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Myeloid-Derived Suppressor Cells Down-Regulate L-Selectin

Expression on CD4� and CD8� T Cells1

Erica M. Hanson,* Virginia K. Clements,* Pratima Sinha,* Dan Ilkovitch,†

and Suzanne Ostrand-Rosenberg2*

Effective cell-mediated antitumor immunity requires the activation of tumor-reactive T cells and the trafficking of activated T cells

to tumor sites. These processes involve the extravasation of lymphocytes from the blood and lymphatics, and their homing to

lymph nodes and tumors. L-selectin (CD62L) is an important molecule in these processes. It directs naive lymphocytes to pe-

ripheral lymph nodes where they become activated and it traffics naive lymphocytes to inflammatory environments, such as

tumors. Individuals with advanced cancer are immune suppressed due to myeloid-derived suppressor cells (MDSC), a population

of immature myeloid cells that accumulate to high levels in response to tumor-secreted and proinflammatory factors. We now

demonstrate that the reduction in T cell levels of L-selectin that is commonly seen in individuals with cancer inversely correlates

with MDSC levels. Three lines of evidence demonstrate that MDSC directly down-regulate L-selectin on naive T cells: 1) naive T

cells cocultured with tumor-induced MDSC have reduced L-selectin; 2) T cells in tumor-free aged mice with elevated levels of

MDSC have reduced L-selectin, and 3) peritoneal exudate T cells of tumor-free mice treated with plasminogen activator urokinase

to elevate MDSC have reduced levels of L-selectin. MDSC are likely to down-regulate L-selectin through their plasma membrane

expression of ADAM17 (a disintegrin and metalloproteinase domain 17), an enzyme that cleaves the ectodomain of L-selectin.

Therefore, MDSC down-regulate L-selectin levels on naive T cells, decreasing their ability to home to sites where they would be

activated. This is another mechanism by which MDSC inhibit antitumor immunity. The Journal of Immunology, 2009, 183:

937–944.

C
ell-mediated adaptive antitumor immunity and immune

surveillance depend on the activation of naive lympho-

cytes in tumor-draining lymph nodes (TDLN)3 or within

the tumor microenvironment (1–3). These activities involve the

extravasation of lymphocytes from the blood and lymphatics and

their homing to lymph nodes and tumor sites, processes that in-

volve members of the selectin family of proteins (2–4). L-selectin,

also known as CD62L, plays important roles in these processes. It

directs naive lymphocytes to peripheral lymph nodes where they

interact with Ag and become activated (5). If T cell expression of

L-selectin is lost or decreased, naive T cells do not home to lymph

nodes and T cell responses are diminished (6–8). L-selectin also

directs naive L-selectinhigh lymphocytes to sites of acute and

chronic inflammation (3, 9), such as the tumor microenvironment,

where naive T cells can also become Ag activated and undergo

firm adhesion and transmigration (10, 11). During inflammation,

endothelial cells are activated by inflammatory cytokines to ex-

press adhesion molecules and synthesize chemokines, which re-

sults in the arrest of rolling leukocytes (10). The critical role of

L-selectin in this process is demonstrated by the impaired recruit-

ment of naive T cells to inflammatory sites in L-selectin-deficient

mice (9, 11–15).

Many patients with advanced cancer are immune suppressed

and are unable to activate tumor-reactive T cells (16). These im-

mune defects are mediated in part by myeloid-derived suppressor

cells (MDSC), profoundly immune suppressive cells which are

ubiquitously present in cancer patients and experimental animals

with malignant tumors (17–22). MDSC originate in the bone mar-

row of mice as Gr1�CD11b�CD31� hematopoietic progenitor

cells that under normal differentiation conditions mature to den-

dritic cells, macrophages, and/or granulocytes. In tumor-bearing

individuals, tumor-derived factors, including proinflammatory me-

diators, block the differentiation of these immature cells, resulting

in their accumulation and retention in the individual’s blood, lym-

phoid organs, and at tumor sites (23, 24). Immune suppression by

MDSC has been attributed to multiple mechanisms including the

production of arginase (25–29) and inducible NO synthase (17, 22,

30), nitration of the T cell Ag receptor (31), the skewing of mac-

rophage activity (32), and the blocking of NK cytotoxicity (33).

