displayed blood sDC-HIL levels
(3.3 ng/mL� 1.2) that are not different fromhealthy donors (2.9� 0.5,
P ¼ 0.9). In contrast, nonresponders (PD) had significantly higher
sDC-HIL levels (P < 0.0001 by Mann–Whitney U test) at the baseline.
The extent of variation in sDC-HIL levels is similar to that of serum
vascular endothelial growth factor, a marker associated with poor
outcomes to chemotherapy (30). Among nonresponders, the percent
change in sDC-HIL levels within the first 6 weeks after treatment
correlated significantly with percent change in tumor size (Fig. 1C,
P < 0.00001).

We also examined fluctuations in sDC-HIL during treatment
(Fig. 2). In 28 cases for which sDC-HIL levels were available for more
than three time points (weeks 0, 2, and 6), we analyzed individual
kinetics. Among nonresponders, 14 of 15 cases showed increasing or
persistently elevated levels (>3.3 ng/mL, themedian of SD/PR groups),
whereas one case had low levels at all the time (<3.3 ng/mL). For

responders, 12 of 13 cases had decreasing or persistently low levels,
with 1 PRpatient 94who showed increasing levels.We then focused on
patients (n ¼ 13) plotted in the zone of 4 to 6 ng/mL sDC-HIL
overlapping between SD/PR and PD groups (Fig. 1B). Partial response
patients 10 and 98 expressed 5.1 ng/mL sDC-HIL at baseline, which
was higher than 3.3 ng/mL. This measure gradually fell at later time
points, during which time the treatment response was characterized as
PR. Patient 70 (representative of 6 patients) had a baseline measure of
4.3 ng/mL that rose to 11 of 13 ng/mL at weeks 2 and 6; this case's
treatment response was judged as PD. In the case of patient 117
(representative of 5 patients), the baseline value of 5.8 ng/mL went
down to 3.3 and 2.3 ng/mL and this treatment response was SD. We
tested for significant differences in slope among the three groups using
a mixed-effects model. The estimated slopes and their 95% confidence
intervals (CIs) are as follows: PD: slope¼ 0.468, 95% CI: 0.273–0.662.
PR: slope¼�0.145, 95%CI:�0.579 to 0.289. SD: slope¼�0.203, 95%
CI:�0.441 to 0.035. There was significant difference in slope between
SD and PD (P ¼ 0.001). There was no significant change in sDC-HIL
levels of healthy donors in 2 weeks (Supplementary Table S2). These

0

5

10

15

0 2 12 36 wks

#10

PR PR

0

5

10

15

0 2 6 12

#12

SD SD

0

5

10

15

0 6 12

#40

SD

0

5

10

15

0 2 6

#44

PD

0

5

10

15

0 2 6

#41

PD

0

5

10

15

0 2 6

#22 PD

0

5

10

15

0 2 6

#49 PD

0

5

10

15

0 2 6

#63

PD

0

5

10

15

0 2 6

#65

SD

0

5

10

15

0 2 6

#70
PD

0

5

10

15

0 2 6

#72

PD

0

5

10

15

0 2 6

#85

PD

0

5

10

15

0 2 6

#80

SD

0

5

10

15

0 3 6

#76 PD

0

5

10

15

0 3 6

#75
PD

0

5

10

15

0 3 6

#86

SD

0

5

10

15

0 3 6

#91

SD

0

5

10

15

0 3 6

#93

PD

0 3 6
0

5

10

15
#94

PR

0

5

10

15

0 3 6

#98

PR

0

5

10

15

0 2 6

#117

SDSD

0

5

10

15

0 3 6

#114

SDSD

0

5

10

15

0 3 6

#102
PD

0

5

10

15

0 3 6

#100

SD

0

5

10

15

0 3 6

#99

PD

0
5

10
15
20
25
30

0 2 6

#82
PD

B
lo

od
 s

D
C

-H
IL

 (n
g/

m
L)

PR

SD

SD

PD

PD

PD

0

5

10

15

0 2 6

#5

PD

0

5

10

15

0 2 24

#7

SD

Figure 2.

