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Abstract

The histopathologic diagnosis of acute allograft injury is prognostically important in lung
transplantation with evidence demonstrating a strong and consistent association between acute
rejection (AR)(1-7), acute lung injury (ALI)(8, 9) and the subsequent development of chronic
lung allograft dysfunction (CLAD). The pathogenesis of these allograft injuries however, remains
poorly understood. CXCL9 and CXCL10 are CXC chemokines induced by interferon-y and

act as potent chemoattractants of mononuclear cells. We hypothesized that these chemokines

are involved in the mononuclear cell recruitment associated with AR and ALI. We further
hypothesized that the increased activity of these chemokines could be quantified as increased
levels in the bronchoalveolar lavage fluid. In this prospective multicenter study, we evaluate the
incidence of histopathologic allograft injury development during the first-year post-transplant and
measure bronchoalveolar CXCL9 and CXCL10 levels at the time of the biopsy. In multivariable
models, CXCLJ9 levels were 1.7-fold and 2.1-fold higher during AR and ALI compared with
“normal” biopsies without histopathology. Similarly, CXCL10 levels were 1.6-fold and 2.2-fold
higher during these histopathologies, respectively. These findings support the association of

Correspondence: Michael Y. Shino mshino@mednet.ucla.edu.

Publisher's Disclaimer: This article has been accepted for publication and undergone full peer review but has not been through the
copyediting, typesetting, pagination and proofreading process, which may lead to differences between this version and the Version of
Record.

Disclosure
The authors of this study have no conflicts of interest to disclose as described by the American Journal of Transplantation.

Supporting Information
Additional supporting information may be found online in the Supporting Information section at the end of the article.


https://doi.org/10.1111/AJT.16601
https://doi.org/10.1111/AJT.16601

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shino et al. Page 2

CXCL9 and CXCL10 with episodes of AR and AL, and provide potential insight into the
pathogenesis of these deleterious events.

1. INTRODUCTION

Chronic lung allograft dysfunction (CLAD) is the leading cause of death and the major
factor limiting long-term survival after lung transplantation (10). Since there are no known
effective therapies for CLAD, the identification and avoidance of key modifiable risk factors
for CLAD is a crucial step towards improving long-term graft function and survival. Prior
single-center studies have found acute cellular rejection (AR)(1-7) and acute lung injury
(ALI)(8, 9) to be the histopathologic injury patterns most consistently associated with
subsequent CLAD development. Despite the clinical importance of these histopathologic
diagnoses, their incidence has not been well defined in multi-center studies. Furthermore,
the pathobiology of these injury patterns remains poorly understood.

AR is defined by perivascular mononuclear cell infiltration that may extend to the adjacent
alveolar septa with elevated grades of rejection (11). AR is graded from AO to A4 based

on the extent of mononuclear cell infiltration. ALI, the most severe form of acute allograft
injury, has an initial exudative phase with alveolar hyaline membrane formation leading

to a proliferative phase with marked mononuclear cell infiltration into the interstitum

and alveoli (11). Histologically, these allograft injury patterns share a common theme
involving the extravasation and infiltration of leukocytes into the area of injury. CXCL9
(MIG) and CXCL10 (IP10) are CXC chemokines which are induced by interferon-yy and
signals through a G protein-coupled receptor, CXCR3. These CXCR3 chemokines are
potent chemoattractants for mononuclear cells (e.g., activated T-cells and NK cells) in a
Type | immune response. In animal models, we and others have demonstrated the key role of
CXCR3 and its ligands in the pathogenesis of AR and CLAD, with in vivo neutralization of
CXCR3 or its ligands leading to profound attenuation of both AR and CLAD development
(12, 13). In clinical studies, we showed augmented immunohistochemical expression of
CXCL9 and CXCL10 by alveolar and airway epithelial cells, as well as augmented CXCR3
expression by infiltrating mononuclear cells during ALI (8). These single center studies also
showed AR and ALI to be the strongest histopathologic risk factors for CLAD development
(7, 8). Importantly, bronchoalveolar lavage (BAL) fluid CXCL9 and CXCL10 levels were
significantly elevated during these histopathologic events compared to “normal” biopsies.
BAL CXCL9 and CXCL10 elevations reflected the relative risk of CLAD development: ALI
had the highest hazards ratio (HR) for CLAD with the highest CXCL9 and CXCL10 levels,
followed by AR (8). We also found that biopsies with higher grade AR were associated with
higher CXCL9 and CXCL10 levels, as well as higher risk of CLAD development (7).

