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Abstract

Rationale

Since the pathogenesis of chronic lung allograft dysfunction (CLAD) remains poorly defined
with no known effective therapies, the identification and study of key events which increase
CLAD risk is a critical step towards improving outcomes. We hypothesized that bronchoal-
veolar lavage fluid (BALF) CXCR3 ligand concentrations would be augmented during orga-
nizing pneumonia (OP) and that episodes of OP with marked chemokine elevations would
be associated with significantly higher CLAD risk.

Methods

All transbronchial biopsies (TBBX) from patients who received lung transplantation between
2000 to 2010 were reviewed. BALF concentrations of the CXCR3 ligands (CXCL9, CXCL10
and CXCL11) were compared between episodes of OP and “healthy” biopsies using linear
mixed-effects models. The association between CXCRS3 ligand concentrations during OP
and CLAD risk was evaluated using proportional hazards models with time-dependent
covariates.

Results

There were 1894 bronchoscopies with TBBX evaluated from 441 lung transplant recipients
with 169 (9%) episodes of OP and 907 (49%) non-OP histopathologic injuries. 62 (37%) epi-
sodes of OP were observed during routine surveillance bronchoscopy. Eight hundred thirty-
eight (44%) TBBXs had no histopathology and were classified as “healthy” biopsies. There
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were marked elevations in BALF CXCRS ligand concentrations during OP compared with
“healthy” biopsies. In multivariable models adjusted for other injury patterns, OP did not sig-
nificantly increase the risk of CLAD when BAL CXCR3 chemokine concentrations were not
taken into account. However, OP with elevated CXCR3 ligands markedly increased CLAD
risk in a dose-response manner. An episode of OP with CXCR3 concentrations greater than
the 25", 50" and 75" percentiles had HRs for CLAD of 1.5 (95% Cl 1.0-2.3), 1.9 (95% Cl
1.2-2.8) and 2.2 (95% CI 1.4-3.4), respectively.

Conclusions

This study identifies OP, a relatively uncommon histopathologic finding after lung transplan-
tation, as a major risk factor for CLAD development when considered in the context of
increased allograft expression of interferon-y inducible ELR- CXC chemokines. We further
demonstrate for the first time, the prognostic importance of BALF CXCRS ligand concentra-
tions during OP on subsequent CLAD risk.

Introduction

Chronic lung allograft dysfunction (CLAD) is the leading cause of death after the first year
post-lung transplantation and the major factor limiting long-term survival.[1] There is increas-
ing evidence that CLAD has two distinct phenotypes: restrictive allograft syndrome (RAS) and
bronchiolitis obliterans syndrome (BOS).[2-4] RAS is characterized by restrictive physiology
on pulmonary function testing with parenchymal infiltrates, sub-pleural reticulation and septal
/ pleural thickening on high resolution CT scan (HRCT) of the chest, whereas BOS is charac-
terized by obstructive physiology due to fibro-obliteration of the small airways with air trap-
ping evident on chest HRCT. RAS has been associated with significantly higher mortality
compared with BOS.[3,5,6] The pathogenesis of CLAD or its phenotypes, RAS and BOS,
remains poorly understood with no effective treatment options. The identification and study
of key events which increase CLAD and its phenotypes is a critical first step towards under-
standing its pathogenesis.

The lung allograft’s response to insults is typically limited to four histopathologic injury pat-
terns that include: acute cellular rejection (AR), lymphocytic bronchiolitis (LB), diffuse alveo-
lar damage (DAD) and organizing pneumonia (OP). Prior studies have established AR [7-18],
LB [9,16,19-22] and DAD [23,24] as major risk factors for CLAD development. The associa-
tion between OP and CLAD or its phenotypes, however, has not been well studied to date.
Histopathologically, OP is characterized by excessive proliferation of fibroblasts and granula-
tion tissue predominantly within the alveoli and to a lesser degree, the distal airways. Impor-
tantly, OP is similar to the other injury patterns (AR, LB and DAD) in the extravasation and
infiltration of mononuclear cells into the area of injury.

CXCL9 (MIG), CXCL10 (IP10), and CXCL11 (ITAC) are interferon-y inducible ELR- CXC
chemokines (CXCR3 ligands) which signal through a shared G protein-coupled receptor,
CXCR3. These chemokines are induced by interferon-v, act as potent chemoattractants for
mononuclear cells (e.g., activated T-cells and NK cells) and are major mediators of the Type I
immune response. Our group has previously demonstrated the importance of CXCR3/ligand
biology in the pathogenesis of AR [25] and CLAD [26] in both animal and human studies.
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In the current study, we hypothesized that BALF CXCR3 ligand concentrations during OP
would have prognostic value in predicting the risk of subsequent CLAD development. Specifi-
cally, we hypothesized that CXCR3 ligand concentrations would be elevated during OP and
that episodes with higher BALF CXCR3 ligand concentrations would be associated with higher
CLAD risk. Given the alveolar and intra-parenchymal localization of the injury, we further-
more hypothesized that OP would be predictive of the restrictive phenotype of CLAD, RAS.

Materials and methods

With IRB approval, we performed a retrospective review of all lung transplant recipients
(LTRs) at UCLA between January 1, 2000 and December 31, 2010. Participants provided full
written consent for their medical records to be reviewed for this study. LTRs received a surveil-
lance bronchoscopy with bronchoalveolar lavage (BALF) and transbronchial biopsy (TBBX) at
1, 3, 6 and 12 months post-transplant, as well as during episodes of clinical deterioration.

One of three pulmonary pathologists interpreted the biopsies according to the International
Multidisciplinary Consensus Statement on Idiopathic Interstitial Pneumonias (OP and DAD)
[27], and the International Society for Heart and Lung Transplantation criteria (AR and LB)
[28,29] Biopsy data were coded for the presence or absence of OP, DAD, LB and AR (grade

Al or greater). TBBXs with no histopathologic evidence of allograft injury were considered
“healthy”. Ungradable biopsies were considered to be a missing value. Study participants were
aged 20 to 79 with a mean age of 60.

