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Abstract

Background—Long term survival of lung transplant recipients (LTRs) is limited by the 

occurrence of bronchiolitis obliterans syndrome (BOS). Recent evidence suggests a role for 

microbiome alterations in the occurrence of BOS, although the precise mechanisms are unclear. In 

this study, we evaluated the relationship between the airway microbiome and distinct subsets of 

immune regulatory myeloid derived suppressor cells (MDSCs) in LTRs.

Methods—Bronchoalveolar lavage (BAL) and simultaneous oral wash and nasal swab samples 

were collected from adult LTRs. Microbial genomic DNA was isolated, 16S rRNA genes 

amplified using V4 primers, PCR products sequenced and analyzed. BAL MDSC subsets were 

enumerated using flow cytometry.

Results—The oral microbiome signature differs from that of the nasal, proximal and distal 

airway microbiomes, while the nasal microbiome is closer to the airway microbiome. Proximal 
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and distal airway microbiome signatures of individual subjects are distinct. We identified 

phenotypic subsets of MDSCs in BAL, with a higher proportion of immunosuppressive MDSCs in 

the proximal airways in contrast to a preponderance of pro-inflammatory MDSCs in distal 

airways. Relative abundance of distinct bacterial phyla in proximal and distal airways correlated 

with particular airway MDSCs. Expression of C/EBP-homologous protein (CHOP), an 

endoplasmic (ER) stress sensor was increased in immunosuppressive MDSCs as compared to pro-

inflammatory MDSCs.

Conclusions—The nasal microbiome closely resembles the microbiome of the proximal and 

distal airways in LTRs. The association of distinct microbial communities with airway MDSCs 

suggests a functional relationship between the local microbiome and MDSC phenotype, which 

may contribute to the pathogenesis of BOS.
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Introduction

Over the last decade, most solid organ transplantations have been associated with improved 

survival 1. In contrast to heart, liver and kidney transplantation, 5-year survival for lung 

transplant recipients (LTR) remains low 1. Long-term survival is primarily limited by 

bronchiolitis obliterans syndrome (BOS), which is the leading cause of chronic allograft 

failure 2,3. Many risk factors have been implicated in the development of BOS though the 

exact pathogenesis remains unclear 4-7. There is emerging evidence of a role for microbiome 

in the development and/or progression of acute/chronic lung diseases, including BOS 8-13. 

Previous studies have shown association of Pseudomonas infection 14,15 and dysbiosis in 

microbiome after transplantation with development of BOS 11,12; however, mechanisms 

linking alterations in the lung microbiome with BOS have not been clearly defined.

Dysregulation of immune mechanisms underlying chronic allograft failure has not been well 

defined. Myeloid-derived suppressor cells (MDSCs), a heterogeneous group of immature 

myeloid cells, function as immune regulators by various mechanisms 16. We and others have 

characterized phenotypic subsets of MDSCs with differential functions, including a pro-

inflammatory phenotype in asthma and sepsis in addition to the immunosuppressive subsets 

reported in cancer and other chronic inflammatory diseases 17-19. It has been shown that the 

differentiation of MDSCs is enhanced during Pseudomonas and Staphylococcus infections 

resulting in suppression of host immunity 20,21.

We hypothesized that changes in the diversity and/or abundance of the lung microbiome 

modulate host immune responses in transplanted lung allografts by the presence and activity 

of recruited MDSCs. An imbalance in the ratio of anti-inflammatory and pro-inflammatory 

MDSC subsets may contribute to the pathogenesis of BOS and other chronic inflammatory 

lung disorders.
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In this study, we compared the oral, nasal and airway microbiomes of lung transplant 

recipients. Additionally, we report that phenotypic subsets of airway MDSCs correlate with 

the local lung microbiota.