We now report that MDSC also facilitate immune suppression by

down-regulating L-selectin on CD4� and CD8� T lymphocytes.

Materials and Methods
Mice

BALB/c mice (breeding stock obtained from The Jackson Laboratory),
BALB/c clone 4 (�� TCR specific for influenza hemagglutinin (HA) pep-
tide 518–526 restricted to H-2Kd) (34), and BALB/c TS1 (�� TCR specific
for influenza HA peptide 110–119 restricted to I-Ed) (35) mice were bred
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and maintained in the University of Maryland Baltimore County Biology
Department animal facility or at the Miller School of Medicine. Female
mice �6 mo of age were used for all experiments except aged BALB/c
mice which were 8 or 24 mo at the time of experiments. All animal pro-
cedures were approved by the Institutional Animal Care and Use Commit-
tees of the participating institutions.

Abs, cell lines, and reagents

Anti-mouse Abs CD3-PE, CD62L-FITC, CD44-FITC, CCR7-FITC, Gr-1-
FITC, CD11b-PE, V�8.1, 8.2-PE (hereafter called V�8-PE), rat IgG2a-PE,
and rat IgG2a-FITC were purchased from BD Pharmingen. CD4-tricolor
(TC), rat IgG2a-TC, and CD8-TC were from Caltag. ADAM17 (a disin-
tegrin and metalloproteinase domain 17) was purchased from Abcam and
FITC-conjugated donkey anti-rabbit IgG from Valeant Pharmaceuticals.
Saponin was purchased from Sigma-Aldrich. 4T1 mammary carcinoma
cells were maintained in culture as previously described (36). The J774
macrophage cell line was obtained from the American Type Culture Col-
lection and maintained as described elsewhere (28). BALB/c-derived DA-3
and D1-DMBA-3 mammary carcinomas were maintained as previously
described (37). HA110–119 peptide was synthesized in the Biopolymer Core
Facility at the University of Maryland Medical School (Baltimore, MD).

Tumor inoculations, tumor growth, surgery, organ preparations

BALB/c mice were inoculated in the abdominal mammary gland with the
4T1 tumor (7000 cells/50 �l/mouse) (36) or s.c. with the DA-3 or
D1.DMBA tumors (1 � 106 cells/100 �l/mouse) (37) and followed for
tumor progression as described. 4T1 primary mammary tumors were sur-
gically removed as described elsewhere (38, 39), and wounds were closed
with Nexaband liquid (H. Schein, Melville, NY). More than 95% of mice
survived surgery. Mice in which primary tumors recurred at the site of the
original tumor inoculation (�5% of operated mice) were omitted from the
study. Mice were bled from the tail or submandibular region for MDSC
when their primary tumors were 6–8 mm in diameter. Single-cell suspen-
sions of lymph nodes (LNs) and spleens were prepared by dissociating
cells through a 70-�m nylon cell strainer (BD Biosciences). RBCs were
depleted from blood and tissues as previously described (39).

Gemcitabine treatment

Mice were inoculated i.p. with 1.5 mg of gemcitabine (provided as Gemzar
from Eli Lilly) in 50 �l of saline twice per week for the first week and once
per week thereafter. Treatment was started 1 day after surgery and contin-
ued until mice were sacrificed.

Flow cytometry

Cells were labeled for immunofluorescence and analyzed by flow cytom-
etry for cell surface (40) and/or internal molecules (41) as described. Abs
were diluted in PBS with 2% FCS (HyClone). Samples were analyzed on
an Epics XL or Cyan ADP flow cytometer (Beckman Coulter) and ana-
lyzed using FCS Express V3 (De Novo Software) or Summit Software
(Beckman Coulter). For L-selectin expression, cells were stained for CD3,
CD8, or CD4 and L-selection, and the gated CD4�CD3� and CD8�CD3�

cells were analyzed for L-selectin expression.

