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Abstract

Purpose—To determine whether activated CD11b+ CD15+ granulocytes increase in the blood of 

patients with uveal melanoma.

Methods—Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient 

centrifugation from the blood of patients with primary choroidal/ciliochoroidal uveal melanomas 

(six women, four men; age range, 46–91 years) and healthy control donors (14 women, 10 men; 

age range, 50 – 81 years). The expression of CD15 and CD68 on CD11b+ myeloid cells within 

PBMCs and primary uveal melanomas was evaluated by flow cytometry. CD3ζ chain expression 

by CD3ε+ T cells in PBMCs and within primary uveal melanomas was measured as an indirect 

indication of T-cell function.

Results—The percentage of CD11b+ cells in PBMCs of patients with uveal melanoma increased 

1.8-fold in comparison to healthy donors and comprised three subsets: CD68 negative CD15+ 

granulocytes, which increased 4.1-fold; CD68− CD15− cells, which increased threefold; and 

CD68+ CD15low cells, which were unchanged. A significant (2.7-fold) reduction in CD3ζ chain 

expression on CD3ε+ T cells, a marker of T-cell dysfunction, was observed in PBMCs of patients 

with uveal melanoma in comparison with healthy control subjects and correlated significantly with 

the percentage of CD11b+ cells in PBMCs. CD3ζ chain expression on T cells within primary 

tumors was equivalent to CD3ζ expression in PBMCs of the same patient in four of five patients 

analyzed.

Conclusions—Activated CD11b+ CD15+ granulocytes expand in the blood of patients with 

uveal melanoma and may contribute to immune evasion by ocular tumors by inhibiting T-cell 

function via decreasing CD3ζ chain expression.
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Uveal melanomas are enigmatic. First, despite advances in treating the primary tumor by 

radiation therapy, thermotherapy, or resection, the 20% 5-year mortality rate has not 

changed.1 Second, it is well documented that uveal melanomas express immunogenic 

proteins (antigens)2 that induce tumor-specific CD8+ cytolytic T-lymphocyte (CTL) 

responses,3,4 which should target tumors by recognizing antigens presented as processed 

peptides via HLA Class I molecules on the cell surface. Paradoxically, however, both high 

HLA expression by primary uveal melanomas5 and lymphocyte infiltration of primary uveal 

melanomas, predominantly composed of CD3+ CD8+ T cells,6,7 are poor prognostic 

indicators.8 The poor prognosis associated with these measures has been explained by an 

abrogation of tumoricidal NK cell responses due to inhibitory class I expression.9,10 

However, as CD8+ T cells infiltrate progressively growing primary tumors expressing HLA 

class I, these data also clearly indicate that the tumoricidal activity of CD8+ CTLs is 

somehow inhibited. The mechanism of CTL inhibition in uveal melanoma is not understood.

An unfavorable prognosis is also associated with uveal melanomas with an inflammatory 

infiltrate of CD11b+ CD68+ macrophages,11 which correlates with high HLA expression,5 

and CD3+ T-cell infiltration,5 as well as other poor prognostic indicators including: large 

tumor size,11 epithelioid cell type,11 and monosomy of chromosome 3.12 The role of tumor-

associated macrophages in uveal melanoma is also not understood. However, an increased 

density of CD68+ macrophages in uveal melanomas did correlate with increased vascular 

density in one study,11 suggesting a role in angiogenesis.

An immunosuppressive role of tumor-associated CD11b+ cells has been suggested in 

transplantable tumor models in mice. For example, tumors developing in the anterior 

chamber of the eye are heavily infiltrated with CD11b+ myeloid cells that inhibit CTL 

activity in vitro.13 Similarly, tumors transplanted in the skin are infiltrated by 

immunosuppressive CD11b+ F4/80+ macrophages that inhibit T-cell proliferation and induce 

apoptosis via nitric oxide (NO) production alone14 or in combination with arginase 

activity.15 These immunosuppressive intratumoral macrophages were derived from CD11b+ 

GR-1+ myeloid cells that expanded in the blood and spleen15 in response to tumor-derived 

factors16 and have been termed, myeloid-derived suppressor cells (MDSCs).17 MDSCs in 

mice are analogous to the immunosuppressive CD11b+ cells that accumulate in the blood of 

patients with malignancies. For example, activated CD11b+ CD15+ cells increased in 

peripheral blood mononuclear cells (PBMCs) of patients with renal cell carcinoma18 and 

pancreatic cancer.19 These cells display granulocyte morphology and inhibit T-cell responses 

by interfering with T-cell receptor (TCR) signaling by reducing expression of the CD3ζ 
chain via increased arginase activity20 and/or H2O2 production.19 These data provide one 

explanation for the suppression of immune responses which is observed in patients with 

cancer.