The current prospective multi-center study extends these findings by evaluating BAL
CXCL9 and CXCL10 concentrations during acute allograft histopathology in the first-year
post-transplant. Given their role in the recruitment of mononuclear cells, we hypothesized
that CXCL9 and CXCL10 concentrations would be quantifiably increased in the BAL fluid
during acute allograft pathology. Furthermore, we hypothesized that ALI would have the
highest chemokine levels followed by AR, with high grade AR having higher levels than
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low grade AR, reflecting the severity of the injury pattern and extent of mononuclear cell
infiltration.

MATERIALS AND METHODS

Clinical Trials in Organ Transplantation (CTOT)-20 (NCT02631720), is a prospective
multi-center observational study collecting serial clinical data and biologic samples from 5
transplant centers: Cleveland Clinic, Johns Hopkins Medical Center (Hopkins), University of
Toronto Health Network (Toronto), Duke University Medical Center (Duke) and University
of California Los Angeles (UCLA). This study cohort consisted of the first 198 lung
transplant recipients enrolled in CTOT-20 who had at least one concurrent transbronchial
biopsy and BAL collected (Figure 1). The transplant dates for this cohort ranged from
December 17, 2015 to September 12, 2016. The study was approved by the IRB at each
center. Recipients were managed according to clinical practices at each study center as
summarized in the clinical management supplement. Bronchoscopies were classified as
surveillance if performed as part of the surveillance protocol or “for cause” if performed
due to clinical symptoms, pulmonary function test (PFT) decline or radiographic findings.
Recipients received a minimum of 4 surveillance bronchoscopies during the first-year post-
transplant (at 2-4 weeks, 3 months, 6 months and 12 months post-transplant). Biopsies were
reviewed by a pulmonary pathologist at the enrolling center (11). The terms “any injury” or
“allograft injury” were used to refer to any of the following four histopathologic diagnoses:
AR, lymphocytic bronchiolitis (LB), organizing pneumonia (OP) or ALI. Biopsies with no
histopathologic evidence of allograft injury were classified as “normal”. Biopsies ungradable
for AR or LB were considered missing and excluded from the analysis. Prior to the start of
the study, pathologists from each of the five study centers convened a working group which
met several times to harmonize nomenclature, grading and prospective reporting of allograft
histopathology.

Immunosuppression, anti-microbial prophylaxis and treatment of the allograft pathologies
were administered according to each center’s protocol as described in the clinical
management supplement. Maintenance immunosuppression medications were assumed to
be unchanged from the immunosuppression that the recipient received on discharge after
the transplant. BAL samples were sent for microbiologic evaluation as standard of care.
Positive detection of an organism known to cause pulmonary infections were classified as
a “pathogen”. Infection was defined as pathogen detection with clinical symptoms (fever,
cough, dyspnea, sputum, viral prodrome) or signs (PFT decline, radiographic findings),
all of which were documented at the time of the bronchoscopy. Recipients also consented
to the collection of BAL for research purposes. The study protocol recommended two

50 to 60 ml aliquots of isotonic saline to be instilled into the sub-segmental bronchus in
the lingula, right middle lobe or area of interest and the returns pooled. The supernatant
was collected and stored unconcentrated at —80°C after straining and centrifugation. BAL
CXCR3 chemokine levels (CXCL9 and CXCL10) were measured using luminex bead
assays (Millipore, Billerica MA). Chemokine levels were reported as median fluorescence
intensities (MFIs) to minimize variability associated with standard curve interpolations (14,
15).
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To evaluate differences in CXCR3 chemokine levels between allograft histopathology and
“normal” biopsies, mixed effects models were constructed taking into account repeated
measurements from both recipients and study center. This model assumes non-independence
among these repeated observations and accounts for this correlation with random intercepts
assigned at both the recipient and study center level. Chemokine levels were log2
transformed given the non-normal distribution. In addition to the allograft histopathologies,
we a-priori postulated that several factors would affect BAL CXCR3 chemokine levels:
allograft infection, clinical indication (“surveillance” vs “for-cause™), BAL volume instilled,
as well as maintenance and induction immunosuppression medications. Univariable mixed
effects models were performed to compare each chemokine by these additional factors

of interest. Variables associated with significant chemokine differences in the univariable
models were included in the final multivariable mixed effects models. All analyses were
performed using SAS v9.4 (Cary, NC).

3. RESULTS

3.1 Cohort characteristics

135 (68%) of 198 recipients developed an episode of acute allograft injury during the first
year of follow-up, while 63 (32%) of recipients did not. Table 1 describes the overall cohort
characteristics as well the characteristics of those who did vs did not develop allograft injury.
Overall, recipients who developed allograft injury were similar to recipients who did not.
The time to first biopsy and median number of biopsies were also similar between those who
developed allograft injury vs. those who did not.

