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BACKGROUND: Idiopathic pulmonary fibrosis (IPF) is a progressive disease for which two
antifibrotic drugs recently were approved. However, an unmet need exists to predict re-
sponses to antifibrotic treatment, such as pirfenidone. Recent data suggest that upregulated
expression of CXCR4 is indicative of outcomes in IPF.

RESEARCH QUESTION: Can quantitative, molecular imaging of pulmonary CXCR4 expression
as a biomarker for disease activity predict response to the targeted treatment pirfenidone and
prognosis in patients with IPF?

STUDY DESIGN AND METHODS: CXCR4 expression was analyzed by immunohistochemistry
examination of lung tissues and reverse-transcriptase polymerase chain reaction analysis of
BAL. PET-CT scanning with the specific CXCR4 ligand **Ga-pentixafor was performed in 28
IPF patients and compared with baseline clinical characteristics. In 16 patients, a follow-up
scan was obtained 6 to 12 weeks after initiation of treatment with pirfenidone. Patients were
followed up in our outpatient clinic for = 12 months.

RESULTS: Immunohistochemistry analysis showed high CXCR4 staining of epithelial cells and
macrophages in areas with vast fibrotic remodeling. Targeted PET scanning revealed CXCR4
upregulation in fibrotic areas of the lungs, particularly in zones with subpleural honeycombing.
Baseline CXCR4 signal demonstrated a significant correlation with Gender Age Physiology stage
(r = 0.44; P = .02) and with high-resolution CT scan score (r = 0.38; P = .04). Early changes in
CXCR4 signal after initiation of pirfenidone treatment correlated with the long-term course of FVC
after 12 months (r = —0.75; P = .0008). Moreover, patients with a high pulmonary CXCR4 signal
on follow-up PET scan after 6 weeks into treatment demonstrated a statistically significant worse
outcome at 12 months (P = .002). In multiple regression analysis, pulmonary CXCR4 signal on
follow-up PET scan emerged as the only independent predictor of long-term outcome (P = .0226).

INTERPRETATION: CXCR4-targeted PET imaging identified disease activity and predicted
outcome of IPF patients treated with pirfenidone. It may serve as a future biomarker for
personalized guidance of antifibrotic treatment. CHEST 2021; 159(3):1094-1106
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ABBREVIATIONS: Dico = diffusing lung capacity for carbon monoxide; value; TGF-B = transforming growth factor f; VOI = volume-of-
GAP = Gender Age Physiology; HRCT = high-resolution CT; IPF = interest

idiopathic pulrponary fibrosis; IQR = interquartile range; RT-PCR = AFFILIATIONS: From the Department of Nuclear Medicine (Drs
reverse-transcriptase polymerase chain reaction; SUVimax = maximum Derlin, Weiberg, Ross, and Bengel), the Institute of Pathology (Dr
standardized uptake value; SUViean = mean standardized uptake Jonigk), the Department of Pulmonology (Drs Apel, Freise, Seeliger,
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Idiopathic pulmonary fibrosis (IPF) is a fatal disease
characterized by progressive respiratory failure, resulting in
a median survival of less than 3 years after diagnosis in
untreated patients.” However, interindividual outcome
shows great variability. Recently, two antifibrotic drugs,
pirfenidone and nintedanib, have been approved for
treatment of IPE.*” For both drugs, it has been
demonstrated clearly that they attenuate the mean rate of
FVC decline over a 12-month period in patients with IPF.*’
Some patients show stable or even improved FVC values
after 12 months of treatment, whereas others deteriorate
rapidly despite antifibrotic treatment.”’ Although FVC is a
well-accepted primary end point in clinical trials, it needs to
be monitored for a 12-month period to draw statistically
significantly conclusions. Currently, no markers are
available that allow the prediction of long-term response to
any of the approved antifibrotic treatments as soon as
treatment is started or as treatment progresses.

Recently, the role of CXCR4 and its ligand CXCL12 (also
known as SDF-1) in organ fibrosis has been highlighted.’
The G-protein-coupled receptor CXCR4 has a crucial role
in processes relying on cell migration, such as recruitment
and homing of cells as well as metastatic spread.””

CXCRA4 is expressed in various immune, cancer, stem, and
progenitor cells.” Several studies have reported CXCR4
expression of monocyte-derived M2 macrophages and
have described the role of CXCR4 in homing of bone
marrow-derived cells to injured organs.”'' CXCR4
signaling mediates epithelial mesenchymal transition of
epithelial cells, but also directs cell migration of immune
cells and fibrocytes.*'* Additional studies have reported
reciprocal and amplifying interactions of the transforming
growth factor B (TGF-PB) and CXCR4 signaling
pathways.>”'>'* In various organs, TGF-f is considered
to be the master cytokine driving fibrosis and to be related
directly to disease activity.">'>'® Until now, it has been
difficult to gauge levels of pulmonary TGF-3 production
by noninvasive biomarkers. Our own data indicate that
CXCR4 expression of BAL cells is indicative of early
mortality in IPF."” Hence, we investigated molecular
imaging of CXCR4 expression in IPF as a noninvasive
biomarker for disease activity and predictive value. For
this purpose, we used a highly specific tracer, **Ga-
pentixafor, which recently was introduced for clinical PET
imaging of CXCR4 in cardiovascular and oncologic

. 18-20
diseases.