Herein, we demonstrate that the percentage of activated CD11b+ CD15+ granulocytes is 

significantly greater in the blood of patients with uveal melanoma in comparison to healthy 

control subjects. Moreover, increased CD11b+ cell percentages in PBMCs of patients with 

uveal melanoma significantly correlated with reduced CD3ζ chain expression by T cells in 

PBMCs and within primary uveal melanomas. These data suggest that activated 

McKenna et al. Page 2

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2017 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



granulocytes contribute to immune evasion by uveal melanomas by inhibiting melanoma-

specific T-cell responses.

Methods

Specimens

Biopsies of primary uveal melanomas (~1 mm3) from surgical enucleation and/or blood 

were obtained from patients with uveal melanoma who were treated at the Cole Eye Institute 

of the Cleveland Clinic. Blood from age- and sex-matched healthy control subjects was 

obtained at blood drives conducted by the Central Blood Bank of Pittsburgh. All specimens 

were obtained with informed consent under an Institutional Review Board-approved 

protocol in compliance with the tenets of the Declaration of Helsinki.

Sample Preparation and Flow Cytometric Staining

Peripheral blood (2–10 mL) was collected in tubes (Vacutainer; BD Biosciences, San Jose, 

CA) containing sodium heparin, and the PBMCs were purified by density gradient 

centrifugation with lymphocyte separation medium (LSM; MP Biomedicals, Solon, OH), 

according to the manufacturer’s instructions, within 3 hours after venipuncture. Cells at the 

interphase were collected, contaminating red blood cells were lysed by incubation in a 

hypotonic NH4Cl solution, and the PBMCs were then stored on ice in PBS or RPMI-1640 

supplemented with 10% fetal bovine serum (FBS).

Primary uveal melanoma biopsies, stored on ice in RPMI-1640 supplemented with 10% 

FBS, were removed to a 60-mm sterile Petri dish with 5 mL of RPMI-1640 supplemented 

with 1 mg/mL collagenase IV (Sigma-Aldrich, St. Louis, MO), and 1% FBS (Sigma-

Aldrich) or 5 mL HBSS supplemented with 1 mg/mL collagenase D (Sigma-Aldrich) and 

0.25 mg/mL DNase I (Sigma-Aldrich). The specimen was then minced with scissors and 

incubated at 37°C in a 5% CO2 atmosphere for 1.5 hours. Every 15 minutes, the sample was 

pipetted to hasten the generation of a single-cell suspension. At the end of the incubation, 

the cells were pelleted by centrifugation. The enzymatic reaction was stopped by 

resuspension in DMEM supplemented with 10% FBS when collagenase D was used. The 

cells were washed with PBS and resuspended in flow cytometry buffer (PBS, 1% FBS) at a 

concentration ≤ 2.0 × 107 cells/mL.

PBMC or single-cell suspensions of primary uveal melanomas (≤106 cells in flow cytometry 

buffer) were transferred to individual wells of a 96-well plate and incubated on ice with 

combinations of the following fluorescently labeled antibodies: Pacific Blue anti-CD3ε 
(eBioscience, San Diego, CA), Alexa Fluor 488 anti-CD11b (BD Pharmingen, San Diego, 

CA), APC anti-CD15 (BD Pharmingen) or their respective fluorescently conjugated isotype 

controls. PBMCs were washed and then fixed in PBS containing 0.25% paraformaldehyde, 

permeabilized with a digitonin solution (100 μg/mL digitonin, 2.5% FBS, 0.01% NaN3), and 

then stained intracellularly with PE conjugated anti-CD3ζ antibody (Beckman Coulter, 

Miami, FL) or an isotype control antibody. Alternatively, the cells were washed after 

primary antibody staining, fixed in solution (Cytofix/Cytoperm; BD Pharmingen), and then 

stained intracellularly with PE-conjugated anti-CD68 antibody (BD Pharmingen) or an 
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isotype control antibody. Samples were run on a flow cytometer (FACSAria; BD 

Biosciences) and analyzed (FlowJo software; Tree Star; Ashland, OR).

