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Abstract

Bacteria colonize cystic fibrosis (CF) airways, and while T cells with appropriate antigen 

specificity are present in draining lymph nodes, they are conspicuously absent from the lumen. To 

account for this absence, we hypothesized that polymorphonuclear neutrophils (PMNs), recruited 

massively into the CF airway lumen and actively exocytosing primary granules, also suppress T-

cell function therein. Programmed Death-Ligand 1 (PD-L1), which exerts T-cell suppression at a 

late step, was expressed bimodally on CF airway PMNs, delineating PD-L1hi and PD-L1lo subsets, 

while healthy control (HC) airway PMNs were uniformly PD-L1hi. Blood PMNs incubated in CF 

airway fluid lost PD-L1 over time, and in coculture, antibody blockade of PD-L1 failed to inhibit 

the suppression of T-cell proliferation by CF airway PMNs. In contrast with PD-L1, arginase 1 

(Arg1), which exerts T-cell suppression at an early step, was uniformly high on CF and HC airway 

PMNs. However, arginase activity was high in CF airway fluid and minimal in HC airway fluid, 

consistent with the fact that Arg1 activation requires primary granule exocytosis, which occurs in 

CF, but not HC, airway PMNs. In addition, Arg1 expression on CF airway PMNs correlated 

negatively with lung function and positively with arginase activity in CF airway fluid. Finally, 

combined treatment with arginase inhibitor and arginine rescued the suppression of T-cell 

proliferation by CF airway fluid. Thus, Arg1 and PD-L1 are dynamically modulated upon PMN 

migration into human airways, and, Arg1, but not PD-L1, contributes to early PMN-driven T-cell 

suppression in CF, likely hampering resolution of infection and inflammation.

INTRODUCTION

CF is a life-shortening genetic disease affecting approximately 70,000 people worldwide (1). 

CF is caused by recessive mutations in the CF transmembrane conductance regulator (cftr), 
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which primarily affect epithelial cell function. While CFTR dysfunction leads to multi-organ 

disease, morbidity and mortality in CF are primarily due to airway pathology (2). Hallmarks 

of CF airway pathology are impaired mucociliary clearance, bacterial colonization of the 

airway lumen, and chronic inflammation (3). CF airway inflammation is characterized by 

early, massive and sustained recruitment of blood PMNs through the submucosa into the 

lumen (4). Despite the constant influx of PMNs into the lumen, several types of bacterial 

and fungal pathogens evade eradication and colonize the CF airways, resulting in chronic 

infections that may persist for years. The inability of the immune system to switch off 

inflammation may suggest an overall defect, or dampening, of the adaptive arm of the 

immune response.

In recent years, several mechanisms that modulate the adaptive immune response have been 

identified in PMNs (5). We have previously shown that while CF airway fluid contains 

many dead PMNs, it also contains a sizeable population of live PMNs that are not 

committed to rapid death, as previously thought. Live CF airway PMNs exhibit a 

hyperexocytic phenotype with significant release of protease-rich primary granules (6), 

which contributes to the tissue damage observed in CF airway disease. Along with increased 

exocytosis, live airway PMNs are also reprogrammed along anabolic and pro-survival 

pathways, as compared to their circulating counterparts (7, 8). In addition, we have shown 

that these reprogrammed PMNs express receptors generally associated with antigen-

presenting functions, including class II MHC, CD80 and CD294 (6), suggesting that they 

may be capable of modulating T-cell function.

Recent data have shown that PMNs are able to suppress T cells through cell-cell contact via 

the surface receptor PD-L1 (9). PD-L1 binds to Programmed Death 1 (PD-1) on the surface 

of activated T cells, and triggers T-cell exhaustion, which is characterized by decreased 

proliferation, cytotoxicity and cytokine production by T cells (10). PD-L1 also interacts with 

CD80, blocking the secondary signal needed for T-cell activation and cytokine production 

(11). PD-L1 mediated T-cell suppression occurs generally at a late step, and is believed to 

play a major homeostatic role, preventing overarching T-cell responses.

Several studies have also demonstrated that PMNs can inhibit T-cell function through the 

release of suppressive molecules, such as Arg1 and reactive oxygen species (ROS), both in 

the context of in vitro cell cultures and in human disease (12–16). Previous studies have 

shown that arginase activity is increased in CF airways (17, 18), suggesting a potential role 

for the suppression of T-cell function by this enzyme in CF airway disease. Arg1 is stored in 

the primary and tertiary granules of human PMNs and requires the release of primary 

granules to become fully active (13, 19, 20). Arg1 cleaves the amino acid arginine to form 

ornithine and urea. Arginine is necessary for the expression of the invariant ζ-chain of the T-

cell receptor (TCR) complex, and in environments of depleted arginine, T-cell function is 

inhibited (14, 21, 22). Arg1-mediated T-cell suppression occurs at an early step and may 

thus play a pathological role if it prevents T-cells from contributing to the normal course of 

an immune response.