T cell proliferation

T cell proliferation was measured as previously described (28), with the
following modifications: proliferation medium (HL1 medium; BioWhit-
taker) was supplemented with 1% penicillin, 1% streptomycin, and 1%
GlutaMAX (Invitrogen). Splenocytes from transgenic mice were cocul-
tured for 3 days with their cognate peptide at 1 � 105 cells/200 �l/well in
96-well plates. Tritiated thymidine (1�Ci/50 �l/well) was added 18 h be-
fore harvesting. Data are the mean cpm � SD of triplicate wells.

Urokinase plasminogen activator (uPA) recruitment of MDSC

Normal 12-wk-old BALB/c splenic T cells were purified using Thy1.2
microbeads (Miltenyi Biotec), and 4 � 106 T cells were coinjected i.p. in
tumor-free BALB/c mice with either 1 �g of uPA or saline as control. Five
hours later, peritoneal cells were collected as described elsewhere (42) and
labeled for MDSC or T cell markers and L-selectin.

Statistical analysis

Student’s t test for unequal variance was done using Microsoft Excel 2000.
The Pearson product-moment correlation coefficient test and the Kruskal-
Wallis test were used to determine significance (see Figs. 2 and 5,
respectively).

Results
CD8� and CD4� T cells of tumor-bearing mice with MDSC

have an L-selectinlow phenotype

If MDSC alter L-selectin expression on T lymphocytes, then T

lymphocytes from the spleen, LNs, and/or blood of tumor-bearing

mice may show different L-selectin levels than lymphocytes from

tumor-free mice. To test this hypothesis, BALB/c mice were in-

oculated in the abdominal mammary fat pad with 7000 4T1 mam-

mary carcinoma cells and then splenocytes, TDLN (superficial in-

guinal), non-tumor draining lymph nodes (NDLN; brachial and

axillary), and blood were harvested 28 days later when the mice

had established primary tumors and metastatic disease (36). Sin-

gle-cell suspensions were prepared from each tissue and following

lysis of the RBC, the resulting white blood cells were stained for

the markers of MDSC (Gr1 and CD11b), T cells (CD4 or CD8),

and L-selectin (CD62L). Fig. 1A shows the results from an indi-

vidual tumor-bearing mouse and an age- and sex-matched tumor-

free mouse. MDSC are elevated in the organs of the tumor-bearing

mouse compared with the tumor-free mouse. CD4� and CD8� T

cells of the tumor-bearing mouse have an L-selectinlow phenotype

(mean channel fluorescence (MCF) range of 3–22 and 5–84 for

CD4� and CD8� T cells, respectively), while T cells from the

tumor-free mouse have an L-selectinhigh phenotype (MCF range of

120–170 and 212–325 for CD4� and CD8� T cells, respectively).

CD4� and CD8� T cells from BALB/c mice with D1-DMBA-3 or

DA-3 mammary carcinomas (n � 5) showed a similar down-reg-

ulation of L-selectin (Fig. 1B), as did CD4� and CD8� T cells

from all tested BALB/c mice with 4T1 tumors (n � 12).

Fig. 1C shows the MCF of L-selectin on CD4� and CD8� T

cells (left panel) and the percent MDSC (right panel) in the blood

of 4T1 tumor-bearing vs tumor-free BALB/c mice for all mice

tested (n � 12). CD4� and CD8� T cells consistently have an

L-selectinlow phenotype as compared with T cells from tumor-free

mice. Therefore, CD8� and CD4� T cells of tumor-bearing mice

with increased levels of MDSC have an L-selectinlow phenotype.

Percentage of MDSC and T cell L-selectin levels are inversely

correlated in tumor-bearing mice

MDSC levels in 4T1 tumor-bearing BALB/c mice increase in pro-

portion to primary and metastatic tumor burden, and surgical re-

moval of primary tumor reduces MDSC levels in the subset of

mice that have minimal metastatic disease (28). To determine

whether L-selectin levels recover after surgery and reduction of

MDSC, BALB/c mice were inoculated with 4T1 on day 0 and

primary tumors were removed on day 25. Mice were bled 1 day

before 4T1 injection (day �1), 1 day before surgery (day 24),

and 10 days after surgery (day 35), and white blood cells were

stained for Gr1 and CD11b, or CD3, CD4, CD8, and L-selectin.