Immunohistology

Sections (4 μm) of formalin-fixed, paraffin-embedded eyes with primary tumors were placed 

on slides and then baked at 65°C until dry. The slides were deparaffinized with xylene and 

then hydrated through graded alcohols. To quench endogenous peroxidase, the slides were 

placed in 3% hydrogen peroxide for 15 minutes at room temperature. To enhance 

immunoreactivity of the target antigen, the slides were microwaved in citrate buffer (pH 6.0) 

for 10 minutes at 80% power and then cooled 20 minutes at room temperature. They were 

incubated in a serum-free protein blocker (Dako, Carpinteria, CA) for 20 minutes at room 

temperature and then incubated with 0.2 mg/mL anti-CD15, (Biogenex, San Ramon, CA) or 

0.4 ng/mL IgM isotype control (Abcam, Cambridge, MA) for 1 hour at room temperature. 

Secondary biotinylated goat anti-Mouse IgM (Vector Laboratories, Burlingame, CA) was 

applied to slides at a dilution of 1:200 for 30 minutes at room temperature. Avidin-biotin 

complex (Vector Laboratories) was added for 30 minutes at room temperature, followed by a 

red substrate (Vector Nova Red; Vector Laboratories). The slides were incubated 5 to 10 

minutes until the desired color developed, and then they were counterstained in hematoxylin 

(Shandon; Thermo Scientific, Waltham, MA) for 2 minutes, coverslipped, and viewed by 

bright-field microscopy.

Five high-power fields (400×) were scored for CD15+ cells by acquiring 12-bit images with 

a digital camera mounted on a microscope (BX60; Olympus, Tokyo, Japan) with 

background correction and saved into 16-bit space. Segmentation in RGB space with these 

color distributions is very difficult, but inverting the image allowed the color difference 

between the red substrate and melanin pigment to be clearly distinguished in the green 

channel by automated thresholding. Inverted images were adjusted (Adjust/Hue/Green 

channel saturation = 100%; Photoshop; Adobe Systems, San Jose, CA), and adjustments 

were automated with programmed actions to maintain consistency. Inverted images were 

then further analyzed (MetaMorph ver. 7.5.6; Universal Imaging, Downingtown, PA), color 

separated, and thresholded on the green channel, to define and score the CD15+ cells.

Statistical Analysis

CD11b+ cells, CD11b+ cell subsets, and CD3ζ chain expression were compared between 

patients with uveal melanoma and healthy control subjects by unpaired two-tailed Student t-
tests or unpaired two-tailed Mann-Whitney U tests depending on the normality of the data 

(Prism, ver. 4; GraphPad, San Diego, CA). The R language and environment for statistical 

computing version 2.8.0 (www.R-project.org) was used for statistical modeling and 

graphics. CD3ζ chain expression was modeled as a nonlinear function of the percentage of 

CD11b+ cells. CD3ζ counts and independent variables (percentages of CD11b+ cells and 

CD11b+ cell subsets) were log transformed. A generalized additive model was used to fit a 

cubic spline with 3 degrees of freedom. Davies’ test was used to check for a change in slope. 

A broken-stick segmented regression model21 was used as an alternative way to account for 

the different slopes that were observed in the control and uveal melanoma groups. P < 0.05 

was considered statistically significant.
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Results

CD11b+ Myeloid Cell Subsets in PBMCs of Patients with Uveal Melanoma

Blood was collected from patients with uveal melanoma (6 women, 4 men, aged 46–91 

years) immediately before treatment involving surgical enucleation or radioactive plaque 

therapy (Table 1) and from healthy control donors (14 women, 10 men) of similar age (50 – 

81 years) and sex (60% women, 40% men) (Table 2). PBMCs were isolated by density 

gradient centrifugation, and flow cytometric analysis was performed to determine whether 

activated CD11b+ CD15+ granulocytes expanded in the blood of patients with uveal 

melanoma (Fig. 1).

CD11b+ CD15+ granulocytes are normally excluded from PBMC isolates of healthy donor 

blood after density gradient centrifugation because granulocytes pellet with red blood cells. 

However, granulocyte activation induces changes in buoyancy resulting in granulocytes 

localizing with PBMCs at the interphase of density gradients.19 Storage of blood at room 

temperature can also induce granulocyte activation,22 which occurs within 6 to 8 hours.23 

Therefore, PBMCs were isolated within 3 hours after venipuncture to avoid artifactual 

increases in the percentage of granulocytes due to storage conditions.