It was previously shown that T cells with appropriate antigenic specificity to luminal 

pathogens (23) are present in high numbers in the CF airway submucosa, alveolar septa and 
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draining lymph nodes (24–27). However, there is a striking paucity of T cells in the lumen 

itself (24, 27), suggesting that even though appropriate T cells develop in CF patients, they 

may be unable to access the lumen and/or indeed access the lumen but are rapidly and 

thoroughly eliminated from this compartment by an as yet unknown mechanism. These 

intriguing data demonstrate the existence of a strict compartmentalization of PMNs and T-

cells in CF airways, with PMNs accumulating in the lumen, while T-cells stay in the 

submucosa and lymph nodes and are excluded from the lumen preventing them from 

exerting key regulatory functions therein.

To account for the relative absence of T cells in the lumen of CF airways, we hypothesized 

that PMNs, the most dominant immune cell in CF airways, are modulated upon entry into 

the lumen of the lung to suppress T-cell function. We demonstrate that PMNs in the CF 

airway lumen significantly modulate Arg1 and PD-L1 on their surface compared to matched 

blood PMNs. We determined that CF airway PMNs did not mediate T-cell apoptosis or 

decrease T-cell proliferation through PD-L1 signaling, and this may be due to cleavage or 

reuptake of PD-L1 from the surface of PMNs in CF airways. However, we found that CF 

patient airway fluid supernatant (hereafter referred to as ASN) completely suppressed T-cell 

proliferation in vitro. This suppression was largely caused by the presence of Arg1, since a 

combination of exogenous arginine and arginase inhibitor significantly rescued T-cell 

proliferation. The increased expression of Arg1 on the surface of airway PMNs positively 

correlated with Arg1 activity in the sputum and negatively correlated with lung function.

Overall, our results suggest that as PMNs enter the CF airway lumen, their ability to 

suppress T-cell function at an early step is heightened, in part through upregulation of Arg1 

function. This discovery bears pathological significance, since it helps explain a long-

standing paradox of chronic CF airway disease, i.e., the compartmentalization of T cells in 

the submucosa and their exclusion from the lumen where pathogens thrive.

MATERIALS AND METHODS

Human subjects

This study received the approval of the Institutional Review Board at Emory University. All 

subjects provided written informed consent before undergoing study procedures. Healthy 

control (HC) subjects were >18 years of age, excluding pregnant and breast-feeding 

individuals. CF was diagnosed by sweat chloride (60 mEq/L), using a quantitative 

iontophoresis test and/or documentation of two identifiable cftr mutations. CF clinical data 

included age, gender, mutations, lung function, current medications and microbiology (see 

demographic data in Table I). CF samples were collected on outpatient visits, corresponding 

to routine clinical check-ups, or inpatient visits, where patients were hospitalized due to an 

exacerbation (samples collected 2 to 5 days after inception of oral or intravenous antibiotics 

treatment).

Sample collection and processing

Blood was collected by venipuncture for CF and HC subjects. Sputum was collected from 

CF patients by spontaneous expectoration, and from HC subjects by induction, and 
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processed as previously described (6). In brief, sputum was mechanically dissociated using 

repeated passage through a 18″G needle after addition of 6 ml of PBS with 2.5 mM EDTA. 

Blood and dissociated sputum were then processed by dual centrifugation, generating fluid 

(platelet-free plasma and cell- and bacteria-free airway supernatant -ASN-, respectively) and 

cell fractions. Platelet-free plasma and ASN were used for ELISAs, arginase activity assay, 

quantification of arginine, ornithine and citrulline by mass spectrometry, and in vitro 

coculture assays. Blood and airway cell fractions were resuspended in PBS and used for 

flow cytometric analysis.

Flow cytometric analysis of PD-L1 and Arg1 surface expression

Blood and airway cell staining (in their native state or upon in vitro incubation with agents 

to induce granule exocytosis), flow cytometric acquisition and analysis were performed as 

described (8). As illustrated in Figure S1A and S1B, live PMNs were analyzed using Live/

Dead (Invitrogen), and antibodies against CD15 (W6D3), CD16 (3G8), CD35 (E11), CD41a 

(HIP8), CD45 (HI30), CD63 (H5C6), CD66b (G10F5), and PD-L1 (29E.2A3), from 

BioLegend, and Arg1 (6G3, Hycult Biotech). Data were acquired on a LSRII flow 

cytometer (BD Biosciences), analyzed with Flowjo (Treestar) and reported as median 

fluorescence intensity (MFI).

Transcriptional analysis of sorted blood PMNs and monocytes

Blood PMNs and monocytes were stained as indicated above and sorted using a FACSJazz 

(BD Biosciences), as illustrated in Supplementary Figure S2A. Sorted fractions were 

reanalyzed by flow cytometry, routinely yielding levels >98% viability and purity. Sorted 

fractions were pelleted at 800G for 10 min at 4°C and the pellet was homogenized and RNA 

was stabilized using QIAShredder spin columns (QIAGEN), as per the manufacturer’s 

guidelines. Eluates were frozen and stored at −70°C until all sorted fractions were collected. 