Fluctuations in blood sDC-HIL expression following ICI treatment. Blood sDC-HIL levels (ng/mL) in 28 cases are shown at indicated time points after ICI treatment.
Red dashed lines indicatemean value (3.3 ng/mL) of responders (SD andPR). Cases are sorted into PR, SD, and PD: Cases (n¼ 21) highlighted in blue display negative
correlation of sDC-HIL levels and tumor response; cases (n¼ 5) in green exhibit an opposite but weak correlation; and cases (n¼ 2) in red show positive relationship.

Chung et al.

Clin Cancer Res; 26(6) March 15, 2020 CLINICAL CANCER RESEARCH1452

on June 1, 2020. © 2020 American Association for Cancer Research. clincancerres.aacrjournals.orgDownloaded from 

Published OnlineFirst December 10, 2019; DOI: 10.1158/1078-0432.CCR-19-2360 



cases illustrate fluctuations in blood sDC-HIL levels during the
treatment, with considerable variation in magnitude and direction of
the changes.

Monocytes are the likely producers of sDC-HIL
We probed for which cell types as likely producers of sDC-HIL in

patients with NSCLC (Fig. 3). To examine DC-HIL expression on
tumor cells, we used three NSCLC lines established from cancer

biopsies. Among these lines, only H1957 NSCLC line expressed
DC-HIL on the cell surface; it was greater than SK-MEL-28melanoma
cell line (Fig. 3A) but lower levels of DC-HIL mRNA (Fig. 3B). In
contrast, all cells expressed PDL1 on the surface constitutively. Despite
high levels of surface expression, H1957 line did not produce sDC-HIL
in the culture supernatant even when the cell expressed ADAM10
mRNA. For leukocytes, PBMC from patients with NSCLC (n ¼ 3)
were fluorescently stained with anti-HLA-DR and anti-CD14 Ab
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Expression of DC-HIL by lung cancer cells versus PBMCs isolated from patients with metastatic NSCLC. A, Three NSCLC cell lines and SK-MEL-28 melanoma (as
reference) were examined by flow cytometry for expression of DC-HIL versus PDL1 receptors. Expression is shown by percent positivity. B, These tumor cells were
assayed by qRT-PCR formRNA expression of DC-HIL (blue bars) and ADAM10 (black bars) relative to GAPDH and determined for secretion of sDC-HIL (red barswith
the right y-axis) in the culture. NDmeans not determined. C, PBMCs of patients with metastatic NSCLC were fluorescently stained with Ab to HLA-DR and CD14 and
sorted into four fractions; Fr. 1 (HLA-DRno/lo CD14þ cells); Fr. 2 (HLA-DRmed/hi CD14þ); Fr. 3 (HLA-DRmed/hi CD14neg); and Fr. 4 (HLA-DRno/lo CD14neg). Each fraction
was determined for expression of DC-HIL and PDL1 receptors. Data shown are representative of 5 patientswith NSCLC.D, PBMCs from blood of patients with NSCLC
(n ¼ 3) were sorted into three fractions (CD14þ, CD15þ, and others) and quantified for DC-HIL and ADAM10 mRNA and sDC-HIL protein.
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and sorted into four fractions; Fr. 1 (HLA-DRno/lo CD14þ cells);
Fr. 2 (HLA-DRmed/hi CD14þ); Fr. 3 (HLA-DRmed/hi CD14neg); and
Fr. 4 (HLA-DRno/lo CD14neg). Each fraction was assayed for DC-HIL
and PDL1 expression (Fig. 3C). Among these fractions, HLA-DRno/lo

MDSC and HLA-DRmed/hi CD14þ cells expressed highest levels of
DC-HIL (DMFI: 91 and 62, respectively), with no expression in the
other fractions. We then examined sDC-HIL production by these
leukocytes. BecausemonocyticMDSCare aminuscule fraction, PBMC
were sorted into CD14þ monocytes, CD15þ granulocytes, and the
other (CD14neg CD15neg, which contain B and T cells). DC-HIL
mRNA was highest in CD14 monocytes, with no expression by
CD15 granular cells (which contain granulocytic MDSC) nor by other
leukocytes (Fig. 3D). DC-HILþ cells also expressed ADAM10 mRNA
and secreted sDC-HIL into culture (54–113 pg/mL). Thus, CD14
monocytes, but not tumor cells nor granulocytes, may be the primary
source of sDC-HIL.