The percentage of CD11b+ myeloid cells significantly increased (1.8-fold) in patients with 

uveal melanoma. The overall increase in myeloid cells was due to significant increases in 

CD11b+ cell subsets composed of CD15+ cells that did not express CD68 (4.1-fold) and 

cells that were negative for both CD15 and CD68 (3-fold). CD11b+ cells that expressed 

CD68 and low levels of CD15 did not increase significantly. CD15+ CD68− cells exhibited 

high side-scatter properties characteristic of granulocytes, CD11b+ cells that were negative 

for both CD15 and CD68 expression exhibited a lymphocyte profile, and CD11b+ cells that 

expressed CD68 and low levels of CD15 exhibited a monocyte profile in forward and side-

scatter analysis (Fig. 1A). The expansion of CD11b+ cells did not correlate significantly 

with tumor size (largest basal diameter) or tumor height. These data indicate that activated 

CD15+ granulocytes increase in the blood of patients with uveal melanoma.

CD3ζ Chain Expression on T Cells in PBMCs of Patients with Uveal Melanoma

Activated CD11b+ CD15+ granulocytes have been shown to inhibit T-cell function by 

interfering with TCR signal transduction by inhibiting translation of the CD3ζ chain.19,18 

Therefore, we measured CD3ζ chain expression by flow cytometric analysis of CD3ε+ T 

cells from patients with uveal melanoma and from healthy control subjects (Fig. 2). The 

percentage of CD3ε+ T cells within PBMCs was equivalent in patients with uveal melanoma 

and healthy control donors (Fig. 2A). However, CD3ζ chain expression was significantly 

reduced (2.7-fold) in CD3ε+ T cells of patients with uveal melanoma (Fig. 2B). CD3ε+ T-

cells, which did not express the CD8 molecule, and CD8+ CD3ε+ T cells both demonstrated 

significant reductions in CD3ζ chain expression (Fig. 2C).

Two statistical models were used to evaluate the relationship between CD3ζ chain 

expression and the percentage of CD11b+ cells (Fig. 3A) and CD11b+ cell subsets that 

expressed CD15 but not CD68 (Fig. 3B), or did not express CD15 or CD68 (Fig. 3C). A 

generalized additive model was used to fit a cubic spline (green line) that demonstrated a 
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statistically significant relationship (P = 0.00025) in which CD3ζ chain expression was 

relatively constant for total CD11b+ cell percentages less than 30% but decreased when 

CD11b+ cell percentages were greater than 30% (Fig. 3A). Davies’ test indicated a change in 

slope at 33.9% (P = 0.0004), and so a broken-stick model (Fig. 3A, black lines) was also 

fitted, which indicated that the slope was essentially 0 when CD11b+ cell percentages were 

less than 33.8% (slope, 0.26; 95% confidence interval [CI]: −0.36 to 0.88, P = 0.4190), 

whereas the slope was negative when percentages were greater than 33.8% (slope, −2.41; 

95% CI: −3.67 to −1.16). In addition, there was a statistically significant difference of −2.67 

between the two slopes (P = 0.0006, 95% CI: −4.10 to −1.24).

The relationship between CD3ζ chain expression and the percentage of the CD11b+ subset 

which expressed CD15+ but not CD68, approached statistical significance (P = 0.0645) 

when modeled as a spline function (Fig. 3B, green line), and a significant difference (P = 

0.0184) in slopes of −0.68 was detected at 3.7% (Fig. 3B). The relationship between CD3ζ 
chain expression and CD11b+, CD15−, CD68− cells was significant (P = 0.006) when 

modeled as a spline function (Fig. 3C, green line) as well as simple linear regression (Fig. 

3C, blue line, slope, −0.41; P = 0.0035). Correspondingly, the relationship was not 

adequately fit by a broken-stick model (Fig. 3C, black lines).

These data indicate that reduced CD3ζ chain expression, a marker of T-cell dysfunction, is 

associated with: percentages of total CD11b+ myeloid cells above 33.8%, which occurred in 

9 (90%) of 10 patients with uveal melanoma but in only 4 (17%) of 24 healthy control 

donors and percentages of CD11b+ CD15+ CD68− cells above 3.7% which occurred in 5 

(50%) of 10 patients with uveal melanoma but only 4 (17%) of 24 healthy control donors. 

Reduced CD3ζ chain expression also correlated with increased percentages of CD11b+ cells 

that did not express CD15 or CD68.