For analysis, eluates were thawed and RNA was isolated using the RNeasy kit (QIAGEN), 

as per the manufacturer’s guidelines. A Fluidigm array was manufactured using a 48 target 

genes of interest, including several housekeeping PMN and monocyte genes (including 

HMOX1, SLC1A5, S100A8, S100A9, and CAMP), as well as PD-L1 and Arg1, and 

multiplexed qPCR was performed on mRNA from the sorted fractions as previously 

described (28). mRNA levels are expressed as threshold cycles (Ct), with 30 cycles being 

the lower detection limit, and clustering analysis was performed using JMP10 (SAS 

Institute), as illustrated in Supplementary Figures S2B and S2C.

T-cell activation, proliferation and apoptosis assays

PBMCs were isolated from HC blood using Ficoll-Paque PLUS (GE Healthcare) gradients. 

PBMCs were labeled with 2.5 μM CFSE, then cultured at 1.5–2 × 106 cells/mL in a CD3 

(OKT3, 5μg/mL, eBioscience)-coated or a control 96-well plate. RPMI (containing 2mM L-

arginine), with Penicillin-Streptomycin and 10% FBS, with or without CF ASN, was used to 

incubate the PBMCs. Cells were exposed to medium +/− CF ASN either 2 hours prior to 

addition to the CD3-coated plates or added directly to the plate. Some wells were 

supplemented daily with 1mM L-arginine. In some conditions, CF ASN was pre-treated for 

10 minutes with the arginase inhibitor N-ω-Hydroxy-L-norarginine (nor-NOHA, 250 μM, 
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Enzo Life Sciences) before incubation with PBMCs. After 96 hours, PBMCs were collected 

and stained for flow cytometric analysis with Live/Dead and antibodies against CD5 

(UCHT2), CD56 (MEM-188), CD20 (2H7) and CD69 (FN50), from BioLegend, and gated 

as described in Figure S1C. To assess the pro-apoptotic effect of CF ASN on T cells, CFSE-

labeled PBMCs were plated in an anti-CD3 coated 96-well plate. Forty-eight hours after 

plating, 1:5 CF ASN was added to the culture medium and 24 hours later Annexin V 

(BioLegend) staining was assessed by flow cytometry using the T-cell specific gating 

strategy described in Figure S1C. To assess the effect of PD-L1 on the surface of CF airway 

PMNs on T-cell apoptosis, CFSE-labeled PBMCs were plated in an anti-CD3 coated 96-

well plate. Forty-eight hours after plating, 2 × 105 CF airway PMNs were added to the 

culture. Airway PMNs were either untreated or pre-treated for one hour with anti-PD-L1 (5 

μg/mL, BioLegend). Twenty-four hours later Annexin V staining was assessed by flow 

cytometry.

Arginase activity assay

ASN was incubated at 55°C with equal volumes of 50 mM Tris-HCl, pH 7.5 and 10 mM 

MnCl2 for 10 min. Then, 0.5M exogenous arginine was added to the reaction and incubated 

at 37°C for 60 min. The reaction was stopped and the urea formed in the reaction was 

assessed by colorimetry. The specificity of Arg activity was confirmed by using 250 μM 

nor-NOHA in the ASN samples tested. Arg activity was calculated as U/mg sputum, where 

1 unit is equal to the enzymatic activity necessary to produce 1 μmol urea/min.

Mass spectrometry assay for arginine, ornithine and citrulline

Arginine, ornithine and citrulline concentrations were measured by a gas chromatography / 

mass spectrometry kit (EZFaast, Phenomenex), according to the manufacturers’ guidelines.

Soluble PD-L1 ELISA

PD-L1 ELISA reagents, including recombinant protein for the standard curve, capture and 

detection antibodies were purchased from Abnova.

Data analysis

Statistical analysis was performed using JMP10 (SAS Institute). Datasets with N<20 (all in 

vitro data, HC in vivo data) were assessed with non-parametric statistics. Datasets with 

N>20 (CF in vivo data) were assessed for normality and if normally distributed, assessed 

with parametric statistics. Log-normally distributed data were first Log-transformed and 

analyzed with parametric statistics. Comparisons between HC and CF groups and between 

subcategories of CF patients used the Wilcoxon rank sum test. Comparisons within the CF 

group (e.g., expression of given markers on blood vs. airway PMNs) used the Wilcoxon 

signed rank test or paired t-test for non-normally and normally distributed data, respectively. 

Univariate correlations between continuous variables were assessed by Spearman or Pearson 

tests for non-normally and normally distributed data, respectively. To assess potential effects 

of categorical clinical variables (e.g., cftr mutations, concomitant medications, presence or 

absence of a given airway pathogen) on experimental outcomes (e.g., Arg1 expression by 
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blood and airway PMNs), we used regression modeling with stepwise choice of variables by 

F-test. p-values < 0.05 were considered statistically significant.

RESULTS

PD-L1 expression changes upon PMN recruitment to airways in vivo

PD-L1 is a suppressor molecule involved in late homeostatic regulation of T-cell function, 

and which requires cell-cell contact to mediate its effects (29). Previous data have shown 

that PD-L1 is modulated on PMNs in chronic diseases, such as HIV, active tuberculosis and 

lupus (9, 30, 31), as compared to HC subjects. Here, we quantified PD-L1 expression on 

blood and airway PMNs from CF patients and HC subjects. Blood and airway PMNs were 

gated as shown in Supplementary Figure S1A and B, respectively. As we previously 

described (7), CF airway PMNs showed high CXCR4 expression. These cells were also 

CD62Llo, CD66bhi, and CD63hi (not shown), consistent with a mature PMN phenotype.