Methods

Ex Vivo Analysis of CXCR4 Expression

Immunohistochemistry analysis for CXCR4 was obtained from the
lung tissue of 10 IPF lung explants and three healthy donors, as
recently described, using an antibody against CXCR4 (no. ab124824;
Abcam).'”*! Microarray data for CXCR4 expression of BAL cells
were obtained from a recently published dataset consisting of 62
patients with IPF and 20 age-matched healthy volunteers.'” For the
purpose of the current study, we used only the normalized gene
expression values for CXCR4 of the Freiburg cohort.

BAL cells from 16 of the 28 IPF patients who were recruited into the
study later were harvested at initial diagnosis during routine
diagnostic workup. BAL cells were isolated as recently described,'””*
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harvested in QIAzol lysis reagent (no. 79306; Qiagen), and archived
at —80°C. RNA was isolated by RNeasy Mini Kit (no. 74104;
Qiagen) in accordance with the standard protocol provided by the
manufacturer. Total RNA were reverse transcribed to complementary
DNA by using the High-Capacity cDNA Reverse Transcription Kit
(no. 4368814; ThermoFisher Scientific). CXCR4 reverse-transcriptase
polymerase chain reaction (RT-PCR) analyses were performed on a
TagMan platform with the following TaqMan primers: CXCR4
(assay identifier: Hs00976734_ml; no. 4331182; ThermoFisher
Scientific) and glyceraldehyde 3-phosphate dehydrogenase (assay
identifier: Hs99999905_m1; no. 4331182; ThermoFisher Scientific) as
described recently.”” A cycle threshold value was calculated and used
to ascertain the relative level of CXCR4 messenger RNA by the
following formula: relative expression = (2 (cycle threshold of
glyceraldehyde 3-phosphate dehydrogenase - cycle threshold of
CXCR4)) x 10,000 for each complementary DNA sample.

For the analysis of in vitro modulation of CXCR4 expression, BAL cells
from 10 additional patients with IPF were isolated as described
recently’ 1 x 10° BAL cells were cultured in Roswell Park
Memorial Institute 1640 medium (no. 11879020; ThermoFisher
Scientific) supplemented with 10% fetal bovine serum (no. TMS-013-
B; Sigma-Aldrich) and 1% penicillin and streptomycin (no. A2212;
Biochrom) for 24 h in an incubator (5% CO,, 37°C) with or without
2 mM pirfenidone (no. sc-203663; Santa Cruz Biotechnology) or 10
UM SB-431542 (a selective and potent inhibitor of the TGE-B/
activin/nodal pathway; no. 72234; STEMCELL technologies)
treatment. CXCR4 expression was tested by RT-PCR as described. In
additional experiments, we tested in vitro stimulation of monocyte-
derived macrophages and lung tissue slices by TGF-B. Using Ficoll
gradient and MACS beads (no. 130-091-153; Miltenyi Biotec), we
isolated monocytes from peripheral blood of five additional patients
with IPF as indicated by the manufacturer. Monocyte-derived
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TABLE 1 | Baseline Characteristics of the Study Cohort

(N = 28)

Clinical Characteristic Data
Sex, male/female 22 (79)/6 (21)
Age, y 69 (64-76)
Spirometry at baseline

FVC, % predicted 71 (58-89)

TLC, % predicted 71 (59-79)

Drco, % predicted 48 (37-61)

Resting Pao,, mm Hg 66 (57-74)

6-min walk distance, m 385 (305-431)

6-min walk test nadir Spo,, % 85 (81-88)
Extent of fibrosis score (HRCT),

No. (%),

0 0 (0)

1 4 (14)

2 12 (43)

3 8 (29)

4 4 (14)

Data are presented as No. (%) or median (interquartile range). Dico =
diffusing lung capacity for carbon monoxide; HRCT = high-resolution CT;
Spo, = oxygen saturation as measured by pulse oximetry; TLC = total
lung capacity.

macrophages were generated by stimulating isolated monocytes for five
days with granulocyte-macrophage colony-stimulating factor (1 ng/
mL; no. 11343123; Immunotools) in Roswell Park Memorial Institute
1640 medium supplemented with 10% human serum, 100,000 U/L
penicillin and 100 mg/L streptomycin. Thereafter, cells were
stimulated for 48 h with recombinant TGF-f (2 ng/mL;
Immunotools) in Roswell Park Memorial Institute 1640 medium
supplemented with 100,000 U/L penicillin and 100 mg/L
streptomycin; after this, surface CXCR4 expression (CD184 PE; no.
130-098-354; Miltenyi Biotec) was analyzed by flow cytometry using
protocols as described.””** Precision-cut lung slices were obtained
from three lung explants of patients with fibrotic lung diseases, as
recently described, and were cultured in vitro for 28 days in 1:1
bronchial epithelial cell growth medium (BEGM BulletKit medium
[no. CC-3170;Lonza] and Gibco DMEM-Dulbecco’s Modified Eagle
Medium [no. 11965092; ThermoFisher Scientific]) and stimulated
with or without TGF-B (2 ng/mL; Immunotools).”” Medium was
replaced every other day. After 28 days, precision-cut lung slices
were harvested, formalin fixed, and paraffin  embedded.
Immunohistochemistry analysis for CXCR4 expression of precision-
cut lung slices materials was performed as described above.