Methods

Baseline patient characteristics

Samples were collected from consecutive adult (>18 years) LTRs presenting for routine 

surveillance bronchoscopy at our center (Table 1). A 20 ml saline oral wash (O) and nasal 

swab (N) was performed (reconstituted in 10ml saline) prior to bronchoscopy. Controls from 

bronchoscope used were also collected prior to the procedure (25 ml of saline flushed in 

bronchoscope and collected). For standardization, all bronchoscopies were conducted via the 

oral route. Bronchoalveolar lavage (BAL) was performed in the right middle lobe or lingula 

based on clinician preference. A total of 200 ml of saline was used for the BAL in 6 

fractions of 33.5 ml each. Serial fractions of return were collected in separate tubes and 

these samples are defined as BAL #1 (B1) thru BAL #6 (B6). BAL #1 represented the 

proximal airways and BAL# 6 the distal airways (alveolar region). Baseline characteristics 

of the subjects are detailed in Table 1. Bronchiolitis obliterans syndrome was adjudicated 

based on published guidelines 22. Written consents were obtained for sample collection 

under the IRB approved protocol (University of Alabama at Birmingham, IRB number 

X120606006).

Processing of samples

4 aliquots (1 ml each) of BAL fraction 1 and 6 samples were centrifuged at 1000 rpm for 5 

minutes to separate the cellular fraction. The supernatants were centrifuged again at 15000 

rpm for 10 minute to pellet the bacterial component. Similarly, 3 aliquots (1 ml each) of 

samples O, N, C1, C2 fractions (oral, nasal and control bronchoscope washes respectively) 

were collected and centrifuged at 15000 rpm for 10 minutes. All pellets were then stored at 

-80°C. DNA was extracted from the cell pellets. PCR amplification of V4 region of the 16S 

rRNA gene was performed and products used for microbial DNA sequencing. BAL 

supernatant 1 and 6 was used to measure SP-D and RAGE levels. Flowcytometry was 

performed on fresh BAL 1 and 6 samples to enumerate MDSC subsets. Details provided in 

the supplementary text.

Statistical Analysis

To compare beta diversities between individual patient proximal and distal airway samples, 

Weighted UniFrac distances were calculated between all pairs of samples and then each 

sample type was plotted separately in 3D space by principal coordinate analysis. The plots 

were then transformed by Procrustes analysis to achieve maximum alignment. Within the 3D 

plots, blue color represents one sample and the red color represents the other sample and the 

two points from individual subjects are connected by a bar. If both plots are similar, then the 

relative distance will be small. The overall similarity is summarized by the M2 value, and 

statistical goodness of fit is measured by a Monte Carlo label permutation approach. To 

identify individual OTUs at the phylum and/or genus levels that were distinctive between the 

two airway compartments, Wilcoxon signed rank test was used to perform the primary 
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analysis on the microbiome signatures t. Additionally, linear mixed models were used where 

airway compartment was the fixed effect and both technical replicate ID and individual ID 

were random effects. To compare cell fractions across different cells, ANOVA was used as 

an omnibus test followed by paired t tests to compare all pairs of groups. To test if 

correlations between proportion of a cell population and a phylum differ across B1 and B6, a 

multiple regression with phylum OTU abundance as dependent variable and cell proportion, 

B1/B6 fraction, and their interaction as independent variables was performed, and the p-

value for the interaction was reported. For main effects, multiple tests were adjusted by 

Bonferroni correction or false discovery rate as applicable. P-values not reaching 

Bonferroni-corrected threshold but smaller than 0.05 were noted to be ‘nominally’ 

significant. For interaction, only nominal significance was considered. To identify unique 

OTUs in BOS subjects, Wilcoxon signed rank test was performed separately for samples 

collected from both proximal and distal airways for the BOS and non-BOS Patients. 

Graphpad prism version 7.0, R version 3.1.0 and SAS version 9.4 were used for statistical 

analysis and generation of figures.

Results

SP-D and RAGE levels were higher in distal airway compared to proximal airway fluid

We first tested whether B1 and B6 samples were representative of two distinct compartments 

namely the proximal and distal airways. Previous studies have shown that distal airway 

(alveolar) samples have higher concentration of SP-D and RAGE 23,24. The total amounts of 

both RAGE (p=0.01) and SP-D (p=0.07) were higher in the B6 compared to the B1 (Figure 

1A and 1B). Levels of RAGE were significantly different while SP-D did not reach 

statistical significance. These data demonstrate that B1 and B6 represent sampling of two 

different regions of the airway.

Oral microbiome is less diverse than nasal or airway microbiome

To determine if O, N and airway (B1 and B6) samples differed in species richness, we first 

calculated the number of observed OTUs at various sequencing depths for bacteria in O, N, 

B1, and B6. Rarefaction analyses indicated that the species richness was significantly 

reduced (P <0.001) in the O compared to N, B1 and B6 samples (Supplementary Figure E1). 