Our data show that PD-L1 is present at the protein level at the surface of blood PMNs 

(Figure 1A), a finding supported by qRT-PCR analysis (Supplementary Figure S2). We also 

found that the PD-L1 protein is expressed at slightly higher levels at the surface of CF 

compared to HC blood PMNs (Figure 1A). The PD-L1 protein was also present on CF and 

HC airway PMNs, at a higher level than on blood PMNs (Figure 1A). The majority of CF 

patients analyzed had two populations of PD-L1-expressing PMNs (PD-L1hi and PD-L1lo) 

in sputum (Figure 1B), a distribution not observed in HC subjects where airway PMNs were 

all PD-L1hi. The appearance of a PD-L1lo subset among CF but not HC airway PMNs may 

result from proteolytic cleavage (32), consistent with the high soluble PD-L1 (sPD-L1) 

levels measured in CF ASN (Figure 1C). However, sPD-L1 found in CF ASN may also 

derive from mechanisms / sources other than cleavage from the surface of airway PMNs. 

Taken together, these results show that PD-L1 expression is dynamically modulated at the 

surface of CF airway PMNs.

Induction of granule exocytosis modulates PD-L1 expression by PMNs in vitro

To investigate the mechanism of PD-L1 modulation on the surface of CF airway PMNs, we 

treated naive blood PMNs (from HC and CF subjects) with various stimuli leading to 

secretory vesicle, tertiary granule and secondary granule exocytosis without primary granule 

exocytosis (IL-8, fMLF) or with primary granule exocytosis (latrunculin B -LB- followed by 

fMLF) (8). Naive blood PMNs were also treated with CF ASN (limited biological material 

precluded similar experiments using HC ASN). Secretory vesicle and tertiary granule 

exocytosis were reflected by increased surface CD16 expression, while secondary granule 

exocytosis was reflected by increased surface CD66b expression. Primary granule 

exocytosis was assessed by increased surface CD63 expression, as well as decreased CD16 

and CD35 expression, due to cleavage by PMN proteases and/or membrane reuptake (33, 

34).

As shown in Figure 2, surface PD-L1 expression was increased upon brief (10 minutes) 

PMN stimulation with IL-8 (HC and CF subjects), fMLF and CF ASN (HC subjects only), 

and drastically downregulated with LB + fMLF (HC and CF subjects). The pattern of 
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surface PD-L1 modulation (increase or decrease) upon incubation with CF ASN and the 

various other stimuli used matched almost exactly the patterns of surface CD16 and CD35 

modulation. In particular, the decrease in PD-L1 expression upon LB + fMLF treatment 

coincided with highly decreased expression of CD16 and CD35, and increased CD63 

expression, reflecting primary granule exocytosis. After longer incubation with CF ASN 

(240 minutes), PD-L1 surface expression, along with CD35 and CD16, was also 

significantly decreased compared to control PMNs. These results suggest that primary 

granule release is necessary for acute downregulation of PD-L1 expression at the surface of 

PMNs.

CF airway fluid inhibits T-cell proliferation

We hypothesized that soluble mediators in CF ASN, including sPD-L1, may suppress T-cell 

function. Therefore, we measured viability, proliferation (CFSE) and activation (CD69) of 

HC T cells after 96 hours of stimulation with anti-CD3 in the presence of various 

concentrations of CF ASN in vitro. In the absence of CF ASN, T cells underwent extensive 

proliferation 96 hours after plating (Figure 3). When T-cells were treated with 1:5 CF ASN, 

viability was significantly decreased (Supplementary Figure S3A). To determine if the 1:5 

concentration of CF ASN induced T-cell apoptosis we plated PBMCs on anti-CD3-coated 

plates, then 48 hours later added ASN for 24 hours. This led to a significant increase in the 

percentage of apoptotic T cells compared to anti-CD3 stimulated T cells without CF ASN 

(Supplementary Figure S3B). Thus, exposure of T cells to CF ASN at 1:5 inhibits 

proliferation, in part, by inducing cell death.

Higher CF ASN dilutions of 1:25 and 1:50 did not impact T-cell viability (Supplementary 

Figure S3A), yet at these concentrations T-cell proliferation was still significantly inhibited. 

In contrast, T-cells exposed to HC ASN at 1:50 dilution were viable and showed normal 

proliferation (Figure 3). Note than no other concentration of HC ASN was tested, due to 

limited material. Additionally, both CF and HC ASN preserved the ability of anti-CD3 

stimulated T-cells to increase expression of the early activation marker CD69 (Figure 3C). 

Thus, CF but not HC ASN inhibits early steps in T-cell proliferation while preserving 

activation.