3.2 Frequency of Allograft Histopathology During the First-Year Post-Transplant

Table 2 describes the frequency of each histopathologic diagnosis observed per recipient for
the entire cohort as well as by study center. In total, there were 104 (53%) recipients who
developed AR, 24 (12%) recipients with LB, 45 (23%) recipients with OP and 37 (19%)
recipients with ALI. There were differences in the frequency of histopathologic diagnosis
across study centers. Hopkins had a lower incidence of AR (15% of recipients), Duke had

a lower incidence of LB (2%), and UCLA had a lower incidence of OP (5%). Compared
with the other histopathologies, the incidence of ALI was more similar across centers. Mean
number of pathologic diagnoses per recipient also reflected these differences across study
centers.

There were also differences in the frequency of pathogen detection and clinical infection
across study centers (Table 2). Overall, 129 (65%) recipients had 287 episodes of BAL
pathogen detection: 132 (46%) were bacterial, 35 (12%) were mycobacterial, 107 (37%)
were fungal and 75 (26%) were viral. 52 episodes of pathogen detection from 43 (22%)
recipients were classified as infection based on the presence of clinical symptoms or signs
(radiology, PFT decline).

Table 3 describes the total number of each histopathologic diagnosis, stratified by the
clinical indication of the bronchoscopy. In total, there were 844 biopsies with 249 (28%)
episodes of allograft injury observed. There were 173 (20%) episodes of AR, 30 (3%)
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episodes of LB, 52 (6%) episodes of OP, and 42 (5%) episodes of ALI. The following

AR grades were observed: 126 (14%) Al, 46 (5%) A2, 1 (0%) A3, 0 (0%) A4, with 67

(8%) biopsies which were ungradable for AR. The following LB grades were observed:

29 (3%) B1R, 1 (0%) B2R, with 255 (29%) biopsies which were ungradable for LB. ALI
was graded as 23 (3%) acute, 13 (1%) organizing and 6 (1%) acute and organizing. 767
(87%) biopsies were performed for “surveillance”, while 116 (13%) were performed due to
clinical symptoms (*“for cause”). The incidence of AR and LB was not significantly different
between “surveillance” and “for cause” biopsies, but there was a higher incidence of OP

and ALI observed in “for cause” biopsies. 46 (5%) biopsies had more than one concurrent
histopathologic diagnosis observed. The highest frequency of concurrent histopathologic
findings was between LB, OP and ALI with AR: Of the 173 biopsies with AR, there were
18 (10%) with concurrent LB, 15 (9%) with concurrent OP and 10 (6%) concurrent ALI.
There was also high concurrence between pathogen detection and AR. Of the 287 episodes
of pathogen detection, there were 54 (19%) with concurrent AR, 5 (2%) with concurrent LB,
17 (6%) with concurrent OP and 7 (2%) with concurrent ALI. Similarly, of the 52 episodes
of clinical infection, there were 10 (3%) with concurrent AR, 1 (0.3%) with concurrent LB,
5 (2%) with concurrent OP and 3 (1%) with concurrent ALLI.

3.3 BAL CXCR3 Chemokine MFI Measurement During Allograft Histopathology

We next evaluated BAL CXCR3 chemokine levels by histopathologic diagnosis using
univariable mixed effects models with random effect variables for recipient and study center.
Median CXCL9 MFIs were higher during “any injury” (AR, LB, OP or ALI) compared

to “normal” biopsies: 222.0 vs 91.0, respectively (p=0.0001, Table 4). Similarly, median
CXCL10 MFIs for “any injury” vs “normal” biopsies were: 470.0 vs 196.5, respectively
(p=0.0003). For the individual injury patterns, CXCL9 MFIs were elevated during ALI
(333.3, p=0.0001), AR (263.0, p=0.0001) and LB (201.5, p=0.0009), compared with
“normal” biopsies. Similarly, CXCL10 MFIs were elevated during ALI (1030.0, p=0.0003),
AR (543.5, p=0.0001) and LB (494.0, p=0.0017), compared with “normal” biopsies. OP was
the only histopathologic allograft injury which was not associated with elevated CXCL9 or
CXCL10 levels.

Importantly, higher grade AR was associated with higher CXCL9 and CXCL10 levels.
Median CXCL9 MFIs for A1 and =A2 were 199.5 (p=0.03) and 315.0 (p=0.0001) compared
with 145.0 for AO rejection grade, respectively (Table 5). Similarly, CXCL10 MFlIs for Al
and =A2 were 498.8 (p=0.0001) and 648.0 (p=0.0129) compared with 290.5 for AO rejection
grade, respectively.