Clinical Cohort

Patients: Twenty-eight patients (Table 1) were diagnosed with IPF

according to the 2018 diagnostic criteria set forth together by the
American Thoracic Society, European Respiratory Society, Japanese
Respiratory Society, and Latin American Thoracic Society*®*” and
underwent baseline **Ga-pentixafor PET. All patients were examined
during their initial clinical workup, were treatment-naive, and gave
written consent to participate in studies of the German Center for
Lung Research (DZL) and, in particular, in studies investigating
biomarkers of disease progression and treatment outcomes in IPF.
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The local institutional review board approved the data analysis.
None of the patients were being administered steroid or
immunosuppressant therapy at the time of imaging. Pulmonary
function tests, 6-min walk test, and capillary blood gas analysis were
performed within four weeks before ®*Ga-pentixafor PET scanning
and during routine clinical follow-up every three months.
Noninvasive PET imaging was obtained for clinical purposes, and
%8Ga-pentixafor was used according to §13.2b of the German
Pharmaceuticals Act. In 16 patients, follow-up imaging was obtained
6 to 12 weeks after initiation of treatment with pirfenidone. The 12
remaining patients were treated with nintedanib. Preliminary
imaging and in vitro data in five patients suggested that nintedanib
induced CXCR4 upregulation in the context of TGF-§ signaling.
Because of this observation, we did not perform further PET scans
in these patients. For pirfenidone treatment, we applied a dose-
escalating regimen and started with a dose of 267 mg 3 times daily
for 7 days, then 574 mg 3 times daily for 7 days, and then escalated
to the final dose of 801 mg 3 times daily. All of the 16 patients
treated with pirfenidone tolerated the dose of 3 x 801 mg daily until
the last follow-up visit. Patients were followed up in our outpatient
clinic for = 12 months. None of the patients were lost to follow-up
or died.

“8Ga-Pentixafor Synthesis: Material for synthesis of **Ga-pentixafor
was obtained by Scintomics. Synthesis was performed as described
previously’>* at Hannover Medical School’s Department of Nuclear
Medicine (Hannover, Germany) using a **Ge/**Ga generator (ITG
Garching) connected to a Scintomics good radiopharmaceutical
practice synthesis module.

Clinical Imaging: All study data were obtained using a dedicated PET/
CT system (Biograph mCT Flow; Siemens) equipped with an extended
field-of-view lutetium oxyorthosilicate PET component, a 128-slice
spiral CT component, and a magnetically driven table optimized for
continuous scanning. The patients received an IV injection of 132
MBq (interquartile range [IQR], 91-158 MBq) of “®Ga-pentixafor.
Imaging started with a low-dose nonenhanced helical CT (120 kV;
mA modulated; pitch, 1.2; reconstructed axial slice thickness,
5.0 mm) performed for attenuation correction of PET acquisitions.
PET images of the entire body then were acquired using continuous
bed motion at a speed of 2.0 mm/s for head and neck and 0.5 mm/s
for chest and abdomen at 60 min after injection. All studies were
reconstructed using time-of-flight and point-spread function
information combined with an iterative algorithm (Ultra HD;
Siemens Healthcare; settings: 2 iterations; 21 subsets; matrix, 200;
zoom, 1.0; Gaussian filter, 5.0). Standardized uptake values of
normalized by body weight were calculated from Ultra HD PET
images. In addition, noncontrast breath-hold high-resolution CT
(HRCT) scanning (120 kV, mA modulated) of the chest was
performed to obtain contiguous 1.0-mm cross-sectional slices
throughout the thorax. Raw data were reconstructed using the
reconstruction kernels B31f and B70f and were displayed at window
settings suitable for viewing the lung parenchyma.

PET/CT Image Analysis: Transaxial PET, CT, and fused PET/CT

images were analyzed in a random order and blinded for further
clinical information on a dedicated workstation equipped with a
commercial ~ software package (syngo.via VB30A; Siemens
Healthcare) by an expert in PET/CT reading (13 years of experience).

PET images were evaluated visually for the presence of elevated
radiotracer uptake in lung parenchyma in areas of usual interstitial
pneumonia pattern on CT scans. Then, ®Ga-pentixafor uptake was
quantified using a 3-D volume-of-interest (VOI) technique with
isocontour thresholding at a maximum standardized uptake value
(SUV o) threshold of 45%, yielding a mean standardized uptake
value (SUV ean) and SUV,,., of usual interstitial pneumonia areas.
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Separate measurements were performed in three subpleural regions in
each lung lobe, and values for each region then were averaged for the
subsequent statistical analysis. Similar analyses were performed for
assessment of tracer uptake in unaffected lung parenchyma without
fibrotic changes. Tracer uptake in mediastinal and hilar lymph nodes
was assessed in three thoracic lymph node stations using 3-D VOIs
with isocontour thresholding and were averaged for the subsequent
statistical analysis. In addition, tracer uptake (SUV e,,) in the spleen
and bone marrow was recorded to evaluate systemic interactions. As
a control measurement to address variability between scans, SUV ean
of liver (average of three VOIs) and blood pool (average of three
VOIs placed inside the superior vena cava) was determined. The end
points were not corrected for air volumes or tissue density because
we used serial measurements in the same patient and assumed no
major changes in air volumes or tissue density in the short
observation time. This assumption was supported by stable CT
findings.