Characterization of Infiltrating Leukocytes of Primary Uveal Melanomas

Flow cytometric analysis was also performed on collagenase-digested biopsies of seven 

primary uveal melanomas to determine the composition of tumor-infiltrating leukocytes, 

which were identified by expression of CD45 (Fig. 4). A sufficient number of CD45+ events 

were collected from all biopsies allowing for analysis of the expression of CD11b, CD15, 

CD68, CD3ε, and CD8 (Table 3). Analysis of CD3ε+ T cells within the primary uveal 

melanoma of patient 11 was not performed. Both CD11b+ and CD3ε+ leukocytes infiltrated 

primary uveal melanomas in four of six tumors. The percentage of CD3ε+ cells, which were 

primarily CD8+ T cells, was greater than the percentage of CD11b+ cells in five of six 

tumors. These data reproduce previously reported observations indicating that CD8+ T cells 

are the primary leukocyte infiltrate of uveal melanoma.6,7

CD11b+ cells within the tumor microenvironment primarily expressed CD68, a marker of 

macrophages, but not CD15, which is markedly different from the myeloid cell populations 

that expanded in the blood of these same patients and expressed CD15 but not CD68 (Fig. 

1). To determine whether collagenase digestion of primary tumors adversely affects the 

recovery of CD15+ granulocytes, we performed immunohistology (Fig. 5). Very few CD15+ 

polymorphonuclear leukocytes were observed, and those that were present were located 

primarily within blood vessels (Fig. 5A) and, rarely, within primary tumors (Fig. 5B). 
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Isotype control staining was uniformly negative (Fig. 5C). These data confirm the flow 

cytometric analysis of collagenase-digested eyes, indicating that CD45+ CD15+ cells did not 

accumulate in primary uveal melanomas.

Two enzyme solutions containing different collagenases (collagenase IV or D) were used to 

render uveal melanomas into single-cell suspensions. The percentage of CD11b+ cells was 

lower than CD3ε+ T cells in all uveal melanomas that were digested in collagenase IV. 

However, the percentage of CD11b+ cells of CD45+ cells was highest in uveal melanomas 

that were digested with collagenase D (patients 10 and 11) which could indicate that the 

different collagenase treatments affected the isolation of CD11b+ myeloid cells, or CD8+ T 

cells, respectively.

CD3ζ Chain Expression on T Cells Infiltrating Primary Uveal Melanomas

CD3ζ chain expression was also measured on CD3ε+ T cells infiltrating uveal melanomas 

and was compared with CD3ζ chain expression in CD3ε+ T cells of the PBMCs of the same 

patient (Fig. 6). In four of five primary uveal melanoma specimens (patients 3, 4, 9, and 10), 

CD3ζ chain expression by infiltrating T cells was equivalent in comparison to CD3ζ chain 

expression in PBMCs of the same patient and markedly reduced in comparison to CD3ζ 
chain expression in PBMCs of healthy control subjects (Fig. 6, dashed line). Staining for 

CD3ζ was not performed on the primary uveal melanoma from patient 1. Of note, CD3ζ 
chain expression in patient 5 was increased in tumor-infiltrating CD3ε+ T cells to a level 

higher than CD3ζ chain expression in healthy control donors. However, only 55 CD3ε+ 

events were collected in determining the CD3ζ mean fluorescence intensity (MFI) for this 

specimen, whereas many more CD3ε+ events (range, 441–9437) were collected from the 

other specimens that did not show increased CD3ζ chain expression. Hence, the low number 

of events used for analysis may have affected these results. Regardless, reduced CD3ζ chain 

expression was common to most of the patients with uveal melanoma and may indicate that 

T cells are functionally compromised both systemically and within the ocular tumor 

microenvironment.

Discussion

In this study, we were the first to demonstrate that CD11b+ CD15+ granulocytes expand in 

the blood of patients with uveal melanoma. In other malignancies—for example, renal cell 

carcinoma18 and pancreatic cancer19—the expansion of CD11b+ CD15+ granulocytes has 

been associated with inhibited T-cell function. We were unable to directly assess T-cell 

function in the PBMCs of patients with uveal melanoma, because the total cell yield after 

PBMC isolation did not permit both flow cytometric and functional analyses. However, we 

observed that CD3ζ chain expression by all T cells within PBMCs was reduced in patients 

with uveal melanoma in comparison to healthy control subjects (Fig. 2), and reduced CD3ζ 
chain expression has been shown to inhibit T-cell function.24 Moreover, we have recently 

demonstrated that inhibited T-cell function due to prolonged storage of blood at room 

temperature is associated with reduced CD3ζ chain expression, which correlates 

significantly with increased frequencies of CD11b+ CD15+ cells in PBMCs.23 Therefore, 
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our data strongly suggest that T-cell function in patients with uveal melanoma is 

compromised.