Immunosuppression, anti-microbial prophylaxis and treatment of acute rejection were
administered in accordance with UCLA protocol as previously described.[30] Treatment for
OP was by discretion of the transplant pulmonologist and included: methylprednisolone,
IVIG, plasmapheresis, basiliximab, ATG or no treatment. Serial spirometry was performed at
least quarterly. CLAD was defined as a sustained 20% drop in the forced expiratory volume in
1 second (FEV1) from the average of the two best post-transplant FEV1 measurements.[8,31]
In a subset analysis of double LTRs, CLAD was further categorized as RAS or BOS based on
Sato and colleagues’ 2013 definition utilizing spirometry [32] and chest computed tomography
(CT). RAS was defined as AFVC%/ AFEV1% > 0.5 and chest CT showing ground glass opacifi-
cation, interstitial reticulation or interlobular septal thickening. Recipients with CLAD who
did not fulfill RAS criteria were considered to have the BOS phenotype. Those who did not
have a chest CT within 3 months of CLAD diagnosis were excluded from this subset analysis.

LTRs consented to the collection of BALF fluid for research purposes at the time of their
bronchoscopies. Three 60 ml aliquots of isotonic saline were instilled into the sub-segmental
bronchus in the lingula, right middle lobe or area of interest and pooled. After centrifugation,
the supernatant was collected and stored unconcentrated at -80°C. CXCR3 ligand concentra-
tions were measured using CXCL9, CXCL10 and CXCL11 bead assays (Millipore, Billerica
MA). CXCR3 ligand concentrations were compared between OP and “healthy” biopsies using
linear mixed effects models to account for repeated measurements from the same individuals.

To evaluate the effect of OP on CLAD risk, univariable proportional hazards models for
time to CLAD were constructed with cumulative time-dependent counts for OP. The multi-
variable model was adjusted for the other known histopathologic predictors of allograft injury
(DAD, AR and LB) using cumulative time-dependent counts. To explore the impact of BALF
CXCR3 ligand elevation during OP on subsequent CLAD risk, a time-dependent cumulative
variable for OP was created using quartiles of CXCL9, CXCL10 and CXCL11 concentrations.
For example, using the first quartile cutoff, “high-CXCL9 OP” would increase from 0 to 1 dur-
ing the first episode of OP with BALF CXCL9 concentration greater than the 25 percentile.
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At the second episode “high-CXCL9 OP”, the variable would increase from 1 to 2. Analyses
were performed with SAS (v9.4).

Results

Histopathologic findings

There were 1894 bronchoscopies with TBBXs from 441 LTRs evaluated. There were 169 (9%)
biopsies with OP, 114 (6%) with DAD, 565 (30%) with LB and 391 (21%) with AR (Fig 1).
Three hundred and three (16%) TBBXs had concurrent injury patterns. LB and AR occurred
together most frequently (n = 193, 10%). OP occurred with LB (n =79, 4%), AR (n = 45, 2%)

and DAD (n = 30, 2%). Eight hundred thirty-eight (44%) TBBXs had no histopathology and
were classified as “healthy” biopsies. Table 1 shows demographic and clinical characteristics of

441 Recipients
1894 Transbronchial biopsies
1/1/2000 - 12/31/2010

N

1856 Biopsies 38 Biopsies excluded due
Included in Study to unreadable biopsy

838 (45%)

N 602 (71%) BALs
No pathologic findings

169 (9%) OP 88 (52%) BALs

114 (6%) DAD 60 (53%) BALs

467 (25%) LB 366 (78%) BALS

326 (18%) AR 273 (84%) BALSs

Fig 1. Study profile. OP = organizing pneumonia; DAD = diffuse alveolar damage; LB = lymphocytic bronchiolitis; AR = Acute
rejection (Grade A1 or higher); BALs = bronchoalveolar lavage.

https://doi.org/10.1371/journal.pone.0180281.9001
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Table 1. Baseline patient characteristics. By never/ ever developed organizing pneumonia.

Number of patients with:
Median age
Male gender
Single lung transplant
Diagnosis
Restrictive ILD
COPD/AAT
CF / bronchiectasis
Other
Induction
ATG
Basiliximab
None

Never OP Ever OP p-value
n (%) % n (%) %
324 73% 117 27%
58 56 0.06
191 59% 68 58% 0.88
145 45% 44 38% 0.18
183 57% 67 57% 0.88
103 32% 30 26% 0.21
21 6% 6 5% 0.60
17 5% 14 12% 0.01
182 56% 65 55% 0.91
141 43% 51 44% 0.99
1 1% 1 1%

Definition of abbreviations: OP = organizing pneumonia; ILD = interstitial lung disease; COPD = chronic obstructive pulmonary disease; AAT = alpha-1
antitrypsin deficiency; CF = cystic fibrosis; ATG = thymoglobulin.

https://doi.org/10.1371/journal.pone.0180281.t001

recipients by whether they ever developed OP. Most variables were evenly distributed between
those who developed OP vs those who did not.

Etiology of organizing pneumonia

We explored the etiology of OP by reviewing microbiology cultures, TBBX stains and cultures
for organisms, radiographic studies and clinical notes from the treating physician. In the
majority of cases (n = 117, 69%) there was no discernable etiology for the OP. When the etiol-
ogy for OP could be identified, the most common was bacterial infection (n = 25, 15%). Bacte-
rial etiologies included: Pseudomonas aeruginosa, Stenotrophomonas maltophilia,
Methicillin-sensitive Staph aureus, Enterobacter cloacae, Acinetobacter baumannii, Escheri-
chia coli, Nocardia, Serratia marcescens and Vancomycin-resistant Enterococcus. There were
9 (5%) viral causes of OP including: parainfluenza, CMV, human metapneumovirus, corona/
echovirus and coxsackie/echovirus. Other etiologies included fungus (n = 4, 2%), Aspergillus
fumigatus, Aspergillus niger, Coccidioidomycosis and Scedosporium prolificans) and non-
tuberculous mycobacterium (n = 5, 3%), Mycobacterium abcessus and Mycobacterium avium
complex). Nine (5%) episodes of OP were associated with high-grade (grade 3) acute rejection.

BALF CXCR3 chemokine elevations during organizing pneumonia

We hypothesized that BALF CXCR3 ligands would be elevated during episodes of OP. To test
this hypothesis, we assayed 690 BALF samples from 324 recipients. There were 602 “healthy”
samples from 300 recipients and 88 OP samples from 72 recipients. The median BALF CXCLS9,
CXCL10 and CXCL11 concentrations were significantly higher during OP compared with
“healthy” biopsies (Table 2). CXCL9, CXCL10 and CXCL11 concentrations for OP and
“healthy” biopsies were 1140 vs 335 (p = 0.0015), 287 vs 135 (p = 0.0005), and 67 vs 62 pg/ml

(p = 0.0142), respectively. Given the high correlation among the three chemokines, a principal
component analysis was performed to assess the three chemokines in aggregate. The first princi-
pal component (PC) was estimated as: PC = 0.49114 x log;o(CXCL9) + 0.52091 x log;o(CXCL10)
+0.27251 x log;o(CXCL11). The PC accounted for 57% of the total chemokine variation. The
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Table 2. Median BAL CXCR3 ligand concentrations. By healthy biopsies vs. organizing pneumonia.