PD-L1 on CF airway PMNs and sPD-L1 in CF ASN do not contribute to the induction of 
apoptosis or suppression of proliferation in PD1+ T cells

To determine if PD-L1 signaling played a role in inducing T-cell apoptosis or inhibiting T-

cell proliferation, we incubated CFSE-labeled PBMCs with CF airway PMNs (putative cell-

mediated effect) or CF ASN containing high levels of sPD-L1 (putative fluid-mediated 

effect) in the absence or presence of anti-PD-L1 antibody, which efficiently blocks PD-L1 

signaling (29). Importantly, T-cells cultured with CF airway PMNs or sPD-L1 rich CF ASN 

upregulated PD-1 expression, confirming that signaling through the PD-L1/PD-1 pathway is 

possible in these conditions (Supplementary Figures S4A and B). However, addition of anti-

PD-L1 to CF airway PMN/T-cell cocultures did not have a significant effect on T-cell 

apoptosis (Figure 3D) and while CF airway PMNs had a striking inhibitory effect on T-cell 

proliferation, addition of anti-PD-L1 to the cocultures did not reverse this effect (Figure 3E). 
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Finally, addition of anti-PD-L1 to T-cells cultures in sPD-L1 rich CF ASN did not have a 

significant effect on T-cell apoptosis or proliferation (not shown).

Arg1 expression is increased on the surface of both CF and HC airway PMNs but arginase 
activity is significantly higher in CF airway fluid

Since PD-L1 did not significantly affect T-cell function in vitro, we hypothesized that other 

soluble mediators in CF ASN must play a role in the observed modulation of T-cell 

function. Arginine is necessary for the expression of the invariant ζ-chain of the TCR 

complex and in environments of depleted arginine T-cell activation is inhibited (21, 35). 

Arg1, an enzyme stored in the primary and tertiary granules of human but not murine PMNs 

(19, 20), can cleave arginine and its activity is increased in CF airways (17, 18). Since 

previous data have shown that once released from granules, PMN effector proteins such as 

human neutrophil elastase (HNE) can sequester at the cell surface (36), we quantified 

surface Arg1 expression on blood and airway PMNs. Arg1 is present at the protein level at 

the surface of blood PMNs (Figure 4A), a finding supported by qRT-PCR analysis 

(Supplementary Figure S2), with similar expression levels in CF and HC blood PMNs. 

Surface Arg1 expression was increased on CF and HC airway PMNs compared to matched 

blood PMNs (Figure 4A). Surface expression of the Arg1 protein was upregulated 

unimodally in CF and HC airway PMNs (Figure 4B). Even though surface Arg1 was similar 

on CF and HC airway PMNs, arginase enzymatic activity was significantly higher in CF 

compared to HC ASN (Figure 4C). This result is consistent with the fact that, to become 

fully active, Arg1 requires proteolytic activation facilitated by the release of primary granule 

proteases (13), a process that is highly intensified in CF compared to HC airway PMNs, as 

we showed by single-cell analysis (6). Furthermore, the airway PMN count is 2–4 orders of 

magnitude higher in CF compared to HC airways, such that primary granule protease burden 

[proportional to the rate of release at the single-cell level and to the PMN count (6)] is 

dramatically higher in the CF compared to the HC airway lumen (1).

PMN granule exocytosis increases surface Arg1 expression on PMNs in vitro

To investigate the mechanism of Arg1 upregulation on the surface of CF airway PMNs, we 

treated naive blood PMNs (from HC and CF subjects) with various stimuli leading to 

secretory vesicle and tertiary / secondary / primary granule exocytosis, as well as CF ASN 

(limited biological material precluded similar experiments using HC ASN). Maximal surface 

Arg1 expression was observed on HC and CF blood PMNs stimulated with LB + fMLF, 

which induces secondary and primary granule exocytosis (Figure 4D). Significant, albeit 

lesser, increases in surface Arg1 expression were observed when blood PMNs were 

stimulated with fMLF and CF ASN. These in vitro data confirm our in vivo observation 

made on CF airway PMNs that full PMN degranulation, including primary granules, leads to 

maximal Arg1 expression.

Arginase activity in CF airway fluid contributes significantly to the suppression of T-cell 
proliferation

To determine if Arg1 plays a role in the inhibition of T-cell proliferation by CF ASN, anti-

CD3 stimulated PBMCs were pre-treated with CF ASN in the presence of arginase inhibitor 

Ingersoll et al. Page 8

J Immunol. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(nor-NOHA) and/or supplemented daily with L-arginine. Due to the impact of high 

concentrations (1:5–1:25 range) of CF ASN on T-cell viability (Supplementary Figure 3A), 

we determined the role of arginase using an ASN dilution of 1:50. We observed that T cells 

regained significant proliferative capacity when treated with both nor-NOHA and L-

arginine, but not either of this treatment alone, compared to cells treated with ASN (Figures 

5A and B). However, the rescue of T-cell proliferation upon combined treatment with nor-

NOHA and L-arginine did not fully restore it to the level seen upon CD3 stimulation in the 

absence of CF ASN. Additionally, when T-cells were allowed to proliferate for 48 hours, 

then treated with 1:5 ASN in the presence or absence of nor-NOHA and/or L-arginine, T-

cell apoptotic rates did not change (Supplementary Figure S3C). Taken together, these data 

suggest that arginase contributes, in part, to the inhibition of T-cell proliferation by CF ASN, 

and that this inhibitory effect occurs early in T-cell activation.