To assess the reproducibility of the PET analysis, the analysis of
pulmonary tracer uptake was repeated by a second reader (4 years of
experience). Interrater agreement was good to excellent (intraclass
correlation coefficient, 0.95 for analysis of SUV,,,x and 0.88 for
analysis of SUV p.,), underlining high reproducibility of the image
analysis.

Baseline and follow-up HRCT findings were scored using a
standardized form, as previously described’’: the overall
extent of fibrosis (ie, extent of reticulation and
honeycombing) was determined for each entire lung using a
5-point scale (0, no involvement; 1, 1%-25% involvement; 2,
26%-50% involvement; 3, 51%-75% involvement; and 4,
76%-100% involvement).

Clinical Parameters

Pulmonary function tests were performed routinely with a standard
methodology according to the European Respiratory Society and
American Thoracic Society recommendations.”! After treatment,
decreasing FVC was defined as any reduction in FVC, whereas all
other outcomes were considered to be stable. The Gender Age
Physiology (GAP) index, a staging system for patients with IPF, was
calculated using gender, age, FVC, and diffusing lung capacity for
carbon monoxide (Drco).*”

Statistical Analysis

Continuous variables were expressed as median with IQR. Categorical
variables were presented with absolute and relative frequencies. For
between-group comparisons of continuous data, P values were
calculated by the Student ¢ test or Wilcoxon test, as appropriate. The
Pearson correlation coefficient r was used to correlate imaging
findings. Tracer uptake in lung lobes was compared using a one-way
analysis of variance with Tukey’s multiple comparisons test.
Multiplicity-adjusted P values were reported. Ex vivo validation data
among study groups were analyzed using the paired Student ¢ test.
The Fisher exact test was used to test the association between changes
in FVC and changes in imaging parameters. Receiver operating
characteristic curve analysis was performed to obtain standardized
uptake value cutoffs for FVC outcomes. Simple linear regression
analysis and multivariate linear regression analysis were performed to
identify predictors of long-term outcome in terms of FVC. Survival by
CXCR4 expression was compared by Kaplan-Meier method univariate
Cox regression. A P value of less than .05 was regarded as statistically
significant. Statistical analysis and graph generation were performed
using GraphPad Prism version 7 and 8 software (GraphPad Software)
and RStudio version 1.2.5033 software (RStudio PBC).

Results

Ex Vivo Analysis of Specimens

In IPF tissue specimens, immunohistochemistry
revealed high expression of CXCR4 by
macrophages, lymphocytes, and epithelial cells
compared with normal tissues (Fig 1A-D).
Notably, airway epithelial cells lining honeycomb
cysts and epithelial cells covering fibroblast foci
showed positive staining results for CXCR4;
however, neither the fibroblasts nor endothelial
cells showed positive results for CXCR4
expression. In normal lung tissue, a weak CXCR4
expression by macrophages was detectable, and
no CXCR4 expression was observed in normal
alveolar epithelial cells.

In IPF BAL cells, CXCR4 gene expression data were
obtained from a previously published dataset obtained
by microarrays.'” Normalized CXCR4 expression values
were increased significantly in BAL cells from IPF
patients compared with healthy control subjects (12.7 x
10° [12.3-13.7] vs 12.2 x 10° [10.0-12.8]; P = .011) (Fig
1E). High CXCR4 gene expression of BAL cells (more
than the median of 12.7 x 107) in IPF patients was
associated with early mortality with univariate Cox
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regression (unadjusted hazard ratio, 2.0; 95% CI, 1.1-3.7;
P = .025) (Fig 1F).

Pharmacologic Modulation of CXCR4 Expression

Modulation of CXCR4 expression of BAL cells derived
from 10 treatment-naive patients with IPF was tested

in vitro. Treatment with pirfenidone for 24 h did not
change CXCR4 expression significantly. By contrast,
CXCR4 expression as measured by RT-PCR was
downregulated significantly by treatment with SB-
431542, an anaplastic lymphoma kinase inhibitor that
interferes in TGF-J} signaling (Fig 1G). Moreover, CXCR4
expression of monocyte-derived macrophages from IPF
patients increased with statistical significance after
TGF-f stimulation (P = .042) (Fig 1H). Repetitive TGF-[3
stimulation of IPF tissue slices over 4 weeks increased
CXCR4 expression in epithelial cells (Fig 11, 1J).