Among four different tumor lines, lung metastases of B16
melanoma exhibited resistance to anti-PDL1 treatment

To studymechanisms of howDC-HIL attenuates beneficial effect of
ICI therapy, we searchedmouse tumor lines for themodel that exhibits
ICI resistance. To measure antitumor activity of anti-PDL1 mAb, we
employed experimental metastasis that is the simplest and ideal model
because tumor cells are accurately quantified and the target of ther-
apies is often the endpoint of metastasis (31).

We first examined the effects of ICI on pre-established lung mets of
LL2 lung cancer. Syngeneic mice were infused intravenously with
GFP-transfected LL2 lung cancer cells (that do not express DC-HIL);
6 days later, all mice were treated with anti-DC-HIL, anti-PDL1 mAb
alone, or in combination (200 mg/mouse) injected intraperitoneally

(six injections total at intervals of 2, 3 or 4 days; Fig. 4A). Mice treated
with control IgG yielded 1,526� 439GFPþ LL2 cells per 106 lung cells.
This indexwas reduced by anti-PDL1mAb to 74� 37 cells and by anti-
DC-HIL to 32 � 13 cells (P ¼ 0.08 vs. anti-PDL1; Fig. 4B and C).
Combined treatment did even better (9 � 4 cells, P ¼ 0.01 vs. anti-
DC-HIL). Monotherapy and combined treatment similarly increased
CD4 and CD8 T cells in tumor-infiltrating lymphocytes (TIL; includ-
ing SD4þ, PD1þ, and IFNgþ subsets; Supplementary Table S3).
Interestingly, the same treatment led to reductions in % CD4
(but not % CD8) Treg and % MDSC in TIL. These MDSC expressed
DC-HIL but not PDL1 (Supplementary Fig. S1A). We also examined
RM9 prostate cancer and noted similar results (Fig. 4D and E): both
mAb individually inhibited growth of RM9 lung mets, and combined
treatment achieved better results (P¼ 0.01 to anti-DC-HIL), including
reduced CD4þ Treg and elevated CD8þ IFNg response (Supplemen-
tary Table S3). Even more dramatic benefits from monotherapy and
combined treatment were noted for MC38 colon cancer (P ¼ 0.001
between combination vs. anti-DC-HIL alone; Fig. 4F and G), with
enhanced T-cell activation phenotype and decreased MDSC in tumor
microenvironment (Supplementary Table S3). Thus, all three-tumor
models are highly sensitive to both anti-PDL1 and anti-DC-HIL
treatment.

We then examined effects of anti-PDL1 mAb on pre-established
B16 melanoma metastasis in lung. Similarly, C57BL/6 mice were
infused intravenously with B16 melanoma cells; 6 days later, all mice
were treatedwith anti-DC-HIL or control IgG (200mg/mouse) injected
intraperitoneally (six injections total at different intervals of 2, 3, or
4 days). On day 18, we quantified the followingmetastasis indices: lung
weight, number of foci, and melanin content per lung (Fig. 5A), while
also measuring blood sDC-HIL. Anti-DC-HIL mAb reduced all
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metrics in a dose-dependent manner, with the greatest effect noted for
the most frequent treatment protocol every 2 days.We then compared
the efficacy of anti-DC-HILwith anti-PDL1mAb: B16 cells express the
targets of both treatments (18). Anti-DC-HILmAbmarkedly inhibited
growth of B16 lung mets and increased the IFNg response in draining
lymph nodes (P < 0.01, Fig. 5B), whereas anti-PDL1 had a marginal
effect. Surprisingly, combined treatment with both mAbs negated the
benefit from anti-DC-HIL mAb (Fig. 5B). Antitumor activity of anti-
DC-HIL mAb is most likely due to its ability to block interaction
of DC-HIL with its ligand because the mAb cannot transduce the
DC-HIL-specific intracellular signals (14) and because it blocks bind-
ing of DC-HIL to activated T cells (Supplementary Fig. S2).