The reduction in CD3ζ chain expression in patients with uveal melanoma significantly 

correlated with increased percentages of CD11b+ cells (Fig. 3), suggesting a causal 

relationship. The mechanism by which myeloid cells, directly or indirectly through another 

cell population, reduce CD3ζ chain expression in patients with uveal melanoma is the focus 

of future experimentation. Two mechanisms of CD3ζ chain downmodulation by CD11b+ 

MDSCs have been described. In patients with renal cell carcinoma,18 arginase activity of 

CD11b+ CD15+ cells significantly correlated with reduced CD3ζ chain expression, and 

depletion of CD11b+ cells within the PBMCs of these patients restored CD3ζ chain 

expression and T-cell function to levels observed in healthy control subjects. It is important 

to note that L-arginine levels were reduced in plasma of the patients,18 indicating that the 

influence of MDSCs on L-arginine metabolism is not limited to the tumor microenvironment 

but rather is a systemic affect. This finding explains why CD3ζ chain downmodulation was 

observed in all T cells within PBMCs. In confirmation of the influence of L-arginine 

metabolism on T-cell function, Zea et al.20 demonstrated that CD3ζ chain expression was 

reduced and T-cell function was impaired when T cells were stimulated in medium without 

L-arginine. The inhibition of T-cell proliferation was associated with the failure to re-express 

the CD3ζ chain after activation and was due to an inhibition of translation not transcription. 

Recently, Rodriguez et al.25 showed that inhibited CD3ζ chain translation was the result of 

the activation of the GCN2 kinase which inactivates the elongation factor eIF2α.

Activation of GCN2 kinase may also be responsible for reduced CD3ζ chain expression in T 

cells in pancreatic cancer, because CD3ζ chain downmodulation is associated with increased 

isoprostane levels, a product of lipid peroxidation,19 and GCN2 kinase can be activated by 

reactive oxygen.26 The addition of H2O2 or granulocytes to PBMC cultures of healthy 

donors inhibited T-cell function in this study.19 Moreover, T-cell function was restored in 

granulocyte/PBMC co-cultures by the addition of catalase, which converts H2O2 to H2O, 

providing direct evidence that granulocyte-expressed reactive oxygen species (ROS) is the 

mediator of T-cell inhibition. The increase of isoprostanes in plasma of these patients 

provides further support for the systemic influence of activated granulocytes on T cells.

The CD3 complex comprises five distinct molecules that associate with the T-cell receptor 

(TCR). Intact CD3 complex expression is necessary for stable cell surface expression of the 

CD3 molecule. However, reduced CD3ζ chain expression was not associated with reduced 

cell surface CD3ε expression in our study (Fig. 2). Equivalent CD3 complex expression in 

the absence of CD3ζ-chain expression is a common observation in patients with cancer,24 

and this phenomenon has been explained, not by the loss of an epitope, as polyclonal 

antibodies similarly failed to detect CD3ζ,27 but by replacement of the ζ-chain by other 

molecules—for example, the Fcε γ chain, which can stabilize the CD3 molecule on the cell 

surface.28 However, TCR signal transduction via these replacement molecules is not 

equivalent to signaling via ζ chain and leads to the suppression of T-cell proliferation and 

cytokine production.24 Ksander et al.4 demonstrated that tumor-specific CD8+ T cells 

infiltrating primary uveal melanomas proliferate very poorly in vitro. Our data suggest that 
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hypoproliferation of T cells infiltrating uveal melanomas may have resulted from reduced 

CD3ζ chain expression.

We have recently demonstrated that the failure to control tumors developing in the anterior 

chamber of the eye of mice is associated with an accumulation of CD11b+ GR-1+ cells 

within the ocular tumor microenvironment that suppressed CD8+ CTL responses in vitro.13 

These data suggest that intratumoral MDSCs may contribute to inhibiting CTL responses 

within the eye. Suppression of melanoma-specific CD8+ T-cell responses by ocular tumor–

associated macrophages would provide another explanation of the poor prognosis of patients 

with uveal melanoma with primary uveal melanomas heavily infiltrated with CD68+ 

macrophages.11 However, an obvious paradox is that ROS production by macrophages is 

tumoricidal. Therefore, how can ROS production be immunosuppressive toward T cells 

without exerting tumoricidal effects? Two explanations have been described: First, certain 

tumors resist ROS-mediated apoptosis by increasing the expression of anti-oxidant 

molecules, for example catalase and glutathione.29 Second, MDSC coexpression of 

inducible nitric oxide synthase (NOS2) and arginase I which both metabolize L-arginine 

leads to L-arginine depletion, which limits NO production, thereby inhibiting NO mediated 

apoptosis of tumor cells.30 Moreover, in low-L-arginine conditions, superoxide is generated 

by the reductase domain of NOS2
31 which further inhibits T-cell function via decreasing 

CD3ζ chain expression.