Upregulated In Vivo CXCR4 Signal

8Ga-pentixafor PET showed variable degrees of CXCR4
upregulation in fibrotic areas, predominantly in areas of
subpleural honeycombing (Figs 2, 3). The median
maximum HRCT score was 2 (IQR, 2-3). The mean
CXCR4 signal in fibrotic areas was 2.2 (IQR, 1.9-2.5),
and the maximum CXCR4 signal was 3.9 (IQR, 3.4-4.1).
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Figure 1 — A-J, High CXCR4 expression in fibrotic areas of idiopathic pulmonary fibrosis (IPF) lungs and especially by macrophages, lymphocytes, and
epithelial cells. CXCR4 expression was evaluated by immunohistochemistry in healthy (A) and IPF (B-D) lungs. CXCR4 expression was significantly
upregulated in IPF lungs and particularly in the areas of vast fibrotic remodeling. CXCR4 expression was high in macrophages, lymphocytes, and epithelial
cells, but absent in fibroblasts. CXCR4 expression was high in epithelial cells covering fibroblast foci and honeycomb cysts, but absent in alveolar epithelial
cells lining normal alveoli. Scale bars, A,B: 200 um, C,D: 100 um. E, Normalized CXCR4 expression by microarray in BAL cells from IPF patients

vs healthy control participants. F, 48-month survival of IPF patients stratified by median CXCR4 expression with associated 95% Cls (shaded areas).
Patients were censored at end of follow-up. The unadjusted hazard ratio (HR) with 95% CI was calculated by univariate Cox regression model. G, BAL
cells from IPF patients were stimulated in vitro with Pir or SB, which inhibits transforming growth factor § (TGF-3) signaling. H, Representative original
registration of the CXCR4 fluorescence intensity (histogram) by flow cytometry. CXCR4 expression was upregulated significantly by TGF-f stimulated
(blue) compared with unstimulated (red) monocyte-derived macrophages. Compared with unstimulated control (I), TGF- stimulation (J) also upre-
gulated CXCR4 expression by epithelial cells in cultured precision cut lung slices of lung tissues from IPF patients. CTR = healthy control participants;
Pir = pirfenidone; SB = SB-431542.

The CXCR4 signal demonstrated a significant
correlation with maximum HRCT score of lungs
(SUV pax: ¥ = 0.38; P = .04; SUV ean: + = 0.43; P = .02).

When the regional CXCR4 expression pattern was
analyzed on PET, CXCR4 upregulation was highest in
the lower lobes. Maximum CXCR4 signal (SUV ,,,;) in
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Figure 1 - Continued

the lower lobes was significantly higher than in upper
lobes (4.4 vs 3.6; P = .005) or in the middle lobe (2.9;
P < .0001). Mean CXCR4 signal (SUV ean) in the lower
lobes also was significantly higher than in the upper
lobes (2.6 vs 2.1; P = .001) or in the middle lobe (1.8;
P < .0001).

Increased CXCR4 signal in fibrotic areas was paralleled
by elevated CXCR4 signal in thoracic lymph nodes in all
28 patients (100%). CXCR4 signal in fibrotic areas
demonstrated a significant correlation with CXCR4
signal in spleen (SUV ean, 6.0; IQR, 5.0-6.4; r = 0.38;
P = .04) and lymph nodes (SUV ean, 3.6; IQR, 3.3-4.5;
r = 0.44; P = .02), highlighting systemic interactions
(Fig 2). The correlation between CXCR4 signal in
fibrotic areas and bone marrow did not reach statistical
significance (SUV can, 2.8; IQR, 2.2-3.2; r = 0.35; P =
.07).

Correlates of PET CXCR4 Signal

Bronchoscopy with BAL of the middle lobe was
performed in a subcohort of the patients. RNA of BAL
cells for further evaluation of CXCR4 expression by RT-
PCR was available from 16 of the 28 IPF patients. We
observed a statistically significant correlation between
the log CXCR4 expression of BAL cells and the CXCR4
PET signal (SUV,,,,) of the middle lobe (r = 0.57; P =
02) (Fig 2C).

Regarding associations with clinical parameters, the
maximum CXCR4 signal (SUV,,,,,) demonstrated a
significant correlation with GAP stage and predicted
mortality (r = 0.44; P = .02). A significant inverse
correlation was found between CXCR4 signal and 6-min
walk test nadir oxygen saturation as measured by pulse
oximetry (r = —0.48; P = .04). No significant correlation
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was found between CXCR4 signal and 6-min walk
distance (r = —0.35; P = .13), resting Pao, (r = —0.38;
P = .11), FVC (r = —0.13; P = .50), total lung capacity
(r = 0.05; P = .80), Dico (r = —0.14, P = .50), and
leukocyte count in peripheral blood (r = 0.09; P = .64).

The maximum HRCT score also demonstrated a
significant correlation with both GAP stage and
predicted mortality (r = 0.48; P = .009) and GAP index
(r = 0.51; P = .006). Both FVC (r = —0.55; P = .002)
and Drco (r = —0.52; P = .006), but not total lung
capacity (r = —0.31; P = .12), were associated
significantly with the maximum HRCT score. No
significant correlation was found between HRCT score
and resting Pao, (r = 0.14; P = .56), 6-min walk
distance (r = —0.33; P = .15), or 6-min walk test
nadir oxygen saturation as measured by pulse oximetry
(r = —0.12; P = .62).