We also examined effects of mAb treatment on survival rate of mice
with B16 lung metastases (Fig. 5C). Tumor-bearing mice were treated
as before, but this time the mAb treatments were sustained through
60 days. All control mice died by day 19 and all anti-PDL1–treated
mice died by day 20. In contrast, 60% of anti-DC-HIL–treated mice
remained alive, surviving through day 35 (P ¼ 0.0004), with the
exception of 1 mouse surviving by day 60. Similar results were noted
in a repeat experiment. The longest surviving DC-HIL–treated mouse
with melanoma appeared to develop memory T-cell response to B16
melanoma (Supplementary Fig. S3). Thus, B16 melanoma offers the
great opportunity to study the role of DC-HIL molecules in suppres-
sing response to ICI treatment.

Anti-DC-HIL treatment shifted lung mets toward a more
immune competent milieu

We next examined the immune status of lung mets during the
course of ICI therapy (over 14 days). Reproducibly, anti-PDL1 treat-
ment decreased by 40% of blood sDC-HIL levels on day 14, whereas
anti-DC-HIL did by 80% (Supplementary Fig. S4A). CD45þ TIL were
isolated fromB16 lungmets and analyzed for frequency of immune cell
subsets (Supplementary Fig. S4B). In control and treated mice, TIL
were increased on day 7, followed by a reduction on day 14. Control
mice showed the progressive increase in CD4 and CD8 T cells within
TIL. Anti-DC-HIL mAb led to a greater increase over control in
percentage of CD4 and CD8 T cells and percentage of SD4þ and PD1þ

subsets and in their IFNg responses. Anti-PDL1 mAb also produced
rises in T cells and IFNg responses but to a lesser degree comparedwith
anti-DC-HIL mAb treatment. Combined treatment had no added
value over monotherapy. With respect to MDSC, in control mice
percent CD11bþGr1þMDSC in TIL was unchanged through 14 days,
but there was a marked increase in the number of MDSC per gram of
lung (Supplementary Fig. S4). Interestingly, DC-HILþMDSC subset
expanded rapidly from 0.2% on day 0 to 45% on day 14, with hardly
any MDSC expressing PDL1. Anti-DC-HIL mAb prevented MDSC
expansion greater than did anti-PDL1 mAb, and combined treatment
negated these effects. Thus, the two mAb appeared to compete with
each other in their impact on the tumor microenvironment.