Stained cells were analyzed by flow cytometry for MDSC and the

gated CD4�CD3� and CD8�CD3� populations were analyzed for

L-selectin expression (Fig. 2A). As expected, the percent MDSC in

the blood of tumor-free mice (day �1) was relatively low (�23%)

and increased to �60% by 1 day before surgery (day 24) for six of

seven tumor-bearing mice. Ten days after surgery (day 35), MDSC

levels remained elevated in four of seven mice and decreased in

three mice. CD4� and CD8� T cells of postsurgery mice with

reduced MDSC were L-selectinhigh (dotted lines in Fig. 2A); while

T cells of postsurgery mice with high levels of MDSC were L-

selectinlow (solid lines in Fig. 2A). Therefore, T cell levels of L-

selectin recover if MDSC are reduced, demonstrating that there is

an inverse correlation between the quantity of MDSC and L-se-

lectin levels on CD4� and CD8� T cells.

938 MYELOID-DERIVED SUPPRESSOR CELLS DOWN-REGULATE L-SELECTIN
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Since tumor burden drives MDSC levels, down-regulation of T

cell L-selectin could be due to factors originating from tumor cells

or from MDSC. To distinguish these alternative mechanisms, L-

selectin levels were examined in tumor-bearing mice treated with

the chemotherapeutic agent gemcitabine. Treatment with gemcit-

abine, a drug that inhibits DNA synthesis and induces apoptosis,

reduces MDSC levels after surgery (32, 33), but tumor progression

is not affected unless the mice are simultaneously treated with

active immunotherapy (33) or also contain M1 macrophages (32).

Therefore, gemcitabine treatment unlinks MDSC levels from tu-

mor burden. To determine whether gemcitabine-mediated reduc-

tion of MDSC restores L-selectin levels, BALB/c mice were in-

oculated with 4T1 on day �1, primary tumors were surgically

removed on day 25, and gemcitabine treatment was started on day

26 and continued through day 35. Mice were bled and percent

Gr1�CD11b� MDSC and L-selectin expression levels on

CD3�CD4� and CD3�CD8� T cells were monitored by flow

cytometry (Fig. 2B). As expected, gemcitabine treatment low-

ered MDSC levels in seven of eight postsurgery mice (dotted

lines in Fig. 2B). Similar to the findings shown in Fig. 2A, T

cells of gemcitabine-treated mice with reduced MDSC levels

were L-selectinhigh (dotted lines in Fig. 2B), while T cells of

FIGURE 1. CD8� and CD4� T

cells of tumor-bearing mice with

MDSC have an L-selectinlow pheno-

type. A, Splenocytes, NDLN (brachial

and axillary), TDLN (superficial in-

guinal), and blood were harvested

from a 4T1-tumor bearing BALB/c

mouse with a 28-day tumor (primary

tumor diameter: 10.1 mm) or from a

tumor-free BALB/c mouse. The re-

sulting cells were stained for MDSC

(Gr1�CD11b�) and for the T cell

markers CD4 or CD8 and L-selectin.

CD4� and CD8� populations were

gated and analyzed for L-selectin ex-

pression. Numbers in the single pa-

rameter T cell histograms are the

MCF of L-selectin for the gated pop-

ulations. Data are representative of

three independent experiments using

12 mice. B, Blood was harvested from

BALB/c mice bearing the DA-3 or

D1-DMBA-3 tumor and fluorescently

labeled, gated, and analyzed for L-se-

lectin expression as in A. Data are

representative of two independent ex-

periments using five mice. C, Blood

was harvested from 10 tumor-free and

10 tumor-bearing mice (primary tu-

mor diameter: 6.9 � 2.4 mm) and la-

beled and analyzed for MDSC and L-

selectin as in A (data in A and C are

from separate cohorts of mice). Each

symbol represents an individual

mouse. Tumor-bearing mice have sig-

nificantly higher levels of MDSC

than tumor-free mice (p � 0.01) and

CD3�CD4� and CD3�CD8� T cells

of tumor-bearing mice have signifi-

cantly lower levels of L-selectin than

T cells of the tumor-free group (p �

0.01). Data are from one of four in-

dependent experiments.