PET CXCR4 Signal and Outcomes

After commencing treatment with pirfenidone, follow-
up PET scanning (Fig 3) was carried out at a median of
55 days (IQR, 46-95 days) after the initial PET scan. At
the follow-up PET scan, CXCR4 downregulation

(SUV iean) by 13% (IQR, 9%-16%) was observed in
fibrotic areas in 11 patients (69%), paralleled by stable
FVC at the follow-up PET scan. Five patients (31%)
showed an increase in CXCR4 signal by a median of
10% (IQR, 5%-10%) in fibrotic areas, accompanied by a
decrease in predicted FVC by a median of —5% (IQR,
—4% to —8%) in three of the five patients at the follow-
up PET scan. CXCR4 signal in thoracic lymph nodes
(P = .50), spleen (P = .82), and bone marrow (P = .84)
was unchanged after treatment with pirfenidone.
Likewise, PET signal in unaffected lung parenchyma
(P = .40), liver (P = .67), and blood pool (P = .50) was
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Figure 2 - A-F, Targeted PET/CT scanning detects pulmonary and systemic CXCR4 expression in IPF patients. A, Elevated CXCR4 signal (arrows) in
fibrotic areas with subpleural honeycombing in an IPF patient as determined by ®*Ga-pentixafor PET scan. B, Systemic CXCR4 expression quantified in
thoracic lymph nodes, spleen, and bone marrow. C, CXCR4 signal of the middle lobe correlates with log relative CXCR4 expression of BAL cells as
measured by reverse-transcriptase polymerase chain reaction (P = .02). D-F, Increased CXCR4 expression in fibrotic areas of lungs paralleled by
elevated CXCR4 expression in lymph nodes (D) (P = .02), spleen (E) (P = .04), and bone marrow (F) (P = .07), highlighting systemic interactions.
SUV ax = maximum standardized uptake value; SUV 00, = mean standardized uptake value. See Figure 1 legend for expansion of other

abbreviations.

unchanged after treatment, showing that the significant
changes in fibrotic areas indeed have been caused by
pharmacologic modulation. Short-term deteriorating
FVC was associated significantly with an increase in
CXCR4 signal in fibrotic areas on the follow-up

1100 Original Research

PET scan (P = .02). By contrast, the maximum
HRCT score was unchanged on follow-up HRCT.
Deteriorating FVC therefore was not associated with

alterations of parenchymal changes on follow-up HRCT
(P = 1.0).
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Figure 3 — A-H, Targeted PET/CT scan detects early changes in pulmonary CXCR4 expression in IPF patients after commencing treatment with
pirfenidone. Early change in pulmonary CXCR4 expression was quantified using CXCR4-targeted **Ga-pentixafor PET scanning. A, B, Exemplary
images of a patient with decreasing pulmonary CXCR4 signal after commencing pirfenidone treatment and stable FVC at 12 months: before treatment
at baseline (A) and after 6 weeks of pirfenidone treatment (B). C-H, After initiation of pirfenidone therapy, the decrease in CXCR4 signal between the
initial and the follow-up PET scan is less in patients with worse outcome (C, D). Patients with worse outcome demonstrate an increase in CXCR4
expression at the follow-up PET scan (E, F). Early change in CXCR4 signal between the initials and the follow-up PET scan is statistically significantly
correlated with outcome, as determined by FVC decline after 12 months of pirfenidone treatment (G, H). See Figure 1 and 2 legends for expansion of

other abbreviations.

Regarding long-term outcome, the change in CXCR4
signal between the initial PET scan and the follow-up
PET scan was significantly different between patients
with a decrease in FVC and those with stable FVC
(SUVan +2% [IQR,—15% to +11%] vs —15% [IQR,
—9% to —21%]; P = .04; SUV eans +5% [IQR,

—10% to +10%] vs. -13% [IQR, —5% to —17%]; P =
.02). Accordingly, short-term change in CXCR4 signal
between the initial PET scan and the follow-up PET scan
demonstrated a significant correlation with long-term
change in FVC (SUV py: ¥ = —0.68; P = .004; SUV jean:
r = —0.75; P = .0008) (Fig 3). In addition, patients
treated with pirfenidone who demonstrated a long-term
decrease in FVC showed significantly higher pulmonary
CXCR4 expression (SUV .y, 3.8 [IQR, 3.5-4.5] vs 3.1
[IQR, 2.9-3.6]; P = .008; SUV ;;can, 2.3 [IQR, 2.3-2.5]
vs 2.0 [IQR, 1.7-2.1]; P = .002) at the follow-up PET
scan than patients with stable FVC. Accordingly,

chestjournal.org

CXCR4 signal at the follow-up PET scan demonstrated a
significant correlation with long-term change in FVC
(SUV pax: ¥ = —0.58; P = .02; SUV ean: ¥ = —0.66; P =
.005) (Fig 4). Baseline CXCR4 signal at the initial PET
scan was not predictive of outcome. CXCR4 signal at the
initial PET scan and the follow-up PET scan in lymph
nodes (P = .48 and P = .20, respectively), spleen (P = .31
and P = .71, respectively), and bone marrow (P = .89 and
P = .85, respectively) was not different between patients
with deteriorating FVC and those with stable FVC.

Linear regression analysis revealed that early changes in
FVC at the follow-up PET scan (P = .0036), pulmonary
CXCR4 signal at the follow-up PET scan (SUV ., P =
.0194; SUV ean, P = .0051), and short-term change in

pulmonary CXCR4 signal between the initial PET scan
and the follow-up PET scan (SUV ,,,, P = .0040;

SUV mean> P = .0008) predicted long-term outcome at
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12 months. In multiple regression analysis, pulmonary
CXCR4 signal at the follow-up PET scan emerged as the
only independent predictor of long-term outcome
(SUV pean> P = .0226) (Table 2).