We then evaluated diversity of bacterial communities between samples, using Shannon 

diversity index, a measure of alpha diversity within a sample that represents both species 

richness and evenness (Figure 1C). Shannon diversity index of 3.5 and above indicate highly 

diverse bacterial communities. While all samples including airway, nasal and oral samples 

had high bacterial community diversity, B1 (6.6), B6 (6.8) and N (6.3) had a significantly 

higher Shannon diversity index when compared to O (3.6) (P<0.001); differences in 

diversity between airway and nasal samples were not significantly different (P=0.8).

Nasal and airway microbiomes are distinct from the oral microbiome

Previous studies in healthy subjects have shown that the oral microbiome contributes to the 

composition of the lung microbiome 25. We compared the bacterial communities of O and 

B1 microbiome, using the beta diversity metric, the weighted UniFrac distance. The 

weighted UniFrac distances are inclusive of abundance, the presence or absence of OTUs 
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between samples and their phylogenetic distances and were visualized using a principal 

coordinate analysis (PCoA) plot. PCoA plot between the individual subject's O and B1 

microbiome showed wide separation with the first two principle components explaining 75% 

variability (Figure 2A). Additionally, combined analysis of all subject samples also showed 

that the O and B1 microbiomes clustered separately with the first two principal components 

explaining 74% variability (Figure 2B). When comparing O and N microbiomes with B1, 

the Unifrac distance between the O and B1 was greater as compared to N and B1 

microbiome (P<0.0006, paired t test) (Figure 2C). The phyla Acidobacteria, Proteobacteria, 
Firmicutes and Chloroflexi contributed significantly to the differences found between the O 

and B1 microbiome (Supplementary Table S1A). Similarly, weighted Unifrac distance 

between O and B6 of individual subjects showed a greater separation with the first two 

principal components accounting for 74% variability (Figure 2D). Likewise, combined 

analysis of all subjects showed distinct clustering of O and B6 microbiome with the first two 

principal components accounting for 64% and the first three components accounting for 

73% variability (Figure 2E). In addition, the Unifrac distances were also greater between O 

and B6 as compared to N and B6 microbiome (P<0.0001, paired t test) (Figure 2F). 

Significant differences in the O and B6 microbiome were contributed by phyla Tenericutes, 
Fusobacteria, Deferibacteres and Proteobacteria (Supplementary Table S1B).

Pooled analysis of microbiomes of N and B1 and N and B6 from all subject samples did not 

show discrete clustering (Supplementary Figure E2A and E2B). No significant differences 

were found between the Unifrac distances between B1 and N as compared to B6 and N 

(P=0.5) (Supplementary Figure E2C). Common and distinct OTU signatures present in nasal 

and airway microbiome have been detailed in Supplementary Table S2 & S3 and 

Supplementary Figure E3A & E3B.

Proximal and distal airways microbiomes are distinct

Previous data suggests that proximal and distal airways are significantly different from each 

other in their cellular components, cytokine/chemokine profiles and reactive species 26. It is 

not known if differences in microbiomes of the airway compartments contribute to these or 

result from these variations. We evaluated the differences in microbiome compositions 

between B1 and B6 of each individual patient. PCoA analysis using weighted Unifrac 

distances showed wide separation between B1 and B6 microbiome of each patient (Figure 

3A). At the level of phyla, Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria 
contributed the most to the differences in B1 and B6 microbiome signatures (Supplementary 

Table S4).

Next, we sought to identify the distinct airway microbial signatures that may be present in 

subjects with BOS. We found several unique OTUs in both the B1 and B6 samples of BOS 

subjects as compared to those without BOS (Figure 3B and 3C). The proximal airway (B1) 

of BOS patients has 4 unique OTUs corresponding to phyla Proteobacteria, Firmicutes, 
Verrucomicrobia and Bacteroidetes, whereas the distal airway (B6) of BOS patients had 8 

unique OTUs corresponding to phyla Proteobacteria, Firmicutes and Bacteroidetes (Figure 3 

B, 3C; Supplementary Table S5A & S5B). These unique OTU signatures in the proximal 

and distal airways of BOS subjects did not overlap with each other.
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To confirm the validity of our findings, we compared the microbial signatures present in the 

bronchoscope washes (C1) collected prior to each procedure with the airway samples. PCoA 

analysis shows significant Unifrac distances between the microbiome of individual subjects 

present in the C1 as compared to B1 and B6. (Supplementary Figure E4A & E4B, 

Supplementary Table S6 & S7). We also compared the O microbiome with the C1 

microbiome and found significant differences in relative abundance of various OTUs 

(Supplementary Table S8).