Host DC-HIL expression determines tumor response to anti-
PDL1 treatment

Among tumor lines we used, B16melanoma is unique in expressing
DC-HIL (ref. 27; Supplementary Fig. S5). We thus examined
whether tumor-DC-HIL expression accounts for resistance to anti-
PDL1 therapy.We generated DC-HIL-knocked out (DC-HIL�/�) B16
cells that do not express DC-HIL but retain high expression of PDL1.
This engineered cell line had extensive in vitro growth ability, but with
significantly slower in vivo tumor growth ability than parental B16
cells (18). Using this cell line, we examined influence of tumor-DC-
HIL to anti-PDL1 response (Fig. 6A). DC-HIL�/� B16 cells showed as
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B16 melanoma shows better response to anti-DC-HIL than anti-PDL1 treatment.
A, Mice were injected intravenously with B16 melanoma cells; 6 days later mice
were given intraperitoneal injection of anti-DC-HIL (aDHL) mAb or control IgG
(200 mg/mouse) every 2 (E2), 3 (E3), or 4 days (E4). None (No) means tumor-
free mice. Day 18, mice were scored for metastatic indices; lung weight, number
of foci,melanin content, and blood sDC-HIL levels.B,Micewere similarly injected
with B16 cells and treated with mAb every 2 days, and on day 18, mice were
scored for melanin content and IFNg-secreting cells per spleen. mAb includes
anti-DC-HIL (the rabbit IgGV-region fused tomouseC-region), rat anti-PDL1, the
combined mAb (Com), and mixture of rabbit and mouse control IgG (IgG). Mice
weremeasured formetastasis indices.C,Kaplan–Meier plot; Day0,mice (n¼ 10)
were injected intravenously with B16 melanoma cells. Day 6, mice were given
control Ab (IgG), anti-PDL1 (aPL1), anti-DC-HIL (aDHL), or combined (Com)mAb
every 2 days until day 16, and every 3 days until day 28, and weekly injection.
Survival rate (%) was monitored until day 60. P ¼ 0.0004 between aDHL and
other groups by Mantel–Cox test. �P < 0.01 compared with control. Ns, not
significant. Data shown are representative of at least two independent
experiments.
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a poor response to anti-PDL1 as did the parental cells, indicating that
tumor-DC-HIL has no influence to this resistance. We next addressed
whether host DC-HIL affects anti-PDL1 response (Fig. 6B). DC-
HIL�/� mice bearing B16 lung metastases were treated with anti-
PDL1 or control IgG. Anti-PDL1 treatment led to a remarkable
decrease in all metastasis indices in DC-HIL�/� mice, including lung
weight (0.23–0.18 g), melanin content (0.53–0.03 mg), and number of
foci (127–14), with a 10-fold increase in IFNg response. Although
there was no difference in CD45þTIL number between anti-PDL1 and

control treatments, anti-PDL1 mAb increased total CD4 and CD8 T
cells and their SD4þ and PD1þ subsets, while decreasing total MDSC
in the lung (Fig. 6C; Supplementary Fig. S6).

Because DC-HIL is also expressed by nonhematopoietic cells, we
dissected influence of hematopoietic cell- versus nonhematopoietic
cell-derived DC-HIL to anti-PDL1 response. We generated BM-
chimeric mice, in which hematopoietic cells are originated from
transplanted BM cells of DC-HIL�/� mice. Deletion of DC-HIL gene
from hematopoietic cells (while nonhematopoietic DC-HIL
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Expression of host-derived DC-HIL determines tumor response to anti-PDL1. A, Mice bearing lung-metastatic GFPþ DC-HIL�/�B16 cells were similarly treated with
control IgG (IgG), anti-PDL1 (aPL1), anti-DC-HIL (aDHL), or combination (Com), and tumor growthwas quantifiedby number of GFPþ cells among 10,000 lung cells.B
and C, DC-HIL�/� mice with B16 lung mets were treated with control IgG or anti-PDL1 mAb. Lung metastasis was quantified for indicated indices (B) and lung cells
were prepared and determined by flow cytometry for number of CD45þ leukocytes, CD4þ, or CD8þ T cells (SD4þ, PD1þ subset, or total cells) per total lung (C).D,BM
chimeric mice with transplantation of BM cells of DC-HIL�/� mice were injected intravenously with B16 cells and treated with IgG or mAb, followed by scoring
metastasis. E,DC-HIL�/�mice with B16 lungmets were given intravenous injection of PBS (PB), DC-HILneg (M�), or DC-HILþMDSC (Mþ) and then treated with anti-
PDL1 mAb (aP). IgG group was treated just with control IgG. After five injections, mice were quantified for metastasis indices. F and G, LL2-neo cells with Tet-Off-
controlled sDC-HIL genewere injected intravenously intomice treatedwith Dox. On day 6, all micewere sorted into two groups, treatedwith Dox or PBS, followed by
intraperitoneal injection of anti-PDL1mAbor control IgG (F). Onday 17,micewerequantified formetastasis by countingCFUofG418-resistant colonies andexpressed
as CFU in 1 � 106 lung cells (G). � and �� P < 0.05 and P < 0.0001, respectively, compared with control. Data shown are representative of at least two independent
experiments.
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expression remains) failed to reverse the high response to anti-PDL1
(Fig. 6D), indicating that DC-HIL on nonhematopoietic cells is
dispensable for B16 melanoma resistance to anti-PDL1 treatment.