939The Journal of Immunology
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gemcitabine-treated mice with high (unchanged) levels of MDSC

remained L-selectinlow (solid lines in Fig. 2B). Since gemcitabine

reduces MDSC levels but does not reduce tumor burden (32), these

findings suggest that MDSC, rather than tumor burden, regulate

L-selectin expression on T cells.

Down-regulation of L-selectin is not the result of Ag-driven

T cell activation

Down-regulation of L-selectin is a hallmark of newly activated

T cells. Because MDSC suppress T cell activation, it is unlikely

that the L-selectinlow phenotype induced by MDSC is the result

of T cell activation. However, to test this possibility, spleno-

cytes from TS1-transgenic mice were cultured with their cog-

nate peptide (HA110 –119) and/or with 4T1-induced MDSC, and

T cell activation was measured by the incorporation of tritiated

thymidine (Fig. 3A). Cells were also stained for L-selectin,

CD4, V�8 (TCR of TS1-transgenic CD4� T cells), and the

CD4�V�8� cells were gated and analyzed by flow cytometry

for L-selectin and the activation markers CD44 and CCR7 (Fig.

3B). As expected, peptide-pulsed TS1 splenocytes proliferated

in the absence of MDSC and their proliferation was suppressed

in the presence of MDSC. CD4� TS1 splenocytes cultured with

peptide in the absence of MDSC had heterogeneous expression

of L-selectin ranging from L-selectinlow to L-selectinhigh phe-

notypes, demonstrating that a subset of the splenocytes was

activated. In contrast, TS1 splenocytes cocultured with MDSC

and with or without peptide did not proliferate, demonstrating

they were not activated. In agreement with Figs. 1 and 2, T cells

cocultured with MDSC had a uniformly L-selectinlow pheno-

type. Peptide-activated CD4� TS1 splenocytes had increased

CD44 expression consistent with Ag-activated T cells. In con-

trast, TS1 splenocytes cocultured with MDSC did not have in-

creased CD44. Similarly, peptide-activated CD4� TS1 spleno-

cytes had increased CCR7 expression, while TS1 splenocytes

alone or cocultured with MDSC did not have increased CCR7.

Thus, T cells cocultured with MDSC were not activated and did

not show the same L-selectin, CD44, or CCR7 profile as pep-

tide-activated T cells, indicating that down-regulation of L-se-

lectin by MDSC was not due to Ag activation.

T cells cocultured with MDSC have an L-selectinlow

phenotype

The results of Figs. 1 and 2 suggested that MDSC may regulate T

cell expression of L-selectin. To determine whether MDSC are

sufficient to affect L-selectin levels, splenocytes from tumor-free

mice were cultured in the presence or absence of MDSC from 4T1

FIGURE 2. Percentage of MDSC and T cell L-selectin levels are in-

versely correlated in tumor-bearing mice. A, BALB/c mice were inoculated

on day 0 with 4T1 tumor cells and primary tumors were surgically resected

on day 25 when metastatic disease was established and primary tumors

were 6.5 � 1.8 mm in diameter. Mice were bled on the indicated days and

the percentage of Gr1�CD11b� MDSC and the MCF for L-selectin on

gated CD3�CD4� and CD3�CD8� T cells were assessed by flow cytom-

etry. Each line represents the values for an individual mouse. Solid lines

identify mice whose MDSC levels remained elevated after surgery. Dotted

lines represent mice whose MDSC levels decreased after surgery. MDSC

and L-selectin levels are inversely correlated (CD4� T cells: r � �0.86;

p � 0.0001; CD8� T cells: r � �0.77, p � 0.0001). B, Experiment as in

A, except BALB/c mice were treated with gemcitabine (1.5 mg/50 �l/

mouse) at the indicated times starting 1 day after surgery. MDSC and

L-selectin levels are inversely correlated (CD4� T cells: r � �0.67; p �

0.0001; CD8� T cells: r � �0.71; p � 0.0001). The data of A and B are

pooled from three independent experiments.