Healthy pg/ml OP pg/ml p-value t
CXCL9 335 1,140 0.002
CXCL10 135 287 0.001
CXCL11 62 67 0.014
PC tt (0.123) (0.049) 0.001

Definition of abbreviations: BAL = bronchoalveolar lavage; pg/ml = picogram/milliliter.
*Mixed effects model comparing OP vs healthy biopsies.

% PC: First principal component of CXCL9, CXCL10 and CXCL11.

PC = 0.357xlog(CXCL9)+0.439xlog(CXCL10)+0.386%log(CXCL11).

https://doi.org/10.1371/journal.pone.0180281.t002

PC also demonstrated significant chemokine elevations during OP compared with “healthy”
biopsies: -0.049 vs -0.123 (p = 0.0001), respectively.

Cellular sources of the chemokines and their shared receptor CXCR3

We used IHC on lung biopsy tissue to determine the cellular sources of these chemokines and
their shared receptor, CXCR3, during OP. Both CXCL9 and CXCL10 were expressed predom-
inantly by reactive type 2 pneumocytes and infiltrating mononuclear cells (Fig 2). In contrast,
CXCL11 was primarily expressed by vascular endothelial cells and infiltrating mononuclear
cells. CXCR3 was predominantly expressed by allograft infiltrating mononuclear cells and
macrophages.

Risk of CLAD after organizing pneumonia

To evaluate the impact of OP on CLAD risk, univariable and multivariable proportional haz-
ards models were constructed with time-dependent cumulative counts for OP as well as the
other histopathologic injury patterns AR, LB and DAD. OP predicted CLAD development in
the univariable model (HR 1.5 95% CI 1.1-2.1), but lost significance after multivariable adjust-
ment for AR, LB and DAD (Table 3).

Impact of high BALF CXCR3 chemokines on CLAD risk

We hypothesized that episodes of OP with high BALF CXCR3 ligand concentrations represent
greater Type I immune response involvement and would be associated with increased CLAD
risk. To explore this association, a time-dependent cumulative variable for OP was created
using quartiles of CXCL9, CXCL10 and CXCL11 concentrations. Episodes of OP with higher
CXCR3 ligand concentrations were associated with a significant increase in CLAD risk. In the
univariable model, the HR for CLAD for an episode of OP with CXCL9 concentration greater
than the 25® percentile (203.1 pg/ml) was 1.6 (95% CI 1.1-2.4, Table 3). Using the 50" (1139.9
pg/ml) and 75 (4493.1 pg/ml) percentile cutoffs for CXCL9, the HR for CLAD increased to
2.2 (95% CI 1.4-3.4) and 2.3 (95% CI 1.4-3.9), respectively. In the multivariable model
adjusted for other injury patterns, OP with CXCL9 concentrations greater than the 25, 50",
and 751 percentiles had HRs of 1.4 (95% CI 0.92-2.1), 1.9 (95% CI 1.2-2.9) and 1.8 (95% CI
1.1-3.2), respectively.

Similarly, episodes of OP with higher BALF CXCL10 and CXCL11 concentrations were
associated with higher HRs for CLAD. In multivariable models, OP with CXCL10 greater than
the 25 (79.8 pg/ml), 50 (286.7 pg/ml) and 75" (810.2 pg/ml) percentiles had HRs for CLAD
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Fig 2. Immunohistochemistry demonstrating A) CXCL9 and B) CXCL10 expressed from allograft alveolar pneumocytes (green arrows)
and interstitial infiltrating mononuclear cells (black arrows). C) CXCL11 expressed from allograft pulmonary vascular endothelial cells
(red arrows). D) CXCR3 expressed from allograft infiltrating mononuclear cells (black arrows) and macrophages (blue arrows).

https://doi.org/10.1371/journal.pone.0180281.9002

of 1.4 (95% CI 0.95-2.1), 1.8 (95% CI 1.2-2.8) and 1.8 (95% CI 1.1-3.2), respectively (Table 4).
Similarly, OP with CXCL11 concentrations greater than the 25™ (13.9 pg/ml), 50™ (67.5 pg/
ml) and 75 (106.0 pg/ml) percentile cutoffs had adjusted HRs for CLAD of 1.6 (95% CI 1.1-
2.4),1.8 (95% CI 1.2-2.8) and 1.7 (95% CI 0.93-3.1), respectively (Table 5).

Table 3. Cox proportional hazards model for CLAD. Using BAL CXCL9 concentrations cutoffs.

Univariable Multivariable t
HR (95% Cl) p-value HR (95% CI) p-value
OP 1.55(1.13-2.12) 0.007 1.34 (0.97-1.86) 0.077
OP with CXCL9 > 25th% 1.64 (1.11-2.41) 0.013 1.38 (0.92-2.06) 0.119
OP with CXCL9 > 50th% 2.19 (1.42-3.35) 0.001 1.90 (1.22-2.94) 0.010
OP with CXCL9 > 75th% 2.32(1.37-3.92) 0.002 1.83 (1.06-3.16) 0.031

Definition of abbreviations: CLAD = chronic lung allograft dysfunction; HR = hazards ratio;Cl = confidence interval; OP = organizing pneumonia;

% = percentile.

*Multivariable model adjusted for diffuse alveolar damage, acute rejection, and lymphocytic bronchiolitis.

https://doi.org/10.1371/journal.pone.0180281.t003
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Table 4. Cox proportional hazards model for CLAD. Using BAL CXCL10 concentrations cutoffs.