Because melanoma-bearing hosts express DC-HIL as the receptor
on MDSC and the soluble form (sDC-HIL), we addressed which
molecular form is more important in regulating tumor responsiveness
to anti-PDL1 mAb. For the impact of DC-HIL receptor, we examined
whether adoptive transfer of DC-HILþ MDSC into DC-HIL�/� mice
bearing B16 lung mets reverses anti-PDL1 tumor response (Fig. 6E;
Supplementary Fig. S7A). As control, DC-HILneg MDSC were also
transferred into the host. Reproducibly, anti-PDL1 inhibited growth of
B16 lung mets almost completely in DC-HIL�/�mice. This antitumor
activity was diminished markedly by infusion of DC-HILþ MDSC,
whereas injection ofDC-HILnegMDSChadno effect. For sDC-HIL, we
used LL2 cells (which do not express DC-HIL) transfected with Tet-
Off-controlled sDC-HIL gene (Fig. 6F). Immediately after intravenous
injection of the LL2 transfectant, mice were given Dox for 6 days and
then sorted into two groups; onewas continuedwithDox and the other
was discontinued. These groups were also treated with anti-PDL1 or
control IgG and scored for metastasis indices on day 17. sDC-HIL
remained very low through day 6 but quickly increased to 8.4 to 9.6 ng/
mL after Dox discontinuation, and low sDC-HIL levels (1–1.4 ng/mL)
were maintained in Dox-continued group that exhibited very high
response to anti-PDL1 mAb compared with IgG-treated mice
(Fig. 6G). In contrast, doxycycline-discontinued group (sDC-HIL
expressed) had markedly reduced antitumor activity. This reduced
response was associated with increased total MDSC or DC-HILþ

subset of lung metastases (Supplementary Fig. S7B). Furthermore,
adoptive transfer of DC-HILþ (but not DC-HILneg) MDSC into DC-
HIL-KO mice bearing LL2 tumor markedly reversed the benefit of
anti-PDL1 treatment (Supplementary Fig. S8). Thus, both DC-HILþ

MDSC and sDC-HIL converted tumor cells from an anti-PDL1-
responsive to resistant tumor.

Discussion
Primary resistance to ICI therapy has been attributed to tumor-

cell deficiency in PDL1 expression or in IFNg signaling (and thus
insensitivity to IFNg killing) and/or host defects in mounting
T-cell responses (32, 33). T-cell suppressors also play a pivotal
role particularly in attenuating the tumor Ag-specific T cells
restored by intervening the PD1 pathway (34, 35). We underscore
the importance of this suppressor mechanism by finding the
significant correlation of high blood sDC-HIL levels and poor
response to ICI immunotherapy for patients with advanced
NSCLC. Furthermore, our animal studies have shown the possible
interaction of host-derived T-cell-inhibitory DC-HIL molecules
with the restored T cells by anti-PDL1 mAb in B16 melanoma
and LL2 lung cancer.

In tumor-bearing hosts, DC-HIL is expressed as a transmembrane
protein onmyeloid cells and as a soluble form (sDC-HIL) secreted into
peripheral blood. Although both forms share common structures, they
are not identical in function. We have previously identified MDSC as
the most abundant myeloid-cell sector expressing DC-HIL receptor in
B16 melanoma-bearing mice (26). Lung metastases of B16 melanoma
(and other tumors) recruited DC-HILþMDSC subsets such that these
cells comprised up to 45% of lung-TIL. Surprisingly, PDL1þMDSC
subset numbered very few among lung-TIL, despite the fact that it
comprised approximately 30% among total MDSC in subcutaneous
B16 melanoma and in spleen of tumor-bearing mice (26). We spec-
ulate that lung-infiltrating DC-HILþMDSC, which are unaffected

by anti-PDL1 mAb and suppress the function of T cells revitalized
by anti-PDL1 mAb.