Tryptophan metabolism by immune suppressive dendritic cells expressing indoleamine 2,3-

dioxygenase (IDO) has also been shown to reduce CD3ζ chain expression in CD8+ but not 

CD4+ T cells via GCN2 kinase activation and kyurenine production, a tryptophan 

catabolite.32 Of interest, CD3ζ chain sufficient CD4+ T cells proliferated after in vitro 

stimulation under low tryptophan conditions and were converted into FoxP3+ T regulatory 

(Treg) cells. CD11b+, GR-1+, CD115+ MDSCs have also been shown to induce the 

development of CD4+ FoxP3+ Tregs.33 However, these MDSCs promote CD4+ Treg 

generation while inhibiting CD4+ T-cell proliferation. Therefore, MDSC may suppress 

tumoricidal T-cell activity by both direct (CD3ζ chain downmodulation) and indirect (Treg 

induction) mechanisms. In our study, CD3ζ chain expression was reduced in both CD8+ and 

CD8 negative CD3ε+ cells of patients with uveal melanoma (Fig. 2C). We cannot exclude 

the possibility that some of these CD8− cells, presumably CD4+ T cells, are MDSC-induced 

Tregs that are hypoproliferative due to decreased CD3ζ chain expression.

Staibano et al.34 described increased mortality in a cohort of patients with uveal melanoma 

with primary uveal melanomas containing CD3+ T cells that were negative for CD3ζ. These 

tumor-infiltrating T cells were Fas+ and were associated with tumors that were FasL+. As T 

cells undergoing Fas/FasL-induced apoptosis downregulate ζ-chain expression,35 the 

authors suggested a causal relationship between FasL expression by uveal melanoma and 

CD3ζ chain downmodulation. In our study, the percentage of CD3ε+ cells within PBMCs of 

patients with uveal melanoma was comparable to that in healthy control subjects, despite 

reduced CD3ζ chain expression (Fig. 2), which suggests that induction of apoptosis is not 

the mechanism of ζ-chain downmodulation in CD3ε+ T cells in the blood. We favor a 

nonapoptotic mechanism to explain reduced ζ-chain expression by T cells within the 

primary melanoma, because CD8+ T cells accumulate in such high frequencies within ocular 
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tumors, which would be inconsistent with increased apoptosis. Hence, an alternative 

explanation is that ocular tumor–associated CD68+ macrophages and CD11b+ CD15+ 

granulocytes in peripheral blood reduce CD3ζ expression by increased arginase activity 

and/or increased reactive oxygen production, as has been reported by others.18,19

The identification of factors that promote increases in activated CD11b+ CD15+ cells in 

patients with cancer is an area of active research. We have demonstrated in a murine model 

of ocular tumor development that intratumoral accumulation of CD11b+ GR-1+ cells 

correlates with tumor burden, suggesting a causal relationship.13 In other murine tumor 

models, resection of the primary tumors decreases the frequency of CD11b+ GR-1+ cells in 

peripheral tissues.36 Hence, tumor-derived factors or factors induced by tumor growth must 

play a role in myeloid cell activation and MDSC accumulation. Along those lines, two 

independent laboratories have recently shown that S100 A8/A9 proteins regulate the 

accumulation of CD11b+ GR-1+ cells in mice.37,38 S100 A8/A9 proteins are upregulated 

during inflammation39 and in some circumstances may be expressed by tumors.38 Tumor 

cell–conditioned medium has been shown to upregulate the S100 A9 gene in hematopoietic 

progenitor cells, preventing their differentiation into CD11c+ dendritic cells and promoting 

their differentiation into CD11b+ GR-1+ MDSCs,37 which also express S100 A8/A9 

proteins.38 S100 A8/A9 proteins are chemotactic for CD11b+ GR-1+ cells.38 Hence, tumor-

induced expression of S100 A8/A9 increases CD11b+ GR-1+ cells systemically by 

preventing the normal differentiation of myeloid progenitors and promotes their migration 

into the tumor microenvironment. Additional S100 A8/A9 expression by CD11b+ GR-1+ 

cells further amplifies the accumulation of these cells in tumor-bearing animals.