FIGURE 3. Down-regulation of L-selectin is not the result of Ag-driven

activation of T cells. Splenocytes from tumor-free TS1-transgenic mice

were cultured alone, with HA110–119 peptide, or at a ratio of 1:1 spleno-

cytes to Gr1�CD11b� MDSC from the blood of 4T1-tumor bearing

BALB/c mice. After 3 days of culture, cells were pulsed with [3H]thymi-

dine to measure T cell proliferation (A). B, Cells from the cultures shown

in A were stained for V�8, CD4, L-selectin, CD44, and CCR7, and the

gated V�8�CD4� T cells were analyzed for L-selectin, CD44, or CCR7

expression. Values are the MCF of L-selectin, CD44, or CCR7. Data for all

panels are from one of three independent experiments.

940 MYELOID-DERIVED SUPPRESSOR CELLS DOWN-REGULATE L-SELECTIN

 b
y
 g

u
est o

n
 A

u
g
u
st 9

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


tumor-bearing mice. After 48 h of culture, cells were harvested and

stained with propidium iodide, CD4, CD8, L-selectin, Gr-1, and/or

CD11b mAbs. Propidium iodide- negative CD4� or CD8� cells

were gated and then analyzed for L-selectin expression by flow

cytometry (Fig. 4). CD4� or CD8� splenocytes cocultured with

MDSC displayed an L-selectinlow phenotype relative to spleno-

cytes cultured alone. Coculture with J774 cells, a non-MDSC my-

eloid cell line, did not alter L-selectin expression. To determine

whether the down-regulation by MDSC was limited to L-selectin,

CD4 and CD8 levels were analyzed on the cocultured splenocytes.

No significant changes were noted in the expression levels of CD4

or CD8, indicating that MDSC specifically decreased T cell ex-

pression of L-selectin.

MDSC levels drive L-selectin expression on T cells in

tumor-free mice

If MDSC rather than tumors are driving L-selectin levels, then T

cells in tumor-free mice with elevated MDSC levels should also

have an L-selectinlow phenotype. To test this hypothesis, we used

aged tumor-free mice, which also have increased numbers of

MDSC (43, 44). One-, 8-, and 24-mo-old BALB/c mice were bled

and the percentage of Gr1�CD11b� cells and L-selectin levels on

CD3�CD4� and CD3�CD8� T cells were determined by flow

cytometry (Fig. 5A). As reported, MDSC levels increased with

age. This increase was accompanied by a decrease in CD4� and

CD8� T cell expression of L-selectin. Therefore, MDSC levels

inversely correlated with L-selectin levels on both CD4� and

CD8� T cells, consistent with the concept that MDSC, rather than

tumor, directly reduce L-selectin levels.

To further determine whether MDSC, rather than tumor cells,

are regulating L-selectin levels, mice were treated with uPA, a

molecule that has recently been shown to increase MDSC levels in

vivo (42). BALB/c mice were injected i.p. with a mixture of uPA

and naive purified T cells, and peritoneal exudates were removed

4 h later. L-selectin levels on peritoneal exudate CD4� and CD8�

T cells were determined by flow cytometry (Fig. 5B). As reported,

MDSC levels increased in mice treated with uPA. The increase

was accompanied by a decrease in L-selectin on CD4� and CD8�

T cells. uPA did not directly affect L-selectin levels, as naive T

cells cultured for 4 h with 200 ng/ml uPA did not have altered

L-selectin levels (data not shown). Hence, MDSC induced by ag-

ing or by uPA alter T cell expression of L-selectin, demonstrating

that MDSC and not tumors down-regulate L-selectin levels on

CD4� and CD8� T cells.