Unlike the cellular DC-HIL receptor, binding of sDC-HIL to the
ligand SD4 on T cells is incapable of transducing its inhibitory signals,
suggesting that sDC-HIL interferes with binding of DC-HIL receptor
to the ligand (36, 37). In disagreement with this functional property,
soluble PDL1 (sPDL1) was reported to transmit its inhibitory signal
through activated CD4þ T cells (38). Recently, we showed sDC-HIL to
also bind to the surface of endothelial cells (EC) of blood vessels with
higher avidity than to T cells (28). Intriguingly, sDC-HIL bound to the
surface of EC prevents selectively transendothelial migration of T cells
into cancer tissues (17, 28). These findings led us to hypothesize that
blood sDC-HIL hampers recruitment of T cells into tumors, resulting
in reduced tumor-CD8 density, a requisite for successful anti-PDL1
treatment (39).

Combining anti-DC-HIL with anti-PDL1 mAb produced synergis-
tic outcomes for treatment of all tumors except B16 melanoma, in
which the latter mAb neutralized the effect of anti-DC-HIL mAb.
Because combination treatment led to elevated expression of sDC-HIL
in the host, we presume that treatment of B16 melanoma cells with
anti-PDL1 mAb upregulated sDC-HIL expression that saturated the
Ag-binding capacity of anti-DC-HIL mAb.

Given high costs, potential toxicities, availability of alternative
therapies, and limited predictive value of existing biomarkers, ICI
therapy can benefit from the identification of new markers that more
reliably discriminate between response and resistance. Tumor-PDL1
expression has been used to predict ICI response formany cancers, but
the lack of a standard method to measure this marker has made it
inconsistent at best (40). Furthermore, PDL1-negative tumorsmay still
benefit from ICI, making clinicians reluctant to base clinical decisions
on the result. sPDL1 and sPD1 are generated by alternative splicing
and secreted by cancer cells into blood, but their prognostic ability
suffers from contradictory findings: one study of adenocarcinomas
correlated high blood levels with better prognosis (41), whereas other
studies of diffuse large B-cell lymphoma, hepatocellular carcinoma,
and lung cancer showed a converse outcome (42, 43). Tumor-
infiltrating lymphocytes are a pre-existing barometer of the T-cell
response within tumors; however, its value is rendered null in most
cases because the cancer is already bereft of T cells. Genetic profiling of
cancers (tumor mutation burden, tumor cell gene expression, and
microsatellite instability) provides good biologic characterization but
its predictive ability has yet to be established (44). These foregoing
markers reflect properties intrinsic to the cancer. In contrast, TIL and
peripheral blood markers like DC-HIL on MDSC and sDC-HIL echo
the immune response (45). In addition, blood elements have the
advantage of being readily assayed and in a repeated fashion during
the course of treatment.

Gpnmb/DC-HIL has been studied as a treatment target for mela-
noma, triple-negative breast cancer (TNBC), and NSCLC. Gpnmb
mRNA level within tumors correlated with poor prognosis for mel-
anoma (46) and increased risk for relapse of TNBC (47). The NSCLC
cell lines express Gpnmb and secrete the soluble form, which can
promote tumor growth in immunocompromised mice (48). However,
we failed to detect sDC-HIL in the culture supernatant of NSCLC cells
expressing DC-HIL on the cell surface. Our study showed
CD14 monocytes (including MDSC) to be the primary secretors of
sDC-HIL, which is a predictive marker for response of patients with
NSCLC to ICI.

In sum, DC-HIL offers the promise of useful predictive blood
markers (receptor on MDSC and the soluble moiety sDC-HIL) that
embody a real-time measure of the cancer's interaction with the
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immune system. Because our animal studies suggest that the signif-
icance of elevatedDC-HIL levels as a predictivemarker is not limited to
treatment of lung cancer with ICI, our insights may be applicable to
othermalignancies and their immunotherapy.Nevertheless, adequate-
ly designed large prospective studies are warranted to establish blood
sDC-HIL as a predictive biomarker for immunotherapy.
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