Arg1 expression on CF airway PMNs correlates positively with arginase activity in CF ASN 
and negatively with CF lung function

Expression of Arg1 on CF airway PMNs was not correlated with age, gender, cftr mutation, 

medications, microbiology, or outpatient vs. inpatient visits (regression modeling with 

stepwise choice of variables by F-test, not shown). However, we observed significant 

positive correlations between arginase activity in ASN and both surface Arg1 expression on 

CF airway PMNs (Figure 6A) and the overall count of airway PMNs (Figure 6B). These 

findings suggest that Arg1 expressed by airway PMNs in a given CF patient is functionally 

linked to the arginase activity of the corresponding ASN. While these findings do not 

exclude possible contributions from other cells (e.g., epithelium, macrophages) in the overall 

arginase burden in CF airways, they strongly implicate PMNs as major contributors to this 

enzymatic activity. In addition, we found a significant negative correlation between surface 

Arg1 expression on CF airway PMNs and forced vital capacity, or FVC (Figure 6C). 

Finally, the arginine bioavailability ratio in ASN, calculated as the quotient of arginine over 

its breakdown products ornithine and citrulline (37), showed a significant positive 

correlation with FVC (Figure 6D). These data suggest that Arg1 expression on CF airway 

PMNs and its impact on arginine bioavailability may modulate, not only T-cell function, but 

also lung function.

DISCUSSION

Our study is the first to demonstrate the suppressive capacity of mature CF airway PMNs 

and CF ASN toward the T-cell response. Prior data described a population of myeloid-

derived suppressor cells (MDSCs) that inhibited T-cell proliferation in vitro in the blood of 

CF patients who were infected with P. aeruginosa (38). These MDSCs pelleted with 

PBMCs upon Ficoll separation, yet resembled PMNs on cytospins, suggesting they may be 

an immature population of PMNs. The population of CF airway PMNs described in our 

study bore characteristics of a mature population, and were present in CF patients, with or 

without P. aeruginosa infection. Further investigation is needed to determine if the mature 

CF airway PMNs observed in our study are related to the population of immature MDSCs 

described in CF blood (38), which may account for their similar high CXCR4 expression. 

While this prior study (38) suggested a systemic regulation of T cells by circulating MDSCs 
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in CF, our study suggests that T-cell suppression is also mediated by mature PMNs at the 

primary disease site, i.e., the lumen of the airways, at an early Arg1-regulated step (Figure 

7).

PD-L1 expression is modulated on PMNs from patients with various chronic diseases, 

including HIV-1 infection and active tuberculosis where it is increased (9, 30) and active 

lupus where it is decreased (31), as compared to HC subjects. In the CF patients assessed in 

our study, surface PD-L1 levels on blood PMNs was similar to that in HC subjects. When 

we used a PD-L1 antibody to block PD-L1 signaling in co-culture experiments in vitro, we 

found that treatment with anti-PD-L1 did not rescue T-cell proliferation or inhibit T-cell 

apoptosis. While PD-L1 was increased unimodally on HC airway PMNs, it was expressed in 

a bimodal pattern on the surface of CF airway PMNs, and sPD-L1 could be detected in CF 

ASN, suggesting PD-L1 may be cleaved from the surface and / or internalized in CF 

airways, similar to CD16 and CD35 (33, 34).

Our in vitro results support this notion, since the release of primary granules induced by 

exogenous treatment with LB + fMLF resulted in a significant decrease in PD-L1 expression 

on blood PMNs, paralleling the effect seen on surface CD16 and CD35. In a previous study, 

sPD-L1 was decreased when matrix metalloproteinase inhibitor was added to L929 cells 

transfected with PD-L1 (32), supporting the notion that PMN-derived mediators may cleave 

PD-L1 from the cell surface. Whether sPD-L1 plays any functional role is unknown. In our 

studies, treatment with anti-PD-L1 antibody to inhibit sPD-L1 did not affect the induction of 

T-cell apoptosis or block to proliferation exerted by CF ASN, suggesting that sPD-L1 does 

not play a significant role in T-cell suppression in vitro. In addition, anti-PD-L1 antibody 

did not reverse the inhibition of T-cell proliferation in the context of T-cell / CF airway 

PMN cocultures. Thus, PD-L1 is likely not primarily responsible for the suppression of T-

cell function in CF airways.

Unlike PD-L1, Arg1 expression was highly increased on the surface of airway PMNs from 

all CF patients assessed in this study. Arg1 expression on CF airway PMNs positively 

correlated with arginase activity in the ASN and Arg1 expression on CF airway PMNs 

negatively correlated with lung function, which suggests that therapeutic modulation of 

Arg1 in CF airway PMNs may positively impact lung function. Nitric oxide synthase (NOS) 

competes with Arg1 to cleave arginine, producing nitric oxide, an important mediator of 

smooth muscle relaxation, bronchodilation, and bacterial killing (39). Inhaled L-arginine has 

previously been administered to CF patients, resulting in increased nitric oxide production; 

however, Arg1 activity was also increased in these trials, suggesting that increasing arginine 

availability upregulates both NOS and Arg1 activities (40, 41). These results, along with 

data from our in vitro T-cell experiments, suggest that treatment with arginine combined 

with an arginase inhibitor may be required to maximize arginine availability for pathways 

other than Arg1 in CF.