Univariable Multivariable t
HR (95% CI) p-value HR (95% CI) p-value
OoP 1.55(1.13-2.12) 0.007 1.34 (0.97-1.86) 0.077
OP with CXCL10 > 25th% 1.68 (1.14-2.48) 0.009 1.42(0.95-2.12) 0.090
OP with CXCL10 > 50th% 2.09 (1.36-3.20) 0.001 1.82(1.18-2.82) 0.007
OP with CXCL10 > 75th% 2.29 (1.35-3.89) 0.002 1.83(1.06-3.16) 0.031

Definition of abbreviations: CLAD = chronic lung allograft dysfunction; HR = hazards ratio; Cl = confidence interval; OP = organizing pneumonia;

% = percentile.
* Multivariable model adjusted for diffuse alveolar damage, acute rejection, and lymphocytic bronchiolitis.

https://doi.org/10.1371/journal.pone.0180281.t004

PC analysis was used to assess the three chemokines in aggregate and confirmed the higher
CLAD risk associated with elevated BALF CXCR3 chemokine concentrations. In the univari-
able models, the HRs increased from 1.8 (95% CI 1.2-2.7), 2.2 (95% CI 1.4-3.2), and 2.6 (95%
CI 1.7-4.0) for OP using the 25, 50", and 75" percentile cutoffs for the PC, respectively
(Table 6). Similarly, in the multivariable models, the HRs increased from 1.5 (95% CI 1.0-2.3),
1.9 (95% CI 1.2-2.8), and 2.2 (95% CI 1.4-3.4) for OP using the quartile cutoffs.

A Kaplan-Meier curve for freedom from CLAD was constructed stratified by whether a
recipient had: 1) an episode of OP with BALF CXCR3 ligand PC level greater than the median,
2) an episode of OP with BALF CXCR3 ligand PC level lower than (or equal to) the median, or
3) no history of histopathologic injury (OP, DAD, AR or LB). The 5-year incidence of CLAD
was 89% among recipients who had an episode of OP with “high” BALF CXCR3 ligand levels

Table 5. Cox proportional hazards model for CLAD. Using BAL CXCL11 concentrations cutoffs.

Univariable Multivariable t
HR (95% Cl) p-value HR (95% Cl) p-value
OP 1.55(1.13-2.12) 0.007 1.34 (0.97-1.86) 0.077
OP with CXCL11 > 25th% 1.85 (1.26-2.73) 0.002 1.60 (1.08-2.39) 0.020
OP with CXCL11 > 50th% 2.09 (1.37-3.21) 0.001 1.80 (1.16-2.79) 0.009
OP with CXCL11 > 75th% 2.13(1.19-3.84) 0.011 1.70 (0.93-3.10) 0.085

Definition of abbreviations: CLAD = chronic lung allograft dysfunction; HR = hazards ratio; Cl = confidence interval; OP = organizing pneumonia;

% = percentile.
*Multivariable model adjusted for diffuse alveolar damage, acute rejection, and lymphocytic bronchiolitis.

https://doi.org/10.1371/journal.pone.0180281.t005

Table 6. Cox proportional hazards model for CLAD. Using BAL CXCR3 ligand concentration principal

component cutoffs.
Univariable Multivariable t
HR (95% Cl) p-value HR (95% CI) p-value
OP 1.55(1.13-2.12) 0.007 1.34 (0.97-1.86) 0.077
OP with PC > 25th% 1.83 (1.25-2.69) 0.002 1.55 (1.04-2.31) 0.032
OP with PC > 50th% 2.15(1.44-3.21) 0.001 1.86 (1.23-2.80) 0.003
OP with PC > 75th% 2.56 (1.65-3.95) 0.001 2.16 (1.37-3.39) 0.001

Definition of abbreviations: CLAD = chronic lung allograft dysfunction; HR = hazards ratio; Cl = confidience
interval; OP = organizing pneumonia; PC = First principal component; % = percentile.
*Multivariable model adjusted for diffuse alveolar damage, acute rejection, and lymphocytic bronchiolitis.

https://doi.org/10.1371/journal.pone.0180281.1006
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Fig 3. Kaplan-Meier plot for freedom from chronic lung allograft dysfunction (CLAD) by lung transplant recipients who: 1)
Never had any allograft injury, 2) Developed OP with “low” BAL CXCR3 ligand concentrations (“low” < median first principal

component (PC) of three CXCR3 ligands), 3) Developed OP with “high” BAL CXCR3 ligand concentrations (“high” > median
PC of three ligands).

https://doi.org/10.1371/journal.pone.0180281.g003

vs. 56% among recipient who had an episode of OP with “low” CXCR3 ligand levels vs. 43%
among recipients with no history of histopathologic injury (Fig 3). There was a significant dif-
ference between recipients who had an episode of OP with high BALF CXCR3 ligands com-
pared with those who had OP but without high CXCR3 ligands (p = 0.0021). Recipients who
had OP without high CXCR3 ligands were not significantly different from those without allo-
graft injury (p = 0.9385).

Impact of high BALF CXCR3 chemokines on RAS / BOS risk

Given its alveolar and parenchymal location, we hypothesized that OP would be associated
with RAS, the restrictive phenotype of CLAD. In a subset analysis among double LTRs with
chest CTs within 3 months of CLAD diagnosis, we explored the association between OP,
BALF CXCR3 ligands and the CLAD phenotypes: RAS and BOS. Of the 202 double LTRs with
sufficient spirometric and radiographic data, 106 (53%) developed CLAD. Fifty-one (48%) of
these recipients met RAS criteria, while the remaining 55 (42%) were categorized BOS. The
univariable models for time to RAS showed a similar pattern as time to CLAD, but with higher
HRs for all BALF chemokine level cutoffs. In the univariable model, an episode of OP without
regard for BALF chemokines was associated with RAS development: HR 2.4 (95% CI 1.4-4.3,
Table 7). The HRs were 2.4 (95% CI 1.2-4.8), 2.8 (95% CI 1.4-5.6) and 4.1 (95% CI 2.0-8.4)
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Table 7. Cox proportional hazards model for RAS. Using BAL CXCRS3 ligand concentration principal com-
ponent cutoffs.

Univariable Multivariable t
HR (95% CI) p-value HR (95% Cl) p-value
OoP 2.41(1.37-4.25) 0.002 1.91 (1.05-3.45) 0.033
OP with PC > 25th% 2.38 (1.19-4.75) 0.014 1.86 (0.90-3.83) 0.092
OP with PC > 50th% 2.82 (1.41-5.64) 0.003 2.16 (1.05-4.46) 0.037
OP with PC > 75th% 4.06 (1.97-8.37) 0.001 3.03 (1.39-6.60) 0.005

Definition of abbreviations: CLAD = chronic lung allograft dysfunction; HR = hazards ratio; Cl = confidience
interval; OP = organizing pneumonia; PC = First principal component; % = percentile.

*Multivariable model adjusted for diffuse alveolar damage, acute rejection, and lymphocytic bronchiolitis.
Double lung transplant recipients only.

https://doi.org/10.1371/journal.pone.0180281.t1007

Table 8. Cox proportional hazards model for BOS. Using BAL CXCRS3 ligand concentration principal com-
ponent cutoffs.