3.4 BAL CXCR3 Chemokine MFI Measurement During Respiratory Infection

BALs with detected pathogens were associated with elevated CXCL9 and CXCL10 MFIs
compared with “normal” biopsies: 361.0 vs 91.0 (p=0.0001) and 591.0 vs 196.5 (p=0.0013),
respectively (Table 6). BALs associated with clinical infections had even higher CXCL9 and
CXCL10 levels with median MFIs of 709.5 (p=0.0001) and 857.0 (p=0.0004), respectively.
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3.5 Univariable Models Evaluating BAL CXCR3 Chemokine MFIs

Univariable mixed effects models were also constructed to estimate “fold-change” increases
in CXCR3 chemokines during episodes of allograft histopathology, compared with “normal”
biopsies. An episode of “any injury” was associated with a 1.6-fold increase in CXCL9
(95% ClI 1.3-2.0) and 1.4-fold increase in CXCL10 (95% CI 1.1-1.8), compared with
“normal” biopsies (Table 6). The individual injury patterns AR, LB and ALI were all
associated with increased CXCL9 MFIs with fold-changes of: 1.7 (95% Cl 1.4-2.2), 2.4
(95% CI 1.4-4.0) and 2.0 (95% CI 1.3-3.1), compared with “normal” biopsies, respectively.
For CXCL10, AR and ALI were the only injury patterns associated with increased MFIs
with fold changes of: 1.7 (95% CI 1.3-2.1) and 2.2 (95% CI 1.3-3.5, respectively. CXCL9
levels were not elevated during OP, and CXCL10 was not elevated during LB or OP.

We next performed univariable comparisons of BAL CXCR3 chemokine MFIs by several
factors, which were a-priori postulated to potentially influence the MFIs: respiratory
infection, clinical indication (“surveillance” vs “for cause”), bronchoalveolar lavage volume,
induction immunosuppression, and maintenance immunosuppression. BALs with pathogens
detected were associated with increased CXCL9 and CXCL10 with fold-changes of: 1.7
(95% Cl 1.4-2.0) and 1.3 (95% CI 1.1-1.7), respectively. Episodes of clinical infection

were associated with higher CXCL9 and CXCL10 levels with fold-changes of: 2.2 (95% ClI
1.5-3.2) and 1.8 (95% CI 1.2-2.8), respectively.

There were no significant differences in CXCL9 or CXCL10 levels based on the clinical
indication of the biopsy (Supplemental 1). There were differences in the saline lavage
volume instilled during the bronchoscopy across study centers. UCLA had the highest
median lavage volumes at 120 ml, followed by Hopkins (100 ml), Toronto (100 ml), Duke
(80 ml) and Cleveland (70 ml). The volume of lavage fluid recovered was more similar
across centers. UCLA (55 ml) and Toronto (49 ml) had the highest volumes recovered,
followed by Cleveland (45 ml), Hopkins (45 ml) and Duke (30 ml). There was a trend
towards higher CXCL9 and CXCL10 MFIs with higher lavage volumes but the difference
was not statistically significant (Supplemental 2).

Induction immunosuppression used at the time of transplantation was another factor

which we postulated would affect BAL CXCR3 chemokines MFIs. Almost all patients

at Cleveland (98%) and Toronto (91%) received no induction immunosuppression. All
patients at Hopkins (100%) and Duke (100%) received basiliximab, while patients at UCLA
received either basiliximab (67%) or ATG (33%). For “normal” biopsies, those recipients
that received basiliximab had higher CXCL9 and CXCL10 levels, followed by ATG, then no
induction (Supplemental 3). However, these differences were not statistically significant.

There were also differences in the use of maintenance immunosuppression across study
centers. Most patients at Cleveland (97%), Hopkins (100%), UCLA (94%) and Duke (89%)
received tacrolimus, while most patients at Toronto (91%) received cyclosporine. Compared
with tacrolimus, cyclosporine use was associated with higher CXCR3 chemokine levels, but
the differences were not statistically significant (Supplemental 4).
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3.6 Multivariable Models Evaluating BAL CXCR3 Chemokine MFIs

Multivariable mixed effects models were then constructed using the variables which were
significant predictors of CXCL9 and CXCL10 in the univariable models.