Discussion

Recently, we demonstrated that high gene expression of
CXCR4 is upregulated in IPF and associated with early
mortality.'” Ex vivo studies gave evidence that CXCR4 is
highly expressed in macrophages, lymphocytes, and
epithelial cells in IPF specimens and is upregulated by
TGEF- stimulation. Therefore, we used clinical
molecular imaging for the in vivo assessment of systemic
and local thoracic CXCR4 expression in IPF. CXCR4
expression was highest in the areas of highest fibrotic
burden (eg, at the subpleural and dorsobasal regions),
including areas of honeycombing, which was confirmed
by CXCR4 immunohistochemistry analysis. In a cohort
of 16 patients treated with pirfenidone, we demonstrated
that both high residual CXCR4 expression on the follow-
up PET scan and early changes in CXCR4 signal
predicted outcomes after 12 months.

Immunohistochemistry for CXCR4 expression revealed
abundant CXCR4 expression in IPF tissues compared

1102 Original Research

with normal lung. Microarray data confirmed this result.
CXCR4 protein expression was high in macrophages,
lymphocytes, and airway epithelial cells accumulating in
the lung parenchyma. Airway epithelial cells lining
honeycomb cysts and fibroblast foci expressed CXCRA4.
It is of interest that our immunohistochemistry data
clearly demonstrate that macrophages also express very
high levels of CXCR4 in IPF tissues. Previous studies
have demonstrated that CXCR4 is expressed by
monocyte-derived macrophages homing to injured
organs and that an increase in subtypes of monocyte-
derived macrophages is detected easily by **Ga-
pentixafor PET scan.”'*>** “*Ga-pentixafor PET
scanning has recently emerged as a highly specific means
for noninvasive imaging and quantification of in vivo
CXCR4 expression. It exhibits high CXCR4 affinity, high
in vivo stability, and high and specific target
accumulation, and blockade with the CXCR4 antagonist
AMD3100 abolishes the signal in vivo.'”** Using ex vivo
autoradiography and immunohistochemistry, other
studies have demonstrated that **Ga-pentixafor PET
identifies CXCR4™ cells in preclinical and clinical
settings.'**> Against this background, it seems
reasonable that ®*Ga-pentixafor PET detects CXCR4-
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P values in bold denote statistical significance.

SUV,

mean standardized uptake value.

mean =

maximum standardized uptake value; SUV,

max —

positive macrophages and airway epithelial cells
accumulating in IPF lungs, both recently shown to be
36-38 Tndeed, looking even
closer, we found that CXCR4 expression is linked to
TGF- signaling effects.”''* TGF-f is considered to
be the master cytokine of fibrosis and particularly of
IPE.">'® Stimulation of either macrophages or lung
tissues by TGF-P led to an increase in CXCR4
expression in both monocyte-derived macrophages and
epithelial cells, confirming previous findings.'"'**
Moreover, CXCR4 expression of alveolar macrophages,
which are considered already to be full-blown
stimulated by TGE-p in situ,”’ was downregulated in
the presence of the anaplastic lymphoma kinase
inhibitor SB-431542, which blocks TGF-f type I
receptor signaling. Pirfenidone, which does not directly
interfere in TGF- signaling, had no effect on CXCR4
expression after 24 h of in vitro treatment. Of interest,
in vitro treatment of BAL cells with pirfenidone did not
change CXCR4 expression. In summary, our in vitro
data corroborated the hypothesis that CXCR4
expression is linked to key pathomechanisms

linked with disease outcome.

orchestrating IPF and is not directly affected by
pirfenidone treatment.*!

When analyzing the pulmonary CXCR4 expression on
8Ga-pentixafor PET/CT scan, all patients showed
CXCR4 upregulation in fibrotic areas, predominantly in
the subpleural and dorsobasal regions of the lungs and
particularly in areas of honeycombing and dense
fibrosis. The CXCR4 signal of the middle lobe obtained
by *®*Ga-pentixafor PET/CT scan correlated with the
BAL cell CXCR4 expression as measured by RT-PCR.
The data are in line with our immunohistochemistry
data that showed CXCR4 expression by honeycomb
cysts and cells accumulating in the surrounding
interstitium. CXCR4 signal in terms of both SUV,,,,, and
SUV jpean Was significantly higher in lower lobes in this
study. Thus, CXCR4 signal was highest in the areas of
the lung that were most affected by IPF. It is of interest
that the CXCR4 signal also was elevated in thoracic
lymph nodes and the spleen, correlating significantly
with the pulmonary fibrotic areas, which highlights
systemic interaction.

The CXCR4 signal demonstrated a significant
correlation with GAP stage and predicted mortality,
meaning that patients with high CXCR4 expression had
an unfavorable prognosis and increased predicted
mortality based on clinical parameters. However,
baseline CXCR4 signal did not correlate with baseline
FVC percent and Dico percent predicted values, both
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accepted markers of disease extent. These findings
indicate that CXCR4 signal intensity is not correlated
directly with disease extent, but rather, correlates with
disease activity and may provide prognostic
information. Other studies have looked at different PET
tracers for characterization of other aspects of IPF.
Umeda and colleagues”” demonstrated that dual-time-
point '*F-fluorodeoxyglucose PET scanning is strongly
predictive of earlier deterioration of pulmonary function
and higher mortality in patients with IPF. However,
fluorodeoxyglucose is a substrate of glucose metabolism
and represents a rather unspecific marker of different
aspects of disease. Other groups have aimed to visualize
more specific targets in IPF, such as macrophages using
cathepsin protease probes for PET."’ However, imaging
of CXCR4 expression as a marker of disease activity in
IPF has not been evaluated before.