Our in vivo and in vitro data support the idea that Arg1 is released from PMNs, which make 

up >95% of live cells in expectorated sputum, and binds to the cell surface, although we 

cannot rule out the possibility that other cell types in CF airways produce Arg1, or other 

arginases (including host-derived arginase 2, and /or bacterial arginases) in vivo. Arg1 is 
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primarily found in human granulocytes, and to a lesser extent in monocytes / macrophages 

(15, 20). Of note, high Arg1 protein was detected in monocytes from trauma patients (42). In 

contrast to humans, Arg1 in mice is not constitutively expressed in granulocytes, but is 

commonly used as a marker of alternatively activated macrophages (20, 43, 44). 

Interestingly, Arg1 activity was recently shown to be increased in cftr−/− mouse lungs, 

although the actual cellular source was not identified (45). Discrepancies between humans 

and mice regarding Arg1 expression in the various myeloid subsets emphasize the need for 

further patient-based studies to better understand the regulation and role of this enzyme in 

CF.

Our study suggests that CF airway PMNs possess multiple mechanisms to suppress T-cell 

function in the lumen. Beyond PD-L1 and Arg1 described in this study, proteases and ROS 

from PMNs may also play a significant role in this regard. For instance, HNE, which is 

highly elevated in CF airways, cleaves several molecules from the surface of T cells that 

impact their functional capacity, including CD2, CD4, CD8 and IL-2 receptor (46–48). 

Additionally ROS, specifically hydrogen peroxide, suppress T-cell activation and 

proliferation (10, 49, 50). In our in vitro experiments, neither elastase inhibitor nor catalase 

(which detoxifies hydrogen peroxide) improved T-cell proliferation in the presence of CF 

ASN (data not shown).

Since CF airway disease is patchy, featuring highly localized disease foci interspersed with 

normal areas, as well as inhomogeneous infectious and inflammatory plugs (which form the 

basis of sputum), it is likely that incoming T cells are exposed to various levels of PMN-

derived immunomodulatory factors, depending on the precise location to which they are 

being recruited. For this reason, it was important to test T-cell responses in the context of 

various ASN concentrations. This consideration also impacts the potential outcome of 

treatments directed at PMN-derived immunomodulatory factors, which may be active away 

from plugs, but not in their immediate vicinity, due to overwhelming concentrations of toxic 

factors.

Overall, our data support the notion that CF airway PMNs suppress local T-cell responses. 

Therefore, even if antigen-specific T cells proliferate within the draining lymph nodes of the 

lung, they may not reach their final target due to the inhospitable environment created by the 

high numbers of CF airway PMNs. Our data are consistent with the notion that in CF 

airways, abundant numbers of mature PMNs exocytose primary granules, potentiating 

arginase activity and leading to an early, pathological T-cell suppression, while surface PD-

L1 is gradually lost (Figure 7). By contrast, in HC airways, low numbers of mature PMNs 

do not exocytose primary granules, keeping arginase activity low while preserving high 

surface PD-L1, such that T-cell activation may proceed, if needed, until its late, homeostatic 

downregulation.

Since T cells are abundant in the CF airway submucosa, it is likely that PMN-driven 

exclusion of T cells from the CF airway lumen affects their transepithelial migration and/or 

survival in the lumen, although we cannot discriminate between these possibilities at this 

time. The therapeutic implications of our findings suggest that modulating arginine 

metabolism in CF airways may boost T-cell immunity. Further studies are required to 
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determine whether mature airway PMNs with similar T-cell suppressive functions are 

present and consequential in other diseases, including chronic obstructive pulmonary disease 

and severe asthma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PD-L1 expression is increased on airway compared to blood PMNs in vivo
(A) PD-L1 surface expression was quantified on live PMNs from whole blood or airway 

(sputum) from both HC (n=7) and CF (n=24) subjects. The median fluorescence intensities 

(MFI) of PD-L1 surface expression are presented as box plots. * indicates slight increase in 

PD-L1 expression on CF compared to HC blood PMNs (p = 0.04). (B) Representative 

histograms from 3 CF and 3 HC subjects show PD-L1 surface expression on matched blood 

(grey) and airway (black) PMNs. (C) sPD-L1 levels in plasma (HC and CF) and airway 

supernatant (ASN, CF only) were quantified by ELISA. The number of samples with 

detectable levels of sPD-L1 out of the total tested is shown below each group on the graph.
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Figure 2. PMN granule exocytosis modulates surface PD-L1 expression on PMNs in vitro
Whole blood from HC or CF subjects was stimulated with the indicated molecules, or CF 

airway supernatant (ASN), diluted in RPMI. After treatment, cells were collected and 

stained for analysis by flow cytometry for surface expression of PD-L1, CD16, CD35 and 

CD63. * represents p values < 0.05 when compared to the appropriate control from the same 

experimental group (HC or CF) and timepoint (10 or 240 minutes). n=6 for HC and CF 

groups.
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Figure 3. Airway fluid and airway-derived PMNs from CF patients inhibit T-cell proliferation 
independently of PD-L1
(A) CFSE-labeled PBMCs were cultured on control plates or anti-CD3-coated plates in the 

presence or absence of CF or HC ASN at the indicated dilutions. PBMCs were pre-exposed 

to ASN for 2 hours and plated in CD3-coated wells. After 96 hours, PBMCs were analyzed 

by flow cytometry. Representative histograms of CFSE proliferation are shown. 