The multivariable model for CXCL9 included the variables: AR, LB, ALI and infection.
An episode of AR, ALI and infection were associated with fold-increases of: 1.7 (95% CI
1.3-2.2), 2.1 (95% CI 1.3-3.5) and 3.1 (95% CI 1.9-4.9), respectively (Table 7). LB was

not associated with elevated CXCL9 in the multivariable model. The multivariable model
for CXCL10 included the variables: AR, ALI and infection. All three variables remained
significant predictors of CXCL10 with fold-changes of: 1.6 (95% CI 1.3-2.1), 2.2 (95%

Cl 1.4-3.7) and 1.4 (95% CI 1.1-1.8), respectively. Other factors which we postulated

to affect MFIs (clinical indication, lavage volume instilled, induction and maintenance
immunosuppression) were not significant in univariable models and thus not included in the
multivariable models.

3.7 BAL CXCR3 Chemokine MFIs after Treatment of Histopathology

To evaluate changes in BAL CXCL9 and CXCL10 levels after treatment of the allograft
histopathology, we determined if the recipient received augmented steroids (IV or PO)
within 7 days after the histopathologic diagnosis. For the 249 episodes of allograft injury
(from 135 recipients), 113 (45%) episodes (from 79 recipients) received augmented steroids,
while 136 (55%) episodes (from 98 recipients) did not. 69% of allograft injury episodes
were followed up with a repeat bronchoscopy in the next 90 days. The follow-up BAL
chemokine levels overall trended lower for recipients who received treatment compared

to those who did not: 106.0 vs 235.0 and 239.0 vs 532.5, for CXCL9 and CXCL10
respectively. However, the median change in BAL levels for the treated vs untreated groups
were not significantly different using the Wilcoxon Signed-Rank Test: =34.5 vs —32.0
(p=0.48), and —68.5 vs —38.0 (p=0.12), for CXCL9 and CXCL10 respectively.

4. DISCUSSION

The histopathologic diagnosis of acute allograft injury is prognostically important with
several studies showing a strong association between AR (1-7), ALI (8, 9) and subsequent
CLAD development. The pathogenesis of these allograft injuries however, remains poorly
understood. In this multi-center study, we sought to evaluate the incidence of allograft
histopathology development during the first-year post-transplant and evaluate CXCR3
chemokine expression as measured in the BAL at the time of the biopsy. Consistent with
our prior single center studies (7, 8), we found significant BAL CXCL9 and CXCL10
elevations during episodes of AR and ALI. In multivariable models, CXCL9 levels were
1.7-fold and 2.1-fold higher during AR and ALI compared with “normal” biopsies without
histopathology. Similarly, CXCL10 levels were 1.6-fold and 2.2-fold higher during these
histopatholgies, respectively. Furthermore, these BAL chemokine elevations reflect the
severity of the injury and inflammation: CXCL9 and CXCL10 levels were highest for
ALL, the most severe form of allograft injury, followed by higher grade AR (=A2), then
lower grade AR (A1). These findings support our hypothesis that CXCL9 and CXCL10
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are involved in the recruitment of injurious mononuclear cells, which defines AR and ALI
histologically.

Two prior UCLA single center studies that found AR and ALI were the strongest
histopathologic predictors of subsequent CLAD development (7, 8). BAL CXCL9 and
CXCL10 levels were significantly elevated during these histopathologic diagnoses compared
with normal biopsies, with levels that correlated with the intensity of injury (eg, CXCL9 and
CXCL10 levels were highest for ALI, followed by AR and then LB) (8). Similarly, CXCL9
and CXCL10 levels were higher for higher grade AR: A3 > A2 > Al (7). Consistent with
these studies, the current study found pronounced elevations of BAL CXCL9 and CXCL10
concurrent with AR and ALI in multivariable models, and also LB in univariable analysis.
Also consistent with the prior studies, there was a strong correlation between BAL CXCL9
and CXCL10 levels and the severity of the allograft injury.

Although there was no association between the diagnosis of OP and elevated CXCR3
chemokines in the current study, this may be due to the relatively small number of OP
episodes (n=52) in the current study. Our prior single center study of 1856 biopsies with 169
episodes of OP did not find an overall association between OP and CLAD risk. However,

we found that elevated BAL CXCR3 chemokines during OP increased CLAD risk in a
dose-response manner (16). Similarly, we previously found that although low grade AR (A1)
was not associated with CLAD risk, low grade AR with elevated BAL CXCL9 increased
CLAD risk in a dose-response manner (7).

The current study has completed enrollment with patients now accruing follow-up time
towards CLAD development. We intend to evaluate the effect of CXCR3 chemokine
elevations during allograft pathology on CLAD risk after completion of the accrual period.
We anticipate, based on our prior single center studies, that allograft pathologies with
elevated BAL CXCR3 chemokines will significantly increase CLAD risk. This may allow
for the risk stratification of allograft injuries to better guide treatment decisions. For
example, low grade AR with elevated chemokine will require treatment, while low grade
AR with lower chemokine levels will not. The current study supports the possibility of using
BAL chemokines to better risk-stratify allograft injuries for future adverse events and may
improve our ability to optimize post-transplant care.