Univariable Multivariable t
HR (95% Cl) p-value HR (95% Cl) p-value
OoP 0.76 (0.37—-1.56) 0.449 0.68 (0.32—1.44) 0.317
OP with PC > 25th% 1.69 (0.80-3.59) 0.171 1.65 (0.75-3.60) 0.211
OP with PC > 50th% 2.00 (0.94-4.25) 0.071 1.95 (0.89-4.25) 0.096
OP with PC > 75th% 2.52 (1.07-5.92) 0.034 2.41(0.98-5.91) 0.055

Definition of abbreviations: CLAD = chronic lung allograft dysfunction; HR = hazards ratio; Cl = confidience
interval; OP = organizing pneumonia; PC = First principal component; % = percentile.

*Multivariable model adjusted for diffuse alveolar damage, acute rejection, and lymphocytic bronchiolitis.
Double lung transplant recipients only.

https://doi.org/10.1371/journal.pone.0180281.t008

using the 25", 50™ and 75" percentile cutoffs for the PC. For the multivariable model adjusted
for the other injury patterns, the HRs was 1.9 (95% CI 1.1-3.5) for an episode of OP without
regard to BALF chemokines. The HRs were 1.9 (95% CI 0.9-3.8), 2.2 (95% CI 1.0-4.5) and 3.0
(95% CI 1.4-6.6) using the 251 50t and 750 percentile cutoffs for the PC in the multivariable
model, respectively.

The association between OP, BALF CXCR3 ligands and BOS development was weaker than
that for RAS development. In the univariable model, an episode of OP without regard for
BALF chemokines was not associated with BOS development: HR 0.8 (95% CI 0.4-1.6,

Table 8). There was an increase in HRs with higher BALF CXCR3 chemokines: 1.7 (95% CI
0.8-3.6), 2.0 (95% CI 0.9-4.3), and 2.5 (95% CI 1.1-5.9) for the 25, 50" and 75" percentile
cutoffs for the PC, respectively. However, these variables did not reach statistical significance
as predictors of BOS in the multivariable models.

Discussion

The identification and study of key risk factors of CLAD pathogenesis is a critical step towards
improving outcomes after lung transplantation. Prior studies have established AR, LB and
DAD as strong risk factors for CLAD development [9,13,14,23,24]. However, there is a paucity
of studies evaluating the association between OP and CLAD. In this study, we evaluated the
association between OP and CLAD using multivariable analysis adjusting for other allograft
injury patterns (DAD, AR, LB) as well as the prognostic significance of BALF CXCR3

PLOS ONE | https://doi.org/10.1371/journal.pone.0180281 July 7, 2017 10/15


https://doi.org/10.1371/journal.pone.0180281.t007
https://doi.org/10.1371/journal.pone.0180281.t008
https://doi.org/10.1371/journal.pone.0180281

@° PLOS | ONE

CXCR3 chemokines during organizing pneumonia and risk of chronic lung allograft dysfunction

chemokine concentrations. We evaluated 690 BALF samples from 324 recipients and found
marked elevations in all three CXCR3 ligands during OP compared with “healthy” samples. In
multivariable models adjusted for other injury patterns, OP did not significantly increase the
risk of CLAD when BAL CXCR3 chemokine concentrations were not taken into account. How-
ever, OP with elevated CXCR3 ligands markedly increased CLAD risk in a dose-response
manner. An episode of OP with CXCR3 concentrations greater than the 25", 50™ and 75™
percentiles had HRs for CLAD of 1.5 (95% CI 1.0-2.3), 1.9 (95% CI 1.2-2.8) and 2.2 (95% CI
1.4-3.4), respectively. This study identifies OP, a relatively uncommon histopathologic finding
after lung transplantation as a major risk factor for CLAD development when considered in
the context of increased allograft expression of interferon-y inducible ELR- CXC chemokines.
Furthermore, it demonstrates for the first time, the prognostic importance of BALF CXCR3
ligand concentrations during OP on subsequent CLAD risk.

There have only been a few prior studies evaluating the association between OP and CLAD.
Girgis et al evaluated 74 LTRs and found no association between 22 episodes of OP and CLAD
in univariable or multivariable analysis.[19] A larger study involving 230 LTRs similarly did
not find OP to be an independent predictor of CLAD.[22] Of note, OP is a histologically dis-
tinct entity from acute fibrinoid organizing pneumonia (AFOP) which was recently described
and characterized by alveolar deposition of fibrillary fibrin without interstitial mononuclear
cell infiltration.[33] We previously evaluated 1894 TBBXs from 441 LTRs and found that
although OP predicts CLAD development in univariable analysis, it loses significance after
multivariable adjustment for the other injury patterns: DAD, AR and LB.[24]

We hypothesized that a Type I immune response involving CXCR3/ligand biology would
be augmented during episodes of OP, compared with “healthy” biopsies. Histopathologically,
OP is characterized by interstitial and alveolar mononuclear cell infiltration with excessive
proliferation of fibroblasts and granulation tissue predominantly within the alveoli. CXCR3
ligands have been shown to act as potent chemoattractants for mononuclear cells [34,35] and
we have previously demonstrated the importance of the CXCR3/ligand biological axis in the
pathogenesis of AR and CLAD in both animal and clinical studies.[25,26] We furthermore
hypothesized that episodes of OP with higher BALF CXCR3 ligand concentrations represent
greater Type I immune response involvement, and would therefore have a higher risk of subse-
quent CLAD development. PC analysis was used to assess the three chemokines in aggregate
and demonstrated a marked increase in CLAD risk with increasing CXCR3 chemokine con-
centrations during OP. Importantly, in both univariable and multivariable models, the risk of
CLAD increased with higher CXCR3 ligand concentrations in a dose-response relationship.

Kaplan Meier analysis showed a significant difference in time to CLAD between recipients
who had an episode of OP with “high” CXCR3 ligand concentrations (>50" percentile) and
those who had OP with “low” CXCR3 ligands. However, there was no statistically significant
difference between recipients who had OP with “low” CXCR3 ligands (<50™ percentile) and
recipients who never developed any allograft injury. These findings support the role of
CXCR3/ligand biologic axis in the continuum of OP to CLAD, as well as the potential use of
BALF CXCR3 ligands as a prognostic biomarker after lung transplantation.