Pro-inflammatory MDSCs predominate in the distal airways of LTRs

Previous studies have shown that adoptive transfer of MDSCs was able to induce tolerance 

to autoimmune T cells against islet antigen, islet allograft and prevent graft versus host 

disease in mice 27-29. Studies to date have not addressed the involvement of microbial 

communities in influencing their function in causing allograft rejection. We first identified 

three distinct phenotypes of MDSCs in the BAL of transplanted subjects: Subset (A), 

CD14+CD11b+CD16-HLA-DR- (monocytic) subset (B) CD66+CD16+CD14-HLA-DR-

CD11b+ (neutrophilic) and subset (C) CD163+HLA-DR+CD11b+CD66b-CD16- 

(macrophage like) MDSCs in both B1 and B6 samples (Figure 4A). Previous studies have 

shown that A and B are immunosuppressive 30,31, while C has pro-inflammatory functions 
32. The gating strategy for characterizing these subsets is described in detail in 

Supplementary Figure E5. While subset A has been reported in asthmatics and cancer 

subjects, subset B has only been noted in cancer and not in asthma. Subset C has been 

reported in asthma and sepsis. In the B1 samples, both A and C were not significantly 

different, but proportion of B was significantly lower (P<0.05, paired t test). In B6, C was 

significantly higher than A and B (P<0.001). When comparing B1 and B6, while the 

proportion of A was significantly higher in B1 (P<0.01), the proportion of C was 

significantly higher in B6 (P<0.05) suggesting a more pro-inflammatory immune cell profile 

in the lower airways. No differences were noted in the proportion of B in both B1 and B6 

(P=0.8).

Phyla Bacteroidetes, Proteobacteria and TM7 are differentially correlated with neutrophilic 
MDSCs in proximal versus distal airways

We performed correlation analyses between the airway (B1 and B6) microbiomes and the 

proportions of MDSC subsets. First, we correlated MDSC phenotypes with OTUs in either 

B1 or B6 (Supplementary Figure E6). We found that in B1, the phyla Actinobacteria had a 

significant positive correlation with MDSC subsets B (r= 0.56, P= 0.002) and C (r=0.45, 

P=0.02) (Supplementary Figures E6 & E7). In addition, the phyla Chlorobi positively 

correlated with subset A (r=0.40, P=0.03) and phyla Planctomycetes (r=0.44, P= 0.02) and 

TM7 (r=0.40, P=0.04) positively correlated with subset C (Supplementary Figures E6 & 

E7). In contrast, significant negative correlation with subset B was observed with the phyla 

Acidobacteria (r=-0.41, P=0.04), Proteobacteria (r=-0.40, P=0.04) and Thermi (r=-0.54, 

P=0.003), and phyla Verrucomicrobia (r=-0.40, P=0.04) had a negative correlation with 

subset C (Supplementary Figures E6 & E7). In comparison, in B6 only phyla TM7 had a 

significant positive correlation with subset B (r=0.53, P=0.003) and C (r=0.44, p=0.01) 
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(Supplementary Figures E6 & E7). These positive and negative correlations between MDSC 

subsets and bacterial phyla are represented in the network diagram shown in Figure 4B.

Next, we analyzed if MDSC-OTU correlations differed between B1 and B6 fractions using 

regression analysis. We observed differential interaction of various bacterial phyla with 

MDSCs in the proximal and distal airway compartments. Phyla Bacteroidetes with subset B 
was significantly different, with a positive correlation with subset B in B1 (r=0.35) and 

negative correlation in B6 (r=-0.3) (P=0.01) (Supplementary Figures E6, E8, E9A). 

However, phyla Proteobacteria was negatively correlated with subset B in B1 (r=-0.4) and 

positively correlated in B6 (r=0.27) (P=0.01) (Supplementary Figures E6, E8, E9B). 