Overall, we found that 53% of recipients developed AR, 12% developed LB, 23%
developed OP and 19% developed ALI over the first-year post-transplant. We attempted
to standardize the pathologic evaluation by distributing a protocol for the bronchoscopy
and pathologic review to all participating investigators. Prior to the initiation of the
study, we convened a working group of pathologists from each study center. These
pathologists met several times to review representative cases and reach a consensus on
the histopathologic classification criteria. Despite these efforts, there was variability in
the diagnosis of allograft injuries between study centers, highlighting the difficulty of
standardizing histopathologic interpretation. Interestingly, there was more consistency in
the frequency of ALI diagnosed compared with the other histopathologies, including AR.
This may be explained by the severe and diffuse nature of ALI, compared with AR which
is often patchy and heterogeneous. Several other studies have reported poor interobserver
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agreement of transbronchial biopsy assessments for the histopathologic diagnosis of acute
rejection (17, 18). Thus, the evaluation and use of immunologic biomarkers, in conjunction
with or in place of histopathologic evaluation, for the risk stratification of patients for
adverse events may be preferable. We feel that BAL CXCR3 chemokine expression after
lung transplantation deserves further study for this purpose.

We postulated that concurrent pathogen detection and respiratory infection would increase
BAL CXCL9 and CXCL10 levels. In univariable models, we found that pathogen detection
was associated with increased CXCL9 and CXCL10 levels compared with “normal”
biopsies. The subset of pathogen positive BALSs associated with clinical symptoms or signs
(respiratory infection) was associated with even higher CXCL9 and CXCL10 levels. In

the final multivariable models, respiratory infection remained a significant determinant

of CXCL9 and CXCL10 levels with fold changes of: 3.1 (95% CI 1.9-4.9) and 1.4

(95% CI 1.1-1.8), respectively. Several prior studies have reported an association between
respiratory infections and CLAD development (19-24). Our group previously demonstrated
BAL CXCL9 elevations during respiratory infections, as well as increased with CLAD risk
with increasing CXCL9 levels in a dose-response manner (25). The association between
respiratory infection and elevated CXCL9 and CXCL10 levels in the current study confirms
the findings from our prior single center study.

A major limitation of this study is the potential for confounding given the observational
design, especially with regards to differences in practice by center. This includes differences
in bronchoscopy procedures, pathologic evaluation, clinical management, and other factors
that are unmeasured. We postulated that several of these center-specific factors would

affect BAL chemokine levels: lavage volume instilled, maintenance immunosuppression and
induction immunosuppression. Given the limited episodes of allograft pathology, we were
unable to stratify the analysis by study center. However, we attempted to control for these
study center differences by including study center as a random effect variable for all mixed
effects models. We found that, for biopsies without evidence of histopathology, there were
no statistically significant differences in CXCR3 chemokine levels based on these factors,
after adjustment for study center as a random effect variable.

Despite these limitations, this multi-center study refines our current understanding of the
patterns of elevated BAL CXCR3 chemokines associated with prognostically important
histopathologic diagnoses, as previously described in single-center studies. To our
knowledge, this is the first prospective multi-center study to evaluate BAL chemokine levels
after lung transplantation, and the largest BAL chemokine study to date for lung transplant
recipients. We demonstrate BAL CXCL9 and CXCL10 elevations during episodes of AR
and AL, the strongest histopathologic predictors of CLAD development. Consistent with
our prior results, we find that these chemokine elevations reflect the severity of allograft
injury. These findings support our hypothesis that CXCL9 and CXCL10 are involved in
the recruitment of injurious mononuclear cells which defines AR and AL histologically,
and confirm the generalizability of these results across study centers. Improving our
understanding of key receptor-chemokine interactions responsible for the pathogenesis of
allograft injury may lead to novel options to prevent and treat these deleterious events.
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First 200 Patients with BALs

1008 Biopsies 946 BALs

\ 2 patients had no

"  matching BALs
N 124 biopsies had no
matching BALs

884 Biopsies with
matching BALs
from 198 pts

Figure 1.
Flow diagram of patient and sample size used in the analysis.
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Baseline Patient Characteristics

Table 1.