In this study, we obtained follow-up CXCR4 imaging
in 16 patients after initiation of treatment with
pirfenidone. Interestingly, CXCR4 downregulation by
13% (IQR, 9%—16%) was observed in fibrotic areas in
69% of patients, paralleled by stable lung function
parameters. The other 31% of patients showed an
increase in CXCR4 signal by a median of 10% (IQR,
5%—10%) in fibrotic areas. An increase in CXCR4
expression at the follow-up PET scan was associated
significantly with a rapid decline in FVC after a 12-
month observation period. Conversely, patients with a
decrease in CXCR4 expression at the follow-up PET
scan achieved a more favorable outcome. Moreover, a
pulmonary CXCR4 signal at the follow-up PET scan
emerged as the only independent predictor of long-
term outcome (P = .0226) in multiple regression
analysis. However, the absence of significance of FVC
(P = .0917) in this analysis may be related to the
limited sample size. It is conceivable that both
parameters may emerge as significant predictors in a
larger independent prospective trial. Although PFT
values may reach statistical significance in a larger
cohort, from a clinical perspective, subtle
intraindividual changes in FVC are hard to interpret
based on the variance of the PFT method. Against the
background of the above-mentioned findings, our data
suggest that CXCR4 PET imaging was able to
characterize disease activity in IPF patients. Our
finding that the early changes in CXCR4 signal
intensity correlate with long-term outcome after

12 months may indicate that the signal was altered by
the pharmacologic intervention. Because of the single-
arm study design, we cannot determine whether

1104 Original Research

pirfenidone had a direct effect on CXCR4 signal
intensity. However, our in vitro data suggest that there
is no direct effect of pirfenidone on CXCR4
expression. Thus, our data clearly suggest that short-
term changes in CXCR4 signal intensity detect
changes in disease activity, which are related to long-
term outcome. Further prospective studies are needed
to evaluate whether CXCR4 imaging can be used for
the monitoring of treatment effects. Of note, the
normal variability in PET uptake measurements
between different scans in the absence of a therapeutic
intervention has been shown to be negligible. In a
study evaluating the CXCR4 signal in atherosclerotic
plaque, the uptake in various arterial wall lesions
remained unchanged between a baseline PET scan and
a follow-up scan after 111 + 38 days without specific
antiatherosclerotic therapy (signal intensity, 1.8 £ 0.3
vs 1.8 £ 0.3; P = .93), supporting that variability in
PET uptake measurements in organs can be
neglected.”* In line with these findings, PET signal in
reference measurements (eg, unaffected lung
parenchyma) was unchanged between scans. Recently,
pirfenidone, has been approved for the treatment of
IPF. Although its precise mechanism of action
currently is not understood fully, pirfenidone has
shown antifibrotic and antiinflammatory properties in
in vitro systems and animal models of fibrosis, partly
because of the inhibition of TGF- signaling.”” Several
randomized controlled trials have shown a clinically
meaningful effect of pirfenidone on markers of disease
progression, such as decline in FVC and progression-
free survival.**® Given that pirfenidone treatment is
associated with considerable treatment costs and that
not all patients will respond to pirfenidone, early
confirmation of molecular response by means of
CXCR4-targeted PET/CT scan could help to identify
patients who will benefit most from that therapy.
However, larger prospective studies are needed, not
only to confirm the potential of CXCR4-targeted PET/
CT scan for therapy monitoring, but also to support
further that the observed posttherapeutic alterations in
CXCR4 expression are associated consistently with
clinical outcomes. In accordance with other
publications, our data additionally highlight a
potential functional role of CXCR4 in IPF, which
needs to be addressed in further studies."”"*

This study had limitations. First, the relatively small size
of the study population limited the statistical power.
However, the observed associations are robust and
significant. Second, direct histopathologic validation
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could not be obtained for both practical and ethical
reasons, but we found that BAL CXCR4 gene expression
correlated with the CXCR4 PET signal. The role of
CXCR4 in IPF is well established, and the high
specificity of the radiotracer used has been demonstrated
in other settings,'”*® thus supporting our approach. The
promoter region of the CXCR4 gene contains responsive
elements for hypoxia, cyclic adenosine monophosphate,
and proto-oncogene tyrosine-protein kinase Src.*>?
CXCR4 imaging therefore may reflect not only TGF-3
signaling, but also other relevant pathways of IPF not
addressed by our in vitro studies. Third, the imaging
protocol was based on previously published experience

with ®®Ga-pentixafor in different clinical settings such as
cardiovascular diseases. Optimization of the protocol in
terms of respiratory gating or longer tracer uptake times
may improve imaging data further.

Conclusions

Targeted PET imaging with ®®*Ga-pentixafor identifies
the local and general CXCR4 expression pattern in lung
parenchyma and systemic organs. In IPF, CXCR4
imaging may have a role in monitoring disease activity
and treatment response and in predicting outcomes in
patients treated with pirfenidone.
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