Similarly, phyla TM7 negatively correlated with subset B in B1 (r=-0.2) and positively 

correlated in B6 (r=0.53) (P=0.01) (Supplementary Figures E6, E8, E9C). Phyla Firmicutes 
and Thermi had differential interactions with subset B in B1 and B6, with marginal 

significance (P=0.05) (Supplementary Figure E6, E9D and E9E). Previously, it has been 

shown that neutrophilic MDSCs are preferentially activated in gram-positive sepsis in 

humans33. We performed correlation analysis to evaluate interactions of the gram-positive 

bacteria (GPB) with neutrophilic MDSC (subset B) in the airways of LTRs. The interaction 

between proportions of subset B and airway microbiome (B1/B6) was significant (P=0.046) 

(Figure E9F). The total gram+ abundance and subset B cells were significantly correlated in 

B1 (P=0.036), but not in B6 (P=0.684).

The endoplasmic reticulum (ER) stress response is an evolutionary conserved process that is 

important in cellular quality control and host defense. Bacterial and viral infections 

modulate ER stress responses 34,35. C/EBP-homologous protein (CHOP), a cellular stress 

sensor, regulates the function and accumulation of suppressive MDSCs 36,37. We 

hypothesized that the associations between bacterial phyla and MDSC subsets may account 

for stress responses leading to regulation of differential functions of the pro-inflammatory 

and anti-inflammatory MDSC subsets in the airways of LTRs. We noted significant increase 

in gene expression of stress response sensor CHOP and XBP1, a transcription factor which 

functions as an additional sensor of ER stress response (Supplementary Figure E10). These 

increases were noted specifically in suppressive HLA-DR−MDSCs, compared to the pro-

inflammatory HLA-DR+ MDSCs. Additionally, Nox2 expression that generates ROS 

production in MDSCs was significantly elevated in HLA-DR+ MDSCs.

Discussion

BOS is the major cause of reduced long-term survival in lung transplantation 2,3. At five 

years after transplant, almost 50% of LTRs develop BOS and median survival thereafter is 3 

years 38. Previous studies have suggested a correlation between changes in the lung 

microbiome and occurrence of BOS 11,12,39. In this study, we characterized the relationships 

between the composition and diversity of airway microbiomes with the presence of immune 

regulatory cells (MDSCs) that may contribute to BOS.

The lung microbiomes of healthy subjects have been shown to be similar to that of the oral 

microbiome; whereas, the nasal microbiome is distinct from both the oral and lung 

microbiomes 25,40. In this study, we found that the oral microbiome was distinct from both 
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proximal and distal airway microbiomes in LTRs. Additionally, the nasal microbiome was 

also dissimilar from the oral microbiome but more closely aligned with both proximal and 

distal airway microbiomes. In contrast to findings in healthy, non-transplant subjects, our 

studies in LTRs show a marked divergence between the BAL and oral microbiota. Other 

studies in lung transplant and cystic fibrosis have demonstrated the greater dissimilarity 

between oral and lung microbiome 41-43. In addition, HIV individuals on antiretroviral 

therapy (ART) harbor similar oral and airway microbiota compared to those not on ART 
44,45. It is known that various treatments affecting mucosal immunity play a role in defining 

the microbiome 46. It is possible that immunosuppressive agents in LTRs or immune 

deficiency in HIV subjects not on ART may contribute to these differences. We performed 

all bronchoscopies via the oral route and thus the potential for bronchoscopic contamination 

of microbiota from the nasal tract was eliminated. The microbiome differences identified in 

our study was validated using multiple replicates.

Our group previously defined the MDSC subsets in proximal and distal airways of 

asthmatics 26. We used sequential BAL sampling and found distinct microbiome and MDSC 

signatures in the proximal and distal airways of LTRs of individual subjects. Importantly, the 

distal airways had a higher proportion of pro-inflammatory MDSCs (C subset), whereas the 

proximal airways harbored more immuno-suppressive MDSCs (subsets A and B). Nakajima 

et al. have hypothesized that certain microbial populations in the lungs may trigger 

inflammatory pathways, resulting in allograft rejection 10. Although our study was not 

powered to detect statistical significance between microbial signatures in BOS and non-BOS 

subjects, the BOS cohort had increased relative abundance of Proteobacteria, Firmicutes, 
and Bacteroidetes in their distal airways as compared to non-BOS subjects (Figure 3C). 