Immunohistochemistry studies demonstrate CXCL9 and CXCL10 expression predomi-
nately by reactive type 2 pneumocytes, CXCL11 by endothelial cells, and CXCR3 by infiltrating
parenchymal mononuclear cells including macrophages. Collectively, this supports a coordi-
nated cascade by chemokines. CXCLI11 recruits CXCR3 expressing mononuclear cells and
macrophages from the allograft vasculature. Once in the lung, these cells move down a CXCL9
and CXCL10 chemokine gradient to sites of allograft injury.

The major limitation of this study is the potential for confounding given its retrospective
single center design. For example, patients with clinical deterioration may have received more
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frequent biopsies leading to a higher incidence of OP as well as higher BALF CXCR3 ligand
concentrations. Our study design accounted only for allograft injuries that were captured by
TBBX. Undoubtedly, there were episodes that were missed due to the infrequency of TBBX
sampling and poor sensitivity for detecting more subtle injury patterns. Importantly, mainte-
nance immunosuppression, azithromycin use, and treatments received for allograft injury
were also not taken into account. At our institution, patients routinely received augmented
immunosuppression for AR, but for DAD, OP and LB, it is left to the discretion of the lung
transplant physician. Lastly, this study included both surveillance and clinically indicated
bronchoscopies. Sample size limitation did not allow for stratification by clinical indication.

This study improves our understanding of CLAD pathogenesis. The identification of key
events which increase CLAD risk represents unique opportunities to better understand the
immunologic processes responsible for CLAD development. We identify another strong histo-
pathologic risk factor for CLAD development and provide support for our hypothesis regard-
ing a potential mechanism of CLAD pathogenesis: the role of aberrant CXCR3/ligand biology
in the propagation of allograft injury. The CXCR3 ligands likely perpetuate allograft injury by
recruiting injurious mononuclear cells and macrophages into the allograft causing further cell
damage, Type I immune response with augmentation of CXCR3 ligand release, additional
mononuclear cell / macrophage recruitment leading to eventual fibroproliferation. To our
knowledge, this is the first study to evaluate the association between OP and CLAD, taking
into account the prognostic significance of BALF CXCR3 ligand concentrations. This study
evaluated 690 BALF samples from 324 recipients and is one of the largest studies to evaluate
chemokine expression patterns during allograft injury.

In summary, we evaluated the association between OP and CLAD taking into account all
four injury patterns as well as the prognostic significance of BALF CXCR3 ligands. We found
marked elevations of all three CXCR3 ligands during OP compared with “healthy” samples,
and demonstrated that CXCR3 ligand elevation during OP significantly increases the risk of
subsequent CLAD development, more specifically the restrictive phenotype RAS, in a dose-
response manner. These findings demonstrate the prognostic importance of BALF CXCR3
ligands and identifies OP in the context of elevated BALF CXCR3 ligands as a major predictor
of CLAD development. Future studies should evaluate the pharmacologic disruption of this
pathway as a strategy to reduce the incidence of CLAD.

Supporting information

S1 Table. Wideall3.sas7bdat. Dataset of pathologic injuries, chemokines and outcomes in
wide format.
(SAS7BDAT)

S2 Table. Pathcyto3.sas7bdat. Dataset of pathologic injuries and chemokines in long format.
(SAS7BDAT)

Author Contributions

Conceptualization: MS SW AD RS DS RH AG JL JB AA DR.
Data curation: MS SW NL AD VP MF RE JB.

Formal analysis: MS NL RE.

Funding acquisition: MS JAB.

Investigation: MS SW NL AD VP MF RE JB.

PLOS ONE | https://doi.org/10.1371/journal.pone.0180281 July 7, 2017 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180281.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180281.s002
https://doi.org/10.1371/journal.pone.0180281

@° PLOS | ONE

CXCR3 chemokines during organizing pneumonia and risk of chronic lung allograft dysfunction

Methodology: MS SW NL AD VP MF RE JB.

Project administration: MS SW NL AD VP MF RE JB.

Resources: MS SW NL AD VP MF RE JB.

Software: MS NL RE.

Supervision: RE JB.

Validation: MS SW NL AD VP MF RE JB.

Visualization: MS SW NL AD VP MF RE JB.

Writing - original draft: MS SW NL RE JB.

Writing - review & editing: MS SW AD RS DS RH AG JL JB AA DR.

References

1.

10.

11.

12

13.

Christie JD, Edwards LB, Kucheryavaya AY, Benden C, Dobbels F, et al. (2011) The Registry of the
International Society for Heart and Lung Transplantation: Twenty-eighth Adult Lung and Heart-Lung
Transplant Report—2011. J Heart Lung Transplant 30: 1104—1122. https://doi.org/10.1016/j.healun.
2011.08.004 PMID: 21962018

Crespo E, Lucia M, Cruzado JM, Luque S, Melilli E, et al. (2015) Pre-transplant donor-specific T-cell
alloreactivity is strongly associated with early acute cellular rejection in kidney transplant recipients not
receiving T-cell depleting induction therapy. PLoS One 10: e0117618. https://doi.org/10.1371/journal.
pone.0117618 PMID: 25689405

Sato M, Waddell TK, Wagnetz U, Roberts HC, Hwang DM, et al. (2011) Restrictive allograft syndrome
(RAS): a novel form of chronic lung allograft dysfunction. J Heart Lung Transplant 30: 735-742. https://
doi.org/10.1016/j.healun.2011.01.712 PMID: 21419659

Verleden SE, Ruttens D, Vandermeulen E, Vaneylen A, Dupont LJ, et al. (2013) Bronchiolitis obliterans
syndrome and restrictive allograft syndrome: do risk factors differ? Transplantation 95: 1167-1172.
https://doi.org/10.1097/TP.0b013e318286e076 PMID: 23425818

Todd JL, Jain R, Pavlisko EN, Finlen Copeland CA, Reynolds JM, et al. (2014) Impact of forced vital
capacity loss on survival after the onset of chronic lung allograft dysfunction. Am J Respir Crit Care Med
189: 159-166. PMID: 24325429

Verleden GM, Vos R, Verleden SE, De Wever W, De Vleeschauwer Sl, et al. (2011) Survival determi-
nants in lung transplant patients with chronic allograft dysfunction. Transplantation 92: 703-708.
https://doi.org/10.1097/TP.0b013e31822bf790 PMID: 21836537

Burton CM, Iversen M, Carlsen J, Andersen CB (2008) Interstitial inflammatory lesions of the pulmonary
allograft: a retrospective analysis of 2697 transbronchial biopsies. Transplantation 86: 811-819.
https://doi.org/10.1097/TP.0b013e3181852f02 PMID: 18813106