Experimental conditions were compared with regards to percentages of T cells that (B) 
underwent 2 or more cycles of proliferation (CFSE low), (C) expressed high surface CD69 

levels. Values represent the fold change compared to the control CD3-stimulated PBMCs in 

RPMI (set at 100%). Each box plot represents 4–8 experiments. * represents p < 0.05 when 

compared to CD3-stimulated cells in RPMI, # represents p < 0.05 when compared to CD3-

stimulated cells in HC ASN, and $ represents p < 0.05 between CD3-stimulated cells in 

different concentrations of CF ASN. (D) PBMCs were cultured on control plates or anti-

CD3-coated plates for 48 hours then treated with 2×105 CF airway PMNs, with or without 

anti-PD-L1). After 24 hours, CFSE-labeled PBMCs were collected and stained with 

Annexin V and Live/Dead. The percentages of (D) apoptotic T cells, and (E) CFSE-low T 

cells were determined by flow cytometry. The values represent the fold change compared to 

the control CD3-stimulated PBMCs in RPMI (set at 100%), where n=3–6 individual 

experiments. * represents p < 0.05 when compared to CD3-stimulated cells in RPMI.
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Figure 4. Arg1 expression is increased on the surface of both CF and HC airway PMNs but 
arginase activity is significantly higher in CF airway fluid
(A) Arg1 surface expression was quantified on live PMNs from whole blood or airway 

(sputum) from both HC (n=7) and CF (n=24) subjects. The median fluorescence intensities 

of Arg1 surface expression are presented as box plots. (B) Representative histograms from 3 

CF and 3 HC subjects show Arg1 surface expression on matched blood (grey) and airway 

(black) PMNs. (C) Arginase activity was measured in CF (n=20) and HC (n=5) ASN, and 

was calculated as units/mg sputum, where 1 unit was equal to the enzymatic activity 

necessary to produce 1 μmol urea/min. (D) Whole blood from HC or CF subjects was 

stimulated with the indicated molecules, or CF airway supernatant (ASN) diluted in RPMI 

(same as Fig. 2). After treatment, cells were collected and stained for analysis by flow 

cytometry for surface expression of Arg1. * represents p values < 0.05 when compared to 

the appropriate control from the same experimental group (HC or CF) and timepoint (10 or 

240 minutes). n=6 for HC and CF groups.
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Figure 5. Arg1 in CF airway fluid contributes to the inhibition of T-cell proliferation
(A) CFSE-labeled PBMCs were cultured on anti-CD3-coated plates after being pre-treated 

with CF ASN at 1:50 in RPMI (a concentration that does not induce apoptosis, labeled as 

“ASN”) for 2 hours. To block arginase activity, 1:50 CF ASN was pre-treated with 250 μM 

nor-NOHA (labeled as “Inh”) for 10 minutes prior to incubation with CFSE-labeled 

PBMCs. L-arginine (LArg, 1mM) was supplemented daily by addition to the culture 

medium. After 96 hours, PBMCs were analyzed by flow cytometry. Representative 

histograms of CFSE staining are shown. (B) The percentages of T cells that underwent >2 

cycles of proliferation (CFSE low) are shown. The values represent the fold change 

compared to the control CD3-stimulated PBMCs in RPMI (second column, set at 100%). 

Each box plot represents 6 experiments. * represents p < 0.05 when compared to CD3-

stimulated cells in RPMI, and $ represents p < 0.05 between CD3-stimulated cells in CF 

ASN alone vs. CF ASN with combined nor-NOHA and L-Arg treatments.
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Figure 6. Correlations between ASN arginase activity, airway PMN surface Arg1, airway PMN 
count, arginine bioavailability ratio, and forced vital capacity
Correlations were assessed using the Pearson test among (log-)normally distributed 

variables (A, B, C) and the Spearman test (D) due to the non-parametric distribution of ASN 

arginine bioavailability ratio.
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Figure 7. Working model accounting for the observed exclusion / early blockade of T-cells in the 
CF airway lumen
Our data are consistent with the previously observed imbalance in PMNs and T cells 

between the submucosa and lumen of the airways, suggesting that massive PMN recruitment 

to the lumen and high exocytosis of primary granules lead to high arginase activity and 

early, pathological blockade of T-cells, while PD-L1 on airway PMNs is first up- and then 

down-regulated. Our data suggest that other pro-apoptotic factors present in CF airway fluid 

may also block T cells, contributing to chronic inflammation and infection driven by 

pathological airway PMNs (dark green). By contrast, in healthy airways, PMNs are in low 

numbers and do not exocytose primary granules, such that arginase activity is absent or low, 

while PD-L1 on PMNs stays upregulated. Normal airway PMNs (light orange) do not 

impede T-cell responses, but may provide late homeostatic regulation of T cells via PD-L1 / 

PD-1 signaling, thus contributing to normal inflammatory and resolution processes.
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