While the phyla Firmicutes dominated the microbiome signature in the distal airways of 

non-BOS subjects, this shifted to a Proteobacteria dominant signature in the BOS cohort. It 

is possible that the higher abundance of the distinct bacterial populations that we identified 

in the distal airways may contribute to the activation of MDSCs in the distal airways, thus 

leading to increased airway inflammation and risk of allograft rejection.

Interestingly, two separate species of genus Prevotella were found to differentially associate 

with non-BOS subjects in the proximal, and BOS subjects in the distal airways. Prevotella 
intermedia was associated with non-BOS in B1, while Prevotella melaninogenica was 

associated with BOS group in B6. Although different Prevotella species are known to be 

upper respiratory tract commensals, some of those may differentially act as commensals in 

the proximal airways and pathobionts in the distal airways based on the local 

microenvironment and bacterial biomass present. Future studies designed to study the 

virulence potential of bacteria are required to delineate this further.

We also found significant correlations between bacterial OTUs and subsets of MDSCs 

(Figure 4B). Phyla Actinomycetes, Planctomycetes and TM7 positively correlated with the 

pro-inflammatory subset C. Interestingly, phyla Proteobacteria, Bacteroidetes and TM7 were 

differentially correlated with neutrophilic MDSCs (subset B) in the proximal and distal 

airways. Positive or negative correlation of these bacteria to the subset B in proximal and 

distal airways was determined by the relative abundance of the bacteria in that compartment. 

A higher relative abundance led to a negative correlation, and lower abundance of bacteria 
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led to a positive correlation with neutrophilic MDSCs. It remains to be determined whether 

the correlations of MDSCs with these bacteria may reflect direct involvement in the 

activation of the pro-inflammatory MDSCs or the primary activation of immunosuppressive 

neutrophilic MDSCs by these bacteria contributing to a secondary proinflammatory state of 

activation of non-neutrophilic MDSCs. Hence, it is plausible that presence of specific 

bacterial communities may be stimulatory or inhibitory in the activation of MDSCs; the 

imbalance in the ratio of immunosuppressive and pro-inflammatory MDSCs may trigger 

inflammatory pathways leading to allograft rejection. Significant correlation between gram-

positive bacteria and neutrophilic MDSCs were also found. This is similar to previous 

studies that reported preferential activation of neutrophilic MDSCs in sepsis by 

Staphylococcus spp. and gram-positive bacteria 33,47. Neutrophilic MDSCs are 

immunosuppressive in function and their activation by gram-positive bacteria in LTR may 

reduce host immunity and trigger further bacterial growth in the airways. Bacterial phyla are 

known to utilize unique metabolic pathways to maintain homeostasis (Supplementary Table 

S9). It is possible that these unique metabolic pathways determine the immune response 

generated by different bacterial phyla leading to the differential function of MDSCs. 

Additionally, our preliminary studies have indicated that ER stress response sensors are 

differentially expressed in MDSC subsets in LTRs, with higher expression in 

immunosuppressive HLA-DR−MDSCs. This increased ER stress response can lead to 

apoptosis of the immunosuppressive MDSCs and may account for the imbalance in the 

proportions of the pro-inflammatory HLA-DR+MDSCs. Bacterial and viral infections have 

also been shown to modulate stress responses 34,35. Future studies are warranted to 

investigate if differential correlations of identified bacterial phyla and MDSC subsets may 

account for stress responses leading to regulation of differential functions by MDSC subsets 

in LTRs.

One of the challenges in the field of lung microbiome is presence of relatively lower 

biomass in BAL samples. Interpretation of results obtained from a single low biomass 

sample without appropriate controls can be misleading 40,48-50. To circumvent this potential 

problem, we collected control samples from the bronchoscope prior to each procedure. 

These were found to be dissimilar to the airway microbiome (Figure E4A and E4B). 