Estenne M, Maurer JR, Boehler A, Egan JJ, Frost A, et al. (2002) Bronchiolitis obliterans syndrome
2001: an update of the diagnostic criteria. J Heart Lung Transplant 21: 297-310. PMID: 11897517

Glanville AR, Aboyoun CL, Havryk A, Plit M, Rainer S, et al. (2008) Severity of lymphocytic bronchiolitis
predicts long-term outcome after lung transplantation. Am J Respir Crit Care Med 177: 1033-1040.
https://doi.org/10.1164/rccm.200706-9510C PMID: 18263803

Sharples LD, McNeil K, Stewart S, Wallwork J (2002) Risk factors for bronchiolitis obliterans: a system-
atic review of recent publications. J Heart Lung Transplant 21: 271-281. PMID: 11834356

Burton CM, Iversen M, Carlsen J, Mortensen J, Andersen CB, et al. (2009) Acute cellular rejection is a
risk factor for bronchiolitis obliterans syndrome independent of post-transplant baseline FEV1. J Heart
Lung Transplant 28: 888—893. https://doi.org/10.1016/|.healun.2009.04.022 PMID: 19716040

Burton CM, Iversen M, Scheike T, Carlsen J, Andersen CB (2008) Minimal acute cellular rejection
remains prevalent up to 2 years after lung transplantation: a retrospective analysis of 2697 transbron-
chial biopsies. Transplantation 85: 547-553. https://doi.org/10.1097/TP.0b013e3181641df9 PMID:
18347533

Davis WA, Finlen Copeland CA, Todd JL, Snyder LD, Martissa JA, et al. (2012) Spirometrically Signifi-
cant Acute Rejection Increases the Risk for BOS and Death After Lung Transplantation. Am J Trans-
plant 12: 745-752. https://doi.org/10.1111/j.1600-6143.2011.03849.x PMID: 22123337

PLOS ONE | https://doi.org/10.1371/journal.pone.0180281 July 7, 2017 13/15


https://doi.org/10.1016/j.healun.2011.08.004
https://doi.org/10.1016/j.healun.2011.08.004
http://www.ncbi.nlm.nih.gov/pubmed/21962018
https://doi.org/10.1371/journal.pone.0117618
https://doi.org/10.1371/journal.pone.0117618
http://www.ncbi.nlm.nih.gov/pubmed/25689405
https://doi.org/10.1016/j.healun.2011.01.712
https://doi.org/10.1016/j.healun.2011.01.712
http://www.ncbi.nlm.nih.gov/pubmed/21419659
https://doi.org/10.1097/TP.0b013e318286e076
http://www.ncbi.nlm.nih.gov/pubmed/23425818
http://www.ncbi.nlm.nih.gov/pubmed/24325429
https://doi.org/10.1097/TP.0b013e31822bf790
http://www.ncbi.nlm.nih.gov/pubmed/21836537
https://doi.org/10.1097/TP.0b013e3181852f02
http://www.ncbi.nlm.nih.gov/pubmed/18813106
http://www.ncbi.nlm.nih.gov/pubmed/11897517
https://doi.org/10.1164/rccm.200706-951OC
http://www.ncbi.nlm.nih.gov/pubmed/18263803
http://www.ncbi.nlm.nih.gov/pubmed/11834356
https://doi.org/10.1016/j.healun.2009.04.022
http://www.ncbi.nlm.nih.gov/pubmed/19716040
https://doi.org/10.1097/TP.0b013e3181641df9
http://www.ncbi.nlm.nih.gov/pubmed/18347533
https://doi.org/10.1111/j.1600-6143.2011.03849.x
http://www.ncbi.nlm.nih.gov/pubmed/22123337
https://doi.org/10.1371/journal.pone.0180281

@° PLOS | ONE

CXCR3 chemokines during organizing pneumonia and risk of chronic lung allograft dysfunction

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Hachem RR, Khalifah AP, Chakinala MM, Yusen RD, Aloush AA, et al. (2005) The significance of a sin-
gle episode of minimal acute rejection after lung transplantation. Transplantation 80: 1406—-1413.
PMID: 16340783

Hopkins PM, Aboyoun CL, Chhajed PN, Malouf MA, Plit ML, et al. (2004) Association of minimal rejec-
tion in lung transplant recipients with obliterative bronchiolitis. Am J Respir Crit Care Med 170: 1022—
1026. https://doi.org/10.1164/rccm.200302-1650C PMID: 15297270

Husain AN, Siddiqui MT, Holmes EW, Chandrasekhar AJ, McCabe M, et al. (1999) Analysis of risk fac-
tors for the development of bronchiolitis obliterans syndrome. Am J Respir Crit Care Med 159: 829—
833. https://doi.org/10.1164/ajrccm.159.3.9607099 PMID: 10051258

Khalifah AP, Hachem RR, Chakinala MM, Yusen RD, Aloush A, et al. (2005) Minimal acute rejection
after lung transplantation: a risk for bronchiolitis obliterans syndrome. Am J Transplant 5: 2022—2030.
https://doi.org/10.1111/j.1600-6143.2005.00953.x PMID: 15996255

Kroshus TJ, Kshettry VR, Savik K, John R, Hertz MI, et al. (1997) Risk factors for the development of
bronchiolitis obliterans syndrome after lung transplantation. J Thorac Cardiovasc Surg 114: 195-202.
https://doi.org/10.1016/S0022-5223(97)70144-2 PMID: 9270635

Girgis RE, Tu |, Berry GJ, Reichenspurner H, Valentine VG, et al. (1996) Risk factors for the develop-
ment of obliterative bronchiolitis after lung transplantation. J Heart Lung Transplant 15: 1200-1208.
PMID: 8981205

Yousem SA (1993) Lymphocytic bronchitis/bronchiolitis in lung allograft recipients. Am J Surg Pathol
17: 491-496. PMID: 8470763

El-Gamel A, Sim E, Hasleton P, Hutchinson J, Yonan N, et al. (1999) Transforming growth factor beta
(TGF-beta) and obliterative bronchiolitis following pulmonary transplantation. J Heart Lung Transplant
18: 828-837. PMID: 10528744

Heng D, Sharples LD, McNeil K, Stewart S, Wreghitt T, et al. (1998) Bronchiolitis obliterans syndrome:
incidence, natural history, prognosis, and risk factors. J Heart Lung Transplant 17: 1255—-1263. PMID:
9883768

Sato M, Hwang DM, Ohmori-Matsuda K, Chaparro C, Waddell TK, et al. (2012) Revisiting the patho-
logic finding of diffuse alveolar damage after lung transplantation. J Heart Lung Transplant.