Page 14

All Patients  Patients with Allograft Injury f  patients without Allograft Injury 7
n % n % n %
Number of patients: 198 100% 135 68% 63 32%
Pre-transplant characteristics:
Race
White 176 89% 122 90% 54 86%
Black 15 8% 8 6% 7 11%
Asian 1 1% 1 1% - 0%
Other 6 3% 4 3% 2 3%
Mean age at transplant (sd) 60 (14.5) 60 (14.7) 63 (14.2)
Female gender 70 35% 45 33% 25 40%
Native lung disease
Idiopathic pulmonary fibrosis 66 33% 53 39% 13 21%
Obstructive/COPD 48 24% 29 21% 19 30%
Cystic Fibrosis 25 13% 15 11% 10 16%
Hypersensitivity pneumonitis 12 6% 9 7% 3 5%
Connective tissue associated ILD 13 % 5 4% 7 11%
Sarcoidosis 7 4% 5 4% 2 3%
Other 27 14% 19 14% 9 14%
Bilateral lung transplant 147 74% 97 72% 50 79%
Post-transplant characteristics:
Induction immunosuppression
ATG 14 7% 9 7% 5 8%
Basiliximab 101 51% 62 46% 39 62%
None 84 42% 65 48% 19 30%
Primary Graft Dysfunction 7
Grade 0 24 12% 18 13% 6 10%
Grade 1 96 48% 60 44% 36 57%
Grade 2 40 20% 30 22% 10 16%
Grade 3 38 19% 27 20% 11 17%
Primary immunosuppression Hi
Tacrolimus 157 79% 106 79% 51 81%
Cyclosporine 42 21% 29 21% 13 21%
Secondary immunosuppression
Mycophenolate 173 87% 120 89% 53 84%
Azathioprine 19 10% 11 8% 8 13%
Other 6 3% 4 3% 2 3%
Biopsies during first year post-transplant
Median days to first biopsy (range) 37  (16-332) 37 (16-332) 37 (19-289)
Median # biopsies per subject (range) 5 (1-10) 5 (1-10) 4 1-7)
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Definition of abbreviations: COPD = chronic obstructive lung disease, ILD = interstitial lung disease, ATG = anti-thymocyte globulin.
Allograft Injury includes the following histopathologies: acute rejection, lymphocytic bronchiolitis, organizing pneumonia and acute lung injury.
H .

Highest at 72 hours.

i .
At post-transplant discharge.
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Table 2.

Median Number of Allograft Injury Events Per Patient During the First-Year Post-Transplant

All Centers  Cleveland Hopkins Toronto UCLA  Duke p-value"

Number of patients: 198 54 13 36 40 55

Median number of biopsies per patient: 5 (3-6) 6 (5-7) 5 (4-5) 4(3-5) 3(1-4) 6(56) 0.0001
Patients with allograft injury #, 135 43 6 25 24 37

% Patients with allograft injury 68% 80% 46% 69% 60% 67%

Mean allograft injury events per patient 1.26 157 0.77 111 0.80 1.49 0.0073
Patients with AR: 104 37 2 17 15 33

% Patients with AR 53% 69% 15% 47% 38% 60%

Mean AR events per patient 0.87 1.09 0.23 0.58 0.53 1.25 0.0003
Patients with LB: 24 7 1 3 12 1

% Patients with LB 12% 13% 8% 8% 30% 2%

Mean LB events per patient 0.16 0.19 0.08 0.10 0.39 0.02 0.0016
Patients with OP: 45 15 2 11 2 15

% Patients with OP 23% 28% 15% 31% 5% 27%

Mean OP events per patient 0.26 0.37 0.23 0.33 0.05 0.27 0.0394
Patients with ALI: 37 12 3 10 6 6

% Patients with ALI 19% 22% 23% 28% 15% 11%

Mean ALl events per patient 0.21 0.26 0.23 0.33 0.15 0.13 0.2632
Patients with pathogen 7%: 129 27 9 24 18 51

% Patients with pathogen 65% 50% 69% 67% 45% 93%

Mean pathogen events per patient 1.46 0.81 2.15 1.01 0.69 271 0.0001
Patients with infection 7777 43 10 2 8 4 19

% Patients with infection 22% 19% 15% 22% 10% 35%

Mean infection events per patient 0.26 0.20 0.15 0.25 0.13 0.45 0.0521

7 . . .
P-value is from Kruskal-Wallis comparing mean number of events by study center.
H T
Allograft injury includes: AR, LB, OP or ALI.
Hi . " . . .
Pathogen is defined as the detection of a pathogenic organism.