Additionally, we processed quadruplicates of each biological sample to evaluate variability 

in relative abundance (Supplementary Figure E11). While we observed that the beta 

diversity between B1 and B6 samples were greater than that within B1 and B6, respectively, 

the large within-sample variability for B1 and B6 suggest that technical replicates are 

critical. Our study has several limitations. The sample size and cross sectional nature of the 

study limits our ability to establish a causal relationship between microbiome-immune cell 

interaction and BOS. However, this was a pilot study to evaluate the microbiome-immune 

cell interactions in LTRs. The use of quadruplet samples for microbiome analysis and 

inclusion of appropriate controls enhances the validity of our observations. Further studies 

are currently underway to validate our observations in a longitudinal cohort. Even though we 

found an association between the airway microbiome and MDSCs in LTRs, it is possible 

that several other variables such as previous acute rejection episodes, infections, 

immunosuppressive drugs, and antimicrobial therapies, may influence the microbiome and 

immune cell profiles in these subjects. Additionally, there may be an inverse effect and/or a 
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bidirectional interplay between microbiome and the immune cells. Although, the gene 

expression data did show increased NOX2 expression in the HLADR+ MDSCs suggesting 

increased potential for reactive oxygen species formation, it does not demonstrate actual 

MDSC effector response. Future studies evaluating the response of MDSCs on T cell 

effector response will have to be conducted to confirm our observations.

Our study identifies, for the first time, the association of distinct MDSC sub-populations 

with the lung microbiome in LTRs. Future studies with gnotobiotic and humanized murine 

models will facilitate further investigations regarding the crosstalk between the lung 

microbiome and immune cell responses in LTR; this will also aid in defining the role of 

extra-pulmonary microbiome in contributing to the lung microbiota.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Levels of SP-D, RAGE and alpha diversity of bacterial communities in compartments 
of the respiratory tract
A. Bar plot showing the level of RAGE (ng/ml) found in the proximal (B1) and distal airway 

(B6). Levels of RAGE were significantly higher in the distal as compared to the proximal 

airway (*P<0.01)
B. Bar plot showing the level of SP-D (ng/ml) found in the proximal (B1) and distal airway 

(B6). Levels of SP-D were higher in the distal as compared to the proximal airway, but it did 

not reach statistical significance (P=0.07)
C. Box plots showing alpha diversity of bacterial communities in transplant subjects. Alpha 

diversity was calculated using Shannon Index for oro-pharyngeal wash (O),nasal (N) and 

bronchoalveolar lavage samples represented by B1 (proximal airways)and B6 (distal 

airways). One way ANOVA analysis of B1 versus O, *P<0.01; B6versus O, P<0.01; N 

versus O; P<0.01.
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Figure 2. Principal component analysis showing Weighted Unifrac distance between oral and 
airway microbiome in lung transplant recipients
A. Relationship between proximal airway (B1) and oropharyngeal (O) bacterial 

communities within individual subjects. Weighted UniFrac distances were calculated 

between all pairs of samples within B1 or O, and then each sample type was plotted 

separately in 3D space by principal coordinate analysis. The two plots (B1 and O) were then 

transformed by Procrustes analysis to achieve maximum alignment. Each point corresponds 

to a bacterial community, with B1 communities shown in blue, O communities shown in red, 

and the two communities from each subject connected by a bar. The red end of each bar 

connects to the O sample data; the blue end connects to the B1 sample data from the same 

individual. If B1 and O plots are similar, then the relative distance between connected points 

(residuals) will be small. The overall similarity is summarized by the M2 value, and 

statistical goodness of fit is measured by a Monte Carlo label permutation approach (10,000 

iterations). The M2 value ranges from 0-1, with 0 suggesting complete overlap (i.e. 

similarity) and 1 suggesting maximum variation.

B. Principal coordinate analyses (PCoA) plots with centroids showing weighted Unifrac 

distances between oral and proximal airway microbiomes. The p-values were calculated by 

Permanova (adonis) test over the weighed Unifrac distance to test the differences between a 

pair of groups. * P=1e-04

C. Box Plot analysis showing significant difference in Unifrac-weighted distance between 

proximal airways (B1) – nasal (N) and proximal airways (B1) – oral (O) microbiome. Y-axis 

represents Unifrac-weighted distance and samples are represented on the X-axis. *P=0.001 

(paired t-test).