MDSC express ADAM17 on their plasma membrane

L-selectin down-regulation on T cells primarily occurs through

proteolytic cleavage and subsequent shedding of the L-selectin

FIGURE 4. T cells cocultured with MDSC have an L-selectinlow phe-

notype. Splenocytes were harvested from tumor-free BALB/c mice and

cocultured alone or with MDSC from the blood of 4T1-tumor bearing

BALB/c mice (95% Gr1�CD11b� cells) or with non-MDSC J774 myeloid

cells at a ratio of 1:1 (T cells:myeloid cells). After 48 h of culture, cells

were harvested and stained for L-selectin and CD4 or CD8, and the gated

CD4� and CD8� cells were analyzed for L-selectin expression. Values are

the MCF for L-selectin. Data are from one of three independent

experiments.

FIGURE 5. MDSC levels drive L-selectin expression on T cells in tu-

mor-free mice. A, Blood was harvested from 1 (F)-, 8 (f)-, or 24 (Œ)-

mo-old tumor-free BALB/c mice and the cells were stained for CD4, CD8,

CD3, and CD62L or Gr1 and CD11b. Gated CD3�CD4� and CD3�CD8�

cells were analyzed for L-selectin expression. Percent MDSC (Kruskal-

Wallis test, Hc9,9,9 � 19.82, p � 0.001), CD4 L-selectin levels (Kruskal-

Wallis test, Hc9,9,9 � 18.10, p � 0.001), and CD8 L-selectin levels

(Kruskal-Wallis test, Hc9,9,9 � 21.09, p � 0.001) are significantly different

between ages for each group. Data are pooled from three independent

experiments. B, Normal BALB/c splenic T cells were purified (97%) using

Thy1.2 microbeads and 4 � 106 T cells were injected i.p. in normal

BALB/c mice with either 1 �g of uPA or saline. Four hours later, perito-

neal cells were collected and stained for CD4, CD8, and L-selectin or Gr1

and CD11b.
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ectodomain (45–49). A primary sheddase of L-selectin is the cell-

membrane zinc-based protease ADAM17 (a disintegrin and met-

alloproteinase domain 17), also called TACE (TNF-�-converting

enzyme). ADAM17 expression is common in the cytoplasm of

many cells and its translocation to the plasma membrane coincides

with L-selectin cleavage (48, 50). To determine whether MDSC

down-regulate L-selectin through proteolytic cleavage and shed-

ding, MDSC were tested by flow cytometry for the expression of

ADAM17. Tumor-bearing and tumor-free mice were bled and

white blood cells were stained for surface expression of CD3,

CD11b, Gr1, and internal and surface expression of ADAM17.

Gated CD3� T cells and gated CD11b�Gr1� MDSC were ana-

lyzed. Both T cells and MDSC showed internal expression of

ADAM17 (Fig. 6A); however, only MDSC contained ADAM17

on the extracellular side of their plasma membrane (Fig. 6B).

MDSC from all tumor-bearing (n � 8) and tumor-free (n � 6)

mice tested displayed cell surface ADAM17 with a range of ex-

pression of 3- to 8-fold above background Therefore, MDSC ex-

press on their plasma membrane the enzyme that cleaves the

ectodomain of L-selectin.

Discussion
L-selectin is a critical molecule for the leukocyte-endothelial cell

interactions that result in the migration of naive T cells into pe-

ripheral LN and inflammatory locales such as the tumor microen-

vironment. Cancer patients (51, 52) and experimental animals with

tumors (53, 54) are known to have T cells with an L-selectinlow

phenotype; however, the mediators that down-regulate L-selectin

were not previously identified. Using three mouse mammary car-

cinoma tumors that induce high levels of immune-suppressive my-

eloid cells, the in vivo and in vitro studies reported here demon-

strate that T cell expression of L-selectin is down-regulated

by MDSC.

MDSC-driven down-regulation of L-selectin on T cells has the

potential to negatively impact antitumor immunity in several ways.