HHInfection is defined as pathogen detection with symptoms or radiology findings.
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Table 3.
Allograft Injuries by Clinical Indication
Characteristic Surveillance  For Cause Total
n % n % n %
Total number of biopsies 767 87% 116 13% 884 100%

Episodesofallograftinjury{ 210 27% 39 34% 249 28%

Acute cellular rejection (AR) 148  19% 25 22% 173 20%

None (AQ) 561 73% 82 71% 644 73%
Minimal (A1) 108  14% 18 16% 126 14%
Mild (A2) 40 5% 6 5% 46 5%
Moderate (A3) 0 0% 1 1% 1 0%
Severe (A4) 0 0% 0 0% 0 0%
Ungradable (AX) 58 8% 9 8% 67 8%

Lymphocytic bronchiolitis (LB) 24 3% 6 5% 30 3%

None (B0) 528 69% 70 60% 599 68%
Low-grade LB (B1R) 24 3% 5 4% 29 3%
High-grade LB (B2R) 0 0% 1 1% 1 0%
Ungradable (BX) 215 28% 40 34% 255 29%
Organizing pneumonia 41 5% 11 9% 52 6%
Acute lung injury 32 4% 10 9% 42 5%
Acute 16 2% 7 6% 23 3%
Organizing 10 1% 3 3% 13 1%
Acute and organizing 6 1% 0 0% 6 1%
Pathogen 7 234 31% 53 46% 287  32%
Infection 7 0 0% 52 45% 52 6%

7 T

Allograft injury includes: AR, LB, OP or ALI.

H . ] . . .
Pathogen is defined as the detection of a pathogenic organism.

H}Infection is defined as pathogen detection with symptoms or radiology findings.
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Table 4.
Median CXCR3 Chemokine MFIs By Graft Status

N CXCL9 p-value £ cxcL10 p-value 7

Normal 334 91.0 196.5
Any Injury ¥ 249 2220 0.0001 4700 0.0003
AR 173 263.0 0.0001 543.5 0.0001
LB 30 201.5 0.0009 494.0 0.0017
OoP 52 119.0 0.7493 307.3 0.9628
ALI 42 333.3 0.0001 1,030.0 0.0003
Pathogen #f 287 361.0 0.0001 591.0 0.0013
Infection 77 52 709.5 0.0001 857.0 0.0004

P-values are from mixed effects model comparing each injury pattern with healthy biospsies.

HAny injury includes: AR, LB, OP or ALI.

H}Pathogen is defined as the detection of a pathogenic organism.

H}Infection is defined as pathogen detection with symptoms or radiographic findings.
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Table 5.
Median CXCR3 Chemokine MFIs By Acute Rejection Grade

_n CXCL9 p-value ¥ CXCL10 p-value

A0 644 145.0 290.5
Al 126 199.5 0.0304 498.8 0.0001
2A2 47 315.0 0.0001 648.0 0.0129

7 . .
P-values are from mixed effects model comparing the two AR
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Table 6.
Univariable Models for CXCR3 Chemokine MFIs
CXCL9 CXCL10
95%ClI 95%ClI 95%Cl 95%Cl

Fold change Lower Upper p-value Fold change Lower Upper p-value 7

Any Injury 16 13 2.0 0.0001 1.4 1.1 18 0.0018
AR 17 1.4 22 0.0001 17 13 21 0.0002
LB 24 14 40  0.0012 15 0.9 27 0.1558
oP 1.0 06 12 0419 07 05 11 01719
ALI 2.0 13 31 0.0013 2.2 13 35  0.0017
Pathogen £ 17 14 20 0.0001 13 11 17 00143
Infection 717 22 15 32 0.0001 18 12 28 0.0055

P-values are from mixed effects model comparing each allograft injury with “normal” biopsies. Fold-changes represent mean chemokine changes
compared with “normal” biopsies.

HAny injury includes: AR, LB, OP or ALI.
HE . ] . . .
Pathogen is defined as the detection of a pathogenic organism.

H}Infection is defined as pathogen detection with symptoms or radiographic findings.
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Table 7.
Multivariable Models for CXCR3 Chemokine MFIs By Graft Status

Page 21

CXCL9 CXCL10
95%ClI 95% CI
Fold change 95%CI Lower 95% CI Upper p-value 7 Fold change Lower Upper p-value 7
AR 1.7 13 2.2 0.0002 1.6 13 21 0.0002
LB 1.6 0.9 2.7 0.0992
ALI 2.1 13 35 0.0030 2.2 14 3.7 0.0016
Infection #f 3.1 19 4.9 0.0001 1.4 11 18 0.0088

P-values are from mixed effects model comparing all allograft injuries with “normal” biopsies. Fold-changes represent mean chemokine changes

compared with “normal” biopsies.

H . . . . . -
Infection is defined as pathogen detection with symptoms or radiographic findings.
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