D. Relationship between distal airway (B6) and oropharyngeal (O) bacterial communities 

within individual subjects. Weighted UniFrac distances were calculated between all pairs of 

samples within B6 or O, and then each sample type was plotted separately in 3D space by 

principal coordinate analysis. The two plots (B6 and O) were then transformed by Procrustes 

analysis to achieve maximum alignment. Each point corresponds to a bacterial community, 

with B6 communities shown in blue, O communities shown in red, and the two communities 
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from each subject connected by a bar. The red end of each bar connects to the O sample 

data; the blue end connects to the B6 sample data from the same individual. If B6 and O 

plots are similar, then the relative distance between connected points (residuals) will be 

small. The overall similarity is summarized by the M2 value, and statistical goodness of fit is 

measured by a Monte Carlo label permutation approach (10,000 iterations). The M2 value 

ranges from 0-1, with 0 suggesting complete overlap i.e. similarity and 1 suggesting 

maximum variation.

E. Principal coordinate analyses (PCoA) plots with centroids showing weighted Unifrac 

distances between oral (O) and distal airway (B6) microbiomes. The p-values were 

calculated by Permanova (adonis) test over the weighed Unifrac distance to test the 

differences between a pair of groups. * P=1e-04

F. Box Plot analysis showing significant difference in Unifrac-weighted distance between 

distal airways (B6) – nasal (N) and distal airways (B6) – oral (O) microbiome. Y-axis 

represents Unifrac-weighted distance and samples are represented on the X-axis. *P=0.001 

(paired t-test).
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Figure 3. Principal component analysis showing Weighted Unifrac distance between proximal 
and distal airway microbiome lung transplant recipients
A. Beta-diversity metric comparing distances between the proximal (B1) and distal airway 

(B6) microbiomes within individual subjects. Weighted UniFrac distances were calculated 

between all pairs of samples within B1 or B6, and then each sample type was plotted 

separately in 3D space by principal coordinate analysis. The two plots (B1 and B6) were 

then transformed by Procrustes analysis to achieve maximum alignment. Each point 

corresponds to a bacterial community, with B1 communities shown in blue, B6 communities 

shown in red, and the two communities from each subject connected by a bar. The red end 

of each bar connects to the B1 sample data; the blue end connects to the B6 sample data 

from the same individual. If B1 and B6 plots are similar, then the relative distance between 

connected points (residuals) will be small. The overall similarity is summarized by the M2 

value, and statistical goodness of fit is measured by a Monte Carlo label permutation 

approach (10,000 iterations). The M2 value ranges from 0-1, with 0 suggesting complete 

overlap i.e. similarity and 1 suggesting maximum variation.

B. Venn diagram showing the distinct and common OTUs present in the proximal airways 

(B1) of subjects with bronchiolitis obliterans syndrome (BOS) and those without BOS. The 

subsequent pie chart details the Phyla-genus level description of the unique OTUs found in 

the B1 sample of BOS and Non-BOS subjects.
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C. Venn diagram showing the distinct and common OTUs present in the distal airways (B6) 

of subjects with bronchiolitis obliterans syndrome (BOS) and those without BOS. The 

subsequent pie chart details the Phyla-genus level description of the unique OTUs found in 

the B6 sample of BOS and Non-BOS subjects.
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Figure 4. Relative proportions of myeloid-derived suppressor cells in the proximal and distal 
airways and its correlation with phylum level-OTUs
A Plot showing different phenotypes of myeloid-derived suppressor cells (MDSCs) in the 

proximal (B1) and distal airway (B6) bronchoalveolar lavages of lung transplant recipients. 

Y-axis represents the proportion of MDSCs and X-axis the B1 and B6 fractions. Circles in 

red represent monocytic MDSCs with a known immunosuppressive function, squares in blue 

are the neutrophilic MDSCs also with immunosuppressive function and triangles in purple 

show macrophage like MDSCs with a known pro-inflammatory function. In B1, P<0.05 for 

comparisons of B versus A & C. In B6, C was significantly higher than A and B (P<0.001). 

P<0.01 when comparing proportion of subset A in B1 and B6, and P<0.05 when comparing 

proportion of C in B1 and B6.

B. Correlation networks of bacterial phyla and proportions of the different phenotypic 

subsets of MDSCs. MDSCs are shown in pink and microbiome measurements of phylum-

level OTUs in light blue. Links indicate pairwise Pearson's correlations |r|>0.30. Links with 

red color indicate a positive correlation while blue indicates a negative correlation. 

Thickness of the link indicates the strength of the pairwise correlations.
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