In summary, our data demonstrate that expansion of activated CD11b+ myeloid cells in the 

blood correlates with reduced CD3ζ chain expression by T cells in the blood and within 

primary uveal melanomas. CD8+ T cells which infiltrate primary uveal melanomas may be 

inhibited in their tumoricidal activity because of reduced CD3ζ chain expression, providing 

an explanation for the poor prognosis associated with primary HLA-expressing uveal 

melanomas that are heavily infiltrated with CD8+ T cells.5
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Figure 1. 
Myeloid cell subset characterization within PBMCs. (A) The expression of CD15 and CD68 

by CD11b+ cells within PBMCs isolated by density gradient centrifugation of blood from 

patients with uveal melanoma (UM) and healthy control donors (Control) was evaluated by 

flow cytometric analysis. Events were gated from debris and electronic noise in the first 

panel; the numbers indicate the percentage of total cells contained within the marked gate. 

The second panel displays gating of CD11b+ cells that were evaluated for expression of 

CD15 and CD68, which are displayed in the third panel. The numbers indicate the 

percentage of cells of total live cells gated in the first panel. The forward- and side-scatter 

properties of CD11b+ cell subsets displayed in the third panel are shown in the fourth panel. 

(B) The percentage of CD11b+ cells and CD11b+ cell subsets of total live cells in patients 

with uveal melanoma and healthy control donors are shown and were compared by two-

tailed Mann-Whitney U tests. P-values are shown. Symbols: data from individual blood 

samples; bars: the median.
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Figure 2. 
CD3ζ expression on T cells was reduced in patients with uveal melanoma. (A) CD3ε 
expression was determined by flow cytometric analysis of PBMCs of patients with uveal 

melanoma (UM) and healthy control subjects (Control). The percentage of total live cells is 

shown, and groups were compared by a two-tailed Student’s t-test, with the P-values shown. 

Symbols: results from individual patients; bar, the mean. CD3ζ chain expression on gated 

CD3ε+T cells, (B) and CD3ε+T cells that expressed or did not express CD8, (C) was 

evaluated. Data are presented as the MFI which was corrected by subtracting the MFI of an 

isotype control. Symbols: values from individual blood samples; bar, the median.
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Figure 3. 
Increased percentages of activated CD11b+ cells correlated with reduced CD3ζ chain 

expression. CD3ζ chain expression was modeled as a function of the percentage of CD11b+ 

cells (A), CD11b+ CD15+ CD68− cells (B), and CD11b+ CD15− CD68− cells (C) within 

control subjects (C) and patients with uveal melanoma (U). A generalized additive model 

was used to generate a cubic spline (green). A broken-stick model was used to generate lines 

shown in black. Linear regression (blue line) was also used in (C).
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Figure 4. 
Characterization of infiltrating leukocytes of primary uveal melanoma. Biopsies of primary 

uveal melanomas were collagenase digested to generate single-cell suspensions that were 

stained with anti-CD45, anti-CD11b, anti-CD68, anti-CD15, anti CD3ε, and anti-CD8 

antibodies. Leukocytes were identified by expression of CD45 (left) and the number 

indicates the percentage of cells contained within a gate that excluded debris and dead cells. 

Gated CD45+ cells were evaluated for the expression of CD11b, and CD3ε (middle). 

Numbers indicate the percentage of CD45+ cells. Expression of CD15 and CD68 by gated 

CD11b+ cells is shown in the top right. Numbers indicate the percentage of CD11b+ cells 

that express CD15 or CD68. The expression of CD8 by CD3ε+ T cells is shown by the black 
histogram in the bottom right. Gray histogram: isotype control staining; horizontal bar: the 

percentage of CD8+ CD3ε+ cells. Data from patient 9 are shown.
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Figure 5. 
CD15 expression within primary uveal melanomas. CD15 expression which is representative 

of the seven primary uveal melanomas obtained from enucleation shows that CD15+ cells 

are primarily located within vessels of the tumor (A) and rarely within the tumor. (B) 

Staining of sections with an isotype control was uniformly negative. (C) Arrows: 

polymorphonuclear cells.
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Figure 6. 
CD3ζ chain expression on T cells within PBMCs and primary uveal melanoma. CD3ζ chain 

expression was measured on CD3ε+ T cells within PBMCs and within primary uveal 

melanomas of the same patient. Symbols: CD3ζ MFI values from individual patients; 

dashed line: the median expression of CD3ζ on CD3ε+ T cells from PBMCs of healthy 

control donors.
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