Shino MY, Weigt SS, Li N, Palchevskiy V, Derhovanessian A, et al. (2013) CXCRS3 ligands are associ-
ated with the continuum of diffuse alveolar damage to chronic lung allograft dysfunction. Am J Respir
Crit Care Med 188: 1117-1125. https://doi.org/10.1164/rccm.201305-08610C PMID: 24063316

Belperio JA, Keane MP, Burdick MD, Lynch JP 3rd, Zisman DA, et al. (2003) Role of CXCL9/CXCR3
chemokine biology during pathogenesis of acute lung allograft rejection. J Immunol 171: 4844—-4852.
PMID: 14568964

Belperio JA, Keane MP, Burdick MD, Lynch JP 3rd, Xue YY, et al. (2002) Critical role for CXCR3 che-
mokine biology in the pathogenesis of bronchiolitis obliterans syndrome. J Immunol 169: 1037—-1049.
PMID: 12097412

(2002) American Thoracic Society/European Respiratory Society International Multidisciplinary Con-
sensus Classification of the Idiopathic Interstitial Pneumonias. This joint statement of the American Tho-
racic Society (ATS), and the European Respiratory Society (ERS) was adopted by the ATS board of
directors, June 2001 and by the ERS Executive Committee, June 2001. Am J Respir Crit Care Med
165: 277-304. https://doi.org/10.1164/ajrccm.165.2.ats01 PMID: 11790668

Stewart S, Fishbein MC, Snell Gl, Berry GJ, Boehler A, et al. (2007) Revision of the 1996 working for-
mulation for the standardization of nomenclature in the diagnosis of lung rejection. J Heart Lung Trans-
plant 26: 1229-1242. https://doi.org/10.1016/j.healun.2007.10.017 PMID: 18096473

Yousem SA, Berry GJ, Cagle PT, Chamberlain D, Husain AN, et al. (1996) Revision of the 1990 working
formulation for the classification of pulmonary allograft rejection: Lung Rejection Study Group. J Heart
Lung Transplant 15: 1-15. PMID: 8820078

Weigt SS, Elashoff RM, Huang C, Ardehali A, Gregson AL, et al. (2009) Aspergillus colonization of the
lung allograft is a risk factor for bronchiolitis obliterans syndrome. Am J Transplant 9: 1903—-1911.
https://doi.org/10.1111/j.1600-6143.2009.02635.x PMID: 19459819

Cooper JD, Billingham M, Egan T, Hertz MI, Higenbottam T, et al. (1993) A working formulation for the
standardization of nomenclature and for clinical staging of chronic dysfunction in lung allografts. Interna-
tional Society for Heart and Lung Transplantation. J Heart Lung Transplant 12: 713-716. PMID:
8241207

Sato MS, T.; Waddell, T.K.; Singer, L.G.; Keshavjee, S. (2013) Diagnosis of Restrictive Allograft Syn-
drome (RAS) without Using Total Lung Capacity. ISHLT 33rd Annual Meeting and Scientific Sessions
Abstract.

PLOS ONE | https://doi.org/10.1371/journal.pone.0180281 July 7, 2017 14/15


http://www.ncbi.nlm.nih.gov/pubmed/16340783
https://doi.org/10.1164/rccm.200302-165OC
http://www.ncbi.nlm.nih.gov/pubmed/15297270
https://doi.org/10.1164/ajrccm.159.3.9607099
http://www.ncbi.nlm.nih.gov/pubmed/10051258
https://doi.org/10.1111/j.1600-6143.2005.00953.x
http://www.ncbi.nlm.nih.gov/pubmed/15996255
https://doi.org/10.1016/S0022-5223(97)70144-2
http://www.ncbi.nlm.nih.gov/pubmed/9270635
http://www.ncbi.nlm.nih.gov/pubmed/8981205
http://www.ncbi.nlm.nih.gov/pubmed/8470763
http://www.ncbi.nlm.nih.gov/pubmed/10528744
http://www.ncbi.nlm.nih.gov/pubmed/9883768
https://doi.org/10.1164/rccm.201305-0861OC
http://www.ncbi.nlm.nih.gov/pubmed/24063316
http://www.ncbi.nlm.nih.gov/pubmed/14568964
http://www.ncbi.nlm.nih.gov/pubmed/12097412
https://doi.org/10.1164/ajrccm.165.2.ats01
http://www.ncbi.nlm.nih.gov/pubmed/11790668
https://doi.org/10.1016/j.healun.2007.10.017
http://www.ncbi.nlm.nih.gov/pubmed/18096473
http://www.ncbi.nlm.nih.gov/pubmed/8820078
https://doi.org/10.1111/j.1600-6143.2009.02635.x
http://www.ncbi.nlm.nih.gov/pubmed/19459819
http://www.ncbi.nlm.nih.gov/pubmed/8241207
https://doi.org/10.1371/journal.pone.0180281

o @
@ : PLOS | ONE CXCR3 chemokines during organizing pneumonia and risk of chronic lung allograft dysfunction

33. Paraskeva M, McLean C, Ellis S, Bailey M, Williams T, et al. (2013) Acute fibrinoid organizing pneumo-
nia after lung transplantation. Am J Respir Crit Care Med 187: 1360—1368. https://doi.org/10.1164/
rccm.201210-18310C PMID: 23614642

34. Cole KE, Strick CA, Paradis TJ, Ogborne KT, Loetscher M, et al. (1998) Interferon-inducible T cell alpha
chemoattractant (I-TAC): a novel non-ELR CXC chemokine with potent activity on activated T cells
through selective high affinity binding to CXCR3. J Exp Med 187: 2009—2021. PMID: 9625760

35. Loetscher M, Gerber B, Loetscher P, Jones SA, Piali L, et al. (1996) Chemokine receptor specific for
IP10 and mig: structure, function, and expression in activated T-lymphocytes. J Exp Med 184: 963—
969. PMID: 9064356

PLOS ONE | https://doi.org/10.1371/journal.pone.0180281 July 7, 2017 15/15


https://doi.org/10.1164/rccm.201210-1831OC
https://doi.org/10.1164/rccm.201210-1831OC
http://www.ncbi.nlm.nih.gov/pubmed/23614642
http://www.ncbi.nlm.nih.gov/pubmed/9625760
http://www.ncbi.nlm.nih.gov/pubmed/9064356
https://doi.org/10.1371/journal.pone.0180281