An L-selectinhigh phenotype is required for naive T cells to home

to peripheral LNs where they are activated by Ag (8, 55). How-

ever, T cells with reduced L-selectin levels may not efficiently

traffic to TDLN where they will encounter tumor peptides and

become activated. The critical role for L-selectin in activating tu-

mor-specific T cells has been confirmed in two mouse tumor mod-

els. Using Moloney murine sarcoma virus-induced tumors, Rosato

et al. (56) showed that blocking L-selectin prevented naive CTL

from migrating through high endothelial venules and accumulating

in peripheral LNs draining the tumor area. As a result, the gener-

ation of tumor-specific CTL was reduced (56). In a second report,

homing and sticking of naive lymphocytes was shown to be im-

paired in the TDLN of C57BL/6 mice with B16 melanomas (54).

L-selectin down-regulation by MDSC is also likely to impair

antitumor immunity by blocking the migration of naive T cells to

the tumor site. Naive T cells with an L-selectinhigh phenotype are

attracted to inflammatory locales (9, 13, 14). Since the tumor mi-

croenvironment is an inflammatory milieu (57, 58), T cells should

accumulate within tumors. However, MDSC-mediated reduction

of L-selectin potentially limits the efficiency of naive T cell mi-

gration to tumors. This scenario is supported by studies showing

that L-selectin-deficient mice have decreased numbers of T cells

infiltrating B16 primary tumors (15). L-selectin-deficient mice also

demonstrate decreased leukocyte recruitment into an inflamed

peritoneum at early and late time points (9, 59). Therefore, the

down-regulation of L-selectin by MDSC may not only reduce na-

ive T cell entry into lymph nodes and therefore reduce the quantity

of activated tumor-specific T cells, but may also minimize naive T

cell access to tumor microenvironments which are usually

proinflammatory.

L-selectin down-regulation has been reported in response to var-

ious physiologically relevant soluble stimuli including proinflam-

matory mediators (60, 61), osmotic stress (62), and bacterial su-

perantigens or toxins (63–65). To characterize the mechanism of

down-regulation, investigators have decreased L-selectin expres-

sion by cross-linking with L-selectin-specific ligands (66–68).

These studies demonstrated that down-regulation is through pro-

teolytic cleavage and subsequent shedding of the L-selectin

ectodomain (69). Depending on the experimental system and

cross-linking ligand, shedding is triggered by different intracellular

signaling pathways. In one system, the disintegrin and metallopro-

teinase ADAM17 was responsible for cleavage (70), while in an-

other system TNF-� proteases were implicated (71, 72). Our re-

sults demonstrating that MDSC express ADAM17 on their cell

surface are consistent with the concept that MDSC down-regulate

L-selectin on T cells via the expression of ADAM17. However,

MDSC are a large family of myeloid cells with suppressive activ-

ity and different MDSC subpopulations may down-regulate via

different mechanisms. Regardless of how MDSC mediate their ef-

fect, since inflammation induces MDSC (24, 26, 73–75) and

MDSC down-regulate L-selectin, it is possible that previous stud-

ies attributing L-selectin down-regulation to inflammation were in

fact looking at effects mediated by inflammation-induced MDSC.

MDSC suppression of antitumor immunity has been attributed

to various mechanisms. These include inhibiting T cell activation

by the production of arginase (25, 30) and inducible NO synthase

(17, 22, 30), nitration of the TCR (31), blocking NK cell cytotox-

icity (33), as well as polarizing immunity toward a tumor-promot-

ing type 2 response (32). The results described here demonstrate

that MDSC may also suppress antitumor immunity by preventing

FIGURE 6. MDSC express ADAM17 on their plasma membrane.

Blood was harvested from 4T1 tumor-bearing and tumor-free BALB/c

mice and the white blood cells were permeabilized and internally stained

(A) or surface stained (B) for CD3, CD11b, Gr1, and ADAM17. Gated

CD11b�Gr1� MDSC and CD3� T cells were analyzed for internal (A) or

plasma membrane (B) expression of ADAM17 by flow cytometry. Data are

representative of three experiments using seven tumor-free mice and eight

tumor-bearing mice.
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naive T cells from entering LNs where they become activated and

by reducing the trafficking of naive T cells to tumors. Therefore,

MDSC reduce antitumor immunity through a diverse array of

mechanisms that impact the activation as well as effector functions

of both innate and adaptive immunity.
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